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ADSTRACT: One of the most significant problems facing the water quality management
field today is the translation of jaboratory-derived aquatic toxicolegy criteria and stan-
dards to natural water field conditions. This problem is caused, in pari, by the markedly
different chemical environments that frequently exist in laboratory toxicity tests and the
field, Normally, lzboratory-developed water quality eriteria are derived from bicassays in
which the contaminant is presented fo the organism in a completely or nearly completely
available form ot forms; however, under ficld conditions, many contaminants exist in a
variety of forms only some of which are available to aquatic organisms.

Guidance s provided on how to use knowledge of the aqueous environmental chem-
istry of the contaminant or confaminants of concem o detect situations in which there
may be markedly different toxicity levels under field and laboratory conditions, A hazard-
assessment approach is outlined by which maximum usa can be made of existing fzboratory

bivassay datz and environmental chemistry in site-specific waler quality evaluation.

KEY WORDS: aquatic chemistry, bioassay, aquatic tozicology, bicconcentration, water
quality criteria, water quality standards, hazard assessment

There is considerable concemn today regarding the application or transla-
tion of laboratory bicassay results to field situations. This concern arises, in
farge part, out of the use of U.5. Ervironmental Protection Agency {EPA)
water quality criterda in the development of state water quality standards,

" The EPA criteria [7,2]? are genesally equivalent to chronic exposure, safe
concentrations of completely available forms of the contaminants. Ustil

! professor and lecturer, respectively, Department of Civil Engineering, Texas Tech, Lubbotk,

TX T8, ‘ _
1The itafic numbers o brackets refer to the list of references appended 16 this pager.
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November 1980 [2] the EPA, in its review of state standards, foliowed a
policy of presumptive applicability; that is, the EPA water quality eriteria
were presumed to be applicable to essentially all waters. In accord with this
policy, if a state were {c adopt a water quality standard for a particular pa-
rameter, the standard would, in general, have to be at least as strict as the
EPA numeric criterion for that parameter; the standards have typically been
applied to the totaj contaminant concentrations. In enforcing this policy, the
EPA ftacitly assumed that in all situations an organism could receive 8
chronic or fifetime exposure te the concentration of a contaminant measured
and that all contaminant forms measured are available to adversely affect
aquatic life. Thus, the results of standard laboratory bioassays that were
used for criteria development were being directly applied to field situations
without regard to factors, such as the availability of contaminants or dura-
tions of organism exposure, that affect an organism’s response to a contami-
nant in the field.

The presumptive applicability policy of the EPA caused states either to
choose not to adopt water quality standards for many parameters or te adopt
the worst-case FPA ¢riteria as numeric standards, or both. The use of such
worst-case standards could, in some instances, result in waste load alloca-
tions and effluent limitations that would entail large-scale expenditure of
public funds with {imited and, in some instances, no improvement in water
guality over that which could be achieved with a significantly reduced
expenditure, '

Partly in response to the increasingly widespread opposition to the states’
adoption of the numeric water quality criteria as enforceable standards, the
EPA zbandoned its presumptive applicability policy [2]. This has, in
essence, shifted the responsibility for water quality protection from the
federal government o the state governments. It will now be up to the states to
work with municipalities, industry, agricuitural interests, and so ferth to
formufate water quality standards, and waste load aliocations based thereon,
that are technically valid, cost-effective, and protective of the environment. It
is imperative that those involved in this effort understand the appropriate use
and Hmitations of single-compound, laboratory bioassays in evaluating the
significance of contaminants in the impairment of beneficial uses of a water
body and, most important, the appropriate application of laboratory bias-
say results to the wide variety of field conditions to which these results are ap-
plied, The use of these criteria in the development of state water guality stan-
dards and, indeed, in the proper application and interpretation of laboratory
bicassay results, in general, requires an undersianding of how the physical,
chemical, and biological factors characteristic of the test system compare
with the conditions that prevail in the field situation of concern. Other
papers in this yolume will discuss physical and biclogical factors; chemical

factors wil! be addressed in this paper.
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Chemical Forms of Contaminants: Consideraiions {or Bicassays

