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Abstract

The discharge of wastewaters containing ammonia has become a major environmental
concern, especially in the Chesapeake Bay watershed. A tentative instream limit of 1-2
mg/L for total ammonia has been proposed in Virginia to protect marine aquatic life.
This limit was based upon the national chronic criterion for un-ionized ammonia (0.035
mg/L) which was calculated using both freshwater and saltwater toxicity data. Therefore,
additional bioassays needed to be performed with marine orgamsms in order to refine this
limit based solely on saltwater organisms.

Acute bioassays were conducted with one marine fish, the sheepshead minnow
(Cyprinodon variegatus), and two marine invertebrates, the mysid (Mysidopsis bahia),
and grass shrimp (Palaemonetes pugio). The acute LCs, and the no-observed-effect-
concentration (NOEC) were determined for each organism and compared to data in the
literature. The species mean acute values (SMAV) for the sheepshead minnow (13.5%
difference) and the mysid (14.7% difference) compared well with the literature, while the
grass shrimp was more tolerant (81.2% difference) to ammonia than expected. The
SMAV were calculated based upon the LCs, data and used to assess both the national
acute and chronic criterion for ammonia.

Seven day chronic bioassays were performed with the sheepshead minnow (Cyprinodon
variegatus). The LCs, and the NOEC for both mortality and growth were calculated.
The acute-chronic ratio was determined to be 6.95 for the sheepshead minnow and 4.35
for the mysid. Based upon these data, the refined national criteria for un-ionized
ammonia was determined to be 0.054 mg/L. The instream limit can be set based upon the
water pH, temperature, and salinity.
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Introduction

1.1 Motivation

The marine environment is a sensitive ecosystem. Each year, human activities release
both natural and synthetic chemicals into this environment. The population growth along
the nation’s coastline has constantly increased the volume of these chemicals. In order to
protect these marine systems, effluent standards for specific chemicals must be adopted.
These effluent standards are based predominantly upon toxicity data for the organisms
that inhabit the marine ecosytems. One such effluent standard is the national criteria set
for the discharge of ammonia into saltwater. However, a literature review revealed that
although the criteria were developed based upon some saltwater toxicity data, freshwater
toxicity data were also used to set the criteria. Therefore, in order to establish more
appropriate standards, more ammonia toxicity research with saltwater organisms is

needed.

This section will introduce the reader to the sources of ammonia, the potential criteria for
Virginia’s Chesapeake Bay watershed, and the toxicity tests which are necessary to

determine if these potential criteria are valid. These topics will be covered as follows:

e Sources of ammonia

e Potential ammonia limits for the Chesapeake Bay
1.1.1 Sources of Ammonia

Ammonia is a ubiquitous constituent of the soil, the atmosphere, and the waters of the

earth. Ammonia is present in most waters as a normal biological degradation product of



proteins, although the concentrations may be very small and subsequent conversion to
nitrate . (nitrification) may take place. For the most part, the sources and sinks of
ammonia balance one another, causing few toxic effects. However, anthropogenic inputs
of ammonia can have considerable impacts on the aquatic environment. This section
details the major sources of ammonia from human activities. These sources are separated

into two categories:
1. Point Sources

2. Nonpoint Sources

Due to the increased population along the 'nation’s waterways and coastline and the
resulting increase in industrial activity, there has been an increased potential in the
amount of pollutants which can be discharged to surface waters. This trend has also been
observed in the discharge of ammonia from various effluents of industrial sites and
municipalities. Aside from accidental discharges and spills of ammonia, the predominant
sources are from industrial and municipal wastewaters. Typical values for untreated
domesﬁc wastewater are between 12 and 50 mg NH;-N/L [1] and treated wastewater
without nitrification will contain between 10 and 40 mg NH;-N/L. Plants with
nitrification/denitrification will typically have 60-90 percent removal of total ammonia
resulting in anywhere between 2 and 30 mg NH;-N/L being discharged to the receiving
water. Some industries may discharge wastewaters containing total ammonia
concentrations much greater than these, depending on their National Pollution Discharge

Elimination System (NPDES) permit [2].

In areas dominated by agriculture, the ammonia input to surface waters is dominated by
nonpoint sources. This is predominantly due to nitrogen-rich fertilizers which are applied
to crops and then are transported to surface waters during high periods of rain as runoff.
This problem is intensified by improper agricultural practices such as overfertilization,

cultivating up to the shoreline, and cultivating perpendicular to topographic lines. In



recent years much research has been done to understand the use of best management
practices (BPMs) in reducing nonpoint source pollution from agriculture. Although still
considered a problem, the levels of nutrients added to surface waters via agricultural
inputs have decreased slightly in recent years through a cooperative effort between

farmers and regulators.
1.1.2  Potential Ammonia Limits for the Chesapeake Bay

There are several point sources of ammonia in Virginia that until recently have gone
unregulated.  These point sources include seafood-processing companies whose
wastewaters are characterized by low volume but high organic concentration. These
companies process a variety of seafoods such as blue crab, shrimp, scallops, clams, and
various types of fish. Due to the high concentration of proteins in many of these
wastewaters, the total ammonia concentration can reach levels as high as 1000 mg/L but
usually is around 200 mg/L [3]. Research has been conducted in the treatment of these
wastewaters, especially crab-processing wastewaters, at Virginia Polytechnic Institute
and State University and is detailed by McVeigh [3], Diz [4], and Wolfe [S]. Table 1.1
gives some characteristics of a wastewater produced by a crab-processing company. The

data in Table 1.1 were taken from McVeigh.

Table 1.1 - Crab-processing wastewater characteristics [3].

Characteristic Concentration
(mg/L)
COD 20,000
TSS 1,200
TKN 2,200
Total NH;-N 200




The Virginia Department of Environmental Quality (DEQ) has set a tentative limit for the
Chesapeake Bay watershed of approximately 1-2 mg/L for total ammonia based upon the
National Criteria for Ammonia [6]. This limit is referred to as the Final Chronic Value
(FCV). The criteria document states that the saltwater aquatic organisms should not be
affected unacceptably if the four-day average concentration of ammonia does not exceed
the FCV more than once every three years. The FCV is based upon both acute and
chronic toxicity data. This limit is still being debated and, at the time of this report, was
not officially adopted by DEQ. The seafood-processing companies maintain that this
chronic criterion is unreasonable since some of the toxicity data used to determine this

limit were based upon tests involving freshwater organisms.

The toxicity data presented in this report were collected in order to reevaluate this limit
based solely on saltwater ammonia toxicity data. The toxicity tests that are necessary to
assess this limit are 48-hour and 96-hour acute tests and 7-day chronic tests with both
vertebrates and invertebrates. This report is a first attempt at reevaluating the limit to
determine if the limit set by DEQ is too stringent or possibly too lenient. More research
is being conducted at Virginia Polytechnic Institute and State University with more

saltwater organisms to further refine the limit.
1.2 Research Overview

Based upon the existing ammonia toxicity data for saltwater species, both acute and
chronic toxicity tests need to be performed with both previously tested organisms and

new species. The objectives of this research were threefold:

e Conduct acute bioassays with previously tested organisms to verify the data in
the literature and to gain confidence in ammonia toxicity evaluation
techniques.

e Expand the chronic toxicity data base and determine if the 7-day chronic test
is useful for assessing the toxicity of ammonia to saltwater fishes.



e Use acute and chronic toxicity data from this research to refine the ammonia
national criteria for both final acute values and final chronic values.

These three objectives are discussed in the following two sections:
1.2.1 Acute Toxicity

In order to establish limits for ammonia to protect aquatic life, acute toxicity bioassays
need to be conducted. This research concentrated on two invertebrates and one fish. A
set of conditions was chosen on the basis of average summer conditions in the
Chesapeake Bay and the recommended temperature for warmwater species as described
by “Methods for Measuring the Acute Toxicity of Effluents and Receiving Waters to
Freshwater and Marine Organisms [7]. These conditions were 20°C, pH 8.2, and a

salinity of 25 ppt.

The two invertebrates tested were the mysid (Mysidopsis bahia) and the grass shrimp
(Palaemonetes pugio).‘ The marine fish was the sheepshead minnow (Cyprinodon
variegatus). The mysid and the sheepshead minnow were two of the most commonly
tested saltwater organisms. There are data on the toxicity of ammonia for these two
species, but this research concentrated on verifying the ammonia toxicity data under the
conditions stated above. Both 48-hour static nonrenewal tests and 96-hour static renewal
tests were conducted with larval sheepshead minnows and juvenile mysids. The results
from these tests included the lethal concentration for 50 percent mortality (LCs,) and the
no-observed-effect concentration (NOEC). The LCs, values from both the 48-hour and
96-hour tests were used later to help update the final acute value and the final chronic

value for ammonia.

The grass shrimp was tested only under 48-hour toxicity conditions because the literature
indicated that there was substantial toxicity data for the grass shrimp under 96-hour
renewal conditions. The 48-hour LCs, and NOEC were determined based upon these

tests and compared with data in the literature. The 48-hour LCj, for the grass shrimp was

5



used to help recalculate the final acute value based upon the national criteria as described

in “Ambient Water Quality Criteria for Ammonia (Saltwater) - 1989 [6].
1.2.2 Chronic Toxicity

Until this report, the chronic toxicity of ammonia had been assessed only with two
saltwater organisms, the mysid (Mysidopsis bahia) and the inland silverside (Menidia
beryllina). Research was conducted to expand the chronic toxicity database for ammonia.
Also, since the inland silverside test was a 28-day test, the 7-day chronic test was chosen
to determine if a more time efficient test could be used to assess the chronic toxicity of

ammonia.

This research assessed the 7-day chronic toxicity of ammonia to the sheepshead minnow
(Cyprinodon variegatus). The same average conditions as in the acute testing (pH 8.2
and 25 ppt salinity) were used, except for the temperature which was increased to 25°C as
recommended in “Short-Term Methods for Estimating the Chronic Toxicity of Effluents
and Receiving Waters to Freshwater Organisms [8]. Four tests for a total of 160
sheepshead minnows were exposed to five concentrations of total ammonia ranging from
10 to 50 mg/L. Results from these tests included the 7-day LCs,, NOEC based upon
mortality, and NOEC based upon growth. The NOEC based upon growth was used along
with the sheepshead minnow acute LCs, to determine an acute-chronic ratio. This acute-
chronic ratio and the final acute value determined from the acute toxicity research were
used later in assessing an updated final chronic value according to “Ambient Water

Quality Criteria for Ammonia (Saltwater) - 1989 [6].



Overview of Ammonia in the Aquatic Environment

As previously mentioned, ammonia is a by-product of most living creatures. In a healthy
ecosystem, the rate of production of ammonia released into the system will equal the rate
of uptake or conversion of ammonia into other forms. This balance can be disturbed,
especially in an aquatic system, through the addition of ammonia from anthropogenic
sources. Therefore, in order t;) ﬁnderstand the impacts of these sources of ammonia, the

interaction of ammonia in the aquatic environment must be studied.

Once ammonia is released into a water environment, various chemical and biological
interactions occur. These interactions have a direct impact on the conversion of ammonia
to nitrate as well as the toxicity incurred on the organisms exposed to the ammonia. The
study of these chemical and biological processes along with the toxicity data attained
from toxicity experimentation allow for conservative estimates for ammonia discharge
into these aquatic systems. These estimates are then used to set ammonia discharge limits
for industries and Public Owned Treatment Works (POTW) based upon various
parameters such as discharge volume, receiving stream or body, sensitivity of receiving

stream or body, etc.

This chapter describes the primary biological and chemical interactions which affect the
toxicity of ammonia to marine organisms as well as the process which is used to
determine each dischargers Virginia Pollution Discharge Elimination System (VPDES)

permit. These topics are covered in four sections:
2.1. The Nitrogen Cycle
2.2. Water Chemistry of Ammonia

2.3. Ammonia Toxicity



2.4. Ammonia Discharge Regulations

2.1 The Nitrogen Cycle

The nitrogen cycle is necessary for living organisms to assimilate proteins and nucleic
acids. This cycle involves the following six processes which occur in aquatic

environments as well as terrestrial environments:

nitrogen fixation
assimilation and biosynthesis
decomposition
ammonification

nitrification

denitrification

Each of these processes either directly or indirectly affects the concentration of free

ammonia which is present in the aquatic environment.

In nitrogen fixation, a few kinds of bacteria convert N, to ammonia (NH;) through a
series of reduction reactions. In aquatic ecosystems, Anabaena, Nostoc, and other
cyanobacteria are dominant nitrogen fixers. The ammonia is used by these nitrogen
fixers to assimilate amino acids, proteins, and nucleic acids. This process is known as
assimilation and biosynthesis in which organic nitrogen is formed in plants and animals
either from ammonia, nitrates, or atmospheric N,. Then, once these plants and animals
die, ammonia and other nitrogen-containing substances are released through

decomposition via various decay-inducing bacteria and fungi [1].

In ammonification the nitrogenous wastes such as urea and the remains of plants and
animals are decomposed by some species of bacteria and fungi. The decomposers use the
proteins and amino acids being released for their own growth. They also release the
excess as ammonia or ammonium. The ammonia or ammonium that becomes available is

metabolized by nitrifying bacteria. It is this process which contributes the majority of

8



ammonia in most systems. The discharge from industry and POTW contains ammonia

predominantly from the breakdown of wastes via ammonification [1].

In a process called nitrification, bacteria, known as Nifrosomonas, strip the NH; or NH4+
of electrons, and nitrite (NOz'l) is released as a product of the reaction. Still other
nitrifying bacteria, known as Nitrobacter, then use nitrite for energy metabolism, which
yields nitrate (NO3'2) as a product. It is the process of nitrification which ultimately
oxidizes the excess ammonia that is discharged into the receiving stream or body. If high
concentrations of ammonia are released to the aquatic environment, it is possible that
ammonia concentrations will increase. It is these elevated concentrations which can
inflict a toxic effect on aquatic organisms living in this out-of-balance system. Therefore,
when considering ammonia toxicity problems in an aquatic system, nitrification is

arguably the most important process of the nitrogen cycle [1].

The final process of the nitrogen cycle is denitrification. In this process fixed nitrogen
such as nitrite and/or nitrate is reduced to N, and a small amount of nitrous oxide (N,O).

The nitrogen cycle in shown in Fig. 2.1 [1].
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Figure 2.1 - Nitrogen cycle [1].

2.2 Water Chemistry of Ammonia

In discussing ammonia toxicity in the aquatic environment, one must consider the
characteristics of the receiving water. Changes in water parameters such as pH,
temperature, and salinity can alter the apparent toxicity to the aquatic life. These
environmental factors affect the toxic concentration of ammonia to aquatic vertebrates
and invertebrates and these factors may account for some of the inconsistencies shown in
early data. These differences arise predominantly from the shifting of ambient
concentrations of the un-ionized (NH;) to the ionized (NH,") or vice versa. In aqueous
solution ammonia is present in two forms, un-ionized and ionized, represented by the

equilibrium equation:

NH," + H,0 & NH; + H;0" 2.1)

10



The shift between un-ionized and ionized ammonia given in equation 2.1 is governed by

the ionization constant (25°C) given as followed:

_[NHJ[H']

a= =] 92 .
Ke="omm =10 2.2)

Initially research done by Wuhrmann and Woker [9] determined that the most toxic form
is un-ionized ammonia because it is uncharged and lipid soluble, whereas the
permeability of plasma membranes to charged, hydrated ammonium ions (NH,') is
relatively low [10; 11]. This indicates that the ammonium ion is toxic but that it is not
absorbed in high enough concentrations to exhibit a toxic effect on either aquatic
vertebrates or invertebrates. Thus, the concentration of un-ionized ammonia (NH;) is the
principal chemical species involved in ammonia toxicity, and several properties of water
affect the concentration of un-ionized ammonia. Therefore, the percentage of ammonia
in the un-ionized form is influenced greatly by characteristics or water chemistry of the
receiving bay or stream [12]. This section will discuss the key water parameters and their
influence on ammonia toxicity, including pH, temperature, salinity, carbon dioxide,

dissolved oxygen, and alkalinity.

The relative proportions of NH," and NH,; in solution depend chiefly on temperature and
pH and, to a lesser extent, on salinity or ionic strength. Concentrations of un-ionized
ammonia increase with elevated temperatures and pH values, and decrease with higher

salinities [12].
2.2.1 Water pH

According to Equation 2.1, ammonia is present in two forms, NH," and NH;, and the
relative concentration of each species is determined by the concentration of hydrogen ion
in solution. As pH increases, the hydrogen ion concentration decreases, and the

equilibrium shift is toward the NH; species. Within the pH range acceptable to most

11



vertebrate and invertebrate species, increase of one pH unit will increase the NH;

concentration by an order of magnitude.

As previously stated, NHj; is the toxic form; however, to date no method for determining
the un-ionized ammonia concentration has been developed. Therefore, the un-ionized
ammonia is reported as a percentage of the total ammonia concentration which can be
measured by several standard test methods outlined by the American Public Health
Association et al. [13]. The percent un-ionized ammonia in freshwater is calculated from

the measured value of total ammonia by using the equatibn:
% un-ionized ammonia = 100 / 1 + antilog (pK, - pH) 2.3)

where pK, and pH are defined as the negative logarithm of the ionization constant and

hydrogen ion concentration, respectively.

Thus, for example, an increase in pH from 7.0 to 7.3 would double the concentration of
un-ionized ammonia [14]. The pK, for ammonia at 20 °C is 9.4. Table 2.1 illustrates the
relationship between pH and percent un-ionized ammonia as determined by Emerson et

al. [15]:

Table 2.1 - Percent NHj; in aqueous ammonia solution at 20 °C [15].
pH 60 65 70 75 80 85 90 95 10.0

%NH; 004 013 040 124 38 112 284 554 799

Therefore, for a given total ammonia concentration, as the pH increases, the concentration
of NHj increases, resulting in an increase in toxicity to aquatic life. The effects of a pH

change in seawater will be discussed in Section 2.2.3 of this report.

12



2.2.2 Water Temperature

Water temperature affects the concentration of un-ionized ammonia in aqueous solution.
This arises because pK, is a function of temperature. As the water temperature increases,
the ionization constant increases or the pK, decreases which increases the fraction of
NH;. Emerson ef al. [15] determined that in the temperature range from 0 to 30 °C, pK,

can be determined by the following equation
pK, =0.09018 +2729.92 /T 2.4)

Values for the ionization constant and 7percent NH; as a function of temperature are listed

in Table 2.2.

Table 2.2 - Temperature dependence of percent NH; at pH 7 and 8, respectively.

pH 7 pHS8
Temp (°C) pK, Y NH; % NH;
0 10.08 0.083 0.82
5 9.90 0.125 1.23
10 9.73 0.183 1.83
15 9.56 0.273 2.67
20 9.40 0.396 3.82
25 9.24 0.566 5.38
30 9.09 0.799 _7.46

Therefore, according to Table 2.2, the toxicity of ammonia to aquatic life would be
expected to increase with increasing water temperature for a constant total ammonia
concentration. This trend would be due to the increasing concentration of un-ionized
ammonia in solution. However, dated studies by Burrows [16] showed that at lower

temperatures, un-ionized ammonia became markedly more toxic to Chinook salmon and
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by Brown [17] suggested that at 3°C the threshold LCs, of un-ionized ammonia for
rainbow trout is about half that at 10 °C. Both studies showed that below 10°C, the
salmonids appeared to be more susceptible to ammonia poisoning. The authors suggested
that the lower metabolism of the salmonids may be the cause for the increased

vulnerability.
2.2.3 Water Salinity or Ionic Strength

The relative proportions of NH; and NH," in solution depend on salinity to a lesser
degree than temperature and pH: As either the salinity or ionic strength increases, the un-
ionized ammonia concentration decreases due to the decrease in the ionization constant.
Table 2.3 lists the ionization constants for various dilutions of seawater at 20 °C and 1

atm pressure [12].

Table 2.3 - Mean values for pK, in seawater at 20 °C and 1 atm pressure [12].

Molal ionic strength alinity (% K, %NH; (pH 8)
~0 0.0 9.40 3.82
0.4 20 9.46 341
0.5 25 948 3.19
0.6 30 9.49 3.12
0.75 36 9.51 2.98

From Table 2.3 it is expected that as the salinity of the aqueous solution increases, the
toxicity should decrease due to the decreasing fraction of NH;. Studies have shown that
the toxicity of ammonia to rainbow trout decreases as salinity increases [14]. Alabaster et
al. [18] determined the 24-hour LCs, for Atlantic salmon smolts to be 0.15 mg NH5/L

(un-ionized ammonia) in freshwater and 0.3 mg NH;/L (un-ionized ammonia) in 30%
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seawater. This increase in ammonia tolerance with increased salinity was also observed
in mysids [19]. Both authors attributed this increased tolerance to reduced osmotic stress
on the fish and the invertebrates. Both authors hypothesized that salinity increases the
ammonia tolerance of some fishes and invertebrates by two mechanisms: salinity shifts
the :ammonia fraction towards the ionized form and also biochemically reduces the

toxicity of the un-ionized form.

A detailed table of the percent un-ionized ammonia (NH;) as a function of pH,

temperature, and salinity is given in Appendix A.
2.2.4 Other Factors (Carbon Dioxide, Dissolved Oxygen, and Alkalinity)

Several other minor factors affect the un-ionized ammonia fraction and the toxicity of
NH; to aquatic life. These include free carbon dioxide, dissolved oxygen, and alkalinity.
However, to date, the influence that these parameters have on marine species has not been

investigated.

Increasing the free carbon dioxide concentration, decreases the pH, thereby reducing the
fraction of un-ionized ammonia. Therefore, free carbon dioxide reduces the toxicity of
ammonia. A reduction in the level of dissolved oxygen in the water increases the toxicity
of ammonia to freshwater fishes. Alabaster et al. [18] showed that a reduction in the
oxygen content of the water to 50 percent of the air saturation value reduced the survival
times of several species of fish in lethal NH; concentrations. So far as is known,
alkalinity affects the toxicity of ammonia only through its role in determining the pH

value of the water in conjunction with the level of free carbon dioxide.
2.3 Routes of Exposure and Mechanisms of Ammonia Toxicity

In the previous section, the toxicity of ammonia was mentioned in order to illustrate the

influence of water characteristics on ammonia. However, little information was given on
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the mechanisms of un-ionized ammonia toxicity such as absorption, metabolism, or
excretion. This section will begin to investigate these mechanisms as well as routes of

exposure and toxicity indicators. These subjects will be covered as follows:
1. Routes of Entry, Absorption, and Excretion
2. Modes of Action and Mechanisms of Toxicity
3. Indicators of Toxicity

2.3.1 Routes of Entry, Absorption, and Excretion

In order for ammonia to be toxic to an aquatic organism, it must first gain entry into the
organism or on a molecular level, it must pass through the cell membrane into the
cytoplasm and mitochondria. The predominant route of entry for ammonia is at the gills
for both vertebrates and invertebrates. Once again, the un-ionized ammonia (NH;) rather
than the ionic (NH,") is the form which can pass readily through cell membranes at the
gill surface. This neutral form is readily soluble in the lipid segments of the membrane,
and apparently needs no active transport (diffusion only), while the ionic form occurs as a
larger hydrated and charged molecule which cannot readily pass through the charged
micropores of the hydrophobic membrane. Table 2.4 lists the diffusion coefficient of

ammonia and ammonium ion for different cell types of various organisms [20].
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Table 2.4 - Simple diffusion of ammonia and ammonium ions.

Compound Diffusion Coeff. Cell Type
(cm?/s)

“NH; - 0.01 Human erythrocyte
“ 0.007 Human kidney cells

0.006 Squid giant axon

NH," 49x10° ‘Turtle bladder

3.5x107 Mouse hybridoma :

6.8 x 10% Squid giant axon

As seen in Table 2.4, the diffusion coefficient for un-ionized ammonia is three to five
orders of magnitude greater than the values of ionized ammonia. The diffusion

coefficient was defined by Fick’s first law of diffusion. Fick’s first law of diffusion is:

dCe
dx

Jo=-D(—y (2.5)

where J, is the flow of solute (ammonia) in units of mass, or mole, per unit area per unit
time, D is the diffusion coefficient of the solute in a particular solvent (water), and C, is
the concentration of solute. From equation 2.5 it can be seen that the diffusion coefficient
is a measure of the rate that a specific solute migrates through a specific solvent.
Therefore, as shown in Table 2.4, the rate of transport of the ammonium ion across most
cell membranes is low. With such a low rate of transport, the NH," can never accumulate

toxic concentrations of ammonia in the blood stream.

In most fishes and macroinvertebrates, most nitrogen is excreted directly as ammonia
without any detoxicative metabolism. This potentially toxic product is rapidly eliminated
by the gills of these organisms [21]. However, trace amounts are metabolized and

excreted as either trimethylamine oxide, urea, uric acid, or creatine. The major process
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thought to be responsible for this rapid excretion of ammonia is the nonionic diffusion of
the un-ionized NH;. Although this is thought to be the predominant mechanism of
excretion, Goldstein et al. [21] has hypothesized that NH," crosses the gills via passive
diffusion. They suggested that the gills of most fishes are slightly permeable to NH,"
which was also supported by Evans [22]. Since NH," concentrations in biological fluids
are generally‘ 10 to 100 times greater than NH; concentrations at most physiological pHs,
even a relatively low permeability of NH," could have significant effects on the

movement of ammonia across the gill cell membrane.
2.3.2 Modes of Action and Mechanisms of Toxicity

Once the un-ionized ammonia has entered the blood stream via diffusion through the cells
at the gills, it is transported throughout the rest of the organism. Now that the NH; has
entered the circulation system, it can exhibit its toxic effects on various organs. Upon
examination of aquatic organisms exposed to lethal concentrations of ammonia, damage
has been observed at the gills, kidney, liver, and blood. Although not all of the
mechanisms of ammonia toxicity are known, it appears that ammonia affects each organ
on the cellular level. However, it appears that once in the cell the un-ionized ammonia is
not the primary toxicant since under approximate cellular pH of 6 the un-ionized form

reverts to ionized ammonia.

On a cellular level, various modes of toxicity have been observed. Glacken [23] observed
a disturbance of electrochemical gradients and intracellular pH changes in rainbow trout
cell cultures. The disturbance of electrochemical gradients disrupts the transport of other
nutrients across the cell membrane and the pH changes may lead to disturbance of proton
gradients and inhibition of endocytosis and exocytosis as reported by Docherty and
Snider [24]. Other studies by Glacken et al. [25] have observed the inhibition of

enzymatic reactions with increased total ammonia concentration within the cell - e.g. the

conversion of glutamate to a-ketoglutarate via glutamate dehydrogenase. This pathway
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is used to degrade amino acids which produces ammonia. However, if ammonia
concentrations within the cell are already elevated the glutamate dehydrogenase is
inhibited. Also Martinelle and Haggstrom [20] have observed an increased demand for
maintenance energy with elevated cellular ammonia concentrations. These effects have
been observed at sub-lethal concentrations of ammonia as well -as during chronic toxicity

testing of ammonja to cell cultures.

The mechanisms for acute toxicity have been well documented. There are predominantly

two mechanisms for acute toxicity in aquatic vertebrates and invertebrates.
1. The reduction of erythrocytes (red blood cells).
2. The increase in permeability of the organism to water.

The reduction of red blood cells interferes with the oxygen-carrying capacity of the
blood. In cases of lethal acute toxicity testing the cause of death was asphyxia associated
with the loss of red blood cells. Initially, when exposed to lethal concentrations of
ammonia, fish exhibit signs of hyperexcitability and hyperventilation which is an
indicator of the lack of oxygen to the brain. Another mechanism which is not completely
understood is the increased permeability of the organism to water. This increase in water
uptake is not directly attributed to death, but possibly accounts for the decrease in red
blood cells. It also provides increased stress on the kidneys and affects the water balance
of the organism. Lloyd and Orr [26] further suggested that any factor which affects the

water balance in fish will also influence their susceptibility to ammonia poisoning.