In the early 1970s, Lee [3] reviewed the current state of knowledge on the
chemical factors influencing aquatic organism bioassay results. Until that
time, little repard had been given to the chemistry of bicassay systems. In
fact, there were some who questioned whether the aguecus chemistry of con-
taminants wzs an imporiant factor in conducting water guality bioassays.
Througheout the 1970s an increasing nun:ber of papers appeared inc‘iicating
that aguatic chemistry may be the most important factor governing the
transiation of laboratory bioassay results to field conditions. However, it was
not untii recentiy that widespread interest developed in defi.ning how
knowledge about the agueous environmental chemistry of contan?mants can
and should be used in translating laboratory bicassay information and in
developing state waler quality standards, '

Aquecus environmental chemistry describes the thermodynamics ar&d
kinetics of the transformations that a chemical contaminant may underge in
aguatic systems. With few exceptions, most contaminants exist in aguatic
systems in a variety of forms, only some of which may influence water qual-
ity. Frequently, although not always, these transformations act .to rediuce or
eliminate the parent contaminani’s foxicity, producing nontoxic, “unavail-
able"” forms. {The term “toxicity™ is used in this paper in its broadest sense;
it includes not only acute and chronic toxicity but also such phenomena as
biocencentration.) As discussed later, there are some notable exceptions in
which the aqueous envircnmental chemistry of a contaminant is such that
nontoxic forms are converted to more toxic forms. It is rare, however, that
the more toxic transformation productz are not converted to less toxic forms
given sufficient time in the environment.

As discussed by Lee |3], the agueous environmental chemistry of a con-
taminant may be conveniently divided into the following types of re?ctions:
acid-base, precipitation, complexation, gas transfer, cxidation-redlfct%@n {re-
dox}, hydrolysis, photolysis-phototransformation, and abiotic and bl.o?lc s07Tp-
fion. Many of these reactions can significantly affect the availability apd,
therefore, the texicity and the potential for bisaccumulation of a chemical
within an crganism’s tissue. The rate and extent to which each of these rezc-
ticns occur depend on the contaminant and the specific environmental condi-
tions and, therefore, should be evaluated for every situation of concern.

In examining the aqueous environmental chemistry of a contaminant, it is
usuzlly best to first determine its oxidation state, which determines the degree
to which the chemical participates in the other types of reactions, For example,
iron exists in aguatic systems principally in two forms, the reduced ferrous an.d
the oxidized fernic iron. At natural water pHs, the concentration of the ferrie
iron aquo species is very low because of its tendency to precipitate with hydrmfe
ide. Ferrous fron, though fargely soluble as the aque form in natural waters, is
unstable in waters containing dissolved oxygen, being oxidized to ferric iron: i
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is not normally present at readily measurable concentrations under those con-
ditions. Therefore, under oxic conditions, the iron form of concemn is ferric
iron, and ifs aqueous environmental chemistry is dominated by reactions with
hydroxide.

While alf of the aforementioned reactions are important in determining
the water quality impacts of certain centaminants, they differ in their ame-
nability to evaluating toxicity. Reactions such as volatilization, hydrolysis,
and phototransformation all tend to remove the contaminant from the sys-
tem. The analytical methods that are frequently used normally can datect this
change in concentration, The same situation exists for many chemicals which
undergo oxidation-reduction reactions, However, there are some instances in
which redox reactions change a functional group but that may not detectably
change the concentration measured by the normally used analytical proce-
dures. Thus, there would be an appreciable change in toxicity without a readily
discernible change in concentration. Acid-base reactions can generally be
readily handled by simple mass law equilibria,

Precipitation, complexation, and sorption reactions {especially if the sorp-
tion is on colloid-size particles) are, in general, the most difficult to handie,
It is often difficult to detect analytically a change in concentration brought
about by ane of these reactions using the normal analytical procedures,
which, in most instances, measure the totai concentration of the contami-
nant, since these reactions may not result in a change in the total concentra-
tion of the chemical. Precipitation and sorption result in the formation of in-
soluble forms of the contaminant. Often, insoluble forms do not affect water
quality to the extent that soluble forms can. However, it is possible that, for
certain kinds of organisms such as filter feeders, contaminants associated
with particufates might be equally or more available. This situation could he
especially important {or those contaminants that tend to bioaccumulate in
higher trophic-level organisms through the food web. There are many ex-
ampies in the literature of the reduced availability-texicity of contaminants
associated with sediments. Jones et al [4] have recently published a review of
work on the toxicity to aquatic life of waterwzy sediments in the United
States. Brungs and Bailey, in 1967 [5], were among the early workers 1o
demonstrate that the presence of suspended solids reduced the toxicity of
contaminants to aquatic life. They foung that the toxicity of endrin was
significantly reduced in the presence of clays. Jenes et al [4] found similar
results in that only a small part of the total concentrations of a wide variety of
contaminants such as heavy metals and pesticides present in the waterway
sediment were available, that is, in forms toxic to aquatic test crganisms.

In the water quality management field, distinguishing between soluble and
insoluble forms is often based on filtration with a 0.45-um pore-size mem-
brane filter. This filter specification was not selected on the basis of its
proper separation of the two forms, but rather, primarily because its
resistance to flow of water is sufficiently low that the laboratory analyst can
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collect an adequate amount of filtrate within a sufficiently short period of
time so thzi analyses are not significantly delaved. It is well-known that 2p-
preciable quantities of some particulate contaminants, such as ferric iron,
can pass through a 0.45-pum pore-size filier and be measured as soluble
when, in fact, they are colloidal particulates. Such material may be as small
as 0.001 pm in diameter. At this time, essentially nothing is known about the
availability of contaminants present as colloidal precipitates or sorbed on col-
ioidal particles. While such contaminants are measured, at least in part, as
soluble forms, only a small part of the colloidal-particulate concentration
measured is fikely to be available to impact cn water quality, This is gne
reason that this method of differentiating available and unavailable contami-
nant forms is often not reliable for certain contaminants. Filtration through
membrane and certaip other filters is also often not a satisfactory means of
distinguishing between contaminants present in true solution and those pres-
ent as colioidal suspensions, because almost all such filters contain trace
amounts of metals that are Jeached to the filtrate. Nienke and Lee [6] found
that it was impossible to determine reliably the soluble zinc in Lake Michigan
water using membrane filtration with Millipore filters because the zinc pres.
ent in the filters leached into and contaminated the samples. Such filters can
also sorb contaminants such as certain organics, resulting in incorrect chem-
ical measurements. Further, colloid-size materials, as mentioned previously,
may be sufficiently small to pass through 0.45-um pore-size filters. Although
high-speed centrifugation may be more appropriate for separating soluble
from unsoluble contaminant forms, it is wsually teo time-consuming for
routine use. If there is a question regarding the suitability of filtering a sam-
ple through a 0.45-um pore-size filter for the evaluation being conducted,
high-speed centrifugation should be checked.

* Another cause of discrepancies between soluble and toxic forms of some
elements, especially heavy metals, is the formation of chemical complexes.
The formation of complexes or chelates, which are complexes composed of
two or more figand groups within the complexing molecule, is frequently in-
voked as 2 reason for some contaminants’ not being toxic to aguatic fife.
Generally, much of what are labeled as complexes can also be readily ex-
plained by sorpticn onto finely divided particulate matter, In general, the
behavior of contaminants sorbed on colicids or present as complexes is the
same, About the only way to discern, 2t environmental concentrations,
whether the toxicity of 2 metal ion is due to its presence as a soluble complex
or a sorbed colicidal form Is by evaluating the foxicity of a [filtered water
before and after high-speed centrifugation. 1f there is an appreciable
decrease in toxicity after centrifugation, then it is possible that a large part of
the metal was present as colicidal species and that this fraction was responsi-
bie for at lcast part of its toxicity.