The most studied mode of action for chronic ammonia toxicity is necrosis or decay of the
gill tissue. This disease has most notably been documented in fish rearing ponds or tanks
where the ammonia concentration in the pond and also the blood gradually increases due
to nitrogen metabolism [2]. This autointoxication leads to toxic gill necrosis in a variety

of fishes such as carp, trout, catfish, and largemouth bass.
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2.3.3 Indicators of Acute and Chronic Toxicity

The physical symptoms of fish suffering from acute ammonia toxicity have been well
documented, but little is available on these symptoms in invertebrate species. The first
signs of ammonia toxicity in fish include‘a slight restlessness, and increased respiration;
the fish congregate close to the water surface. In later stages, the fish gasp for air, their
restlessness increases with rapid movements and respirati»on becomes irregular; then
follows a stage of intense activity. Finally, the fish react violently to outside stimuli.
Indicators of this stage are loss of balance, leaping out of the water, and muscle spasms
seen in constant muscular twitches. Affected fish lie on their side and spasmodically
open wide their mouths and gill opercula, which are the bony coverings protecting the
gills. Then follows a short period of apparent recovery with a return to normal
swimming. This stage is then replaced by another period of high activity; the body
surface becomes pale and the fish die [2].

The skin of ammonia-poisoned fish is light in color and covered with a thick or excessive
layer of mucus. In some cases small hemorrhages occur, mainly at the base of the
pectoral fins and in the anterior part of the eye cavity. The gills are heavily congested
and contain a considerable amount of mucus. Fish exposed to high ammonia
concentrations may have slight to severe bleeding of the gills. The organs inside the

body cavity are congested and show signs of degradation [2].

The predominant indicators for aquatic organisms exposed to chronic levels of ammonia
are reduced weight gain and growth. These organisms exhibit varying degrees of gill
necrosis depending on the concentration of un-ionized ammonia. Other invasive
indicators are atrophy of the kidney and liver. However, within the literature there is
conflicting evidence for the histopathology in gills, kidney and liver of fish exposed to

ammonia concentrations which would be considered chronic levels.
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2.4 Ammonia Discharge Regulations

2.4.1 Methods for Determining Discharge Limits

A national water quality criterion for ammonia and guidelines to derive A‘site-speciﬁc’
criteria [6] have been developed by the U.S. Environmental Protection Agency to protect
aquatic life; these documents are intended to provide assistance in actuating statutory
controls on the amount of ammonia released into the nation’s surface waters. Both
approaches are based on toxicological experiments with fish and aquatic invertebrates
under laboratory test conditions [27]. The national criterion was derived from a large
laboratory data base. whereas site-specific criteria are derived by subjecting
representative species to laboratory acute tests with dilution water from a specific

location. Both criteria have a two tiered structure:

1. ashort-term concentration (1-hour average once every three years)
2. along-term concentration (4-day average once every three years)

The 1-hour average is related to acute tests and the 4-day average is related to chronic
tests. Each site must meet the ammonia criteria before the National Pollution Discharge

Elimination System (NPDES) permit is granted.

The permit or regulation system in regard to ammonia is quite complicated and once
again the criteria for ammonia are handled on a site-by-site basis with different criteria
for freshwater and saltwater, cold and warmwater fishes, streams, lakes, and estuarine
environments. The national criteria are based on un-ionized ammonia and the total
ammonia discharged for each site is determined based on the 90th percentile pH and
temperature, and for saltwater, the average salinity. Also upon appeal by the industry, the
site-specific criteria may be established based upon indigenous species exposed to
dilution water of the specific location. Table 2.5 lists the national criteria for un-ionized

ammonia for salt and freshwater. The criteria listed in Table 2.5 state that the un-ionized
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ammonia concentration can not exceed these limits more than once every three years on

the average.

Table 2.5 - Un-ionized ammonia criteria.

Water Type Fish e Un-ionized Ammonia (m
Acute Chronic
Freshwater Salmonids 0.160 0.0250
Freshwater  Cyprinids (Carp family) unknown 0.050
Saltwater All types 0.233 0.035

The acute criterion was developed based upon The Guidelines [6] and U.S. EPA 1985a
[28] and used the 21 saltwater species which are listed in Chapter 3. The chronic
criterion was developed based upon The Guidelines [6] and U.S. EPA 1985a [28]. The
U.S. EPA 1985a uses acute-chronic ratios for freshwater species to derive the freshwater
chronic criterion for ammonia; this document was used to establish saltwater chronic
criterion for ammonia. The chronic criterion was based upon freshwater species as well
as the two saltwater species (the mysid, Mysidopsis bahia and inland silverside, Menidia
beryllina) due to the limited data on marine species. Based upon the three conclusions of

U.S. EPA 1985a, the chronic criterion was derived. This document concludes that:

1. acute-chronic ratios of freshwater species appear to increase with decrease in
pH.

2. data on temperature effects on the ratios are lacking.

3. acute-chronic ratios for the most acutely and chronically sensitive species are
technically more applicable when trying to define concentrations chronically
acceptable to acutely sensitive species.
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Based upon these conclusions, four freshwater acute-chronic ratios along with the two
saltwater acute-chronic ratios were chosen to determine the final chronic value. The four
freshwater species along with their acute-chronic ratios were the channel catfish (10),
bluegill (12), rainbow trout (14), and fathead minnow (20). The mysid and inland
silverside had acute-chronic ratios of 7.2 and 21.3, respectively. Based upon these six
values, the geometric mean was 13.1. The geometric mean was then divided by the final

acute value of 0.465 mg NH; /L to yield the final chronic value of 0.035 mg NH; /L.

For each site the un-ionized ammonia is used along with the pH, temperature, and salinity
to determine total ammonia concentration. Then depending on the type of receiving
water (stream, lake, marine, etc.), different dilution effects are considered to determine

the total ammonia as nitrogen concentration which can be discharged.
2.4.2 Potential Instream Limits

Based upon the national saltwater criteria, the potential instream limits for total ammonia
are summarized in Table 2.6 and 2.7. These tables use the EPA criteria for un-ionized
ammonia and the various pH, temperature, and salinity to yield a total ammonia
concentration. However, this is not the discharge limit but rather the instream
concentration. In order to determine the precise discharge limit the Guidelines for Waste

Allocations Loads [29] must be consulted.

From Table 2.7 the approximate instream concentrations for the Chesapeake Bay are
shown in bold print. These values suggest the possible 1-2 mg/L standards set by DEQ

and described in Section 1.1.2 of this report.
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Table 2.6 - Criteria maximum concentrations (one-hour average) for total ammonia

(mg/L) [6].
Temperature (°C)
0 10 20 30
Salinity = 10 ppt
pH
7.4 110 52 25 12
7.6 69 33 16 7.7
7.8 44 21 10 5.0
8.0 27 13 6.4 3.1
8.2 18 8.5 42 2.1
8.4 11 54 2.7 1.4
Salinity = 20 ppt
7.4 116 54 27 12
7.6 73 35 17 7.9
7.8 46 23 11 52
8.0 29 14 6.7 33
8.2 19 8.9 44 2.1
8.4 12 5.6 2.9 1.5
Salinity = 30 ppt
7.4 125 58 27 13
7.6 79 37 21 8.5
7.8 50 23 11 54
8.0 31 15 7.3 3.5
8.2 20 9.6 4.6 2.3
8.4 13 6.0 29 1.6
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Table 2.7 - Criteria continuous concentrations (four-day average) for total ammonia

(mg/L) [6].

Temperature (°C)
0 10 20 30
Salinity = 10 ppt

p_H .
7.4 17 7.8 3.7 1.8
7.6 10 5.0 2.4 1.2
7.8 6.6 3.1 1.5 0.75
8.0 4.1 2.0 0.97 0.47
8.2 2.7 1.3 0.62 0.31
8.4 1.7 - 0.81 0.41 0.21
Salinity = 20 ppt
7.4 18 8.1 4.1 1.9
7.6 11 5.3 25 1.2
7.8 6.9 34 1.6 0.78
8.0 4.4 2.1 1.0 0.50
8.2 2.8 1.3 0.66 0.31
8.4 1.8 0.84 0.44 0.22
Salinity = 30 ppt
7.4 19 8.7 4.1 2.0
7.6 12 5.6 3.1 1.3
7.8 7.5 34 1.7 0.81
8.0 4.7 2.2 1.1 0.53
8.2 3.0 1.4 0.69 0.34
8.4 1.9 0.90 0.44 0.23
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Toxicity of Ammonia to Aquatic Organisms

On the subject of this research, there were three areas in the literature that needed to be

investigated.

e Acute toxicity of ammonia in freshwater and saltwater
e Chronic toxicity of ammonia in freshwater and saltwater

e Marine versus freshwater organisms

There has been some confusion about the terminology used to describe concentrations of
ammonia in past literature [14]. In this review, the terms, “ionized ammonia” (NH,") and
“un-ionized ammonia” (NH3), will be used to describe the two states of ammonia, and
total ammonia or ammonia will refer to the combined concentrations of ionized and un-
ionized ammonia (NH; + NH,"). Also, total ammonia will be expressed, on occasion, in

terms of NH;-N.
3.1 Acute Toxicity of Ammonia in Freshwater and Saltwater

The acute toxicity of ammonia in the aquatic environment has been studied since the late
1940’s [9]. Initially, the research was conducted on salmonids, but since then, studies
have been conducted on approximately 70 different organisms, both fresh and saltwater
types, as well as vertebrate and invertebrate species. These organisms include aquatic
insects, daphnids, crustaceans, mollusks, and fishes. The toxicity of ammonia has been
more extensively studied with freshwater than with marine species. Since the research
presented in this report deals with only saltwater species, this section will highlight the
freshwater data and detail the saltwater data. The acute toxicity data will be summarized

in the following manner:
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1. Freshwater Vertebrates (Fishes) and Invertebrates

2. Saltwater Vertebrates (Fishes) and Invertebrates

One can make several generalizations when studying the acute toxicity of un-ionized
ammonia to freshwater vertebrates (fishes). Salmonids are the most sensitive (96-hour
LCs, for adults = 0.2 to 0.8 mg NH,/L) with the cyprinid fish (includes carp, minnow,
and dace) being the least sensitive (96-hour LCs, for adults = 1.0 to 1.5 mg NH,/L).
Sensitivity to NH; is greater in the egg and larval stages of fish and decreases as the fish
reach maturity. Ninety-six hour LCs, for trout fry has been reported by Calamari and
Marchetti [30] to be 0.16 mg NHy/L, and Knoph [31] reported a 96-hour LCs, for
Atlantic salmon par to be as low as 0.03 mg NH;/L. However, there is great variability in
the data caused by water characteristics and experimental procedure. Table 3.1 lists
several 96-hour LC, values for some of the more common freshwater fishes with the
references listed in brackets. The 96-hour LCs, is for un-ionized ammonia. The pH

ranged from 7.5 to 8.0.

Table 3.1 - 96-hour LCs, for various freshwater fish.

Freshwater Fish 96-hour L.Csy (mg NH;/L)
rainbow trout [32] 0.37-0.65
cutthroat trout [33] 0.52-0.80
Atlantic salmon [31] 0.03-0.15 (pH=6, juvenile)
fathead minnow [34] 0.70-1.20
walleye [34] 0.51-1.10

white sucker [34] 1.70-2.20
channel catfish [34] 1.00-1.30

carp [35] 1.00-1.50
bluegill sunfish [35] 0.95-1.18
smallmouth bass [35] 0.90-1.15

[ ]- Reference
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Freshwater invertebrates are much less studied than fishes. The 96-hour LCs, of un-
ionized ammonia is generally an order of magnitude greater than that of freshwater fishes.
For this reason, regulations assume that if the fishes are protected from ammonia toxicity,
then the invertebrates and benthic organisms will be protected as well. Arthur et al. [34]
reported that mollusks were the most sensitive invertebrate group to ammonia. He
determined that fingernail clams were twice as sensitive as the two snail species (Physa
gyrina and Helisoma trivolvis) and that the most tolerant invertebrate species were the
caddisfly and crayfish species. Table 3.2 shows the 96-hour LCs, of un-ionized ammonia
for freshwater. The pH and temperature for all tests were not the same, so references

should be checked for specifics.

Table 3.2 - 96-hour LCj, for various freshwater invertebrates.

Freshwater Invertebrate 96-hour L.Csy (mg NH,/L)
Daphnia magna [36] 2.94
Fingernail Clam [35] 1.10
Snail [34] 2.40
Amphipod [34] 3.12
Mayfly [34] 3.90
Isopod [34] 5.02
Caddisfly [34] 10.1
Crayfish [34] 18.3

[ ]- Reference

The acute toxicity of ammonia to saltwater organisms has been studied with a variety of
test species. Twenty-one species of crustaceans, bivalve mollusks, and fishes have been
studied. These include fishes, such as the winter flounder (Pseudopleuronectes
americanus) [37], which is the most sensitive (excluding salmonids), to the three-spined

stickleback (Gasterosteus aculeatus) [38], which is the least sensitive. Also, as in this

28



research, the sheepshead minnow has been tested by numerous authors, such as Poucher
[39], Miller ez al. [19], and E.A. Eng. [40]. These data were pooled together by the EPA
resulting in a species mean acute value (SMAV) of 2.74 mg/L. un-ionized ammonia [6].
The SMAV is the geometric mean of the LCs, data from both 48-hour and 96-hour tests.
Another commonly tested marine fish is the inland silverside. Data reported by Poucher
[39] and Fava et al. [41] yielded a SMAV of 1.32. Table 3.3 lists the 96-hour LCs, for a

few of the more common saltwater fishes.

Table 3.3 - 96-hour un-ionized ammonia LCs, for various saltwater fish.

Saltwater Fish 96-hour LC5, (mg NH;/L)
Atlantic salmon [18] 0.16-0.21 (juvenile, 30% seawater)
sheepshead minnow [19] 2.6-2.8 (larval, salinity = 30 g/kg)
inland silverside [19] 0.8-1.14 (larval, salinity = 30 g/kg)
killifish [42] 1.35-2.0 (48-hour LCs,)

[ 1- Reference

In all cases, the larval stage of the marine fishes is more sensitive to ammonia than the
adult. Juvenile striped bass (Morone saxatilis) (LCs, = 0.91 - 1.68 mg/L un-ionized
ammonia) seem less sensitive than post yolk-sac larvae (LCsy = 0.33 - 0.58 mg/L un-
ionized ammonia) [38]. This was also the case for the striped mullet (Mugil cephalus)
[43]. The effect that pH, temperature, aﬁd salinity have on ammonia toxicity to marine

fishes was presented in Section 2.2 of this report.

Generally, no direct correlation can be made between the sensitivity of invertebrates
versus vertebrates in saltwater. An exception is the mollusks, which are the most
tolerant, as detailed by Epifanio and Srna [44] for the Eastern oyster (Crassostrea
virginica), SMAV = 19.1 mg/L un-ionized ammonia, and E.A. Eng. [40] for the brackish
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water clam (Rangia cuneata), SMAV = 3.1 mg/L un-ionized ammonia. Other less
tolerant invertebrates include the Sargassum shrimp (Latreutes fucorum) [43], the prawn

(Macrobrachium rosenbergii) [45] and the mysid (Mysidopsis bahia) [19].

Similar to marine fishes, the marine invertebrates' tolerance to ammonia increases as the
organism matures. Fava ef al. [41] reported the un-ionized ammonia LCs, increased in
larvae (1.1 mg/L) to adults (2.57 mg/L) for the grass shrimp (Palaemonetes pugio). This
difference was also seen with the mysid [19]. The effect that pH, temperature, and

salinity have on ammonia toxicity to marine invertebrates was presented in Section 2.2.

Table 3.4 lists the SMAYV for the 21 saltwater species which have been tested. These
species are listed in order of acutely sensitive to acutely tolerant. This information was
taken from “Ambient Water Quality Criteria for Ammonia (Saltwater) - 1989 [6]. The
rank was based upon the genus mean acute value (the geometric mean of the SMAV

within the genus).
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Table 3.4 - Un-ionized ammonia species mean acute values for saltwater organisms

[6].

Rank Species | SMAYV pH Range  Temp. Range Salinity
(mg/L) 8 _(ppt)

1 Winter flounder 0.492 7.9-8.1 7.5 31
Pseudopleuronectes americanus

2 Red drum 0.545 8.0-8.2 25-26 28-30
Sciaenops ocellatus

3 Sargassum shrimp  0.773 8.07 23.4 28
Latreutes fucorum

4 Prawn 0.777 6.8-8.3 28 12

Macrobrachium rosenbergii

5 Planehead filefish  0.826 8.07 234 28
Monocanthus hispidus

6 Copepod 0.793 8.2 : 20.5 34
Eucalanus pileatus

7 Copepod 0.867 8.0 20.3 34
Eucalanus elongatus

8 White perch 2.13 8.0 16 14
Morone americana

9 Striped bass 2.481 7.2-8.2 15-23 5-34
Morone saxatiois

10 Mysid 1.021 7.0-9.2 19-26 10-31
Mpysidopsis bahia

11 Spot 1.04 7.92 20.4 93
Leiostomus xanthurus

12 Atlantic silverside 1.05 7.0-9.0 11-25 10-3

Menidia menidia
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Table 3.4 - Un-ionized ammonia species mean acute values for saltwater organisms

13

14

15 .

16

17

18

19

20

21

Inland silverside 1.317

Menidia beryllina
Striped mullet 1.544
Mugil cephalus

- Grass shrimp 1.651
Palamonetes pugio

American lobster 2.21
Homarus americanus

Sheepshead minnow 2.737
Cyprinodon variegatus

Three-spined stickleback 2.932

Gasterosteus aculeatus

Brackish water clam 3.08
Bangia cuneata

Quahog clam 5.36
Mercenaria mercenaria

Eastern oyster 19.1
_Crassostrea virginica

[6]. (Cont.)

7.1-9.1

7.99

7.9-8.1

8.1

7.6-8.1

7.6

7.95

7.7-8.2

8.0

18-26

21

19-20

21.9

10-33

15-23

20.2

20

20

11-33

10

10-28

33.4

10-33

11-34

9.2

27

27
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3.2  Chronic Toxicity of Ammonia in Freshwater and Saltwater

The chronic toxicity of ammonia is much less studied than its acute toxicity. Up until
1990, chronic data was available for only 11 freshwater species and no marine organisms
[19]. Since then, one freshwater and two saltwater organisms have been tested. In this
report only a few examples will be presented due to the specificity of the experiments.
The fresh and saltwater fishes cited in this report include Chinook salmon, fathead
minnow, and inland silverside. The fresh and saltwater invertebrates cited include

Daphnia Magna, Ceriodaphnia acanthina and the mysid.

The effects of low levels of un-ionized ammonia have been seen in fresh and saltwater
fishes. Chronic ammonia poisoning was the reputed cause of death for Chinook salmon
living in water containing only 0.016 mg NH,/L after only 6 weeks [46]. For the fathead
minnow, the maximum acceptable toxicant concentration (MATC) was 0.21 mg NH,/L
which was based on survival of larvae [32]. Other MATC values were reported to be
0.49, 0.27, and 0.08 mg NH,/L for the smallmouth bass [47], green sunfish [48], and
bluegill [49], respectively. Weights of larval inland silverside were significantly reduced
in un-ionized ammonia concentrations > 0.074 mg NHj/L. Survival was reduced
significantly 6nly at “high” treatments of 0.38 mg NHy/L. The acute:chronic ratio for

inland silverside was determined to be 21.3 [19].

Research has been conducted on the chronic toxicity of ammonia to four aquatic
invertebrates. The most studied invertebrate is Daphnia magna. Gersich and Hopkins
[36] determined the 21-day chronic value for D. magna, presented as the MATC, to be
0.60 mg NH5/L.. Mount [S0] determined the 7-day chronic NOEC for D. magna to be
0.527 mg/L un-ionized ammonia. Studies have also been conducted with one saltwater
invertebrate, the mysid (Mysidopsis bahia). Miller et al. [19] determined that the survival
of mysids during a 32-day life-cycle was not significantly reduced until an un-ionized

ammonia concentration of 0.331 mg/L was reached. Also the male and female length
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was affected at this concentration. The acute:chronic ratio for this mysid was 7.2, using
the acute value of 1.70 mg NH,/L from a flow-through 96-hour test conducted at 26.5 °C,
30.5 g/kg salinity, and 8.0 pH.

3.3 Marine Versus Freshwater Organisms

In considering toxicity of ammonia to aquatic life, one must study both freshwater and
marine organisms. In most aquatic toxicity experiments, the freshwater organisms have
been studied more in depth than marine fishes and macroinvertebrates. This would
indicate that in the case of setting discharge standards for a specific toxicant in seawater,

freshwater toxicity data was used if no data was available for marine organisms.

This section of the report compares the toxicity of freshwater organisms to saltwater
organisms. These generalizations will be discussed in two categories: vertebrates

(fishes) and macroinvertebrates.

In general, saltwater fishes are less sensitive to total ammonia than freshwater species due
to the reduction of un-ionized ammonia by the increased ionic strength. The saltwater
also biochemically reduces the toxicity of un-ionized ammonia. Both of these reasons are
discussed in Section 2.2.3 of this report. For example Table 3.5 lists the 24-hour acute
LCs, for Atlantic Salmon in both freshwater and saltwater since these are andronomous

fish which can live in various salinities.
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Table 3.5 - 24-hour LCs, for Atlantic salmon in salt and freshwater.

Saltwater Freshwater
(30 ppt)
Atlantic on 0.3 mg/L (juvenile .15 mg/L. (juveni

From Table 3.5 it is seen that the Atlantic Salmon is more tolerant to ammonia as the
salinity increases. This is possibly due to reduced osmotic stress on the fish as discussed

in Section 2.2.3.

Another comparison might be to discuss some of the most common fishes that are present
in the marine environment as well as the freshwater ecosystem. For example Table 3.6
lists the 96-hour acute LC, and 7-day chronic no-observed-effect-concentration (NOEC)
in relation to weight gain for the most commonly tested marine aﬁd freshwater fishes, the

sheepshead minnow and the fathead minnow, respectively.

Table 3.6 - Comparison of sheepshead and fathead minnow in relation to ammonia

toxicity.
Organism 96-Hour Acute LCg, 7-Day Chronic NOEC
(mg NH;/L) (mg NH,/1.)
Sheepshead Minnow 2.6-2.8 [19] 0.34
Fathead Minnow [6] 0.70-1.20 0.15-0.34

[ 1- Reference

Data in Table 3.6 suggest that the sheepshead minnow can tolerate at least twice the un-

ionized ammonia concentration when compared to the fathead minnow. Also, the 7-day
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chronic NOEC for the sheepshead minnow is at least three times the concentration for the
fathead minnow. These differences can not be attributed solely to the interactions of

saltwater with ammonia, but also must be related to species differences.

A few generalizations can be made by comparing freshwater versus saltwater fishes. The
salmonids are the most susceptible species in both salt and freshwater. Also the early life
stages for both salt and freshwater fishes are more sensitive to un-ionized ammonia than
the adults life stages. Finally, based upon the fishes tested to date, the guidelines set forth
for NPDES permits using freshwater vertebrate toxicity data should protect marine fishes,

as well.

Marine macroinvertebrates are much less studied than marine fishes; therefore, it is
difficult to compare freshwater and marine macroinvertebrates due to the limited data.
However, it appears from the few organisms tested, such as various shrimp and
amphipods, that the marine macroinvertebrates are less tolerant to ammonia than their
freshwater counterparts. However, when compared to marine fishes, there appears to be
no trend. Therefore, in order to protect both marine vertebrates and invertebrates, both
types must be taken into consideration. For example Table 3.7 lists acute toxicity data for

a few marine and freshwater invertebrates.

From Table 3.7 it is shown that the most sensitive organisms from the limited acute
toxicity data are the saltwater invertebrates. The freshwater fingernail clam is the only
freshwater invertebrate which has a relatively low LCs, when compared to the saltwater
organisms. Therefore, it would seem that the guidelines set forth for NPDES permits

based upon freshwater vertebrate toxicity data would not protect marine invertebrates.
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Table 3.7 - 96-hour LCs, for salt and freshwater invertebrates.

_Freshwater Invertebrate 96-hour LCs, (mg NH,/L)
Daphnia magna [36] 2.94
Fingernail Clam [35] 1.10
Snail [34] 2.40
Amphipod [34] 3.12
Mayfly [34] 3.90
Isopod [34] 5.02
Caddisfly [34] 10.1
Crayfish [34] 18.3
Saltwater Invertebrate 96-hour LCs, (mg NH;/L)
marine amphipod [51] 0.83-3.5 (various species)
grass shrimp (juvenile) [42] 1.2
mysid [19] 1.33-1.94 (salinity = 30 g/kg)

[ 1-Reference
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Research Test Organisms

In discussing any toxicity research, one cannot overlook the importance of the research
test organisms. The reaction to a specific toxicant as well as the concentration which the
organism can tolerate will be unique to each test species. Also, the reaction to a specific
toxicant will be unique to the life stage of the particular organism. Other things which
must be considered are the origin of the organisms and their relative health before toxicity
testing. All of these items must be addressed in toxicity testing of each particular test
species. This research was conducted with three test species: the sheepshead minnow
(Cyprinodon variegatus), the mysid or opossum shrimp (Mysidopsis bahia), and the grass
shrimp (Palaemonetes pugio). This chapter will discuss the concerns in reference to the

three test organisms used in this research. The topics are covered in four sections:
4.1. Morphology. Taxonomy, and Life History
4.2. Mysid Culture Methods
4.3. Mysid Reference Testing
4.4. Specifics of Test Organisms

4.1 Morphology, Taxonomy, and Life History

Before the various test conditions for the three organisms are considered, it is of interest
to give some background information of each of the species used in this research. A brief
life history as well as taxonomy and morphology will be detailed in this section as
follows:

-Sheepshead Minnow (Cyprinodon variegatus)

-Mysid (Mysidopsis bahia)
-Grass Shrimp (Palaemonetes pugio)
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4.1.1 Sheepshead Minnow (Cyprinodon variegatus)

The sheepshead minnow (Cyprinodon variegatus) is widely distributed in the waters of
the Gulf of Mexico and the Atlantic Ocean including the Chesapeake Bay. It belongs to
the killifish family (Cyprinodonitidae) of which it is the only marine species. This family

contains over 45 genera and 300 species worldwide excluding Australia.

The average size of an adult sheepshead minnow is 3-5 cm with a maximum length of
just under 10 cm. The body of the sheepshead minnow is short and deep with depth

increasing with age. Figure 4.1 shows the adult and juvenile sheepshead minnow.

The sheepshead minnow is characterized by a lack of lateral lines but the presence of
numerous (24-29) lateral scale rows. The dorsal fin has nine to thirteen rays and the anal
fin has nine to twelve rays. The males are characterized by a lustrous blue- to bluish-
green area on the back from the nape to the dorsal fin. The males also have some dark
bars on the sides which are poorly defined and a yellowish white to deep orange belly.

The females are light olive, brown, or brassy with a yellowish or white belly [7].