It must not be inferred, however, that because 2 heavy metal is present as a
complex it is necessarily toxic. It has been known for many years that eopper
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compiexes with citraie are toxic to algae whereas copper complexes with
ethylenediaminetetrascetic acid {EDTA] are nontoxic, Further work is needed
tc determine whether a refationship exists beiween the magnitude of the
stabifity constant for meta! ion complexes and the toxicity of the complex.

Anocther aspect of complexaticn which must be considered is that many of
the important complexing agents for heavy metals in aquatic systems are
organic compounds that are subject to biciransfermation. Such transicrma-
tions can significantly alter the ability of the organic compound to form a
complex. This behavior is readily demonstrated in the use of copper citrate
for algae control in water supply reservoirs. The addition of copper suifate
{an aguo species) to reservoirs for algae control is not very effective in hard-
water, high-alkalinity jakes and reservoirs, because copper in this form
precipitates as az basic carbonate. This precipitation will not occur for 2
period of time if the copper is added as the complex copper citrate. Eventu-
ally, as bacteria transform the citrate, the effectiveness of the copper
diminishes because of precipitation of the released aquo species of copper
with hydroxide and carbonate.

In the mid-1970s the International Joint Commission (1IC) for the Great
Lakes held a workshop devoted to the toxicity of metal forms to aquatic lile
in natural water systemns. The proceedings of this workshop [7], and in par-
ticular the paper by Andrew [#] devoted to the toxicity of various forms of
copper to aquatic life, clearly show that the toxicity of cgpper, as well as the
toxicity of several other heavy metals, is best correlated with the concentra-
ticn of the ionic form. Precipitated, sorbed, or complexed forms are usually
much less toxic than the free metal ion. It is clear from the proceedings of
this UC symposium, as well as from numerous other studies, that the total
concentration of a contaminant which is frequently measured for companson
with water quality standards may be a poor measure of a contaminani’s
potential toxicity to aguatic life. ‘ ;

An Example of How Water Quality Characleristles Impace on Toxicity

The Study Characteristics

The resuits of the Morrison et al [9] study, as reported by Pitts [{0], con-
cerning the texicity of copper in the Cache iz Poudre River {(Poudre River)
water to fish, demonstrate the impact certain water characteristics can have
on toxicity. This river originates in the Rocky Mountains as a high-quality
mountain stream and, as shown in Fig. 1, it flows past Fort Collins, €O, and
Windsor, CO, eventuaily emptying inte the South Piatte River near Greeley,
CO. Morrison et al [§] conducted 2 seres of statie toxicity tests in which
aquariums were filled with Poudre River water taken at various lfocations,
shown in Fig. 1. Copper was added to the aquariums, and the 96-h LCqg val-
ues for copper were determined for both rainbow trout and fathead minnows.
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Typical results, as reported by Fitts [J0], are presented in Tables | and 2
and show that the toxicity of copper to these fish was dependent on the source
of water used in ths test. Water obtained at Site 1, which represents moun-
tain stream water before significant impact by man, showed the greatest iox-
icity. Site Z is located within the city of Fort Collins and receives a small

amount of urban and agriculturai drainage. 1t is evident from Tables § and 2.

that, in peneral, copper added to water from Site 2 is much less toxic to both
types of fish. Sites 1 and 2 are about 24 km (15 miles) apart on the river. Cop-
per added to water from Site 3, which is 16 km (10 miles} downriver from Site
2, is even less toxic. Between Sites 2 and 3, the river receives substantial in-
puts of irrigation return water, and, at some times during the year, the
discharge of well-treated secondary effluent from a domestic wastewater
treatment plant which serves 50 000 to 60 000 people.

Between Sites 3 and 4, a distance of about 8 km (5 miles}, some irrigation
return water is added to the river at certain times during the year. It is evi-
dent from Tables 1 and 2 that there is little difference in the copper toxicity
between the water from Site 3 and that from Site 4. Between Sites 4 and 5,
which are about 16 km (10 miles) apart, the tiver receives irrigation return
water and, most important, municipal wastewater from the town of Windsor,
CO, and industrial wastewater from the Kedak of Colorado facility. It ap-
pears from the data available that copper is somewhat more toxic tq fathead
minnows in Site 5 waters than in waters collected from Site 4,

in reviewing these results it should be pointed out that the toxicity to the
test fish of copper added to Site 1 water was typica} of that reported in the
fiterature. Therefore, the surface and groundwater inputs to the Pondre
River that occur after the river leaves the mountain significantly aiter the
acute toxicity of copper to trout and fathead minnows,

TABLE 1—Acute lechol toxicity of copper in Cache s Poudre River water
{0 rainbow trout.®

Temperature, S6-h LCqp. 95% Confidence
Site °C pH mg/L Limit, meg/L
i 15 £.9 0.10 0.064 10 0,74
10 7.2 0.017 §.005 ga 0.060
2z i5 B.2 0.21 .15 10 0.29
1o 8.2 0.14 0.14 10 0.24
3 15 8.3 0.16 G.13 w019
i 2 0.46 839 0 0.52
4 15 B.4 0.29 0.24 10035
i 8.2 0.51 .54 10 0.70
5 5 B.2 .27 0.17 10 0.43
1y 7.9 057 248 10 0.68

“ After Pirts {1

-
3
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TABLE ZewAcwse lethal taxiciey of copper in Cuche la Poudre River water
to fothead minnows.®

Temperature, %6-h LCyp, 953% Confidence

Sie = pH mg/k Limit, mg/L

1 24 6.9 0.14 0.i2 w015

20 8.9 0.10 0.081 10 0.12

2 25 83 0.68 0.60 0076
20 8.3 i1 0.51 to 1.3
3 25 8.4 5.1 1.9 1o 44
20 7.8 i5 LI teld

4 25 8.4 5.1 4.1 tob4
piv 8.3 7.2 49 1ol
5 25 8.2 2.5 2.6 031
20 B.0 7 13 o2

2 After Phes [F0).

" Factors Affecting Copper Toxicity in the Poudre River

There are a variety of factors that can contribute tc varying toxicity of 2
contaminant such as was found in the Morrison et al {9} study, as reported by
Pitts [10). It is well-known that the toxicity of copper is dependent upon the
hardness-alkalinity of the water. The state of Colorade Water Quality Con-
tro! Commission {/1} has proposed water quality standard guidelines {or cop-
per which are a function of water hardness or alkalinity. For a hardness or
alkalinity of 0 to 100 mg/L as calcium carbonate (CaCQ;), a copper
guideline of 5 pg/L has been established. For waters containing between 100
and 300 mg/L as CaCQ; of hardness or alkalinity, the copper guideline value
is 10 pg/L. For waters having alkalinity or hardness values between 300 and
400 mg/L as CaCO;, the copper guideline value is 20 pg/L; and above 400
mg/L as CaCQ;, the copper guideline value is 4C pg/L. Therefore, based on
the Colorado Water Quality Control Commission guidelines for copper [1/],
there is almost a factor of 10 difference in the toxicity of copper to aquatic life
in low hardness or lew alkalinity waters compared with that found in ex-
tremely high-hardness or high-alkalinity waters.

The EPA November 1980 12} water quality eriteria for copper established
maximum allowable copper concentrations in freshwater systems of 12, 22,
and 43 pg/L for waters having hardness values of 50, 100, and 200 mg/L as
CaC0,, respectively; the EPA maximum concentrations for copper 2s a func-
tion of hardness are somewhat higher than those established by the state of Col-
orade Water Guality Control Commission [11]. In the EPA [2] criteria there is
a factor of about 4 between allowable copper concentraticns in low-hardness
and high-hardness waters, as compared with the Colorado factor of 10.