The sheepshead minnow is a very tolerant marine fish. It is capable of flourishing in a
wide range of temperatures (0-40°C) and salinities (0.1 to 149 ppt) [52]. These minnows
live in schools in calm, shallow estuarine bays, coves, and marshes. They also have
adapted to live in some lakes with very high concentrations of dissolved salts. These
omnivorous minnows are a vital link in the food chain, transferring energy from benthic
plants and animals to the commercial valued fishes. They are fed upon by a variety of
Chesapeake Bay fish such as the flounder (Paralichthys dentatus), striped bass (Morone
saxatilis), spotted seatrout (Cynoscion nebulosus), and bluefish (Pomatomus saxatilis)

[53].
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Figure 4.1 - Sheepshead minnow (Cyprinodon variegatus). A. juvenile; B. adult [7].
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4.1.2 Mysid (Mysidopsis bahia)

The Mpysidopsis bahia is the primary invertebrate in marine testing for the NPDES
permitting and distributed throughout the Atlantic Ocean and the Gulf of Mexico as long
as the salinity is greater than 15 ppt. They are one of three sympatric species including
Mysidopsis almyra and Mysidopsis bigelowi which have been cultured successfully. The
differences between these three species are minimal and the taxonomic key proposed by

Heard [54] should be consulted for identification.

These small crustaceans are appmximately 0.5 to 0.8 cm in length as adults, but can reach
lengths of over 1.0 cm. Figure 4.2 shows a top and side view of the female, adult mysid
and Figure 4.3 shows the morphological features which are useful in identifying the
Mysidopsis bahia. They reach sexual maturity in laboratory cultures after 12 to 20 days
with adequate temperature (20-25°C) and a healthy diet of Artemia [7].

The opossum shrimp is characterized by the females carrying the eggs and young in a
marsupium pouch. Unlike Daphnia the eggs need to be fertilized, usually at night, in
order for development to occur. The number of eggs produced by the female as well as
the number of young per brood is directly related to body length as well as environmental

conditions. A new brood is produced every four to seven days.

The young, once released, are vulnerable to predation even by the adult mysid because
they are relatively immobile. Therefore, in culturing it is necessary to maintain Artemia
available at all times to allow for recruitment. After 24 to 48 hours, the juveniles begin to

pursue and feed on Artemia and are no longer susceptible to predation by the adults [7].

41



antennule

antenna
antennal scale

thonacic limb

abdominal segments

5 6

N\

.. dorsal process

S felson
endopod
exopod

Figure 4.2 - Lateral and dorsal view of the female, adult mysid (Mysidopsis bahia)
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42



Figure 4.3 - Morphological features of the mysid (Mysidopsis bahia). a. male; b.
female; c. thoracic leg; d. telson; e. right uropod, dorsal; f. male, dorsal [7].
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4.1.3 Grass Shrimp (Palaemonetes pugio)

The grass shrimp is widely distributed throughout estuaries of the Atlantic Ocean and the
Gulf of Mexico. It is found especially in beds of submerged vegetation. Palaemonetes
pugio is very tolerant of a wide range of salinities from O ppt to as high as 43 ppt.
However, its optimum salinity is in the range of 10 ppt to 20 ppt. Palaemonetes pugio
belongs to the family Palaemonidae which includes several commercially harvested
species. It is closely related to other types of grass shrimp including Palaemonetes
vulgaris and P. intermedius of which both are used in marine toxicity testing. The
differences between these three species are minimal and the taxonomic key proposed by
Williams [55] should be consulted for identification. Figure 4.4 shows a side view of the

adult female Palaemonetes pugio.

These transparent crustaceans measure approximately 3.3 cm for males with the
ovigerous females measuring 3 to 5 cm. Males further differ with a more slender body
and shorter legs with the juveniles resembling the males. They can be cultured in the
laboratory provided they are fed a diet of algae and Artemia. However, the production of
young is relatively slow with juveniles being produced by females at intervals between 5
to 6 weeks. Therefore, cultures to provide enough juveniles for toxicity testing must
contain thousands of females to provide young on a continual basis. For this reason test
organisms are for the most collected in the field. Gfowth to maturity takes two to three
months under summer conditions (22 to 25°C) and four to six months under winter

conditions (8 to 12°C) [55].
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Figure 4.4 - Lateral view of the adult female grass shrimp (Palaemonetes pugio) [55].
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4.2 Mysid Culture Methods

There are a variety of techniques to attain mysids, both juveniles and adults, for toxicity
testing. These techniques include collection of the test species in the field, purchasing the
mysids (test age) from an outside source, and in-house culturing of the mysids. For this
research the in-house culturing of mysids was chosen due to the number of tests to be
conducted and the minimal capital cost for setting up the culture. This section will
describe the culturing process for mysids in the following order: culturing system,
culture media and conditions, culture organisms, culture media and conditions, culture

maintenance, and common mysid culturing problems.
4.2.1 Culturing System

Mysids can be cultured in either continuous-flow or closed recirculating systems. Due to
the cost of a continuous-flow system, the culture for this research used closed systems
consisting of 10 or 20-gallon tanks with an undergravel flow filtering system in each
tank. It was determined that in order to be able to produce enough young per test (>200)
on a daily basis, three 10-gallon and two 20-gallon tanks needed to be maintained with

approximately 150 adult mysids per 10 gallons of seawater.

The undergravel flow system was established in each tank because a standard aquatic
filtering pump creates a strong current and suction which the mysids cannot tolerate.
These commercially available systems consist of two standpipes, two filter plates, two
airstones, and need an external air supply for operation. A flow around 3 L/min. created
by air forced through airstones within two upright standpipes was determined to produce
enough current for the mysids to align themselves with the flow and actively feed on
Artemia. Each aquarium had two filter plates, which formed a false bottom.
Approximately two inches of crushed coral was placed on top of the filter plates. The air

forced up standpipes via the airstones created a current which is drawn through the
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crushed coral. Once the culture had been established, the crushed coral acted as a

biological filtering system which will be discussed later in Section 4.2.2.
4.2.2 Culture Media and Conditions

In order to maintain a healthy, reproducing population of adult mysids, an adequate
culture media and specific environmental conditions must be maintained. This section
will attempt to address the specifics concerning the media and conditions used in this

research to sustain a healthy culture.

The culture media was composed of three parts: seawater, gravel or coral, and the
nitrifying community. The seawater can either be natural or artificially mixed using
commercially available seasalts. For this research the artificial marine mix, Forty

Fathoms®, was used with a salinity concentration between 25 and 28 ppt. Forty

Fathoms® has been successtully used previously in culturing mysids [56].

The second component of the culture media was crushed gravel or coral. This component
of the media provided a place for the nitrifying bacteria and algae to affix. The crushed
media also provided a hiding place for the newly released mysid young in order to avoid
predation. For this research crushed coral was purchased from a local pet supplier. Prior
to tank setup, the crushed coral was autoclaved for 45 minutes and then allowed to cool

gradually to ambient conditions.

Finally, the nitrifying community was established. This community ripened over time
and could take as long as 1 month per 10 gallons of seawater. To shorten this ripening
process approximately 20 mL of Artemia per 10 gallons was added daily for a week
before the adult mysids were added. Also, in order to enhance the nitrifying community,
a commercially available nitrifier known as Fritzyme® was added. Once the initial
mysids were added, the ammonia, nitrite, and nitrate concentrations were monitored daily

until the concentration spike for each was observed. During this monitoring process, the
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ammonia spike was observe first, followed by the nitrite spike, and then the nitrate spike.
After the nitrate spike was observed, the community was defined to be fully developed

and the culture was ready to be used to produce young for testing.

In Aorder to maintain a healthy mysid culture with maximum reproduction capacity,
certain environmental conditions must be maintained. The most crucial conditions are
temperature, salinity, daily light cycle, pH, dissolved oxygen, alkalinity, and ammonia,
nitrite, and nitrate concentrations. Temperature, salinity, and dissolved oxygen were the
most easily maintained. The temperature was stabilized at 25 to 27°C by an aquarium
heater and the salinity range between 25 and 27 ppt was checked using a YSI portable
salinity meter (model 30). This salinity range was maintained by the addition of
deionized water or withdrawal of seawater replaced by deionized water. The daily light
cycle was sixteen hours of illumination at 50 ft-c followed by 8 hours of darkness. The
dissolved oxygen concentration was maintained at saturation through the airstones in the
undergravel flow system. Table 4.1 lists the optimum conditions which were maintained

in the five recirculating culture tanks.

Table 4.1 - Optimum environmental conditions for Mysidopsis bahia.

Condition Range
Temperature (°C) 25-27
Salinity (ppt) ' 25-27
Daily Light Cycle (hr) 16 light, 8 dark
Dissolved Oxygen >60% saturation
pH 8.0-8.2
Alkalinity (mg/L) 90-120
Ammonia (mg-N/L) <1.0
Nitrite (mg-N/L) <1.0
Nitrate (mg-N/L) <18
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Some of these conditions are interactive and therefore must be monitored closely. For
instance the nitrifying community which converts ammonia to nitrite and then to nitrate,
results in an increase in hydrogen ions, which causes a drop in pH and a loss in buffering
capacity. However, it was found that the crushed coral provided enough buffering
capacity to maintain the pH around 8.0 for approximately two months and then new

sterilized coral needed to be added.
4.2.3 Culture Organisms

Once the tanks were conditioned as previously mentioned in Section 4.2.2, the mysids
were added. These mysids (Mysidopsis. bahia) were purchased from Cosper
Environmental Services of Bohemia, New York. Appendix B lists several marine
organism suppliers, along with their address and phone number, which were either used
or contacted through this research. Initially, 20 mysids were added to the culture to test
the health of the medium and after 96 hours more mysids were added such that the tanks
contained 40 mysids per 10-gallons of seawater. Gradually the culture increased until
there was approximately 150 adult mysids per 10 gallons of seawater. The tanks were
stocked with mysids from several generations and various ages to ensure that young
would be produced on a daily basis. Every month approximately 20 percent of the
organisms (especially older males) were removed to ensure that the culture did not
experience high mortality. If the cultures are correctly maintained, at least 20 percent of
the adult population would consist of gravid females (i. e. have a visible brood pouch
with young). Also, mysids were moved among the tank every month to ensure genetic

diversity.

Before every toxicity test, young less than two days old needed to be collected for the
appropriate test. These young were acquired by collecting the adult females bearing
brood pouches and isolating them in a separate, 4-liter tank with similar water conditions

outlined in Table 4.1. These females were placed in a large (10 cm by 15 cm) standard
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fish transfer net for two days. The net allowed the juveniles to pass through the net
isolating them from the females to avoid predation. A general rule-of-thumb was to
collect one brood-carrying female per young needed in the test. These juveniles could

then be used over the next three days.

Another time-consuming procedure for juvenile productioﬁ was utilized in addition to the
technique préviously mentioned. This procedure involved removing juveniles from the
stock tanks with a fine mesh net, placing them in a 1 L Pyrex® crystalline dish with
seawater, and finally, removing those which:were less than 2 mm long. A light table was
utilized to distinguish the young which were less than 2 mm in length. These young were

approximately less than 24 hours old, as outlined in EPA document no. 600/4-90-027 [7].

Both of these juvenile-collection methods were very time consuming, and an alternative

method for collection is proposed in Section 4.2.5 of this report.
4.2.4 Culture Maintenance

In the maintenance of the cultures, there were a variety of daily, weekly, and monthly
tasks which needed to be performed on each of the tanks. An outline of these procedures

is presented in the next series of lists.

Daily Procedures

1. Feed each tank 3 mL of concentrated Arfemia twice daily for every ten
gallons of seawater.

2. Check airstones for appropriate airflow.
3. Maintain water level above standpipes for proper recirculation and aeration.

4. Check temperature of tanks and make appropriate adjustments.

Weekly Procedures

1. Check salinity and make appropriate adjustments.
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. Check pH and adjust with Na,CO;.
. Check concentrations of NH;, NOZ'I, and NO3’2.

. Remove algal growth from the internal surfaces of aquarium and turn over
crushed coral.

Monthly Procedures

. Remove 20 percent of the seawater and replace with new artificial seawater.
The seawater should be removed by pumping from the bottom of the tank,
disturbing the crushed coral bottom and removing some of the algae and any
decaying matter from the bottom.

. Once every two months remove most of the crushed coral and replaced with
newly autoclaved crushed coral.

. Remove and clean standpipes with deionized water.

. Remove 20 percent of the mysid culture from each tank to prevent high
mortality in the culture.

. Move mysids among the five tanks to ensure genetic diversity.

. Replace airstones.

4.2.5 Common Culturing Problems

In the mysid toxicity research, there were several problems associated with culturing

which slowed completion of the research. These problems included:

1. Initial ammonia build-up in the stock tanks

2. Periodic reduced reproduction from individual tanks

3. Inefficient collection of females for juvenile production.

The first three 10-gallon culture tanks were initiated without nitrifying bacteria present.

Therefore, it took approximately two months for the total ammonia concentration to reach
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levels of less than 1 mg/L. Two weeks after the initial stocking of the tanks, total
ammonia concentrations of 15 mg/L. were measured in each of the three tanks. Therefore,
there was a concern that the organisms in these three tanks might either have been
weakened somewhat or have developed a tolerance to ammonia. Both of these
possibilities would have adversely affected these experiments, since this research dealt
with accessing the toxicity of ammonia. As a result, these initially stocked mysids were

removed and replaced with healthy mysids before the research began.

To alleviate the initial ammonia build-up problem when the two 20-gallon tanks were
setup, a small amount of crushed coral from the conditioned three tanks was added to the
new tanks. This added the proper algae and nitrifying bacteria (Nitrosomonas and

Nitrobacter) such that these two tanks did not experience a build-up of ammonia (<5

mg/L).

After two to three months, each stock tank experienced a reduced number of females
carrying brood pouches. The subsequent lack of reproduction could have been related to
several factors such as diminished pH, improper salinity or temperature, or overcrowding
along with several others. However, the observed dominant factor was the age of the
culture. This problem was avoided by removing 20 percent of the adults (predominantly
the larger males) every month and replacing most of the coral with fresh coral every two

months.

The final problem was mostly the inconvenience and time involved in transferring the
ripe females from the stock tanks to the holding tank. The collection of enough females
(200) for one toxicity test consisting of two replicates would take approximately 4 hours.
This method of juvenile production for testing was obviously inefficient and

cumbersome.

One should probably construct a mysid generator system similar to the one described by

Reistsema and Neff [57]. In these systems the current in the tank is increased such that
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the immobile juvenile mysids are swept by the current into a small chamber. The
entrance to the chamber is covered by fine mesh net which allows only the newly hatched
mysids to pass. Each morning the chamber is emptied from each tank, guaranteeing that
the juveniles are less than 24 hours old. This technique for young collection would allow

researchers to use their time more efficiently.
4.3 Mysid Reference Testing

In order to verify the health of the culture, standard 48-hour acute reference tests were
conducted each month. The standard toxicant was an EPA-certified solution of cadmium
(CdCl,). The health of the culture was initially verified from existing mysid toxicity data
for cadmium by conducting five 48-hour acute tests with two replicates in each test.
Once the standard health of the culture was established with cadmium, one 48-hour acute

test was conducted monthly to verify that the culture’s health had been maintained.

The initial health of the mysid culture was established based upon the average LCs, (10
replicates) for cadmium. The average LCs, was determined to be 0.64 mg/L. This was
the LCs, which was used to verify the health of the culture throughout the remainder of
the mysid toxicity testing. This LCs, for cadmium was determined to be appropriate
based upon the research conducted by Burton and Fisher [42]. They determined the LCs,
for the juvenile mysid to be 0.85 mg/L. Figure 4.5 shows the acute reference toxicant
(cadmium) control graph for the mysid culture. Also, Appendix C contains the bench

sheets for the initial reference testing, as well as the monthly tests which were performed.
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Figure 4.5 - Acute Control Graph for Mysidopsis bahia.

4.4 Specifics of Test Organisms

There were a multitude of specific details about the three test organisms which needed to
be addressed. These specifics include fine points such as age, source, and acclimation
procedures. These various items are presented in the following order:

-Sheepshead Minnow (Cyprinodon variegatus)

-Mysid (Mysidopsis bahia)
-Grass Shrimp (Palaemonetes pugio)
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4.4.1 Sheepshead Minnow (Cyprinodon variegatus)

The sheepshead minnow is a relatively difficult organism to culture. It also requires
several 20-gallon tanks in order to provide enough larvae on a continual basis for testing.
Therefore, due to the capital cost, maintenance requirement, and space requirement, the
test age minnows were acquired from an outside source. This would allow for toxicity
testing to be initiated quickly and reduce the workload associated with culture

maintenance.

The Cyprinodon variegatus larvae were purchased from Cosper Environmental Services
Inc. of Bohemia, New York. Usually, enough minnows were ordered to conduct eight
replicates of tests (approximately 500 minnows). The minnows arrived at less than five

days old and all of the eight replicates were setup in less than two days after arrival.

Before testing, the minnows were fed both Artemia and Tetrimin® flakes twice daily.

Upon arrival, the sheepshead minnow larvae were acclimated to the test dilution water
slowly over the course of five hours. The shipping water’s temperature, pH and salinity
were checked to ensure that these conditions did not drastically differ from those of the
dilution water. The temperature of the water was acclimated by placing the container in
the constant temperature bath which was designated for the specific test (either 20°C or
25°C). The pH and salinity in the container were acclimated by removing approximately
20 percent of the container’s water every hour and replacing it with dilution water. After
five water changes, the holding tank’s salinity and pH were essentially the same as the
dilution water’s salinity and pH. The dissolved oxygen was maintained at saturation in

the holding tank by means of continual aeration.

To initiate testing, the larvae were removed from the holding tank individually with a
pipet with an opening large enough not to harm them. Because they were previously

acclimated to test conditions, the minnows did not experience any harmful effect other
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than that caused by the toxicant. The specifics of the acute and chronic sheepshead

minnow tests are detailed in Section 5.2.4 and Section 5.2.5 of this report.
4.4.2 Mysid (Mysidopsis bahia)

As discussed in Section 4.2 of this report, it was more cost-effective to culture the mysids
in-house. Also, the method for juvenile collection was discussed in the aforementioned
section. Therefore, approximately two days before a mysid acute test was to be initiated,
the females were collected and allowed to release their young. The females were
distributed throughout the stock tanks, and the healthy young were placed in a 600 mL
beaker. The 600 mL beaker was placed in the 20°C constant temperature bath to
acclimate to the standard acute toxicity temperature. The young mysids were released
into standard dilution water at 25°C so there was no need to adjust the pH or salinity prior
to testing. The dissolved oxygen was maintained above 5 mg/L in the 600 mL beaker by

forcing air through a glass pipet within the beaker.

All young mysids which were used in the testing were less than 2 days old and were fed a
Tetrimin® and yeast (TYC) and algae mixture 1 hour prior to testing. The mysids were

placed in the test beaker using a standard 1 mL glass pipet. The specifics of the acute

mysid tests are detailed in Section 5.2.4 of this report.
4.4.3 Grass Shrimp (Palaemonetes pugio)

The grass shrimp which were used in this research were not cultured in-house like the
opossum shrimp but instead were purchased from an outside source which collected them
directly from an estuary in Florida. The grass shrimp were purchased from Aquatic
Research Organisms, Inc. in Massachusetts. Due to the time of year in which they were
collected, it was possible to test grass shrimp which were 15-30 mm in length
(approximately 2 months old). Juveniles can be collected only in the late summer

months.
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These organisms were acclimated to the dilution water in a similar manner as the
Cyprinodon variegatus as detailed in Section 4.4.1. However, the grass shrimp were
adjusted to the dilution water over a time of 2 days. This longer acclimation period was
due to the variation between the pH of the shipping water (pH 7.5) and the dilution water
(8.2). Once again, aeration was used to maintain the dissolved oxygen concentration at

saturation.

When placed in close quarters, the molting grass shrimp will be preyed upon by other
grass shrimp. To minimize this cannibalism, a collapsible mesh netting was placed
throughout the holding tank to provide “hiding places”, or to increase the surface area
within the tank. This mesh reduced mortality within the holding tank.

As stated previously, the age of the grass shrimp was approximately 2 months. They
were fed Tetrimin® flakes twice daily, as well as 1 hour prior to testing. The organisms

were transferred to the test beakers using a standard fine mesh fish collection net. The

specifics of the acute grass shrimp tests are detailed in Section 5.2.4 of this report.
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Experimental Procedure and Setup

The literature search revealed that the marine invertebrates are more susceptible to
ammonia than the marine fishes. Therefore, this research concentrated on two marine
invertebrates and one marine fish. Some ammonia toxicity data already existed on these
organisms, but also some new work was done as well. Both 48-hour static nonrenewal
and 96-hour static renewal tests were performed with three organisms, and 7-day chronic
renewal tests were done with one marine fish. In addition to the experiments, a method
of pH control had to be developed due to the effect of pH on un-ionized ammonia. After
the experiments were completed, the data were analyzed according to the EPA methods
for measuring acute [7] and chronic [8] toxicity. This chapter describes the experimental
procedures, as well as the methods for pH control and data analysis. These topics are

covered in the following three sections:
5.1. pH Control in Ammonia Toxicity Experimentation
5.2. Experimental Setup and Procedure

5.3. Data Analysis
5.1 pH Control in Ammonia Toxicity Experimentation

In ammonia toxicity research, possibly the most important parameter is pH. Due to the
dissociation of ammonia, small changes in pH can affect the NH; concentration (as
discussed in Section 2.2.1) which the test organisms encounter. Therefore, inconsistency
in the degree of control of test pH is a major source of variability in ammonia toxicity
studies especially in seawater. This section addresses the importance of pH control as
well as the acceptable pH variation established in previous research and by the EPA. It

also discusses the procedure used to control the pH in these experiments and the three
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common methods of pH control: acid/base addition, buffers, and the nitrogen headspace

technique.
5.1.1 Importance of pH Control

The control of pH is difficult for most toxicity tests, especially in accessing the toxicity of
ammonia. Ammonium salt solutions (in this research, NH,Cl) are acidic, but are slow to
reach equilibrium in seawater [6]. Consequently, pH typically declines during toxicity
tests and the decline may be amplified by the metabolism of test organisms. Therefore, a
proper pH control method must be chosen such that the pH does not decline significantly

during testing.

This raises the question of what constitutes a significant pH change. As stated in EPA -
Ambient Water Quality Criteria for Ammonia (Saltwater) - 1989 [6], a significant pH
change at a pH 8 would be > 0.1 pH units. This type of error results in £25% variation
in the NH; exposure concentration. Research done by others such as Hansen [58],

Schimmel [59], and Knoph [31] indicated that the pH variation should be no greater than
10.1 pH units. Therefore, in order to keep in accordance with previous research,
throughout the experiments presented in this report, the pH variations was kept to < 0.1

pH units and in most experiments <0.05 pH units.
5.1.2 Methods of pH Control

As previously stated, there are three suitable methods of pH control for toxicity testing:
acid/base addition, the nitrogen headspace technique, and buffers. These methods, if
practiced properly, will reduce the variability of the NH; concentration during testing,

therefore, predicting the un-ionized ammonia concentration more accurately.

Acid/base addition is a method which adjusts the pH either periodically or continuously

through the addition of either a weak acid or weak base. This adjustment can either be
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performed manually or automatically with a pH analyzer/controller and metering pump.
The most common acid used is 0.5 to 1 N HCI and the most common base used is 0.5 to 1
N NaOH. Usually, if manual addition is used, treatments of acid or base are needed as

frequently as every two hours.

The use of the nitrogen headspace technique is another effective method for pH control.
The nitrogen headspace method entails either using a nitrogen cabinet or evacuating the
headspace above the water level in the test beakers, replacing the air with nitrogen, then
sealing the individual test beakers with cellophane. The nitrogen cabinet is by far the
most time efficient method but requires considerable capital investment. The nitrogen
cabinet allows for all test beakers to be placed within the space and relatively little
monitoring of pH is needed while the beakers are within the cabinet. The sealing of the
individual beakers is more labor intensive and requires the evacuation of air and
replacement with nitrogen daily. Because the capital investment would be excessive, the
nitrogen cabinet was not used in this research. The nitrogen sealing method was not used

because the test beakers must be resealed each day.

The addition of buffers is the third method used to maintain the pH during NH; toxicity
experiments. It requires the initial buffering of each test dilution to the appropriate pH
and the subsequent buffering periodically during the test to maintain the pH. Several
buffers are appropriate especially the ones of the carbonate system. For this research

sodium carbonate (Na,COj;) was used to maintain the pH.
5.1.3 Procedure for pH Control using Na,CO;

The procedure for maintaining pH was developed by trial and error over a series of the
first few toxicity tests. All test media were initiated at a pH of 8.2 and were adjusted to

this value periodically. It was determined that the test dilutions needed to be adjusted at

intervals of eight hours or less for a variation of less than 0.1 pH units. However, for
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most tests, the pH was measured every four hours except during the early morning hours

(2-5 A.M.) The procedure was as follows:

1. Test dilutions were adjusted to pH 8.2 with Na,CO; before exposing the test
organisms

2. The pH was measured every four hours during daylight hours and adjusted to
8.2 with Na,CO;. (The final pH check was typically late in the evening such
that eight hours elapsed before the next morning’s pH adjustment.)

3. For tests with renewals, pH was adjusted as in Steps 1 and 2. However, for
each daily renewal, the new dilution water was buffered to pH 8.2 prior to
transferring into the test beakers. The pH was measured once the new dilution
water was transferred to the test beakers. Adjustments were made if
necessary.

4. NaHCO; was used to buffer the pH to 8.2 if it was overshot.
5.2 Experimental Setup and Procedure

In order to expand the existing saltwater ammonia toxicity data, 48-hour acute, 96-hour
acute, and 7-day chronic experiments were performed with three saltwater organisms.
Also, the 7-day test needed to be assessed for its effectiveness in measuring the chronic
toxicity of ammonia to marine fishes. These experiments were conducted according to
EPA guidelines; specifically the acute methods are presented in EPA [7] and the chronic
methods are presented in EPA [8]. These experiments were performed at Olver
Laboratories, Incorporated, which has the facilities (e.g. constant temperature baths,

proper lighting, and measurement devices) to meet these experimental guidelines.

This section describes the experimental apparatus and procedures which were used
throughout testing. It also describes the training which enabled the researcher to become

proficient and experienced in aquatic toxicity testing before the work began.
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5.2.1 Training in Toxicity Testing

In May, 1995, an agreement was made with a local company in Blacksburg, Virginia, to
instruct and train a graduate student in the techniques required for toxicity testing in
return for his volunteer services and the knowledge gained in culturing marine organisms.
This company has a state-of-the-art bioassay laboratory and years of experience in
toxicity testing. Techniques which were mastered by the student include acute and
chronic bioassays for fathead minnow (Pimephales promelas) and two cladocerans
(Ceriodaphnia dubia and Daphnia magna) outlined by the EPA [7 and 8]. These
techniques included both static- and static-with-renewal test methods. Also, the
procedures needed for culturing and the routine maintenance of test organisms was
developed by the student through guidance provided by this company. All of the

bioassays needed for this research were performed at the facilities of the company.
5.2.2 Organism and Dilution Preparation

Before each experiment, the organisms were collected, and specific dilutions for each test
species were prepared. The sheepshead minnow and the grass shrimp were supplied from
an outside source and acclimated to the appropriate conditions as described in Sections
4.4.1 and 4.4.3 of this report. The juvenile mysids were collected and acclimated as
outlined in Section 4.4.2. The health of all organisms was verified through monthly
toxicity experiments, either in-house (mysids) or at the outside sources (sheepshead

minnow and grass shrimp).

The ammonia treatments for all tests were made from reagent grade NH,CI dissolved at

10,000 mg/L total ammonia, then diluted in synthetic saltwater (Forty Fathoms™) to
provide the desired concentrations. Treatments were selected on the basis of range-find

toxicity tests for each of the test species. Table 5.1 lists the dilutions used in all tests
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conducted for each species. After the dilutions were prepared, the pH was buffered to 8.2

with Na,CO; and then the organisms were added to each beaker.