The only characteristics of the test waters measured by Morrison et al [9]
were temperature and pH; they did not measure alkalinity or hardness. The
Morrison et al [§] water samples were collected in fall 1578 and winter-spring

LEE ANL JUNED UM INANDLMAINHNG LAD NMEOULED 1L 7l

1979, During 1978 to 1980, the U.S. Geological Survey (USG5} measur:
hardness and alkalinity of Poudre River water from this area. Table
presents the average concenirations for these parameters found by th
USGS. While most of the data were collected in 1575 to 1980, a year after tF
Mortison et al [9] sample collection, the average concentrations of hardne:
and alkalinity reported generally indicate the concentrations that would t
found in any year at or near the sites indicated.

Examination of Table 3 shows that at or near Site 1 the hardness an
alkalinity values were between 40 and 50 mg/L as CaCOy; the most stringes
state of Colorado copper water quality guideline would. therefore, be aj
plicable to this water. In the Poudre River at Lincoln Street near Site 2, ti
hardness and alkafinity ranged from 100 te 150 mg/L as CaCQ;, ar
therefore the second most stringent copper water quality guideline would |
applicable. Near Site 3 the hardness and alkalinity values were appro:
mately 800 te 900 mg/L as CaCQy; therefore, the least stringent copper wat:
quality guideline would be applied to the water. Site 5 hardness and aikali
ity ranged from 200 te 551 mg/L as CalO0j, which would cause the copp
water quality guideline corresponding to hardness values of 300 to 400
400+ mg/L as CaCQ; te be applied, depending on whether alkafinity
hardness were used. The decrease in hardness and alkalinity between Sites,
and 5 may account for the decrease in copper toxicity found by Morrison et
{9] for samples of water taken from these locations,

1t is evident that the markedly different toxicities of copper to [athead mi
nows and trout found by Morrison et al {9] cannot be compietely accounte
for by the differences in hardness and alkalinity found in the Poudre River.
is logical to suggest that this difference may be due, in part, to complexis
agents added to the river from agricuitural drainage and irrigation retu:
flows, urban storm-water drainage, and domestic and industrial wastewat
inputs. It may also be due to the input of both inorganic and organic pa

TABLE 3~dverupe slkulinity and hardness for Coche la Poudre River,

1379-4980.7
Alkalinity, Hardness,
Location mg/L Cals, my L Calll,
bdouth of canyon 48 45
{Site 1}
Lincoln Street 103 143
{Site 2}
TFimnath Read 192 913
{near Sie 3}
Hear Greeley 215 55t

{below Site 5)

#8ased on U.5. Geological Survey data provided to For Cotlins, C6.
Drepariment of Public Works,
®Data from 1978-1979.
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ticulaie matter to the river from these sources that would sorb copper and
make it unavailable to the test organisms during the period of the test. Mor-
rison et al [9] did not make measurements of suspended particulate matter or
turbidity in their test aguariums. Therefore, it is impossible to correlate
suspended solids levels with toxicity,

Morrison et al [9] condocted similar types of tests for ammonia, zine, cad-
mium. and silver. In general, patterns of toxicity simiiar to those reported for
copper were found for the zinc, cadmium, and silver with as much as an
order of magnitude or more difference in the toxicities of these metals to
trout and fathead minnows at the downstream study sites, compared with the
study site near the mouth of the canyon just above the zrea where man starts
to have a heavy impact on the characteristics of the river. It was interesting to
find that ammonia showed little change in toxicity as a function of type of
water when assessed in terms of un-ionized ammonia. Ammonia added tc
water from the mouth of the canyon (Site {) showed approximately the same
toxicity to fathead minnows and trout as it did when added to water from
Sites 3 and 4. The lack of dependence of ammonia toxicity on type of water
would be expected based on ammonia's relatively simple agueous environ-
mental chemistry compared with that of many of the heavy metals. While
ammonia tends to form complexes with some metals, the complexes are weak
and unimportant in affecting aquatic organism toxicity under most normaj
environmental conditions. The heavy metals generally of water quality con-
cern all tend to form strong complexes with a variety of organic and inorganic
compounds. Heavy metals also tend to sorb strongly on natural water par-
ticulate matter while ammonia sorpticn tendencies are, in peneral, much
weaker. Therefore, it may be concluded that the Morrison et al [9] data en
the acute lethal toxicity of copper, zinc, cadmium, siiver, and ammonia are
in accord with the aqueous environmental chemistry of these elements in the
waters of concern,