Table 5.1 - Test dilutions for toxicity experiments.

_Test Dilutions (mg/IL, total ammonia)
48-hour 96-hour 7-day

Cyprinodon variegatus

control control control
40 10 10
50 20 20
60 30 30
70 40 40
80 50 50
Mpysidopsis bahia control control --
10 5 --
20 15 --
30 20 --
40 25 --
50 30 --
Palaemonetes pugio
control - -
60 -- -
70 -- --
80 -- --
90 - --
100 -- --
-- Not tested
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5.2.3 Experimental Apparatus and Setup

The components in the experiments were as follows:

pH Meter: Orion model 420A
Dissolved Oxygen Meter: YSI model 51B
Salinity Meter: YSI model 30/25 FT
Test Beakers: 600 mL (Mysidopsis bahia and Cyprinodon
variegatus)
1000 mL (Palaemonetes pugio)
Automatic Pipet: Wheaton 100-1000 uL
Balance: Metter AE240
Drying Oven: Blue M single wall gravity convection oven

The pH, dissolved oxygen, and salinity meters were used to measure the initial, daily, and
final conditfons of the test solutions. The pH meter was used more frequently in order to
maintain the pH and measure the temperature of the treatments. The dissolved oxygen
meter was corrected based on the water salinity and temperature as instructed by the

manufacturer. The automatic pipet was calibrated before each test.

Due to the size of the grass shrimp, 1 liter (L) beakers were used for those experiments;
600 mL beakers were used for all other tests. All tests included a control with two
replicates for the 48-hour acute tests and four replicates for the 96-hour acute and 7-day
chronic tests. The balance and the drying oven were used to evaluate the growth of the
minnows for each treatment. Dry weights of the test organisms were measured at the

conclusion of each 7-day chronic test.
5.2.4 Conditions and Experimental Procedure for Acute Toxicity Tests

Acute bioassays were performed with the mysid, grass shrimp, and sheepshead minnow.
The young mysids were produced at Olver Laboratories, the young minnows were
acquired from Cosper Environmental Services, Inc., and the grass shrimp were purchased

from Charles River Aquatic Research Organisms. The 48-hour acute test conditions for
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the sheepshead minnow, mysid, and grass shrimp are listed in Tables 5.2, 5.3, and 5.4,

respectively. Using the test conditions listed in these tables, 16 replicates with sheepshead

minnows, 16 replicates with mysids, and 16 replicates with grass shrimp were tested.

Table 5.2 - 48-hour acute bioassay conditions for Cyprinodon variegatus.

Test type:
Replicates per test:
Test duration:

Temperature:
Photoperiod:
Test beaker size:
Test volume:
Age of organism:
Feeding regime:
Toxicant:

D.O.:

Dilution water:
pH:

Static non-renewal

2

48 h

200C

16 h light, 8 h darkness
600 mL

250 mL

<10 days; 24 h range
none

Ammonium chloride
>4.0 mg/L

25 ppt salinity, 1 ppt
8.2, <£0.1 (adjusted every four hours during _
day)

Table 5.3 - 48-hour acute bioassay conditions for Mysidopsis bahia.

Test type:
Replicates per test:
Test duration:

Temperature:
Photoperiod:
Test beaker size:
Test volume:
Age of organism:
Feeding regime:
Toxicant:

D.O.:

Dilution water:

pH:

Static non-renewal

2

48 h

200C

16 h light, 8 h darkness
600 mL

250 mL

<2 days; 24 h range
none

Ammonium chloride
>4.0 mg/L

25 ppt salinity, 1 ppt
8.2, <£0.1 (adjusted every four hours during
day)
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Table 5.4 - 48-hour acute bioassay conditions for Palaemonetes pugio.

Test type: Static non-renewal

Replicates per test: 2

Test duration: 48 h

Temperature: 200C

Photoperiod: 16 h light, 8 h darkness

Test beaker size: 1L

Test volume: 1L

Age of organism: 1-2 months

Feeding regime: none

Toxicant: Ammonium chloride

D.O. >4.0 mg/L

Dilution water: 25 ppt salinity, +1 ppt

pH: 8.2, <10.1 (adjusted every four hours during _
day)

The 96-hour acute test conditions for the sheepshead minnow and mysid are listed in
Tables 5.5 and 5.6, respectively. No 96-hour tests were conducted with the grass shrimp
because there was sufficient data in the literature under similar experimental conditions.
Using the test conditions listed in these tables, 16 replicates with sheepshead minnows

and 16 replicates with mysids were tested.

66



Table 5.5 - 96-hour acute bioassay conditions for Cyprinodon variegatus.

Test type :
Replicates per test:
Test duration:
Temperature:
Photoperiod:
Test beaker size:
Test volume:
Age of organism:
Feeding regime:
Toxicant:

D. O.:

Dilution water:

pH:

Static renewal

4

96 h

200C

16 h light, 8 h darkness

600 mL

250 mL

<10 days; 24 h range

<24 h Artemia nauplii twice daily
Ammonium chloride

>4.0 mg/L

25 ppt salinity, 1 ppt

8.2, <10.1 (adjusted every four hours during
day)

Table 5.6 - 96-hour acute bioassay conditions for Mysidopsis bahia.

Test type:
Replicates per test:
Test duration:
Temperature:
Photoperiod:
Test beaker size:
Test volume:
Age of organism:
Feeding regime:
Toxicant:

D.O.:

Dilution water:

pH:

Static renewal

4

9 h

200C

16 h light, 8 h darkness

600 mL

250 mL

<2 days; 24 h range

<24 h Artemia nauplii twice daily
Ammonium chloride

>4.0 mg/L

25 ppt salinity, 1 ppt

8.2, <20.1 (adjusted every four hours during
day)
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The experimental procedure for the 48-hour and 96-hour toxicity experiments was as

follows:

1. The dilutions for the particular test species were prepared in clean test beakers
as described in Section 5.2.2. Each dilution had two replicates. Each dilution
was buffered to pH 8.2. Samples of each dilution were preserved for later
testing in order to verify the ammonia concentration for each dilution.

2. Ten test organisms, which had been fed one hour before test initiation were
transferred to each beaker individually in random order. The organisms were
added in sequential order such that each beaker contained four, then eight, and
finally ten organisms. The juvenile mysids and the sheepshead minnows were
transferred via pipet and the grass shrimp were transferred via a standard fish
net.

3. A nylon mesh netting was added to each of the grass shrimp test beakers to
create “hiding place” for the molting shrimp.

4. Once all of the organisms were added, the beakers were placed in the 20°C
constant temperature bath in random order.

5. The pH was checked and adjusted if necessary every four hours during the
daytime and were not checked or adjusted for eight hours during the evening.
The pH variation was always less than £0.1 throughout the duration of the test
and in most cases less than 30.05.

6. Every 24 hours the pH, salinity, temperature, and dissolved oxygen were
measured and recorded. The number of live organisms was counted and the
dead were removed from the beakers.

7. The 48-hour grass shrimp tests were aerated to maintain the dissolved oxygen
concentration above 4.0 mg/L.

8. The 96-hour tests were fed twice daily less than 24 hour Artemia nauplii.
Every 24-hours approximately 200 mL of the test volume was removed and
replaced with new solutions and buffered to pH 8.2. Also, daily the remaining
Artemia was removed to reduce the oxygen demand. The 48-hour
experiments were nonrenewal and were not fed.

9. At the end of the test period, final measurements of pH, temperature,
dissolved oxygen, and salinity were taken and recorded. Also, the final
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number of organisms alive was counted and recorded. A final water sample
was taken to measure the ammonia concentration at the end of the test.

10. The final organism count was used to determine the LCsy and NOEC; this
procedure is described in Section 5.3.

5.2.5 Experimental Procedure for Chronic Toxicity Tests

Chronic bioassays were performed with the sheepshead minnow (Cyprinodon

variegatus). The young minnows were acquired from Cosper Environmental Services,

Inc. The 7-day chronic tests were conducted according to the conditions listed in Table

5.7. Sixteen replicates were performed with sheepshead minnows according to the

conditions listed in Table 5.7.

Table 5.7 - 7-day acute bioassay conditions for Cyprinodon variegatus.

Test type:
Replicates per test:
Test duration:

Temperature:
Photoperiod:
Test beaker size:
Test volume:
Age of organism:
Feeding regime:
Toxicant:

D. O.

Dilution water:
pH:

Static renewal

4

7 days

250C

16 h light, 8 h darkness

600 mL

250 mL

1-14 days; 24 h range

<24 h Artemia nauplii twice daily
Ammonium chloride

>4.0 mg/L

25 ppt salinity, *1 ppt

8.2, <+0.1 (adjusted every four hours during
day)
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The experimental procedure for the 7-day toxicity experiments was as follows:

. The dilutions for the Cyprinodon variegatus were prepared in clean test
beakers as described in Section 5.2.2. Each dilution had four replicates. Each
dilution was buffered to pH 8.2. Samples of each dilution were preserved for
later testing in order to verify the ammonia concentration for each dilution.

. Ten test organisms which had been fed one hour before test initiation were
transferred to each beaker individually in random order. The organisms were
added in sequential order such that each beaker contained four, then eight, and
finally ten organisms. A pipet was used to transfer the sheepshead minnows
to the test beakers.

. Once all of the organisms were added, the beakers were placed in the 25°C
constant temperature bath in random order.

The pH was checked and adjusted if necessary every four hours during the
daytime and were not checked or adjusted for eight hours during the evening.
The pH variation was always less than £0.08 throughout the duration of the
test.

. Every 24 hours the pH. salinity, temperature, and dissolved oxygen were
measured and recorded. The number of live sheepshead minnows was
counted and the dead were removed from the beakers.

. Each test beaker was fed twice daily less than 24 hour Artemia nauplii. Every
24-hours approximately 200 mL of the test volume was removed and replaced
with new solutions and buffered to pH 8.2. Daily the remaining Artemia was
removed to reduce the oxygen demand.

. At the end of the 7-day test period, final measurements of pH, temperature,
dissolved oxygen, and salinity were taken and recorded. Also, the final
number of organisms alive was counted and recorded. A final water sample
was taken to measure the ammonia concentration at the end of the test.

. The final organism count was used to determine the LCs, and NOEC based
upon statistical analysis; this procedure is described in Section 5.3.

. Previous to the end of the test period, weighing pans were made and dried in
an oven at 105°C for two hours, then placed in a dessicator for one hour. The
dry mass of each of the pans was measured and recorded.
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10. At the conclusion of the tests, the living minnows were removed from the test
beakers and placed in the weighing pans. The pans were dried in the oven at
105°C for two hours, then placed in a dessicator for one hour. The dry mass
of the fish was determined for the control plus the five dilutions. The weights
of these six samples were compared in order to determine the LC;, and NOEC
of ammonia which did not affect the weight gain of the fish. Section 5.3
describes the statistics involved in determining the LCs, and NOEC.

5.2.6 Experimental Verification of Ammonia Dose

In order to confirm the ammonia concentration of each of the dilutions, samples were
taken, preserved with H,SO,, and tested for the ammonia concentration. Samples were
taken at the beginning and end of each test and measured for the ammonia content as
described in “Standard Methods for the Examination of Water and Wastewater” - Method
- 4500 NH; B. and C. [13]. For the concentrations of ammonia involved in this research,
it was determined that the proper technique for determining the ammonia concentration

was a preliminary distillation step followed by titration.

Initially, samples were taken and measured every day for the 96-hour acute and 7-day
chronic tests. It was determined that it was unnecessary to take samples every day
because the ammonia concentrations did not vary more than 2 percent from the initial and
final ammonia concentration. The average of the initial and final measured ammonia
concentration was used as the exposure concentration. The values were used in
determining the acute and chronic values. The un-ionized ammonia concentration was
determined based upon the average pH, temperature, and salinity as described in Section

2.2.

The total ammonia values were exact to three significant figures based upon the accuracy
of Method - 4500 NH; B. and C. The un-ionized ammonia concentrations were listed to
three significant figures in Chapter 6 because these were calculated LCs;, and NOEC

values. One must remember that these un-ionized ammonia concentrations were
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calculated values and were not accurate to three significant figures. These values were

listed to three significant figures only to aid in establishing the national criteria.
5.3 Data Analysis

After the tests were completed, the number of mortalities from the acute testing, as well
as the survival and growth data from the chronic experiments, was used to determine the
LCsy, NOEC, and LOEC for each test species. The methods for determining these values
are provided by the EPA in report no. 600/4-90/027 [7] and EPA in report no. 600/4-
89/001 [8]. These methods include manual computational techniques as well as computer
programs, such as Toxstat Version 3.3. However, manual computational techniques were
not needed in this research based upon the EPA guidelines. These EPA documents were
consulted throughout this research in reference to data analysis. The statistical techniques
used in this research are outlined in the following two sections and are discussed as either
acute toxicity analysis or chronic toxicity analysis. This section details the methods used
in converting the LCs, and the NOEC from the individual tests into an average LCs, and
NOEC for each of the species. Also, this section outlines the procedure for estimating the
average pH and salinity for the series of tests. The average pH and salinity were used to

determine the LCsy and NOEC in terms of un-ionized ammonia.
5.3.1 Acute Toxicity

In acute toxicity analysis, the most useful data are the LCs, and the NOEC. Specific
methods are available for determining each of these parameters. In determining these
values, each test could be analyzed separately and then averaged or all of the 16 replicates
could be analyzed together such that for each organism there were 160 test organisms
used in the data analysis yielding one value for the LCs, and another for the NOEC. Both

of these methods were used and detailed in this report.
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The Environmental Protection Agency report no. 600/4-90/027 [7] discusses four well-
tested methods for determining the LCs, for multi-concentration acute toxicity tests.
These methods are the Graphical Method, the Spearman-Karber Method, the Trimmed
Spearman-Karber Method, and the Probit Method. The analysis scheme suggested in
EPA report no. 600/4-90/027 is shown in Fig. 5.1. Based upon Fig. 5.1, the Probit
Method was used to determine the LCs, for the sheepshead minnow, the mysid, and the
grass shrimp. For details about this method, as well as the other three methods outlined

in this report, refer to EPA report no. 600/4-90/027.

Determination of the NOEC is accomplished using hypothesis testing and is outlined in
EPA report no. 600/4-90/027. The first step in determining the NOEC is to transform the
mortality data by the arc-sine-square-root transformation. The mortality data must be
stated as the proportion surviving in order to transform the data. This transformation is
used to stabilize the variance and satisfy the normality requirement. The normality

assumption is tested by the Shapiro-Wilk’s test.

Once the normality assumption has been verified, the Bartlett’s test for equality of
variances was used to test the homogeneity of the variance assumption. If the
homogeneity of variance assumption was met, then the modified T test or the Dunnett’s
test was used. However, if either the normality or the homogeneity of the variance
assumption failed, the Steel’s Many-One Rank Test or the Wilcoxon’s Rank Sum Test
was used to analyze the data. Figure 5.2 shows a flowchart of this procedure to determine
the NOEC. This procedure was followed in determining the NOEC for the sheepshead
minnow, mysid, and grass shrimp. The sheepshead minnow data were analyzed with the
Steel’s Many-One Rank Test to determine the NOEC. The mysid and the grass shrimp
data were analyzed with both the Steel’s Many-One Rank Test and the Dunnett’s Test.
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Figure 5.1 - Flowchart for determination of the LCs, for multi-concentration acute
toxicity test [7].
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Figure 5.2 - Flowchart for analysis of mult-concentration test data [7].
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5.3.2 Chronic Toxicity

The survival and growth data were used to determine 7-day LCs, and NOEC values based
upon 16 replicates of the sheepshead minnow tests. The survival and growth data were
analyzed with the statistical procedures outlined in EPA report no. 600/4-89/001 [8]. The
data were analyzed using Toxstat Version 3.3. Statistical analysis was used to first
analyze the survival data to determine the LCs, and the NOEC for the 7-day sheepshead
minnow test. In order to find the NOEC, the normality of distribution and homogeneity
of variance was determined by using Shapiro Wilk’s and Bartlett’s Tests, respectively.
Depending on the test results, mortality was evaluated using Dunnett’s Test or Steel’s
Many-One Rank Test. Also, dry weight data were used to determine the NOEC based
upon growth. All weight data above the LC, data were not used to determine the growth
NOEC. The same procedure as described for the mortality NOEC was used for the
growth data. Fig. 5.3 shows the EPA flowchart for determining the NOEC based on
mortality or growth data.

For the sheepshead minnow tests, the Probit Method was used to calculate the LCs,, the
mortality NOEC was determined using Steel’s Many-One Rank Test, and the growth

NOEC was determined using Dunnett’s Test.
5.3.3 Methods for Determining Final LCs; and NOEC values

In this research, two methods were used in determining final LCs, and NOEC values
resulting in two sets of data for each test species. These sets of data were presented on a
total ammonia basis. Then, the un-ionized ammonia LCs, and NOEC were determined
based upon the average pH, salinity, and temperature. One of the methods included
simply analyzing the 16 replicates of data as one test using the statistical software
package. This resulted in a LCs, with a 95 percent confidence interval (C. 1.) and one
value for the NOEC, both of which were listed on a total ammonia and un-ionized

ammonia basis. These data were referred to as the 16 replicate values. The other method
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Figure 5.3 - Flowchart for analysis of sheepshead minnow survival and growth data
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involved analyzing each of the tests individually and then averaging the LCjs,, the upper
and lower limit of the 95 percent C. 1., and the NOEC from each test resulting in the final
set of values. These data were called the averaged LCs, and the averaged NOEC.

In order to determine the LCs, and the NOEC on an un-ionized NHj; basis, an average pH
was determined. Since the rate of pH change varied slightly from test to test, an average
pH value was used to present the results on a un-ionized ammonia basis. The average pH
was determined by averaging the upper and lower hydrogen ion concentration from each
of the tests, and then averaging these hydrogen ion concentrations for a final average pH
which was used in determining the un-ionized ammonia LCs,, 95 percent C. 1., and

NOEC for both the acute and chronic toxicity tests.
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Results and Discussion

6.1 Acute Toxicity

The acute toxicity results include both 48-hour tests for the sheepshead minnow, mysid,
and grass shrimp and 96-hour tests for the sheepshead minnow and mysid. The data were
analyzed using Toxstat Version 3.3, as described in Section 5.3.1 to determine the LCs,
and the NOEC in terms of total ammonia as well as un-ionized ammonia. Bench sheets
with the actual mortality data are provided in Appendices D, E, and F for Cyprinodon
variegatus, Mysidopsis bahia, and Palaemonetes pugio, respectively. From these data,
the species mean acute values (SMAV) were determined based upon the geometric mean
of the 48-hour and 96-hour LCs,. The SMAYV were critical in evaluating a refined

national criteria for ammonia based upon the research presented in this report.
6.1.1 Sheepshead Minnow (Cyprinodon variegatus)

A total of eight 48-hour static nonrenewal tests (2 replicates per test) and four 96-hour
static renewal tests (4 replicates per test) were analyzed to determine the LCs, and NOEC
for the sheepshead minnow. The final LCs, and NOEC for both the 48-hour and 96-hour
tests were determined by two different methods (Section 5.3.3): the averaging method
and the 16 replicate method . Both sets of LCs; and NOEC data are presented in this
section and compared to previous work. This section lists the results from the sheepshead

minnow tests in two sections:

1. Acute 48-hour static nonrenewal test results.

2. Acute 96-hour static renewal test results.
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Table 6.1 lists the 48-hour LCs, (un-ionized ammonia) and the NOEC based upon
analyzing the 16 replicates as one test with the Probit Method and the Steel’s Many-One
Rank Test, respectively. It also allows for a comparison of the data from this research to

data provided in the literature.

Table 6.1 - 48-hour LC5y and NOEC for ammonia based upon 16 replicates for
Cyprinodon variegatus.

Total Un-ion. Total Un-ion. Lit. Un-ion.
LCs LCs, NOEC NOEC LCs, [6]

(mg/L) (mg/L) (mg/L) (mg/L) (mg/1.)
56.0 2.68 40 1.9 2.1-2.8

(54.5 - 58.0)* (2.61-2.77)*

* 95% Confidence Interval

Table 6.1 shows that the LCs, for this research falls within the range presented in the
literature for un-ionized NH;. This un-ionized ammonia LCs, can then be converted to a

total ammonia value based upon the temperature, pH, and salinity.

The averaging method for determining the LCs, was used as well. Table 6.2 lists the
results from the eight tests (16 replicates) with sheepshead minnows. The bench sheets
are given in Appendix D. This table gives the date of the test initiation, the total and un-
ionized ammonia LCs, with the 95 percent C. . in parentheses, the average pH value, and
the total and un-ionized NOEC. All of the eight tests were analyzed using the Probit
Method for the LCs, (see the flowchart in Fig. 5.1) and the Steel’s Many-One Rank Test
for the NOEC. 1t also lists the average L.Cs, based upon the averaging method described

in Section 5.3.3.
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Table 6.2 - 48-hour individual test and average LCs, and NOEC for ammonia for
Cyprinodon variegatus.

Total Total Un-ion. Un-ion.
LCs NOEC LCs NOEC
Date m m Ave, pH m mg/L
1/10/96 57.7 40 8.17 2.70 1.9
(55.0-60.6)* (2.57 - 2.84)*
1/10/96 56.5 50 8.16 2.59 23
(52.4 - 61.0)* (2.40 - 2.79)*
1/10/96 56.7 50 8.17 2.65 2.3
(53.3-60.3)* (2.49 - 2.82)*
2/4/96 52.7 50 8.18 2.52 2.4
(46.6 - 59.5)* (2.23 -2.84)8
2/4/96 55.1 50 8.18 2.63 2.4
(50.3 - 60.4)* (2.40 - 2.89)*
2/5/96 58.9 50 8.19 2.87 24
- (564 - 61.4)* (2.75 - 3.00)*
2/5/96 57.2 50 8.19 2.79 2.4
(53.8 - 60.9)* (2.63 - 2.97)*
2/5/96 56.8 50 8.19 2.77 2.4
(54.3 - 59.4)* (2.65 - 2.90)*
Average 56.3 48.8 8.18 2.69 23
(52.8 - 60.4)* (2.52 - 2.89)*

* 95% Confidence Interval
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The LCs, values calculated by both methods differed by < 1 percent. The 48-hour LCq,
for the sheepshead minnow was calculated to be 56.0 mg/L total ammonia and 2.68 mg/L
un-ionized ammonia based upon the results shown in Table 6.1. Also for the NOEC, the
more stringent value should be used to protect the sheepshead minnow. The 48-hour

NOEC was determined to be 40 mg/L total ammonia and 1.91 mg/L un-ionized ammonia.

Table 6.3 lists the 96-hour LCs, (un-ionized ammonia) and the NOEC based upon the
analysis of 16 replicates as one test with the Probit Method and the Steel’s Many-One
Rank Test, respectively. It also lists 96-hour LCs, data found in the literature for the

sheepshead minnow.

Table 6.3 - 96-hour LC;, and NOEC for ammonia based upon 16 replicates for
Cyprinodon variegatus.

Total Un-ion. Total Un-ion. Lit. Un-ion.
LCs, LCy NOEC NOEC LCs, [19]

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
47.8 2.09 30 1.3 2.79

(449 -51.0)* (1.97 - 2.23)*

* 95% Confidence Interval

It is seen from Table 6.3 that the un-ionized LCs, determined by this research falls below
the data presented by Miller et al. [19] for un-ionized NH;. The data presented by Miller
et al. was for sheepshead minnows under similar conditions except that they used a flow-
through system at 25°C and 30 ppt salinity. Also Miller et al. conducted their test with

only 4 replicates as compared to 16 replicates in this research.
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The averaging method for determining the LCs, was also used for the 96-hour data.
Table 6.4 lists the individual LCs, and NOEC values for each of the four tests (16
replicates) with sheepshead minnows. The bench sheets are given in Appendix D. This
table gives the date of the test initiation, the total and un-ionized ammonia LCs, with the
95 percent C. 1. in parentheses, the average pH value, and the total and un-ionized NOEC.
All of the four tests were analyzed using the Probit Method for the LCj, (see Fig. 5.1) and
the Steel’s Many-One Rank Test for the NOEC (see Fig. 5.2). It also lists the average

LCs, based upon the averaging method described in Section 5.3.3.

Table 6.4 - 96-hour individual test and average LCs, and NOEC for Cyprinodon

variegatus.
Total Total Un-ion. Un-ion.
LCs, NOEC LCs NOEC
Date (mg/L) (m Ave, pH m m
12/8/95 53.0 30 8.14 2.32 1.3
(45.1 - 62.1)* (1.98 -2.72)*
1/10/96 474 30 8.14 2.08 1.3
(44.0 - 51.2)* (1.93 - 2.24)*
2/7/96 47.1 30 8.13 2.02 1.3
(41.9 - 52.9)* (1.79 - 2.26)*
2/8/96 41.3 30 8.14 1.81 1.3
(37.0-46.1)* (1.62 - 2.02)*
Average 47.2 30 8.14 2.07 1.3
(42.0 - 53.0)* (1.84 - 2.32)*

* 95% Confidence Interval
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The 96-hour LCs, values calculated with both methods differed by approximately 1
percent. Therefore, the 96-hour LCs, for the sheepshead minnow was reported to be 47.8
mg/L total ammonia and 2.09 mg/L. un-ionized ammonia based upon the statistical
analysis of all 16 replicates (see Table 6.3). The 96-hour NOEC was determined to be 30

mg/L total ammonia and 1.31 mg/L un-ionized ammonia.

Finally, the SMAYV for this work was determined to be 2.37 mg/L based upon the 48-hour
and 96-hour LCs,. This value is reasonable given that the EPA [6] indicates that the

SMAYV for Cyprinodon variegatus is 2.74 mg/L.

6.1.2 Mysid (Mysidopsis bahia)

Eight 48-hour static nonrenewal tests (2 replicates per test) and four 96-hour static
renewal tests (4 replicates per test) were analyzed to determine the LCsy, and NOEC for
Mysidopsis bahia. The final LC¢, and NOEC for both the 48-hour and 96-hour tests were
determined by the averaging and 16 replicate methods. Both sets of LCsy and NOEC
values are presented in this section and compared to previous work. The bench sheets
given in Appendix E show some mortality in the controls. This mortality appeared to be
from the cannibalistic behavior of the juvenile mysids, since the carcasses in the controls
had completely disappeared. Therefore, for future testing of the mysid, additional surface
area (approximately 20 in.” of mesh netting) should be added to the test beakers to reduce
mortality in the controls. This section lists the results from the mysid tests in two

sections:

1. Acute 48-hour static nonrenewal test results.

2. Acute 96-hour static renewal test results.

Table 6.5 lists the 48-hour LCs, (un-ionized ammonia) and the 48-hour NOEC based
upon analyzing the 16 replicates as one test with the Probit Method and the Steel’s Many-
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One Rank Test, respectively. The 48-hour LCs, value tabulated in this research is shown

with an expected LCs, given in the literature.

Table 6.5 - 48-hour LC,, and NOEC for ammonia based upon 16 replicates for

Mpysidopsis bahia.
Total Un-ion. Total Un-ion. Lit. Un-ion.
LCs, LCs, NOEC NOEC LCsy [19]
m m m m m
219 1.00 10 0.45 1.3 -1.9 (96-h)

(20.5-23.5)* (0.94-1.08)*

* 95% Confidence Interval

Table 6.5 shows the 48-hour LCs, for this research is below the 96-hour range reported
by Miller et al. [19] for un-ionized NH;. One would expect that the 96-hour LCs, would
be lower than the 48-hour LCs,. Experiments conducted by Miller ef al. were at 25°C
and 30 ppt salinity as compared to 20°C and 25 ppt for this research. However, these
variations in the conditions do not explain the large discrepancies in the un-ionized NH;4

LCSO-

Table 6.6 lists the results from the eight tests (16 replicates) with the mysid. This table
gives the date of the test initiation, the total and un-ionized ammonia 48-hour LCs, with
the 95 percent C. I. in parentheses, the average pH values, and the total and un-ionized
NOEC. All of the results from the eight tests were analyzed using the Probit Method for
the LCs, (see flowchart in Fig. 5.1). The 48-hour NOEC was determined using the
Dunnett’s Test for the test initiated on 12/2/95, and the remaining NOECs were

determined using Steel’s Many-One Rank Test. The procedure for determining which

85



test to use for the NOEC was shown in Fig. 5.2. It also lists the average LCs, based upon

the averaging method described in Section 5.3.3.

Table 6.6 - 48-hour individual test and average LCs, and NOEC for ammonia for

Mysidopsis bahia.
Total Total Un-ion. Un-ion.
LCs NOEC LCsg NOEC
Date (mg/L) (m ve. pH m m
12/2/95 24.0 10 8.16 1.10 0.46
(19.2 - 30.1)* (0.88 - 1.38)*
12/8/95 21.7 10 8.17 1.02 0.47
(18.3 - 25.8)* (0.86 - 1.21)*
1/14/96 21.7 20 8.16 0.99 0.92
(18.1 -26.1)* (0.83 - 1.20)*
1/18/96 24 .4 20 8.16 1.12 0.92
(20.8 - 28.7)* (0.95-1.31)*
1/31/96 20.8 10 8.14 0.91 0.44
(17.4 - 25.0)* (0.76 - 1.10)*
2/10/96 21.6 10 8.15 0.97 0.45
(17.9-26.1)* (0.80-1.17)*
2/18/96 20.6 20 8.17 0.96 0.94
(16.4 - 25.8)* (0.77 - 1.21)*
2/29/96 243 20 8.15 1.09 0.90
(20.1 -29.5)* (0.90 - 1.32)*
Average 224 15 8.16 1.03 0.69
(18.5 -27.1)* (0.85 -1.24)*

* 95% Confidence Interval



The LCs, values calculated by both methods differed by approximately 2 percent. The
48-hour LCs, for the mysid was reported to be 21.9 mg/L total ammonia and 1.00 mg/L
un-ionized ammonia as given in Table 6.5. Also for the NOEC, the more stringent value
should be used to protect the mysid. The 48-hour NOEC was determined to be 10 mg/L

total ammonia and 0.46 mg/L un-ionized ammonia.

Table 6.7 lists the 96-hour LCs (total and un-ionized ammonia) and the 96-hour NOEC
based upon the 16 replicates as one test with the Probit Method and the Steel’s Many-One

Rank Test, respectively. The 96-hour LCs, found in the literature is also given.

Table 6.7 - 96-hour LCs, and NOEC for ammonia based upon 16 replicates for

Mysidopsis bahia.
Total Un-ion. Total Un-ion. Lit. Un-ion.
LCs LCs NOEC NOEC LCs, [19]

(mg/L) (mg/L) (mg/L)) (mg/L) _(mg/L)

16.9 0.76 5.00 0.22 1.3 -1.9 (96-h)
(15.3-18.6)* (0.69-0.83)*

* 95% Confidence Interval

Table 6.7 shows that the 96-hour LCs, derived from this research is below the 96-hour
range presented by Miller et al. [19] for un-ionized NH;. Experiments conducted by
Miller et al. were at 25°C and 30 ppt salinity as compared to 20°C and 25 ppt for this
research. This variation in temperature and salinity should affect only the total ammonia
LCs,. However, some data presented by the EPA [6] suggest that the 96-hour LCs, is
similar to the data reported in this document. The EPA lists 96-hour LCs,s ranging from

0.7 - 1.2 mg/L un-ionized ammonia.
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Table 6.8 lists the results from the four tests (16 replicates) with the mysid. This table
gives the date of the test initiation, the total and un-ionized ammonia 96-hour LCy, with
the 95 percent C. . in parentheses, the average pH values, and the 96-hour NOEC. All of
the four tests were analyzed using the Probit Method for the LCs, (see the flowchart in
Fig. 5.1) and the Steel’s Many-One Rank Test (procedure shown in Fig. 5.2) for the 96-
hour NOEC. It also lists the average LCs, based upon the averaging method described in
Section 5.3.3.

Table 6.8 - 96-hour individual test and average LCs, and NOEC for ammonia for

Mpysidopsis bahia.
Total Total Un-ion. Un-ion.
LCs NOEC LCs, NOEC
Date (m m Avg. pH m m
12/2/95 16.7 5 8.15 0.75 0.22
(13.5-20.6)* (0.60 - 0.92)*
12/13/96 19.0 5 8.14 0.83 0.22
(15.6 - 23.2)* (0.68 - 1.02)*
1/12/96 15.7 5 8.15 0.70 0.22
(13.0- 18.9)* (0.58 - 0.85)*
1/19/96 16.3 5 8.15 0.73 0.22
(13.5-19.7)* (0.60 - 0.88)*
Average 16.9 5 8.15 0.76 0.22
(13.9 - 20.6)8 __(0.62 - 0.92)*

* 95% Confidence Interval
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The 96-hour LCs, was identical using both methods; the only difference was the range of
the 95 percent C. I. Therefore, the 96-hour LCs, for the mysid was reported to be 16.9
mg/L total ammonia and 0.76 mg/L un-ionized ammonia based upon the statistical
analysis of all 16 replicates (see Table 6.7). The 96-hour NOEC was determined to be 5
mg/L total ammonia and 0.22 mg/L. un-ionized ammonia. These results show that the
mysid is very susceptible to low levels of ammonia when compared to the sheepshead

minnow and the grass shrimp.

Finally the SMAV for this work was determined to be 0.87 mg/L. This value is
reasonable when compared to EPA’s SMAYV [6] of 1.02 mg/L for Mysidopsis bahia.

6.1.3 Grass Shrimp (Palaemonetes pugio)

A total of eight 48-hour static nonrenewal tests (2 replicates per test) was analyzed to
determine the LCs, and NOEC for the Palaemonetes pugio. The bench sheets for these
experiments are given in Appendix F. The final LCs, and NOEC values were determined
by the averaging and 16 replicate methods. Both of the sets of LCsy and NOEC are

presented in this section and compared to previous work.

Table 6.9 lists the 48-hour LCy, and the NOEC (total and un-ionized ammonia) based
upon analyzing the 16 replicates as one test. The LCs, was analyzed using the Probit
Method (Fig. 5.1) and the NOEC used the Steel’s Many-One Rank Test based upon the
flowchart in Fig. 5.2. Table 6.9 also lists.the 96-hour LCs, taken from the literature.
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Table 6.9 - 48-hour LC, and NOEC for ammonia based upon 16 replicates for

Palaemonetes pugio.
Total Un-ion. Total Un-ion. Lit. Un-ion.
LCs LCs NOEC NOEC LCs [6]
m m m
74.4 3.48 50 234 2.57

_(72.1-76.1* (3.37-3.59*

* 05% Confidence Interval

Table 6.9 shows that the 48-hour LCs, for this research is above the value presented by
the EPA [6] for un-ionized NH;. The conditions for the 48-hour grass shrimp tests listed
by the EPA [6] were similar to the conditions given in this report except for the size (age)
of the shrimp. The size of the shrimp used in EPA testing was 10-20 mm but the size of
the shrimp used in this research was 15-30 mm. This difference in size (age) of the test
organisms was possibly the reason for the discrepancies in the test data. As the aquatic

organisms mature, they become more tolerant to ammonia (see Chapter 3).
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Table 6.10 - 48-hour individual test and average L.Cs, and NOEC for ammonia for

Palaemonetes pugio.
Total Total Un-ion. Un-ion.
LCs, NOEC LCs, NOEC
Date (mg/L) (mg/L) Avg.pH (mg/L) (mg/L)
3/4/96 71.1 50 8.15 3.19 2.2
(63.8 - 79.6)* (2.86 - 3.57)*
3/6/96 75.3 50 8.17 3.52 23
(70.7 - 80.3)* (3.31-3.76)*
3/6/96 77.7 50 8.18 3.71 2.4
(73.5-82.2)* (3.51-3.93)*
3/6/96 78.2 50 8.18 3.74 2.4
(73.8 -82.9)* (3.53-3.96)*
3/10/96 73.6 70 8.17 3.44 33
(64.6 - 83.9)* (3.02 - 3.93)*
3/10/96 69.7 70 8.16 3.19 3.2
(63.5-76.5)* (2.91 - 3.50)*
3/10/96 76.3 60 8.16 3.49 2.7
(69.2 - 84.1)* (3.17 - 3.85)*
3/10/96 74.8 60 8.16 3.43 2.7
(70.3 - 79.5)* (3.22 - 3.64)*
Average 74.6 57.5 8.17 3.49 2.7
(68.7 - 81.1)* (3.22 - 3.80)*

* 95% Confidence Interval
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Table 6.10 lists the results from the eight tests (16 replicates) with the grass shrimp. This
table gives the date of the test initiation, the total and un-ionized ammonia LCs, with the
95 percent C. I. in parentheses, the average pH values, and the total and un-ionized
NOEC. All of the eight tests were analyzed using the Probit Method for the LCs, (see
flowchart in Fig. 5.1). The NOEC was determined based upon the Dunnett’s Test for the
final two tests listed in Table 6.10 and the Steel’s Many-One Rank Test for the other six
experiments. The table also lists the average LCs, based upon the averaging method

described in Section 5.3.3.

The LCs, values calculated by both methods were determined to be less than 1%
difference; however, the 95 percent C. I. was greater for the averaging method.
Therefore, the 48-hour LCs, for the 1-2 month old grass shrimp was reported to be 74.4
mg/L total ammonia and 3.48 mg/L un-ionized ammonia (see Table 6.9). Also for the
NOEC, the more stringent value should be used to protect the grass shrimp. The 48-hour
NOEC was determined to be 50 mg/L total ammonia and 2.34 mg/L un-ionized ammonia.
Since 96-hour tests were not conducted, the data (96-hour LCs, = 2.57 mg/L) presented
by the EPA [6] was used along with the 48-hour LCs, to determine the SMAV (2.99
mg/L). This SMAV was considerably higher than the SMAV (1.65 mg/L) given by the
EPA [6] which was probably due to the age of the test organisms.

6.2 Chronic Toxicity Results (Sheepshead Minnow)

Before this report, the chronic toxicity of ammonia had been tested with only two
organisms, the Atlantic silverside and mysid. The 7-day chronic test was performed with
the sheepshead minnow (Cyprinodon variegatus) in order to expand the data base for the
chronic effects of ammonia to common saltwater organisms. These data are used herein
to determine the acute-chronic ratio and to reevaluate the final chronic limits for marine

organisms. This section lists the results from these 7-day chronic bioassays. It gives data
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for both survival and growth of the Cyprinodon variegatus. This section details the data

in the following order:

1. Survival Data (LCs, and NOEC based on mortality)

2. Growth Data (NOEC based on growth or weight)

The survival and growth data along with the initial and final conditions are listed in

Appendix G.

Table 6.11 lists the mortality results from the four, 7-day chronic tests (16 replicates) for
the sheepshead minnow. It gives the date of the test initiation, the total and un-ionized
ammonia LCs, with the 95 percent C. L. in parentheses, the average pH values, and the
total and un-ionized ammonia NOEC. The table also lists the averaged 7-day LCs, and 7-
day NOEC as well as the 7-day LCs, and 7-day NOEC based upon the statistical analysis
of the 16 replicates. The LCs, and NOEC values for both methods were identical. The 7-
day LCs, was determined by the Probit Method and the 7-day NOEC based on mortality
was determined by the Steel’s Many-One Rank Test.
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Table 6.11 - 7-day individual test and average LCs, and NOEC for ammonia for

Cyprinodon variegatus based upon mortality.

Total Total Un-ion. Un-ion.
LCs, NOEC LCs, NOEC
Date _ (mg/1) (mg/l1) Ave.pH (mg/1) (mg/L)
12/15/95 39.5 30 8.14 1.73 1.3
(34.4 - 45.4)* (1.51 - 1.99)*
2/2/96 399 30 8.14 1.75 1.3
(37.9-41.9)* (1.66 - 1.84)*
2/2/96 37.7 30 8.15 1.69 1.3
(35.2-40.4)* (1.58 - 1.81)*
2/7/96 38.6 30 8.15 1.73 1.3
(36.2 -41.2)* (1.62 - 1.85)*
Average 38.9 30 8.15 1.74 1.3
(35.9 - 42.2)* (1.61 - 1.89)*
16 replicate 38.9 30 8.15 1.74 1.3
method (37.0 - 40.8)* (1.66 - 1.83)*

* 95% Confidence Interval

The 7-day LCs, for the sheepshead minnow was determined to be 38.9 mg/L total
ammonia and 1.74 mg/L un-ionized ammonia. The 7-day NOEC was determined to be

30 mg/L total ammonia and 1.34 mg/L un-ionized ammonia.

Table 6.12 lists the 7-day chronic NOEC based upon growth for the individual tests as
well as the final NOEC values determined by both methods. All tests were analyzed

using the Dunnett’s Test (see flowchart in Fig. 5.3).
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Table 6.12 - 7-day chronic NOEC for the Cyprinodon variegatus based upon growth.

Tot. NH; Un-ionized NH;

(mg/L) (mg/L)
Date NOEC NOEC
12/15/95 10 0.45
2/2/96 0 0.45
2/2/96 0 0.45
2/7/96 20 0.90
Average 7.5 0.34
16 replicate method 10 045

The 7-day NOEC was determined to be 7.5 mg/L total ammonia and 0.34 mg/L un-
ionized ammonia. Since 7.5 mg/L was below the lowest dilution used in the experiments,
the LOEC was defined as the lowest concentration which affected growth. Therefore, the
7-day LOEC was 10 mg/L total ammonia and 0.45 mg/L un-ionized ammonia. This
results in an un-ionized ammonia chronic value of 0.39 mg/L. The chronic value was
determined by calculating the geometric mean from the NOEC and LOEC. Based upon
the acute value (LCsy = 2.68 mg/L) from Section 6.1.1, the acute-chronic ratio is 6.95.
This procedure is described by the EPA [6]. The acute-chronic ratio of 6.95 compares to
similar values of 21.3 for the inland silverside and 7.2 for the mysid. However, the
chronic test for the inland silverside was conducted over a 28-day period, so it was
expected that the acute-chronic ratio was a factor of three greater than that of the
sheepshead minnow. This research shows that the 7-day test can be used to evaluate the
chronic toxicity of ammonia for marine fishes, thus providing a short-term method for

estimating the chronic toxicity of ammonia. The 7-day test can be used because growth
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was inhibited in concentrations without significant mortality at these same

concentrations.
6.3 Summary of Results

A summary of the acute and chronic results is given in Table 6.13.

Table 6.13 - Summary of acute and chronic results (un-ionized NHj;).

Property C. variegatus M. bahia P. pugio
_(mg/L) (mg/L) (mg/L)
48-hour LCy, 2.68 1.00 3.48
96-hour LCs, 2.09 0.76 **¥
SMAV 2.37 ’ 0.87 2.99
48-hour NOEC 1.91 0.46 2.34
96-hour NOEC 1.31 0.22 **
7-day LCsg 1.74 ** *k
7-day NOEC (mortality) 1.34 ** **
7-day NOEC (growth) 0.34 *ok *k
7-day LOEC (growth) 0.45 ** *%
Chronic Value 0.39 0.23 *k
Acute-Chronic Ratio 6.95 4.35 **

** not tested
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National Criteria Based Upon Results

The LCs, and NOEC data for the three organisms were used to refine the national criteria
for ammonia. The national criteria for saltwater are separated into two standards: the
one-hour average concentration (acute) and the four-day average concentration (chronic).
The national criteria state that these concentrations cannot be exceeded more than once
every three years. The current national criteria are listed as 0.233 mg/L un-ionized NH;
for the acute criteria and 0.035 mg/L un-ionized NHj; for the chronic criteria (see Table
2.5). These criteria were determined based upon saltwater and freshwater toxicity data
and procedures outlined in the “Guidelines for Deriving Numerical National Water

Quality Criteria for the Protection of Aquatic Organisms and Their Uses” [60].

The procedures used to calculate the national criteria for ammonia are outlined in this
chapter. Also, the refined national criteria based upon the results in Chapter 6 are listed

as well. These topics are covered in three sections:

1. Summary of Pertinent Toxicity Results
2. Summary of Procedure for Determining the National Criteria

3. Refined National Criteria
7.1 Summary of Pertinent Toxicity Results

The SMAV (geometric mean of 48-hour and 96-hour un-ionized ammonia LCs, for a
specific organism), and the chronic value (geometric mean of chronic un-ionized
ammonia NOEC and LOEC) were used to determine the final acute value and the final
chronic value. Table 7.1 lists the results from this research which were used to derive the

final acute and chronic values.
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Table 7.1 - Summary of un-ionized NH; results used in calculating national criteria.

Property C. variegatus M. bahia P. pugio
48-hour LCy, 2.68 1.00 3.48*
96-hour LCs, 2.09 0.76 2.57
SMAYV 2.37 0.87 2.99
7-day NOEC (growth) 0.34 0.1 6: *
7-day LOEC (growth) 0.45 0.33* ok
Chronic Value 0.39 0.23 **
Acute-Chronic Ratio 6.95 4.35 *x

* EPA [6]

** unknown

7.2 Summary of Procedure for Determining the National Criteria

7.2.1 Acute Criterion

The final acute value (FAV) was calculated based upon the procedures outlined by

Stephan ef al. [60]. A summary of this procedure is as follows:

1. The species were ranked from most sensitive (R = 1) to most tolerant (R = N)
based upon the GMAV (See Fig. 2.4). For ammonia, N was based upon the
genus total number (N=18).

2. The GMAV from the top four species were used to calculate the FAV. For
ammonia the four species were the winter flounder (Pseudopleuronectes
americanus), the red drum (Sciaenops ocellatus), the Sargassum shrimp
(Latreutes fucorum), and the prawn (Macrobrachium rosenbergii).

3. The FAV was calculated based upon these five equations and by using only
the GMAY for the four species listed above.

P=R/(N+)) (7.1)

98



_ 2((In(GMAV))?) - (X (n(GMAV)))* 1 4)

s 2(P) - (WP 14) 72
L (Zlin(GMa Vl) -s(X(VP))) 73
4=5(-/005)+L (7.4)

FAV =¢* (7.5)

4. The final acute criterion was FAV/2. Therefore, from Equations 7.1 through
7.5, the FAV = 0.465 mg NH;/L and the final acute criterion was 0.233 mg
NH,/L.

7.2.2 Chronic Criterion

The final chronic criterion was calculated using the acute-chronic ratios from two
saltwater and four freshwater organisms. This procedure was outlined in Section 2.4.1.
The geometric mean of these six acute-chronic ratios was calculated and then divided into

the FAV (0.465 mg NH3/L) to yield a chronic criterion of 0.035 mg NH;/L.

7.3 Refined National Criteria

The chronic criterion for ammonia was refined based upon the results from the toxicity
experiments in this report. In this report the four freshwater species were excluded from
the chronic calculation procedure. The acute criterion remained the same (0.233 mg
NH,/L) since the GMAYV for the sheepshead minnow, mysid, and grass shrimp were not

ranked among the top four acutely sensitive species.

Based upon the acute-chronic ratios for the mysid (4.35), inland silverside (21.3) and
sheepshead minnow (6.95), the geometric mean of these three values was 8.64. By
dividing the 8.64 into the FAV, the final chronic value was determined to be 0.054 mg
NH,/L. The total ammonia concentration can be determined based upon the temperature,

pH, and salinity.
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The refined national criteria are:

Saltwater aquatic organisms should not be affected unacceptably if the one-
hour average concentration of un-ionized ammonia does not exceed 0.233
mg/L more than once every three years on the average.

Saltwater aquatic organisms should not be affected unacceptably if the four-
day average concentration of un-ionized ammonia does not exceed 0.054
mg/L more than once every three years on the average.
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Ammonia Toxicity Conclusions

Acute and chronic toxicity experiments are the most effective techniques to determine the
effect ammonia has on aquatic marine life. Forty-eight hour, 96-hour, and 7-day toxicity
tests are the basis for determining the one-hour average ammonia concentration (acute
criterion) and the four-day average ammonia concentration (chronic criterion). It was
essential to determine acute and chronic LCs, and NOEC data for organisms which

inhabit the Chesapeake Bay watershed.

The acute LCs, and NOEC were determined for three common marine organisms. Also,
the chronic toxicity of ammonia was evaluated for the sheepshead minnow (Cyprinodon
variegatus) in order to determine an acute-chronic ratio for this species. These new data
were used along with other toxicity data reported by the EPA [6] to calculate an updated
national criteria for ammonia discharge into saltwater ecosystems. These national criteria

should be updated as more research is conducted with additional marine organisms.

Based upon the research presented in Chapters 6 and 7, several conclusions were made

and are presented in the following order:

® Acute Toxicity Conclusions
® Chronic Toxicity Conclusions

o National Criteria Conclusions

The conclusions are followed by a section which discusses the continuing research and

the future work.
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8.1

Acute Toxicity Conclusions

1.

The rank of the three organisms tested with respect to their susceptibility to
ammonia was as follows:

1. mysid (48-hour LCs, = 1.00 mg/L).

2. sheepshead minnow (48-hour LCs, = 2.68 mg/L).

3. grass shrimp (48-hour LCs, = 3.48 mg/L).

The 48-hour LCs, (2.68 mg/L) for the sheepshead minnow was similar to the
48-hour LCs, reported in the literature under similar conditions. However, the
96-hour LCs, (2.09 mg/L) was 33% lower than the value reported by Miller ez
al. [19]. The 48-hour and 96-hour data in the literature for the juvenile
sheepshead minnow were conflicting since the 96-hour LCs, (2.79 mg/L) was
at the upper limit of the range suggested for the 48-hour LCy, (2.1 - 2.8 mg/L).
However, the data determined in this study, obeyed the hypothesis that the
LCs, decreases as time increases.

The mysid experiments indicated that the organism was more sensitive to
ammonia than reported by Miller et al [19]. The 96-hour LCs, was
determined to be 0.76 mg/L as compared to 1.3 - 1.9 mg/L from Miller et al.
These differences could be related to pH control. The LCs, determined in this
study was close to the values reported by the EPA [6].

The grass shrimp’s tolerance (48-hour LCsy, = 3.48 mg NH,/L ) may be
because of the age of the test organisms (1-2 months). Work presented by
Burton and Fisher [42] suggested that the 96-hour LCs, for juvenile
Palaemonetes pugio (<1 week old) was 1.2 mg/LL un-ionized NH; under
similar conditions.

There appeared to be no experiments in the literature which were conducted
under the conditions of this study. Therefore, the SMAV found in the
literature were compared with the SMAV calculated from the 48-hour and 96-
hour LCsys in this study. The SMAV for the sheepshead minnow was
determined to be 2.37 mg/L as compared to a reported SMAV of 2.74 mg/L
(13.5% difference). The SMAYV for the mysid was determined to 0.87 mg/L
as compared to a reported SMAV of 1.02 (14.7% difference). The SMAYV for
the grass shrimp was determined to be 2.99 mg/L as compared to a reported
SMAV of 1.65 mg/L (81.2% difference) [6].
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8.2 Chronic Toxicity Conclusions

To date, the chronic toxicity of ammonia has been determined for only three saltwater

species.

The organisms which have been tested are: the inland silverside (Menidia

beryllina) - 28-day early life-stage test; the mysid (Mysidopsis bahia) - 32-day life cycle

test; and the sheepshead minnow (Cyprinodon variegatus) - 7-day early life-stage test.

This study contributed chronic toxicity data for the sheepshead minnow to the literature.

The conclusions from this study were as follows:

1.

The 7-day NOEC of 0.45 mg/L based on mortality along with the acute data
indicate that the sheepshead minnow was the most ammonia tolerant of the
three species tested in this research.

The NOEC was determined to be 7.5 mg/L total ammonia (0.34 mg NH,/L)
and high mortality was not seen until the 40 mg/L total ammonia (1.79 mg
NH,4/L) treatment. Therefore, this research indicated that the 7-day test has
the potential to be a more time efficient and effective means for assessing the
chronic toxicity of ammonia to marine fishes.

The acute-chronic ratio for the Cyprinodon variegatus was 6.95 as compared
to 21.3 for the Menidia beryllina and 7.2 [19] for the Mysidopsis bahia (acute-
chronic ratio was determined to be 4.35 for this research). The acute-chronic
ratio for Cyprinodon variegatus indicated that this organism was not as
chronically sensitive as Menidia beryllina. However, the acute-chronic ratio
for the sheepshead minnow was based upon a 7-day chronic test as compared
to a 28-day chronic test for the Menidia beryllina.

8.3 National Criteria Conclusions

1.

The final acute criterion remained at 0.233 mg NH;y/L since none of the
species tested in this research ranked among the top four acutely sensitive
organisms.

The final chronic criterion was determined to be 0.054 mg NH,/L based upon
saltwater organisms only.
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8.4 Continuing Research and Future Work

It is apparent from the limited data on the toxicity of ammonia to saltwater species that
further testing is necessary to gain more confidence in acute and chronic toxicity values.
Research is continuing at Virginia Polytechnic Institute and State University to expand
both the acute and chronic toxicity data base. The work is focused on 48-hour and 96-
hour acute, as well as 7-day chronic tests, for marine fishes, and 14-day or 28-day chronic
tests for marine invertebrates. The following list summarizes the current research, as well
as the future work, which needs to be performed in order to better understand the impact
that ammonia has on marine vertebrates and invertebrates. This work will allow more
appropriate ammonia discharge limits to be established in order to maintain the health of

marine ecosystems.

1. Currently, work is ongoing with the inland silverside (Menidia beryllina).
Both 48-hour static acute and 7-day static chronic tests are being performed
under test conditions similar to those described in this report.

2. Chronic studies with the grass shrimp (Palaemonetes pugio) will be
undertaken to expand the database and assess an acute-chronic ratio.

3. Plans are underway to study the acute and chronic effects of ammonia to the
post-larval stage of the blue crab (Callinectes sapidus). This work should
prove valuable to not only the seafood industry, but others who are
discharging ammonia to the Chesapeake Bay region.

4. Other vertebrate test species which are being considered for testing, especially
in chronic experiments, include:

Winter flounder (Pseudopleuronectes americanus)
- Summer flounder (Paralichthys dentatus)
Killifish (Fundulus simillis)

Mummichog (Fundulus heteroclitus)

Spot (Leostomus xanthurus)

5. Other invertebrate test species which are being considered for testing,
especially in chronic experiments, include:

- White shrimp (Penaeus setiferus)
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Pink shrimp (Penaeus duoarum)

Mysid (Mysidopsis amyra)

Mysid (Metamysidopsis elongata)
American oyster (Crassostrea virginica)

6. Acute results along with the 7-day chronic test results will be used to refine
the national criteria values according to the guidelines referenced in this
report.
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Appendix A

% Un-ionized Ammonia as a Function of pH, Temperature,
and Salinity

Salinity = 18-22 ppt

pH
Temp. (°C) pK, 7.6 7.7 7.8 7.9 8.0 8.1 8.2 8.3 8.4
0 10.10 032 040 050 063 079 099 124 156 1.96
5 994 046 058 072 091 1.14 143 180 225 282
10 9.78 066 083 105 131 165 2.07 259 323 4.04
15 961 096 120 151 190 237 297 371 463 5.76
20 945 139 174 218 273 341 426 530 658 8.15
25 929 2.00 251 3.14 391 488 6.07 752 928 114

Salinity = 23-27 ppt

pH -
Temp.(°C) pK, 76 77 78 79 80 8.1 82 83 8.4
0 10.13 029 037 047 059 074 093 1.16 146 1.83
5 997 043 054 068 085 107 134 168 210 2.63
10 981 062 078 098 123 154 193 242 3.03 3.78
15 964 090 1.13 141 1.77 222 278 347 433 539
20 948 130 1.63 204 255 3.19 398 497 6.17 7.65
25 932 187 234 293 366 457 568 7.05 872 107

Salinity = 28-31 ppt

pH
Temp. (°C) pK, 7.6 7.7 7.8 7.9 8.0 8.1 8.2 8.3 8.4
0 10.14 029 036 046 057 0.72 090 1.14 143 1.79
5 998 042 052 066 083 1.04 131 164 206 257
10 982 060 076 096 120 151 189 236 296 3.70
15 965 088 1.10 138 173 217 272 340 424 528
20 949 127 159 199 250 3.12 390 4.86 6.04 749
25 933 183 229 287 358 447 556 690 854 10.5
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Tem
0
5
10
15
20
25

°C) pK

Salinity = 32-40 ppt

pH

7.6

1.7

7.8

7.9

8.0

8.1

8.2

8.3

8.4

10.16
10.00
9.84
9.67
9.51
9.35

0.28
0.40
0.58
0.84
1.21
1.75

0.35
0.50
0.73
1.05
1.52
2.19

0.44
0.63
0.91
1.32
1.90
2.74

0.55
0.79
1.15
1.66
239
3.43
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0.69
1.00
1.44
2.07
2.98
4.28

0.86
1.25
1.80
2.60
3.73
532

1.09
1.57
2.26
3.25
4.65
6.61

1.36
1.97
2.83
4.06
5.78
8.18

1.71
2.46
3.54
5.05
7.17
10.1



Appendix B

Suppliers of Marine Toxicity Testing Organisms

Aquatic Indicators

710 Holmes Boulevard
St. Augustine, FL 32084
(904) 829-1194

Charles River Aquatic Research Organisms
251 Ballardvale Street

Wilmington, MA 01887

(800) 927-1650

Cosper Environmental Services, Incorporated
83 Carlough Road

Bohemia, NY 11716

(516) 563-8899

Florida Bioasssay Supplies
2809 NW 161 CL
Gainesville, FL 32609
(904) 984-5297

Gulf Specimens
P.O. Box 237
Panacea, FL 32346
(904) 984-5297

Marinco

7524 Castle Drive
Sarasota, FL 34240
(813) 377-5219
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Appendix C

Mysid Reference Bench Sheets

116



x0131NIv/8v1/IMA/ *i

1 {
WEF[ vy T [PAF AV F TP 10N/ NOUVALING 1S3L LV SWSINVONO 40 NOLLIONOD

‘SININHOD
SIVLLINI
‘S310N SASATNY
45z ool 2@ |77
Z°$z2 Q2| 92| 0z bZ b 2|7 AN 11210 ¥ | 577
¢-5z zZl eforl o |7/
275z 02|02102 [ (X K VWIIZALY. B cloifor| VW 07l
¢°s2 9l LloIl g [7/%«
282 ozloz|vZ 0D0HT: 27918791479 AR AE4AY
S5z Il el @ |7
sz Oz|0z[0Z WZIEZ| T B9159) elo|0l| ¢ D570
b52 ZI Lo/ 9 [/
262 02z[0Z[0z (o® Lug:i i 79979 b7 glorfor| ¢ [ 320
¢7se g1L|ol ¢
252 (974 (74 k24 VUl T8 LT 69 1107101 ¢ uo5
v 0963 w g6lz7laviez] o JoelZzl@el vzl 0 J Q61271 Bv 2] 0 |96t cz BrL¥2] O %
Ncbkoicz M%wpcwur »ﬁzrmﬂ& (2 Hd (vbw) - SHSINVOHO 3AN d3y | ¥0
L >IN Wil UNLYHIINIL N39AXO QIAN0SSIQ 40 YIANNN ONOD
(regrzran=; LHOIN'JUB/AVQ 49} :QOI¥IJOIOHd .
:3AL/ 3LV ONINNIDIE ‘HILVM NOLNTUG SSIN3NLSNraY (31va Nd/ v oL
INOIL VY3V 37 - :300W 1S31 10°Q WILINI u:omlwlwn Wd/WVY " HO¥J
7 7 7 7 7 7 (QSTX)LHOIM Hd WVILINI nw_éw 0312300 3LISOJNOD
(INOD/N10S 1S31/3NU)INIOAX0 QIATNOSSIA (0S¥ X)HIONT] oyl Nd/nv 031031100 BV
T I ®PE2Z __InNNI0A NOILNIOS 1S3L m = 130V :3dAL 31dNVS
Y00 :321S HINIVINOD 1S3 “ON 3¥LIND T wWIAIVPTY  _ININAII/INVIIXOL
(UvaiS&7 7777 ne/@ " PO-8 1S1L 40 ozulﬁqﬂﬁmu_o&m 1§31 _UON 31dnvs “ON_ 1IKN3d
(UvaBZ/077T] N/ Do 8 1S 40 LHVIS Had {S)LSAIVNY . “ON 8or 350 IWaijeg “AN3IND
NOILYNHOINI 1S31 ‘NOUVNYOINI 3TdNVS
090¢Z VINIOHA ‘OHNESHOVIA 133ULS NIVIW HLNOS 91t
[ 307 39vd 133HS viva AHOLVHOBYT AS01018 VININNONIANI &

A4IVI0da0DNI
LSAL ALIDIXOL fLNDV STRIOLORTT SiATo %

117




X0L31NJIv/8y1/9MQ/ 4

frry {
VoM PEY  SyTIF VD /O VY F[PPY :GNI/NOUVLINI 1S3L 1V SWSINVOYO 40 NOLLIANOD

SINIANOD
SIVULINI
S310N S.ASATVNY
£82 I KRES
ez 0z|ez| Dz SN CNEI| e z [ &l v 57T
v's2 Zz ay—g [P~
0 sz 0z|0z[02 Fclb|T 8Noellef . v p|lot] V| o
i 0z [0z oz [ LALE: 8gNM9|¢ | |0/ W]Sco0
252 slar|or < |7/
sz 0z|Pz[0z vegclig N9 T2 BT Vo579
sz g|8lorl & |7/™
P 020l oz IR1Y3LE:; X 1521K3 El71 oIl ¥ |520
T°852 LI[@lo'l 4
0-$2 0z |0z p2 D8|b¢|l°8 g2 Flor ol ¥ | w5
Wi \\Vo w [TARZANTERTA N EIAR/ANTAN AN N FIAR7/AN:TA K Y 6lgilgri#c]| O %
) mmm“pomdr e (2) hd (Vbw) - SHSINVONO AN | 43y | ¥O
LA IAGNG TYILN WU JUNLVYIGNIL N39AXO QATN0SSIA 40 ¥38NNN ONOD
AT LHOIN'3YB/AVQ' 491 QOIOLOHd .
3nu/31va oz_zz_oum% ﬁmw mmﬁ:‘z NOWNTIQ "~ iSININISAaV (31va Nd/ v oL
‘NOILYHIV - ‘300K 1531 17Z:0'q WUINI u:o“lw w Nd/ NV NOY3
77 77 77 :(AS¥X)1HOIIM "B Hd WVILINI G_nmv 031237100 ALISOdN0D
(ONOD/NI0S 1SIL/INUYINIOAXO GIA0SSIA T, (@SsX)HLONI 0yl Nd/ NV Q312377100 8vyd
2% 05Z _ InNI0A NOMNTOS 1S3t StopZ > 130V 3dAL 3V3NVS
-7 9009 N_m ¥INIVINGD 1S3L FON 38NLIND T W OTRPFS i NIN443/INVIIXOL
(Uval%s/% 71T nd/69 1831 40 GN3 $3103dS 1S3l CON 31dNVS UON 1INY3d
(3vaBE7 D 71T nd/ @y 1S3t 40 1¥V1S QmQ (S)LSATIVNY ¥ON 80P 3ol IRy ANIND
‘NOHLVNHO4NI 1S3L ‘NOU VINHO NI 3NdNWYS
090#Z VINIOHIA ‘OHNASNIVI8 133UIS NIV HLNOS 9t}
I~ 07T  39vd 133HS viva ANO1VHOBY] AD010I8 W1NINNOHIANI @

LSUL ALIDIXOL HLADV SHINOLVIOAVT MHAATO

AILVHOdHOINI &%
|

118



x0131NIv/8v1/dM0/

”:\w\vw: RiEEREN r\m\?«; ‘ON3/NOUVLUINI §S3L 1V SWSINVONO 40 NOUIGNOD
'SININNOD
SIVUINI
SILON S.ISATVNY
b2 Olsloa] « |/«
9-b2 oz| 2|2z Lelbe|o8 %9l bolo ¢ ol ®alo| Y |57
0-¢2 Zlblo| ¢ |77™
) b8 4 oz|0z|e2 b¢|8¢| 0y 89199%0°¢| . clolol| ¥ KM
bepz Yot [/«
- 9242 oz|0z| 7 o'R[8¢|0°8 2 9990¢ 4| 8o H# [T
pa 8| k[ 8 [T
o bz oz| 02 LYAEY- KR} Z9479|0°¢ 'ARIKA N X2
I"s2 blot[or| & [ W
9-bz oZ|vz | 07 ] ¢c[8¢|0r€ ‘718°3|0¢ Lo 0T W | 5270
0s2 sl blo] 4
9-b7 oz|oz| o2 B %108 VAY 5] [ U2 arfor|ot] # | Yo
vy vl GO %ov o %ov g6lci/leviezl 0 JO61 27T QP $2 96| ¢/1avivz| 0 J 96| 2clav [ #Zl O %
§0 {/bw s0 |/bw .
w A ssanaavk | auivny umE,\Amw_v%E Hd zuo;%\%%w_omw_o mzwwznwmw:ub: 434 ouwu
i IYILING VLN
(#9377 LHOIN'IYB/AVQ'IYg1 ‘Q0IIAJOLOHd
:3NIL/ 31VA ONINNIOIE sl HILVM NOUNTIa 'SININLSCaV Mu:s Nd/Nv oL
INOILVHIV 7R 300N 1S3t 077 :0°Q WVILING u:.ow “ W Wd/nv NOY4
/77 /77 VA4 :(0SFX)1HOIM 08  HA IVILINI @_Kmv :@312371100 UISOdNOD
(ONOD/NI0S £S31/3NUL) INIOAXO Q3ATOSSIA . }(aS¥X)HLONN oYl Nd/nv 0310371700 Avyd
7 #0572 S3INNT0A NOILANOS 1S3L ShhrpZ > 39V 3dAL 3VdNVS
- wa&ue 13215 ¥INIVANOD 1S3L TON 3UNLIND T WMo TWPES N3NNI/ INVIIXOL
(UVAYSH B/ 77 nd/@ 00 .8 1S3l 40 N3 P75 hy/ :53P3dS 1531 — FON INdNVS ON_ 1Ind3d
(34vA)38/ 3777 nd/@P Q.8 1S31 40 LuVIS Had (S)USAWNY T ON dor QoL 2Piia g NI
‘NOILVNYOANI 1S3L INOLLVWYOINI 31dNVS
090¢Z VINIOHA ‘OHNASHIVIA 133UIS NIVA HLNOS 91l
[ 40 T 39vd 133HS viva mom%%% %mom_m Wﬂzu‘mommu %@
O %
t
LSHL ALIDIXOL HLNDV SAROLYNOAVT MAATo 2N |

119



XQL34N0v/8v1/9M0/

LsdL ALIDIXOL HLNDV

“._?v\um y epr3ves “;?,:noc “GN3/NOUVULINI 1S31 LV SWSINVONO 4O NOWLIONOD
'SININNOD
SIVULINI
'SILON S.ASAVNY
6782 INERVE
282 °Z02|rz O B[A¢|0°8 8°9|7¢|7°¢ 1ol ¥ | sz
552 MNIERYL
P L ozloz|7Z 0 8|bL|0 R 1 5 (A 144 &lollor| ¥ 09
sz 9 blor] 4 d\?
%92 Ocz[Pz|72 085|008 @677 ¢ 9lafor| ¥ [5¢0
$-5¢2 Klotler] o [T
_7Se ozpz|iz T80 A L9104z ¢ Llorlor] Y [69
552 &lerlo| g |
252 ez2lnz|iz (ICY4 R 8 910%¢|Z 7 Blor|ol| Y [62°0
3¢z orfor|ol| g

762 ozZ|pz|12 P21 XAE] bIBITZL Ly v [ves

96lcilgvlvel 0o loelzrigvlivzl Ofg6lezlBvl 921 0 Jo6lezlovlecl © %

~<z_ i_:zv_ oy _\\v bw) | so _\o bui) (2.) 4 (1/6us) SWSINVONO 3AI a3 | ¥
LijpSAGNE: SSNauVH | ALV ALVHINIL H NIOAXO QINI0SSIQ 40 ¥IANON ONOD

(#d7™5.7%1 7S LHOIN'#YG/AVQ 49t ‘QORMIdOIOHd

3N/ 31VQ ONINNIO3E MILVM NOUNTIQ — :SININISAraY Muza- 7 7 nd/nw____ oL

INOILYH3V 37 *3Q0N 1S3L Z7Z0Q WWiNLVA) 7 7 nd/nv NOY 4

/7 77 7 7

(OSEX)IHOIM O- 8 FH& Hd WVILINI G_év ‘0312371100 3LISOJWOD
Nd/ WV

(ONOQ/NIOS 1S3 /INUL)NIDAXO Q3IA0SSIO . (0S¥X)HLONI 0yl 031037700 8vyd
7 %052 ‘INNI0A NOILNIOS 1St S meN 4 -39V :3dAL 3dNVS
2 Y009 ‘321S ¥3NIVINQD 1S3L TON 3¥N1IND WeTWp S ININT443/INVOIXOL
(Uva :a\ P08 1S3l 40 ON3 & 1$3103dS 1531 FON 31dWVS UON 1INY3d
(1va " 00’8 1S3L 40 1¥VIS Ha < (S)sAtvnv YON 8Or T JR]  2HIII Ly NI
INOILVWNYOSNI 1S3L 'NOILYWHO4NI 31dNVS
090pZ VINIOYIA 'O¥NESHOVIE 133ULS NIV HLNOS 911t
‘ 40 [ 39vd 133HS vivdad

AHOLVHOAYT A9070I8 TVININNOYIANI \

ame<mommooz~
SHINOLYIOGVT mmio&

120



XOLUNIv/Av1/IMa/ )

.“:\m,\hnf‘ e _“:*»\um U :ONI/NOWVILINI 1S3L 1V SWSINVOHO 4O NOWLIONOD
'SININNOD
SIVLLINI
‘SI1ON SASATVNY
$°sz clelef| o |7~
052 XAIZ A b¢|8¢|o°8 'L I z %o ¥ [ 521
252 eloifol] g [V°¥
052 oz[°Z[Z b |08 99791 s| ko W |00
¢ 52 ¥ 6| a | 7]
052 oz[oZ]/z b|Beprs LYY I sl &lo] ¥ [5¢°0
z 52 AR ER K
P52 0z|92] 12 b¢|8<Z|0"3 89(9791¢ 2| L]ol 50
—
# Sz Ll blof @ [/~
052 ozloz| 1z LA4R<0g Y 91879 1< &l Eloil W |50
¢ 52 ollorfoil s
‘sz ozlez|1z b¢|B |08 LNbINTL bl b [0 uwoy
0”¢
[TAR/AETEN YA NN FIAR/EE IR AN giievlvzl o foslerlgelvzl 0 %
Eﬁ&_ mmmu._‘wowdr »m-_ﬂz"m\wvxﬁw () » (/bw) SWSINVONO AN d3y | 0
VLN Wil AU vEIandl NIDAXO QIAI0SSIA 30 ¥3E8NNN ONOD
ﬁmn i , ua_:o.z ME/AVQ M9L QOWISOIOND SININLSAQY (31Ya . v o
(INUL/I1VA ONINNID - v NOUNWD Nd,
NOILYHIV 3 FOR T /APy - um_ -300M 1531 NN ¥0'Q WIINI u:aw “ m nd/nv nouJ
77 /77 77 (aSs )1 HO1M HA WILINY @Emv ‘03123700 AHISOJHOD
Gz‘wum\zMDm _mE\u:::%o»wo %wiowmmo . Aom.-.?_unwa oYL nd/nv ”owwwﬁowhnmw
52 3INNT0A NOILNI0S 1S3t <30V :
7 00> :3Z1S ¥INIVINOD 1S3L "7 ON 3ENLND T woTWPBES T ININ1I43/INVIIXOL
(uvaB BT 777 ndk P90 4 1S31 40 ONI $3103dS 1S31 FON 31dHVS CON 1in¥3d
(uvaRg/ 7777 na/@9~ 00 . b 1S3 40 LUVIS Imn SHSAIVNY “ON 8or %o 27FaErgd uNID
‘NOILYWYHOANI 1831 ‘NOILVNHO NI 3VdNVS
_— _ 090%Z VINIOYIA ‘DHNESHIVIA 133ULS NIVW HINOS it
[ 10 7 39vd 133HS viva mom_mwmm« %mwoﬁ_m Wﬂ%&omsmu &
LSAL ALIDIXOL ALNDV NI oS
LSl 2 SAMHOLYHOEVT dAATO 28N

121



x0131N2v/8v1/IMa/

L7 et B L0 S Ak Mk

JON3/NOWVLLINI 1S3L LV SWSINVOY¥O 30 NOUIONOD

NOILYYIV >’
7 7 77 77
(ONOD/NIOS 1S31/3N1) NIDAX0 O3AT0SSIO (0S¥ X)HIONTY

TW0S 2z INNIOA NOILNIOS 1S3L g hopz> 139y
Q400D ‘321S _HINIVINOD 1S3L CON JUNLTIND

(UvQ)TH D7 T nd/@__OF7JT 1531 40 ON3 SPIS A/ san3ds 1531
(UvaTHF7E na/fy G0 7 11 1S3 40 LuvIS Had (S)SAWNY

NOILVINHOJNI 1531

T 7] 19vd 133HS V1VQ

LSHUL ALIDIXOL HLNDV

13N/ VA ONINNIDIE ~ S S HILVM NOWNTIQ
: :300M 1S3 0 < 00 WuiNi(31va

(QS*X)1HOIM 070 Hd viLINI

R '@_k@ylzu\f

‘SININNOD
ﬁ = SIVILINI
‘S3oN SASAIVNY
ya
Rb2 Y| bloil ¢ |7/
S bz p2[02[e? 0'8|b¢[o8 98704 NEIRIEAEE
b 42 o blor] ¢ [™
542 oz2|eZ |02 D E[78|0°Y B9lL9[0¢ Z[ W |0 ¥ [ 91
O-s2 . AR N
S-b2 0210202 0BRBLI0E 3918 2|0¢ 9| st} W [aco
w2 Llorforl g |
52 02|z | 0z 08|b 4|08 7°919°9|0¢ b |or |97 H | 059
bp2 LIE|oT| g [77%
G A oz|pz|eZ ) g 080 2940¢ Elorforl H4 |s70
052 orfor{or| ¢
"G pe 0270z | Oz 20808 @9|0¢ RO [V
vyl 003 Toped [ 96 TZC @ Ive I O [ ORI T QY I'#E 96[zzlevivel o0 fo6lezler|vel 0 %
Joy A mwu._‘owdw. o low), ) Hd (1/bw) SWSINVOHO 3N | d3y | 0
ALAILONONOY “¥ying WL M VEIdHIL N39AXO Q3A0SSIa 40 ¥3IBWNN ONDD
L1HOIN'48/AVQ UG} ‘Q0INId0LOHd SININISIOY (3 ' / o
SIN v(3lva Nd/nv 1
w W W Nd/ NV WOY 4

103123103 3ISOdNOD

‘a12371100 Bvad

‘3dAl 3NdNvS

WO TWPPD ININ1443/INVIIXOL

FON 1dNvS
“ON gOr \W:\\\\YPC. 2794373394 IN3ND
‘NOWVINHOINI 31dNvsS

TON 1inY3d

AHOLVYHO0EVT A907018 TVININNOYHIANI

090¥Z VINIDH ‘OHNASXOVIA 133ULS NIVWN HINOS 9111 %
%

A IVI0dMODNI
SATIOLVIOAVT HiATO N

122



x011Ndv/8v1/IMA/

I i rd
Fy3 ] Pay SJPAFACT [ hyZTPPY  :ON3/NOUVLINI 1S3L LV SWSINVO¥O 40 NOWIONOD

SININNOD
SIVLLINI
'S3ION S.ISATVNV
2572 {21l d |7/«
097 nz[ez|0z 0glb2[0°g Q9|1 <tz TTelal + 527
7°872 = d |
062 ozl ez 0°882[0°g I KN4 v4fi ARIANRI 9l
2°67 «| b|o1] ¢ 4\ b
052 oz|ez|0z Gz|L|0Y o¢fIefze S| elo] ¥ |80
¢ 62 Lloigrl o | /%
_orse oz|oz|oz 0Bl8<]0°¢ 9| 0L[TL L p|97T] M [0Og0
¢ 52 bl sjorf o |/™
0 S2 ozloz| oz 0°g| 52|03 210ZFT¢ el L|or Y |20
2° 62 b| blor] &
sz ozlpz| 0z e og 99|z el elorf Y | vod
o6lgrlev | vl O Jo6lcZiBbl#s] OVQ61C/(Bk1 ¥ 96l g1 gvl#2] O %
1
el oo 6 | s 75 T o » O o
ALIAILINANO WILIN Wi N JHNLVYIINIL N39AXO Q3AT0SSIO 40 YIANNN ONOD
LHOIN'48/AVQ' 491 :GOIIIdOL0Hd '
3N/ 31VAQ ONINNIO3E M5 HILYM NOWNNO______ ‘SININISArav (31va Nd/ WV oL
NOWLVYHIVY 275555 #roq-BL  :300M 1S31___ —2Z__+0°Q WILINI u:owww “ Nd/ WY nou4
77 VARA (QS¥X)1HOIIM 0'G _ HI VILINI @E% Q312371100 UISOJN0D
(ONOD/NIOS 1SIL/3NW)NIDAXO G3ATOSSIA __ — «(aS¥X)HIONI YL Nd/ NV 031931700 8vyd
— #Wn&z SINNT0A NOILANOS £S3L S ’umN i 39V ‘3dAL 3VINVS
“ 009 ___:321S ¥INIVINOD 1531 TON 3UNLIND _ wr TVPPS 1ININ443/ INVOIXOL
E«oﬂﬁﬂwdulu Wd/RYy _ 00< b 1S31 40 GN3 ||w|3.\.ﬂ|| S3103dS 1S “'ON 31dNVS CON 1ind3ad
(UvaB/ LI/ 2 :a\% D€~ [ 1S3l 40 LY¥VLS Hed (SMSAIWWNY ™ ON 80f QL\ 750 224aR[PF  ANID
INOILVNHO4NI 1531 INOLLVINYO NI 31dNVS
090¢Z VINIOHA ‘OHNASHIVIA 133ULS NIVN HLNOS 9111
[ 407 [ 39vd 133HS viva ANOLVHOBV] AD070/8 V1NIWNONANI &

AALVHOdUODNI
LSHAL ALIDIXOL dLADV SHIIOLVIONVT iAo 2N

123



x04UNJv/8v1/IMA/ 1

P;\aum LIZE =Y wﬁﬁmus :ON3/NOWLVLLINI 1S31 1V SWSINVONO JO NOWIGNOD
‘SININNOD
SIVUINI
‘S3ION S.ISATVNY
A
Tz o Zfa| 9 [«
¢ 92 02[oz] o2 T8l47¢|08 97929579 BEI wvx 67’1
€52 s blor g |[Pv
z°52 9z| 02|02 oo E|0g 99|99L9| . Z[ €for| | 7T
52 gl oo |7
P 92|92 0z 08| b¢|07 9NN A KBRS
52 w‘ g &[0 & [
_%se 9z[0z[ 02 YALAES kL Z| L [oT] ¥ [957
552 AR
S o o2[0z|0Z XALAKL 8769 el e|oT] ¥ [570
b5z orforfo| &
792 oz| 02|02 57|09] 03 A CALE U AR
0 FIARIANFTIRA A ETAR/ANTERIANN KT FTAEIANE EFII /AN KA D) Y
Jirty s mmu__‘mﬁr m,“z“mwvﬁw ©) " (/bw) - SHSINVONO AN | a3 | w0
ALIALLONANO VILN sV AWLVYEIINIL N39AXO QIA0SSIA 40 H3IBWNN 1 ONOD
L1HOIN'14@/AVQ' 449} :GORIIJ0L0Hd )
131/ 31VQ ONINNIOIE MILVM NOUNUG ___ ‘SIN3NISNNQY (3Lva Nd/ v oL
:NOI Y43V 300N 1531 mum —_:0°Q WHINI u:owlinl Wd/WVY~ WO¥4
77 7 7 7 {(QSTX)LHOIIM Hd WVILINI nw_nmv :03123109 ALISOINOD
(2NOD/N10S BE\qu N39AX0 Q3AT0SSIQ Aom.u HLONT) YL Nd/ NV ‘3310309 avad
bl XX 3INNT0A NOLLNTOS 1531 m 30V 3dAl 3NdNVS
édww u:m YINIVINOD 1831 “ON 3¥LIND T wWInTWPES I NINT443/INVIIXOL
Qév@u\jlﬁ nd 1S3L 40 aN3 ISy 1§3103dS 1§31 _U'ON 31dAVS “ON LINY¥3d
(uvaIW G177 zn.\ 1S3l 40 L¥VIS HeQ (S)1SAIWNY “ON @or T 1 4338 AN
‘NOILYINHOANI 1531 NOUVNYOANE 3TdNVS
090¥Z VINIOY °OHNASHOVIE 13381S NIVW HLNOS 9ii
[ 407 ] 39vd 133HS viva momz.mmﬁ M%odm Wﬂz@%zom;ﬁ ' @
LSell ALIDIXOL dLNDOV SAIOLVIOAVT dAATO

124



X0LAtNIv/8v 1/ IMA/

v
hF By — S[PTRAYT ] Qﬂm\lmm\s N3/ NOUVLLINI 1S3L 1V SWSINVOYO 4O NOUIGNOD

SININNOD
STIVUINI
‘S3ION S,1SATVNY
52 olalo| 4 [/
8z o2[Pz[ 0z VA4 ZAVY 895|072 R EREE
0-$2 ¢| glorf a [~
o be 02|02[02 HA¥ | b BI[0¢[0 ¢ b blor] ¢ | 91
DSz Q % Q\ m \\\§§
8-pz oz|pgjoe BYSLL A b o210 AR I .i 570
o6z MUK RELE
TR b2 oz|nz| o7 (v ¥ LY L9a72|0% glorfory 4 [0
/°52 blOorloll q |7/~
g-be 0z102] 02z I YALY4LY] 91072107, AR NL v 52’0
b2 orforforl g
84z oz ozZ[m2 LYALYA LA gIE9|0% blorforl %0
Fogoo [G6lzclerle 36 TARYA NN I R/ANTA R4 R KR B/A T2 K Y4 l) %
1
E_ mmupmwdr h.”zrwu# () Hd (1/6us) SWSINVOHO 3AN 43y | wo
o WL WL IUNLVHIINIL N39AXO Q3A0SSIQ 40 ¥3I8NNN ONOD
(20 f3741]Pg LHOIN'148/AVQ' 49} :Q03dO10Hd .
:3NW/31VQ ONINNIOIE HILVM NOUNIO T " "SININISNrQY E(Q“ w w Nd/ v o1
‘NOILYHIV > ‘3Q0N 1S31 [vid'4 ©0°a viNn(3Lva Nd/ RV noy4
VAA V4 77 :(QS*X)IHOIIM ~ — L Z Hd viLiN GE% 031237100 311SON0D
(ON0/NI0S _mE\qu N3IDAX0 G3AT0SSI0 (0S¥ 5)HLONI) oL Wd/nv Q31231100 avyd
25 05Z  INNI0A NOILNIOS 1S3L 139V 3dAL 31dAVS
Y :30S HINIVINOD 1S3L TON 3¥NLIND W ATHPPYININ1433/ENVOIXOL
(UvaBs/BI7 2l wa/__0p- b 1531 40 GNI wuwm :$3103dS 1831 CON 3NdNVS CON_1IN¥3d
(AvaBB/ 7721 Wd/BY D@, 1S3 40 L¥VLS (SUSAWNY T ‘ON gof 773 ] ANIND
b o AASA VNV g/ ¥
‘NOILYNHO4NI 1S3L INOWLYAHOINI 31dNVS

,| 090¥Z VINIOH °‘OHNASMOVIA 133ULS NIVW HINOS 9tk
/] 10 ] 39vd 133HS vLva ANOLVHOBV] AD01018 IVININNOMIANI %@

mm&<mommoozH
LSHL ALIDIXOL HLNDV SHRIOLYVAOIYT MAATO @%‘

125



X0131NJIv/8v1/9MQ/

i L
B F/ P S[PFUPD 7Py R0 :ON3/NOUVILINI 1S3L 1V SWSINVONO 40 NOLIANOD

SININNOD
SIVLLINI
:SAION S.ISATVNY
bb? AKERKIE
9-p2z 02|09zl 02 08090 915900« Y| F (%27
B-p= Slolal 817
92 oz|oZ[ 0z VALZ[0 Z Z v 9] ¥ 971
b-p7 gl &lort g 7™
92 0Z|0z|0Z E3Z107°8) 1890 Ll Ejor| H [5c0
bpz g1 619 ¢ JN?
T o2 02|0z10z 0BILL|OB VAV ITAY [ /4 gl bloll ¥ |90
g2 |5 I 7 B e/
bz 0z|0Zloz b2|B078 L9590 orf ool ¥ [ %70
§42 gl 8o 4
942 0z|02|0Z 08187078 BI9|590% AU AR
Y B %ov o %uv o6l zzlgrl ezl O Jo6lellagrl¥21 Q AN TERYANE FIIE7A TR R4 %
so |/bw s0 w .
o U SSINQYVH | ALINOVAIV () Hd (i/Buw) SNSINVI¥O0 AN a3y Ho
MHAL-I0 VILING WILINL AUNLVYIdNIL N3IOAXO Q3A0SSIA 40 ¥3BNNN ONOD
(2 AR LHOIN'3U/AVE 1491 :GOII3dOLOHd )
INU/ILVA ONINNIDIE HILVM NOLNIG ll“mhzuémgo<mu»<omﬁ Nd/w_____ oL
INOIL VY3V 7 300N 1S3L 072 ___+0°Q WILINI(3Lva Wd/NV™ HOud
7 7 7 7 7 7 :(ASTX)1HOIM O __Hd viuin Hw_.év 1031237100 AUISOYNOD
(ONDD/N10S 1531/ 3N ) INIIAXO G3AT0SSIO }(aSEX)HIONN WL Nd/ v :031931100 8vad
T FWDS 2 InN0A NOILNI0S 1S3 mmmmNV HPLP..Q% 13dAL 3NdNVS
d’l® 1321S ¥INIVINOD 1S31 TON 38NLIND TTWITIWPPY IN3IN1443/INVIIXOL
Q«og.\ﬁ. na/ A 1S31 40 ON3 PIZb a7 :s3003dS 1531 ~ON 31dNVS “ON 1INY3d
(uvalZ7FH 77T nd/@y 25 AsA 40 1¥n1S Haa (SNUSAIWNY T +ON aor dﬁ._ﬁ\N %] P og ININD

‘NOILYNYHOJNI 1S3L ‘NOUVNYOINI INdNVS

J 40~ 7 39vd 133HS vivd AHOIVYNOEY] A907018 WVININNOYIANI

A4LVIOdYOINI
LSl ALIDIXOL HALNDY SARIOLVAOIYT MUATO 2N

090¥Z YINIOYA. ‘OHNASHOVIA 133UIS NIV HLNOS 9111 %@
Z)

126




Appendix D

Acute Toxicity Bench Sheets for the Sheepshead Minnow

(Cyprinodon variegatus)
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Appendix E

Acute Toxicity Bench Sheets for the Mysid (Mysidopsis bahia)
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Appendix F

Acute Toxicity Bench Sheets for the Grass Shrimp

(Palaemonetes pugio)
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Appendix G

Chronic Toxicity Bench Sheets for the Sheepshead Minnow

(Cyprinodon variegatus)
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Sheeps head
% OL IN%&‘E?EOO%%‘E?[P)HES LARVAL FAHHEAD MINNOW
%§ SURVIVAL AND GROWTH TEST
111asmnnumsm:srm<samc.vncuazmo SURVIVAL DATA SHEET
CLIENT WHy  stody JOB NO.: pace__ 1 ofF_5
PERMIT NO. : TEST ORGANISM AGE: ?c/i;[ S
TOXICANT /EFFLUENT: NHg Cl START OF TEST: 9°0¢ &0 /PM _i2/ 1S 775(DATE)
DILUTION WATER: Beconot fe€el Seqwsle, END OF TEST: 9290 &/PM 12 /22 /95 (DATE)
NUMBER SURVIVING PER DAY
CONC REP START 1 2 3 4 S5 6 7 COMMENTS
A ] j
Centrol ol ol yoliw Lol 1e |10 1o
8 {0 10 73] 101 to | 10 16 | 10
¢ te | to | 1o | to o |to |10 | 0
o o (o | 9 9 9 9 g 9
gl A0 L i¢ 110 | 1o T1o [ 0 {0 ] 10
® lye lroltc |l to )| ta | 0 | o | 10
total | ¢ ic L to lto lrolto lto] 0| 1o
PHe, | o 1 yelvo Jolwliolwlie] w
; - I L 9 9 9 9 10 | 10
Z0mylL
/[ i lig Lw leplieo o 10 ] 10
Cotal | ¢ | yo L g 1t L eplre Ltc |10 | 10
MH, ° lte li¢ Vo L to | to | ro | 18 | 7/C
30ug/t A 10 L 1o | to| 9 9 7 7
d 146 iy {0 [0 | O 0 141/
Eotal ¢ [0 (O 7 9 1 & 8 g
AMha | o 0 | tolrsol 1ol wlic] o] t0
A / 9 7 7 7 4 2 3
4 1)
Omgle[ 5 wleg lée lele |54 | 4
to tal c (4 /0 9 < 7 7 7 7
MH, | 0 wltw 49 9 e e | 6|6
f7_0”7/1_ A 10 | 6 3 pA o) 0 [¢) 0
8 g 9 [ 5 / 0 0 (¢}
f’;ﬁ?’ c liglaglzlzla |11y o
> | ° ol 8 172 1 4 | 4 ¢ 16 o
A A
3 N e . Z . o Yiia Y
COMMENTS: o quujfj +0 £ 2 verd dbovrs oy j‘aﬂ_”'c

LAB\FATHDSUR
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% OLVER LABORATORIES ]

INCORPORATED CHRONIC TOXICITY TEST
%§ SO CHEMICAL ANALYSIS DATA SHEXT
1116 SOUTH MAIN STREET HJOGBURC VIRGINM 24060
CuenT: A3 stod JOB NO:_____ __PAGE_ & OFS
PERMIT NO.: ‘ TEST ORGANISM: _Sheepshead minpowy
TOXICANT/EFFLUENT. _ WV Hg cf - DILUTION WATER: __RSW _
DATE TEST INITIATED:__i2/75/4%
CONCENTRATION __{Qwmg /L
DAY
INITIAL 23 4] s 6| 7 REMARKS
LDH 8.2018.21 8,21 R.208.2/8.2018. 21
0.0. tmem 965166 1¢.7 69 6466

TEMPERATRE ) |29 |24 |24 | 24 | 24 | 24 | 24
_jg%ﬁ%gg_(zgt:; s . 25.0125.325.2125. 0\24.824.9\25.2
HARUN
L (mg/} os Cc

mg/! os CoCO3)

ALKAUNITY

mg/1 as_CaCQY)

ANALYST'S INITIALS
FINAL

pH AF 18.1218.15 |8, 10 |8.0818.0918-10
0.0. (man) 5.6 15.515.916.015.715.315.2

TEMPERATURE (0 126 |55 125 |25 |z lzslzg

iy 's"qU;pt) 25.2125 4|26 4125.2125, |25, )| 254
ANALYST'S INITIALS

CONCENTRATION _Coufrol

INITI AL 1 2 3 4 S [ 7 REMARKS
pH 8.2118.21 |£.20\8.2118.208.2118.22
0.0. (man 6.6 l68le 765 lczledls.>
TEMPERATURE (v) | og (24| 24- | 24|24 |24 |24
Gy 22 1. 25.0125.2125.3(25 .41 25.025./ 25, 2]
et o Ea3)

ALKAUNITY

mg/ as CaCQI)

ANALYST'S INITIALS
f-;NAL

pH 16 18.2 \8 16|8.10 \8.05\8.0818.09
0.0. (me/ 5.2 15.615.%96.015. 7 15.-615.9
TEMPERATURE (9 26" 1 25 (25 125 |25 lzs |24
oo ) o) 253 |25 4125, 5 |25.2]25 2253 |25.3
| ANALYST'S INITIALS

L COMMENTS: p/f gdivsted o 8. 2 every 4 boors olan‘h7 %gyff\lng

LABNCHRONTOX
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%%

OLVER LABORATORIES
INCORPORATED

1118 sou‘m \-WN STREI’ mcauﬂc WRCINIA 24000

CLIENT: WHs stody
PERMIT NO.:
TOXICANT/EFFLUENT: __AMgcf -

CHRONIC TOXICITY TEST

CHEMICAL ANALYSIS CATA SHEET

JOB NO.:

QILUTION WATER:

PAGE_2 OF _S5_

TEST ORGANISM: _Sheeps hazd wminnow

2sw

]

DATE TEST INITIATED:__12//5 /95~
CONCENTRATION _30mg /e
DAY
INITIAL 2 s T &« s 6] 7| REMARKS
pH .21 |8.2018.2] \8.208.2018.20|8 20
0.0. (mem e9lc.ole.7cal62 62649
TEMPERATURE (v |24 |24 |24 |24 |24 |24 |24
_E;--f-') 547'6721‘:) 25.0\25.3125.2125.4{25.0|25.2125.2
HARDNESS
o8 CaCQ3)
ALKAUNITY
{mg/i aa_caco3)
| ANALYST'S INITIALS |
FINAL
pH B.16 18.1218./018.1618./0 | 8. 08 8. 0¢
D.0. (me/m 5.815.9l¢.0l6.115.5]5.6 15-8
TEMPERATURE (V) |2 6" | 24 |25 |26 l2zs |25 (25
e T bpE)25.3 125.6 |25 4254 125.2|25.3]25.3
ANALYST'S INITIALS B
CONCENTRATION _20mg /L
INITIAL 1 213 4] s] s8] 7 REMARKS
pH 8.2018.2018.218.24|8.2118.208.21
0-0. (mem 6.3 65 6.6l6.76.3 6467
TEMPERATURE (v) | 24- | 24 | 24- (24|24 | 24 | z4
m\nﬂw’ﬁ’{ - ~
) o 1 (ppf)25,0125.2|254125.3 | 26./|26.2(25.2
HARDNESS ™
ALKALNITY
_(mg/t as CaCB3)
ANALYST'S INITALS | J
FINAL
pH /5| 813 184810 |8.02\8,06 8. 10
0.0. (men) 5.715.916.2 6.016.016./ 5.9
TEMPERATURE ) | 25 26 |25 |25 |z5 |25 | 25
ML&E; T bpt)25.2125.2 25. 6 z5.4|25.3/25.2 125.
| ANALYST'S INITIALS
COMMENTS: 3 e 2 _eyer 4 hoes do, d. H
LAB\CHRONTOX
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&% OLVER LABORATORIES

INCORPORATE CHRONIC TOXICITY TEST
%§ SHAROMUENTAL TORY CHEMICAL ANALYSIS OATA SHEET
1118 SOUTH MAIN STREET BLACKSBURC, VIRGINA 24060
CUENT: WHs stody JOB NO.: pace _F ofF S
PERMIT NO.: TEST ORGANISM: Sheepsheed wisggw
TOXICANT /EFFLUENT: A Mg C/. DILUTION WATER: ___R S

DATE TEST INMATED:__ /12 /15 /95

CONCENTRATION _50umg /o

DAY

INITIAL 1 2 3 4 5 3 7 REMARKS
pH 8.2l |8.2018.2/18 21 820\8 208,21
0.0. tmem c.? 6.6 64656616366

TEMPERATURE (3 |24 |24 |24 |24 |24 |24 | 24
%ee‘%e”’ L.Gp)25.0125.5125.0 |25.0 |25.0|25.1 |25, 2
HARDN =

{mg/ os CaCO3)
ALKAUNITY
{mgA aa CaCQI)

ANALYST'S INITIALS |
FINAL

pH \8.1216.1316.40 18.0918.108.09|8.07
D.0. (mem 5.9 16.4 15.815.515.7215.9 6.0
TEMPERATURE (V) |25 |25 |25 25 |25 |25 |29

e o (gt 253 25 gl25.3 126,225, 21253 [25.3
ANALYSTS INITIALS J

CONCENTRATION _ 40 g /2

INITIAL 1 2 | 3 4 s | 6 | 7 REMARKS )
pH 8.208.20\8.21 18.2118.2218215.20

0.0. (ma 6. 916.7¢c4l66l6.36.0l6.2

TEMPERATURE (v) | 24 | 24 z4 |24 |24 | 24| 24
| CONDOERATY — - ~ ~

Mgg/. bat)25.0.25.3|25.2125,2|25,.0(24.9| 25.0
HARDN

{mg/1 as CalO3)
ALKALINITY
(mg s CaCOI)

ANALYST'S INITIALS |

FINAL
pH

B12.\8./6\8 (0|8.088.06 8.1/ |8.12
D.0. (mem $.8le.015.7215.615.415.215.58
TEMPERATURE (V) |75 | 25 |26 |25 | 25 |25 |24

25.2125.2125.2(25.3|25.2125,0|25.0

ANALYST'S INITIALS

COMMENTS: p H# 4:/"10469/ s 6.Zﬁené 4"70«1/5 Jloy‘ﬂfi OICLSI Eime

LABNCHRONTOX
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OLVER LABORATORIES
INCORPORATED

111ssoumumsm£trmxsauac vnmzm

5‘Ieeps })eacl
LARVAL FATHEAD MINNOW

SURVIVAL AND GROWTH TEST
GROWTH DATA SHEET

CLIENT: V ‘Hg’ SfUAg JOB NO.: __PAGE 5 oF_ S
PERMIT NO: ANALYST(S): _ DBH
TOXICANT /EFFLUENT: __A g Cl DATE WEIGHED:__ 12/22/95~
BALANCE CALIBRATION CHECK: EXPECTED: g/ACTUAL: e
CONC | B | wmdh (me) | +ORCANEMS mg) | ORGANENS (me) | coGNED | PEn omcmus | sowvwa
Controf | 2) Zo.52 | 88. 85 | i2.06 to L 206 [09%
B| ¢3.¢63 | 75.95 12.32 /10 [.232 106,
Cl ¢7.75 /.04 | it.26 iO [ 126 160%
D | ¢2.2¢ 72.53 | 10-32 9 [, 147 702,
104/, A 155.63 66, 76 (.43 L0 (113 ooz
B| 572492 £9-33 .46 L0 1.14¢ 1005
Cotal | C | ¢2 3 z2.99 10.68 10 1, 068 100 7%
M o] 4552 _¢0.728 it.9¢ 1% i 196 /00%,
20mfy | A | €0.62 7,29 10.¢ 7 144, [.0¢7 (0%
B .34 2¢2% 9.94 10 0.994 (6o
Cotal | C 20-34 80.57 10.21 /¢ .ozl 700%
Mz | D| sg32 | g608 4.7 /0 0.97¢ ‘og%
30ugfy fot20.4C 72727 2.3/ il 0.412 702
B| 52.53 20./6 7. 63 o) 0.7¢53 [06%
total | C| ¢4.4y 20,27 5,79 Vol 0.7124 92
MHs 1D ] 60.32 | ¢%.85] $5.56 o 0.$56 | jog%
40..,/ A 59.9 60.92 0.9¢ 3 0. 32| 302
mgle — — -
B| 72 33 54.94 2.6l _4 0.632 407
toée! | C 46.76 | _S0.83 | 4.07 7 ¢. 582 797
NH3 1D | . 49.7 S2.7221 z.9¢ 6 0.493 cdz
A
B
c
D
BALANCE CALIBRATION CHECK: EXPECTED: g/ACTUAL: g

COMMENTS:
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Sheeps head
% OLVFNRCO%ESEA%SI?IES LARVAL FAFHEAD MINNOW
%§ A SURVIVAL AND GROWTH TEST
1116 sou‘m MAIN SI'REET E.Aucsaunc mm 24060 SURVIVAL DATA SHEET
CLIENT : Milz  stody JOB NO.: pacE___L__oF _S
PERMIT NO. : TEST ORGANISM AGE: 4 c/fu/ S
TOXICANT/EFFLUENT: _AHg C/ START OF TEST:_3:20 (yPM _Z /2 [7((DATE)
DILUTION WATER: Beconsffoted Sequater gnp OF TEST: 8200 &@/PM _Z / 7 /96 (DATE)
NUMBER SURVIVING PER DAY
CONC REP START 1 2 3 4 5 6 7 COMMENTS
Lol A 10 1o | 10 | 4 to | jo | to |1
Comtro 8 1o | 1o | jo | 1o | to | to | 1o | to
c 10 1w | lto |10l w | 1o |40
o 10 G | o 10 10 ‘o | /O | U
/ A o 10110t ol 1ol 1C| f0o | /0
Omglt- | ¢ lo o 1o {1 10| tol (C | IC| o
Cotal c 10 O 147 10 g q 7 4
VNH, o |w o lww ltol ol 0] tc] 10
20»17/4, A 1O 10 /o {10 0| (0 /10 {0
B (O /0 [O {e] /0 | (0 {0 | (O
total ¢ 0 | 10 /0 (0| 1o | 1O /o0 | [0
WHs 1o Vgl o] o]0l o] 70
q
30umi A 1o | 101 9 q 9 q q
L [16) 10 10 {10 {0 10 {0 {10
total | ¢ (o | 14 q 9 9 9 9 q
Wha | © (1o 10l iplie 1o [ 1o | lg |10
40mgle o o | 1o |l 10| 9 6 s s | 5
8 (¢ {0 3 ¥ g 7 7 7
tetal ¢ 10 7 |7 515 | 4 | 4
VH, ° o g 38 3 ¢ | 6 G
Somf |~ Jro T8 [5T4T3[ i Tolo
8 ¢ 7 | 4 z 0 0 o o
total | ¢ lo |7 15 lole g lo o)
My °o /0o 19 | ¢ A zlol0 |0
RS 1] 1 ]
COMMENTS: susCe hovy Qrn Eme
LABR\FATHDSUR
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&% OLVER LABORATORIES

INCORPORATED CHRONIC TOXICITY TEST
%§ ENTAL BIOLOGY LABORATORY CHEMICAL ANALYSS OATA SHEET
IHGSOUT'NMNNSTRE( BLACKSBURG, VIRGINIA 24080
CLENT: M H, %‘6”4% WBNO:____  PAGE_.Z OF S
PERMIT NC.: TEST ORGANISM: 517_’.62 sh ?_M_LL_f/ W2
TOXICANT/EFFLUENT: __AVH 4 CI. DILUTION WATER: ___R S

OATE TEST INMATED:_2/2/96

CONCENTRATION __{£( m;(_Ll—
DAY

|N|T’AL 1 2 3 4 5 6 7 REMARKS
oH 8.20 8211820821 821182118 2¢
0.0 (men 6.906.7 6.2 ¢4 6,3|c567

TEMPERATURE (<) | 24- | 24- | 24| 24 | 24 | 24 | 24
). sarl- (ptN25.4 25,3 |24.9 | 25.0] 25. 1 |24.5 | 2 4. 2]

HA NESS
as CaCO3)

ALKAUNITY

(mg/l as CaCQY)

ANALYST'S INITIALS
FINAL

pH 8.1318.10|8.1218.15 |8-10|8.08| 8.
0.0. (man) 5.6 15.815,215.56.0l¢.0|6.0
TEMPERATURE () | 25 (25 | 25125 | 25 | 25 | 25

CONDUETT Y — I = —
| Gmorrom <al. (o254 | 25.5125.3] 25.3 | 25.2| 249|245
ANALYST'S INITIALS

CONCENTRATION _Cuntrol
INITIAL ] 2 3 4 | 5 6 7 REMARKS
pH 18.2018.2418.2118,2018,218,20,8.20
0.0. (ma) 6.7 6.216.716.616.5 6.3

TENPERATURE (% | 24 | 24| 24| 24 | 24| 24 | 24
M"WWDDA 25,025 3|24.9 25,025, ) | 24.5] 242!

HARDNESS
{mg/1 as CoCQ3)
ALKALNITY
(mg/l as CaCO3)

ANALYST'S INITIALS
FINAL

pH G122 |8.i¢|86.138.i0|8.098.08!8./0
0.0. tman 54 .5.615.716.016./15.96.0
TEMPERATURE ) | 25 | 25 (25 (25 |25 |25 (25

szge"eue“ 7 popt)|25.5] 25 425.3|25.41 25,1250 24 ¢

ANALYST'S INITIALS

COMMENTS: DLJTustJ €to 8.2 every ¥ hours olu/fuq olq}lf;mf
P Ls

LAB\CHRONTOX
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%

OLVER LABORATORIES
INCORPORATED

ENVIRONMENTAL BIOLOCY LABORA
1118 SOUTH MAIN STREET a.»csssunc VIRGINIA 24080

CHRONIC TOXICITY TEST

CHEMICAL ANALYSIS DATA SHEET

CLENT: MH,  study JOB NO.: PAGE_2 oF &
PERMIT NO.: TEST ORGANISM: _Sheeps head minusw
TOXICANT/EFFLUENT: __ A Hp Cf - DILUTION WATER: R S/
DATE TEST INITATED:_Z /2/96
CONCENTRATION _30 ng /L
DAY
INITIAL 1 2 3 4 5 6 7 REMARKS
pH 8.208.2018201820!8.208.20\8.20
0.0 tman 6916.7162 |6.316.3¢c.6l6.8
TEMPERATURE (v) | 29 |24 | 24 |24 | 24 | 24 | 24
_%w 2594 125.3|125.025.1125. 1246|243
| o ey
ALKAUNITY
mg/l as CoCCY
fANALYS'.'S INITIA_S! —|
FINAL
pH Eun e ol 8 I48.1518.41 1809 5 09
D.C. (mem ' S.¢15.816.0l¢.115.516,.6l6.1
TEMPERATRE . ! 25 |25 |25 |z5 |25 25129
-
R oot 125.€ . 26.5125,1| 25 4\ 25. 4 25.0 247
ANALYST'S INITIALS| |
CONCENTRATION _ 290w
INITIAL . 2 3 4 5 8 7 REMARKS
pH 8.2018.22|8.2118.20/8,2118.2018.20
0-0. (mam 6.8 1671636363 65|67
TEMPERATURE (%) 24 |\ z2q- |24 | z41 24 |24 | 24
Cmemiams 2 (pot)| 25 4 25 4 25,2\25,.4 | 25,/ 24 A 24,
HARDNESS
ALKALNITY
{mgA as CaCO3)
ANALYST'S INITIALS
FINAL
| oH 8.(418.10 1 8./5 18.12 |8 1318 j4|8.0
0.0. (mam 5.6 6,.01!53.5|57 35.8¢.064%
TEMPERATURE ) | 25 | 25| 25|25 | 25| 25 |25
o) sg L(ppf) 125.5125.7.25.3125,225.3 25.0|24-7
ANALYST'S INITIALS

COMMENTS: 'DH aa[?u‘,feJ Lo 8.2 4_',_uerj 4 haurs a[ur fnjg a/aq‘él\me
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&% OLVER LABORATORIES

INCORPORATED CHRONIC TOXICITY TEST
%§ ENVIRONMENTAL BI10LOGY LABORATORY CHEMICAL ANALYSIS OCATA SHEET
1118 SOUTH MAIN STREET BLACKSBURG, VIRGINIA 24080
CLIENT: NMNHy <tudy JOB NO.:____ pace 4 oF 5~
PERMIT NO.: : TEST ORGANISM: Sheepshead minngw
TOXICANT/EFFLUENT: __ A Hg Cf . DILUTION WATER: ___R S W

DATE TEST INITATED:_2/2 /79 6
CONCENTRATION _59mg /L

DAY
INITIAL 1 2 3 4 5 8 7 REMARKS
pH 8.2018.2018.218.208.2018.21 B.20
0-C. (ma/) 6.9 1¢.616.2c.51¢.6 16.616.6

TEMPERATURE (v) 124 |24 | 24| 24 | 24 | 24 | 24
e L ootV 25 A 25 3] 75,0025, 25, |24.4| 244

HARDNESS

mg/! cs CaCQ3)

ALKALNITY

{mq/1 as CaCQy)

ANALYST'S INITIALS
FINAL

pH A2 |8.1518.1118./618.¢815.08|8.
0.0. (man) 5.7 5. 615.-916.016./ 15.815.9
TEMPERATURE (9 155 125 l25 |25 125 125 |25
| Gommeetomy g/ Gpt)|25.6125.5125,2(26.2|25.3|24.9 |24 ¢
ANALYST'S INITIALS #
CONCENTRATION _40mg /t

INITIAL 1 2 3 4 s | s | 7 REMARKS

pH 8.2] |8.20182018.21 |8.20\8.208.20
D.0. (mg)

9 163 1¢€.266 |6.4|6.516.3
IR @ |24 |24 |24 |24 |24 |2¢ |24
allopt)| 2541 25125 2125.2| 25.1 | 24.9 246
(mg/1_aw CoC3)
ALKAUNITY
(mg/1 as CaCO3)
ANALYST'S INITIALS

FINAL
pH B.12\8.06\8./10 |8. 418.07\8./16 |8.10

0.0, tmay 5.5 15.615.85.916.016.016.6
TEMPERATURE 1z 6 |25 125 |25 125 |25 {25

St ' 125.4125.3254)75.4]25.325.1|24.9
ANALYST'S INITIALS
COMMENTS: P H‘ao{;us‘éec} ‘s &2 every 4 hovrs dorje -

LAB\CHRONTOX
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&% OLVER LABORATORIES
%§ INCORPORATED Sheeps head
1116 S0 wan et sk, weaww 200 LARVAL FATHEAD MINNOW

SURVIVAL AND GROWTH TEST
GROWTH DATA SHEET

cuent:_ NV Ha  stody JOB NO.: PAGE__2_oF. 5
PERMIT NO: _ ANALYST(S): — DB/
TOXICANT /EFFLUENT: __ M #4 () DATE WEIGHED:__2/9/9¢6
BALANCE CALIBRATION CHECK: EXPECTED: g/ACTUAL: I3
CONC | BXP | wor (mg) | +ORGANAS (me) | CROANIEMS Gog) | OMANENS | PEN OBruS | somava
Contre) Al ¢o.z24 | 7(.38 1, |4 L0 1. 114 10072,
Bis5.,5¢ 67, 72 1z . 1¢ Ly L,2/6 /062,
Cl ¢4.31 75,29 10.98 [0 1,098 1007
D 9.6 $/.76 1z.04 (O l.zo4 Q07
Wmgfo [ A1 44.t2 | 54.28 16.66 (o . 066 (002
B| 50.16 c(.19 (.02 10 103 (60,
total | C| 2. 47| 62.49 | 9.62 q i 069 q90%
Aty [p 2.8} 73.,2¢ 0. 45 /¢ [.045 1067
2Wmgle| A | 56,92 59.52 $.69 (o 0. 865 locZ,
B 55.6% ¢ 4.46 2.78 [0 6. 878 1007,
total | C| ¢2.23| 71,34 | 9.y 10 0.911 loc?
Ms 1D 6780 | 75,891 %.¢8 10 0.808 ioc?
30mfi| A 50.24 | 56,64 | 6.40 q 0. 2(( 0%
Bl 49.¢7 | 52,724 2.07 10 a.867 {cc?
tcbef | C| ¢o.¢ 67,46 | ¢.80 9 0.75c 902
My 1D 52985 ] ¢0.725 | 2.77 10 0.777 (66%
Amfe | A| ¢4, 33 | 64.09 | z.76 5 0.551 562
B| 64.¢69 66. %0 2.4 7 0. 301 70%
tolel |C| 57,93 | 59,47 (.64 4 0. 41 40%
My D] 59.¢4] 6l.96] 2z.35 A 0.392 | 66%
50,/ | A — — o
B i — o)
totat | C . —_— P
NHy | D | — - o
BALANCE CALIBRATION CHECK: EXPECTED: g/ACTUAL: g
COMMENTS:
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sheepshes,
% OLVFNI%OLégggﬁTTgDRIES LARVAL - EAFHEAD dMINNOW
%§ SURVIVAL AND GROWTH TEST
1116$OU'THIMANS|'RETWURG VIRGN!A24060 SURVIVAL DATA SHEET
CLIENT : My Study JOB NO.: PacE__ | oF_3>
PERMIT NO. : TEST ORGANISM AGE:— ¥ dag s
TOXICANT /EFFLUENT: _ AV He C/ START OF TEST:7:00 (&R/PM _Z /2 /9% (DATE)
DILUTION WATER: _Peconstity te er END OF TEST:_7:90 @EW/PM _2z. /9 /% (DATE)
NUMBER SURVIVING PER DAY
CONC REP START 1 2 3 4 S5 6 7 COMMENTS
A 10| 6 |16 | te |0 o |6 | 9
Con e | o | o | ip 9 818 |8
¢ 10 i 10 | 1o {0 io w | lo
D io 9 |1 9 q 9 9 |9
A Lo g ol ol | w o |0
Omgl| o o |10 |16 |9 149 |9 |19 19
total C 1w [0 |10 | 10 1to | /O | jo 1[0
Aty °o |« 0 lyjo |10 o o 1|9 19
At lw [ golw lwolw |l w
Zagle| o | 0 1o Lyo Lie Lgo lw lw | w
Cotal c 10 I14) iJ 10 i0 {0 /0 (0
Nity ° {w w10 1w lw i lwlt
30me] A Ll ol io o |46 | 1o ] o
Ml e s luw o leo Lyo Lio Lo Lo
tetal | ¢ | yp lfp |¢ o lip Lo | 1o | 1o
NHs " lwo 110 1yo Lo lio lto lse | 1o
A llolw |8 |1 Z 17 |6 S |15
4?”’7/(’ e 0|9 |6 |4 4 |4 |4 |+
Total c |l |t 7 7 {7 le | 6
Ay 10 liplg9 |8 18 18 18 |B |8
= sl lzlol—l—|~—]—1]~
ol T Tolo == T —1- 1=
Ll | ¢ |iglo o |—[—1—]- =
Nit, o /0 32 |o - | — - | — | =
MAER™S | [ ] | |
COMMENTS: H# ~ 8.2 e hoor ) ay Cime
LAB\FATHDSUR
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&% OLVER LABORATORIES
%&% INCONRPORATE CHRONIC TOXICITY TEST

ICAL AMALYSIS DATA SHEET
11168 SOUTH MAIN STREET BLACKSBURG, VIRCINWA 24060 CHEu

CUENT: NHa 5f“4{°} JOBNC:___ PAGE_Z OF 5
PERMIT NO.: TEST ORGANISM: _Sheepshesd minpow
TOXICANT /EFFLUENT: _ VMg C/f - OILUTION WATER: __ R S

DATE TEST INITIATED:__2/2 /9 6
CONCENTRATION _1Omg /&

- DAY
INITIAL i 2 3 4 5 | 6 | 7 REMARKS
pH 8.20182218.22|8.2218.2/ |8.2218.22.
0.0. (me/) 721¢.2 6563 65 6263
TEMPERATURE () | 24 | 25 | 25 | 26| 25 | 25| 25
_ch%%ggt% 25,.725.¢0125.0]25.1 |24.5| 24-8(25.2
H

(g on €a623)

ALKALINITY ‘

{mg/ as CoCOI)

ANALYST'S INITIALS r

FINAL

pH 8.10 18,15 18.45 | E.14\8.10 B.06 |8. 10
D.0. (mem 4.815.8|5.915.81¢.5|15.515.9
TEMPERATURE (® |25 |25 |25 |25 2525 25|
CONDUCTIATY 25.9125.91 2.0 |25.2124->124.8 zg.tﬂ
ANALYST'S INITIALS | |

CONCENTRATION _Con

INITIAL 9 2 T 3 4 | S 6 7 REMARKS
pH 9.,008.18l82218.2218.2318,21 (8. 22
0.0. (man 71 | 5.8 6563563 6] 6.2
TEMPERATURE (v) | 55 | 26| 25 | 26 |26 | 25| 25
CONDOEToR = -

%L@pﬂ 25,7125.6125.0125.1 | 24-524.8 |25. 2.
‘(m/l :lm)

ALRKAUNTTY

_(mgA as CaCO3)

ANALYST'S INITIALS| ]

FINAL

PH 8.08 18.18 18.14 |6.18 |8.09 |8.10 |8.1
D.0. (mes) 451 5.815.915.9¢.4\15.6 6.4

TEMPERATURE () | 25 |25 |25 | 25| 26 |26 |25

EONDUCTITTT, —
e 1 (ppe) 26.0 | 264 26,1 |25.2 (25,0 |24/ |24
| ANALYST'S INITIALS

—

COMMENTS: PH adjusted every 4 hoovs €o 8.2 doring quffmf

LAB\CHRONTOX
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| 8% OLVER LABORATORIES

INCORPORATE CHRONIC TOXICITY TEST
%& ENARORMENTAL TORY CHEMICAL ANALYSIS OATA SHEET
1118 SOUTH MAIN STREET 3LACKSBURGC, VIRGINW 24080
CUENT: — WVHy  stody JOB NO.: ___ PAGE 2 OF _5_
PERMIT NO.: : TEST ORGANISM: Sbeepsl')eac’ minnow
TOXICANT/EFFLUENT: _VHg Cf . OILUTION WATER: _BSW
DATE TEST INIMATED:__2/2/9¢
CONCENTRATION _20 mg /-
- DAY
INITEAL 1 2 3 4 5 6 7 REMARKS
pH 8.208.2216.23 8.2318.22 |8.2318.23
D.0. (man 72 1626263 (6561 165
TEMPERATURE (%) | 25 | 25 | 26 |25 | 25 | 25 | 25
Safipty | 258 126.0 |25.0|26.1 122.5 |25.0|25.4
HARDN (PPt
| (mgA as CaCO3)
ALKAUNITY
{mg/l as CaCO3)
ANALYST'S INITIALS |
FINAL
pH 8.10 18.20\8.08 |6.10 18.0918.69 |8.18
0.0. (man) 4.2 15961 |60|57|58 ¢4
TEMPERATURE (9 | 25 | 25 |25 | =25 |25 |25 |25
e L (26,1 (26,1 126.0|24.8|24.6]25.6 | 25.7
ANALYST'S INITIALS

CONCENTRATION _ 20 me /Lt

INITIAL 1 2 3 4 5 6 7 REMARKS
pH 8.2018.22182218.231823 |823 |18.22

0.0. (mem 721 |62 16,41¢6.316.5 6.z {¢.4

TEMPERATURE (v) 25 25 |26 125 |2 25 | 25

mﬁ,pﬁ 25.8 z25.0|z5.1 1z4.3125.0|254
BN

T

ANALYST'S INITIALS

FINAL

pH 8.1z |8.1418.1318.08|8.09 18.11 18.15
0.0. tmm 4.51¢.0lc.016.[16.6]|53¢.0
TEMPERATURE (9 | 55" | 2525 |25 |25 lz5 |29
o Y 1ze.0 | 2e | 25.4]26. |25.025.2|25.5]

ANALYST'S INITIALS

COMMENTS: pH adiusted £, 8.2 o_uerj 4 bours o’a/{ugifag_ffm(ﬂ

LAJ\CHRONTOX
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% OLVER LABORATORIES

INCORPORATED CHRONIC TOXICITY TEST
%& ENVIRONMENTAL BI0LOGY LABORATORY CHEMICAL ANALYSIS OATA SHEET
1116 SOUTH MAIN STREET BLACKSBURG, VIRGINWK 24060
CUENT: Wity sCedq JOB NO.: pace 4 oF 5
PERMIT NO.: TEST ORGANISM: Sheepshead migncw
TOXICANT /EFFLUENT: ___AVHZCl - DILUTION WATER: RS/
DATE TEST INITATED:__2/2/9¢
CONCENTRATION _20 mg /&
DAY
INITIAL T2 T3] «T s sl 7 REMARKS
| oH g.20l8.2z |
0-0. tman) rAREW
TEMPERATURE (9 | 25 | 2 5
%l,(mf) 25.81z.0
HARKDN
(mgA o CacC3)
ALKAUNITY

{mg/ as CaCO3I)
ANALYST'S INITIALS

FINAL

pH 8.056.17!

0.0. (me) 4.9 ¢.f

TEMPERATURE (%) | 25 | 24

EONDUCTIMTY 25.9 | 26, i

ANALYST'S INITIALS | | B

CONCENTRATION _49ag/L_

INITIAL 1 2 3 4 5 6 7 REMARKS

pH £.2018.2218.22 |18.2318.23|8.2318.23

D.0. (men

¢.2l¢.46.516¢.616.316.5
25 29 |29 | 25 |25 |25

138

TEMPERATURE (v)

(umnontem oo/ (o265, 8 12¢ 0 125.( 1251 (24625025, 4
HARDNESS g

(mg/1 a= CaCQO3)

ALKAONITY

(mg as CaCO3)

ANALYST'S INITIALS B J

FINAL

pH 8.08\8.09 8. 1418.18 8. 14'\E. /2 \8.20
0.0. tmem 4.6V 6.1 16(16.2!5.916.0 6.5
TEMPERATURE (9 | 25 | x| 25126 |25 |25 |25
CONDUCTIVITY - >

_(umnos/om) /-/ ZG;/ 2;;7. Z—bl 26’0 9.4’ 295
ANALYST'S INITIALS

COMMENTS:?#Mjusﬁg ‘<< 8.2 enng’ 4’&“(5 dﬂg)'[ng o/q‘t/.r?(‘;‘ht‘
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&% OLVER LABORATORIES
D2 INCOREORATED heepohend
1116 SOUTH MAN STREET BLACKSBURG, VIRGINI 24060 LARVAL FATHEAD MINNOW

SURVIVAL AND GROWTH TEST
GROWTH DATA SHEET

CLIENT: N Sf*’cl‘ﬁ JOB NO.: PAGE__S__OF.5_
PERMIT NO: ‘ ANALYST(S): DBRH
TOXICANT/EFFLUENT: _ MVt 4 CI DATE WEIGHED:__2/9/(9 ¢
BALANCE CALIBRATION CHECK: EXPECTED: g/ACTUAL: g
CONC | BEP | v (mg) | +ORCANIEMS Ta) | OROANS Gog) | eeANiE | PER omcinmus | sowva
Al 5¢. 47 67 34 10.87 9 1.208 9C %
Con [B 60,02 70.30 10,28 8 (. 285 20 %
C| 59.7¢ 70.62 i0.91 10 1,09 004
D| 55.9¢ 66.81 10.85 9 [ 206 W%
Oy A | ¢5.77 7712 .39 Lo i.139 Jlel2A
Ji- {1 Bl 5. 2¢ 24.37 q,17 9 {1.01¢ 762,
Clec ¢k 2.6 10.92 (O (093 /ge %
LENY N4 73, 54 8.88 q 0.987 20 2.
20mg ). A £ 1€ Ss5.8/ Z. 65 Lo 0.7¢5 106%
Bl 5g. 73 68.29 .56 1C 0.956 /007,
Cl o8 .42 66. 74 .32 /0 0.532 (0%
D) ¢5.28 23.77 8.49 10 0.349 1062
20m Al 6%.37 74, 60 6.23% 10 0’623. 1607
w1 B | 48 77 5¢. 42 72,65 ‘0 0.765 i007,
Cl co. 52 63.05 7,26 /0 0.72¢ | r00”%,
D| 54.89 | _¢z.2¢ 2,37 16 0.737 1602,
4%7/‘_ A 67.63 69.55 .92 5 _ 0, 384 I A
B| gz.22 83,36 (14 4 0.285 402,
c 5¢.095 5¢.32 2,27 & 0,378 (X 2A
D | ¢27/ 21.58 2, §7 g 0. 994 %0
A
B
C
D
BALANCE CALIBRATION CHECK: EXPECTED: g/ACTUAL: g
COMMENTS:
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&% OLVE

%§ INCORPORATED SURVIVAL AND GROWTH TEST
1116 SOUTH MAIN m VIRGNA 24080 SURVIVAL DATA SHEET

CLIENT : Ly  Stody JOB NO.: pacE___|_oF_ S
PERMIT NO. : TEST ORGANISM AGE: ?thtj N
TOXICANT/EFFLUENT: __ MHgq Cf START OF TEST:9200_@W/PM _2Z /2 /96 (DATE)

DILUTION WATER: Pecanstifuted fer END OF TEST: 9200  GNYPM _2 /14794 (DATE)

R LABORATORIES

NUMBER SURVIVING PER DAY

LARVAL FATHEAD MINNOW

sheepshead

CONC REP START 1 2 3 4 5 6 7 COMMENTS
, A 1ol o lo o |0 | 40l (O
Crtrol 7o | ;0 | 10 0 |to |tg |te o | 1O
c 10 10 110 110 |40 | te | 1o | (O
° ¢ 10 1 (o Lo | (o | to | rg | to
A 1o | ¢ | tg |6 1o | ¢0 | o | (O
tome/ "o | 16 | 0 1 10 10 | ec | ic lic |0
total c 1o Vto 110 lio Lio | to g |10
wity °o |t ltc |1 to o]l ol |0
20 / A {6 t¢ [ te | (¢ 110 | (| (0] Le
"1 e 1o {10 |40 | (o | to e |to] ¢
totaf ¢ (o |to (0 |io |l io|to |t |10
MHs | o 1o Ll ttoliwplioleio lic] 1o
30 mo i A WO | o |10l ¢o | 01 (o | O | (O
7 e lyo | fo | (¢ lto lto |t0o 1o |10
total | ¢ |t | 10 {40 |10 1o |10 | 10| 1o
it ° \foltolto 1o ltolto] 1040
40mgfL| A [To I | 7 1 9 9 7 | 3 6
8 (6 116 1 1o |10 1 ts | lo | & | 8
tolal | ¢ lyo (10 1106 1 tg |10 10|l G | S
wits | o 1o 1ot 110 1tp 10| { /
5o A io | jo | 8 1 8 | | o | o
"l s g Lo g 7 L2t 11 ¢
total ¢ e lto !l s 6 | > |1 [ /
My | o T yplew 1o liolg | / 1!
MARR™S ] | | i ]
COMMENTS: vsle, e, Fho o Vi J 2
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|
% OLVER LABORATORIES
INCORPORATED CHRONIC TOXICITY TEST
%§ S ROIETAL -oc CHEMICAL ANALYSIS DATA SHEET
1118 SOUTH MAIN STREET WURC VIRGNIA 24060
CUENT:  MHs  Sfody JOB NO.: PAGE _Z= OF 5
PERMIT NO.: ; TEST ORGANISM: _sheepmheed minmseo
TOXICANT/EFFLUENT: __AVHp CI - DILUTION WATER: B 5
DATE TEST INIMATED: __2/7/76
CONCENTRATION /8 mg /&=
DAY
INITIAL 1 2 3 4 5 | 6 7 REMARKS
eH .2018.20182218,2218.22|8.22|8.22
00 (mem ¢.8\¢.5le. 264 ¢.1 |¢.8|6c.2
TEMPERATURE () | 24 | 24-| 24 | 24 | 24 | 24 | z4
—ak ligés |25.4125.5|25.5|24.5 |24.0|24.0| z4.2,
HARDN (23]
(mg/l as CaCR3)
ALKAUNITY
(mg/1 as CaCQI)
ANALYST'S INITIALS
FINAL
pH 8.5 |8.20|8,14-| 8.0618.049|8.09 | 8.10
0.0. (ma/) s.415.2|5¢|56¢.2|5.0l5-4
TEMPERATURE () | 25 | 25 25 | 25| 25l 28 24
ey 25,7 125.6125.5|24-5124-/ | 24-3124.9
ANALYST'S INITIALS
CONCENTRATION _Con€ro
INITIAL 1 2 3 4 5 6 7 REMARKS
pH 8.20|6.2218.2218.22|82218.2215.22
0-0. imsm ¢c.8 646263 ¢.0(¢8 Cz2
TEMPERATURE () | 24 |24 | 24 |24 | 24 | 24 | 24
%@A 25.4125.5 |25.5 |24.¢|24.¢|24.¢ 241
A ‘Ec‘:ccu)
- kAT
(mg A as CaCO3)
ANALYST'S INITIALS
FINAL
pH 8.1 18.208.12 |8.1018.10 8.0 8. 10
D.0. tmam 5.215%456.58|6.3/5.2|5.0
TEMPERATURE (%) | 527125 |25 |25 | 25| 25 | 25
s 1prt Y2 5. 426.6125.5124.2 |24.2 | 24. 2|24 ¢
ANALYST'S INITIALS
COMMENTS:-DH' adf!!ﬁﬁézé e 8.2 g,gqu 4‘7agzs J%ﬂvc’v ola\g}é:\*ut
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§% OLVER LABORATORIES

INCORPORATED CHRONIC TOXICITY TEST
%§ ETMIRONUENTAL BIOLOGY LABORATORY CHEMICAL ANALYS'S DATA SHEET
1118 SOUTH MAIN STREET BLACKSBURG, VIRGINIA 24060
CLEENT: M Sf““j JOB NO.: _ _PAGE_3_ oF S
PERMIT NO.: TEST ORGANISM: Sheepshead winpow
TOXICANT/EFFLUENT: __A/#HgCf - DILUTION WATER: _ R S

DATE TEST NIMATED:___2/2/9 ¢

CONCENTRATION ﬁa,;[ L

DAY
INITIAL 1 2 3 s 5 6 7 REMARKS
pH 8.2018.2218.22.8.22/8.2218.226.22
0.0. (ma) ¢.6l¢.60¢.26.5]¢.216.8lc.2
| TEMPERATURE (4] Zj’_ 24, 24_ 24_ 24. ZA- Z4—
Lonoue S.4\25. 524 424, 123.9 | 24. 0|25, 2
gﬂ/:/l uNCam:)
ALKAUNITY
m as CaCo3)
ANALYST'S INITIALS
FINAL
pH 8.1918.20\8.1218.098.12 |8,08! 8 .08
D.0. (me/ 3.¢15.2315.6/5.8|5.8!5.5 |5.2
TEMPERATURE (9 | 25 | 25 | 24 25 |25 {25 | 25
| {umnon lom) sa?/ppé) 25.9125.724.2 (23,7 |24 (|24 ¢|24.8
ANALYST'S INITIALS

CONCENTRATION _2Q mg /L

INITIAL 1 2 3 4 5 6 7 REMARKS
pH 82082)82182118.2218.2218.22
0.0. (men) 6.8 le.5 1¢.z2l6.21¢.2¢.6]l 6.2

TEMPERATURE (v) 24 (24 (24 | 24 | z4- | z4 z24.0

[NalNn8ranssv. e’y .y — _
Gmhewtom) 5o (ppt) 254125.5 |24 .4 24.1123.9 |24, 01251
HARDNESS i

{mg/ as CaCO3)
ALKAUNITY

mg/ as CaCO3)

ANALYST'S INITIALS

FINAL

pH B.14-18.21 18.11 |8.1018.22|8.1618. 10

0.0. (man) 5415.2|5.6 15.65.9/5.1 | 5.2

TEMPERATURE ) | 25 | 257 25 |25 |25 |2 | 25
; e Lfop)e5.5 |25 A24-3] 24.0 24. 1 24 424 -3

ANALYST'S INITIALS |

COMMENTS: _"2& géfdﬁtg ‘" 8.2 L/Cyy 4"l7cu:< o‘drl\nc}; clgg,}réi)‘ie
7
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&% OLVER LABORATORIES

INCORPORATED CHRONIC TOXICITY TEST
%& ENVIRONMENTAL BIGLOGY LABORATORY CHEMICAL ANALYSIS DATA SHEET
1116 SOUTH MAIN STREET BLACKSBURG, VIRGINWA 24060
CUENT: — A/Ha  Stode 108 NO.: pace - or 5
PERMIT NO.: TEST ORGANISM: _Sheeps beed m apgw
TOXICANT /EFFLUENT: __A/Hga Cf - DILUTION WATER: ___RSW/

DATE TEST INMMATED:___2/7/9 ¢

CONCENTRATION _59.7g /o

_ DAY
INITIAL 1 2 3 4 s 8 7 REMARKS
| ot .2018.226.2) 18.2218.22 8.2 |8.22 '

00 tmam ¢.8 64c 4 c.4¢cpc4d

TEMPERATURE (v) | 24- 124 | 24 | 24 | 24 | 24| z24-
_m?/,@pﬂ 25 425.5 1244\ 24.2/23.9|24-3 25. 0

| {mg/N o8 CoCO3)
ALKAUNITY
gz CeCOJ)

DNALYST'S INITIALS
FINAL

pH B.146.20.8.412|8.0918.098.1¢ | 840
D.0. (me/) 3.715.315,7|5.6|6.2|¢. 0|54
TEMPERATURE (B | 25 |25 | zg |25 |z9 | z9 | z9
e T opt) |25 4125 8 | 24. 2237|246 |24-6| 25.2
ANALYST'S INITIALS

CONCENTRATION _FCmg/L

INITIAL 1 2 3 4 ) [} 7 REMARKS
pH g.2¢18 22|18 2218.2218. 221622822
0.0. (mem

6.5 |6.316.31¢c.21¢ 8¢ 3

TENPERATURE © | 24 | 24 | o4 | 24| 24| 24 | 24
M)"Vlll&.pf) 25.425.5 24 .4 24.3123.9|124.1|125. |

HARUN
(mg/! es CaCO3)
ALKAUNITY
(mg/ as CaCO3)

ANALYST'S INITIALS
FINAL

pH 12 |E.1818.13 1 6.6|8.1718.08/5.08
D.0. (mar 5.715.6 . 5.7215.8¢6.315.615.4
TEMPERATURE 9 1 25 |26 |25 |25 |25 |25 |25

7 Nz5. 7125.¢25.0[23. A24.4 24,2 254
ANALYST'S INITIALS
COMMENTS. p H a_é\;:uf;f/é:/ t 8,2 every 4'/77vr5 Jar[tg} Jq% lime
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INCORPORATED

1116 SOUTH MAIN STREET BLACKSBURG, VIRGINIA 24060

LVER LABORATORIES

LARVAL FATHEAD MINNOW

SURVIVAL AND GROWTH TEST
GROWTH DATA SHEET

cuenT:_AMHo  stodq JOB NO.: PAGE__2_0oF_S_
PERMIT NO: - ANALYST(S): __ DBH
TOXICANT /EFFLUENT: N H 4 C/ DATE WEIGHED:_ 2/+t4/9¢
BALANCE CALIBRATION CHECK: EXPECTED: ¢/ACTUAL: P
Conc P et mg) +ORCEA Toag) onaias Te) Pl SO
Contrs| Al 71,74 | 82.8% il. |4 (1O L - 1002
B | Z¢.04 8%.06 i2.0Z 1o L2gz 002
C| ¢g7.7¢ 79.1% (.37 1 C i 137 /¢o %
D| ¥9.52 | 100.9% | o1, 4/ /1 C Iy 2i (00 %
Yoy Al 59 46 76.02 10. 56 (O ,05¢ 1002
“7f 1Bl 52,92 | 6395 | .02 (O I,i1oz | /00%
total] | C| 57 02 | ¢8.4% 1,6 1e [.1/E (100Z
M (D] ¢2.30 | 73.05 | t0.75 | icC .o75 | (oo,
20mfi | A1 €059 | Z(.90 -3/ 1, L. 131 ooz
B ¢5.g7 Z6.97 (.10 q [, 233 962,
tobaf | C| 59,79 ©9.81 16.02 to {002 (002
WHs | D | 5¢.94 ¢9.64 106,79 /0 i.0725 (00%
ok | A | 556/ 63.¢8 | 8.07 L6 6507 | s00%
30wl 8 | 51,69 | 60 6/ | 202 /0 0.992 | t0os |
€otaf | C g7 27 5¢.59 .22 (O 0.932 /00 %
M o] s0.28 | 59..6 | s.s% (O 0.88y | (oo
HmgL ; 515,?7 S35 252 G _ g. 5‘.{3 6aZ
55.3¢ 59.8% | 4-47 g 0.559 A
bl | C| Ze 7 59,./8 | 242 > 0,484 | 5%%
NHy v | 45,96 | 46.3] | ¢.350 / 0.350 165,
504@/(, A — N — O W —
B | g40.68 | 4/./3 0.4 [ 0.4 0%
tobe/ | C| 49.25 | 49.9/ | n.¢66 / 0.656 ‘0%
MMy (D] 57,04 52.30 | g.26 / 0.26 /0%
BALANCE CALIBRATION CHECK: EXPECTED: g/ACTUAL: g

COMMENTS:
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Mathews County, Virginia where he graduated from high school. Douglas attended
Virginia Polytechnic Institute and State University in Blacksburg from 1987 to 1992 and
received a Bacheor of Science degree in Mechanical Engineering. During his
undergraduate studies, Douglas worked for E. 1. DuPont in Richmond, Virginia under the
Cooperative Education Program and also worked for DuPont as an engineer during the
summer following graduation. Following the summer of 1992, Douglas attended the
graduate school of Virginia Polytechnic Institute and State University and received two
Master of Science degrees: one in Mechanical Enigeering in May of 1994 and one in
Environmental Engineering in July of 1996. Upon Graduation, Douglas will pursue an

environmental engineering consultant career.

Dl B Yoy

Douglas B. Hudgins
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