Implications of Marrison et ol Study Results on Copper
Waste Load Allocation

It is evident from the results of the Morrison et 2} {9] study, as reported by
Fitts [10]. that appreciably greater concentrations of total copper can be
allowed in the lower plains reaches of the Poudre River than in those parts of
the river that are in the mountains. This conclusion assumes that the chronic
toxicity of copper to aguatic life varies in 2 manner somewhat proportional to
the change in acute toxicity of copper to aquatic life observed for different
water sources. Work needs to be done to verify that this assumption is ap-
propriate. Their studies also showed what appears to be strong justification
for site-specific standards, and waste joad alocations based on these stan-
dards, that consider the agueous environmental chemistry of the contami-

P
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nant of concern in the particular receiving water, Failure to develep such
site-specific standards could easily resuit in unnecessarily strict water quality
standards being applied to certain waters, In practical terms this means that
an Industry, such as a printed circuit industry, may choose not to locate in a
certain area because it could not meet worst-case standards {for example, for
copper) required of its effluent when, in fact, the effiuent may not adversely
affect the beneficial uses of the waters to which it would be discharged. By
using site-specific standards, aquatic life-related beneficial uses can be pro-
tected without making unnecessary treatment demands of industry, munici-
palities, agricultural interests, and other sources of contaminants,

Other Studies on Transiation of Laboratery Results to Fleld Situations

Toxicity of Chloramines

Lee et al [I2] and Newbry et al [/3] conducted a study on the persistence
and toxicity of chiorine (chioramines) used for partial disinfection of domes-
tic wastewaters in several Colorado Front Range streams. By conducting in-
stream, caged fish bioassays and measuring chiorine concentrations over
time, it was determined that the acute lethal toxicities {96-h LCg) of the river
waters below the wastewater treatment plants {where chlorine appeared to be
the primary toxicant present} were essentially the same as toxicities deter-
mined in Iaboratory bioassays of mixtures of domestic wastewater and river
water in Michigan, as well as in standard laboratory bioassays with chicra-
mine, reported in the Hterature. This finding would be expected based on the
aqueous environmental chemistry of chloramines. All of the transformations
that chloramines tend to undergo in aquatic systems {such as phototransior-
mation, volatilization, and demand) produce forms that are not measured by
the analytical procedures frequently used for residual chiorine and that are
not highly acutely toxic to aquatic life.

It is important to note that the work of Lee et af {12} and Newbry et al {13]
focused on the toxicity of chiorinated municipal wastewater treatment plant
effluents that contained high levels of ammonia (or the order of 10 meg N/LL
If the wastewater had been nitrified prioer o chiorination, somewhat different
resuits would have been expected. The chicrination of domestic wastewzater
having lew ammonia levels would he expecied to result in the formation of a
wide variety of organic chicramines which would have markedly different
toxicities to aquatic life from the moncchioramine typically present in non-
nitrified effluent. Therefore, while the translatability of results between the
Lee et af [12] study sites was good, it is likely that their resuits would not be
directly applicable to shuations involving-chlorine residuals arising from the
chlorination of nitrified domestic wastewater effiuents,
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Biocuncentrution of Organics

Although most of the information available on problems of translating lab-
oratory bicassays to field situations focuses on heavy metals, there is growing
evidence that similar problems occur with many organic contaminants as well,
An example of inappropriate transtation of {aboratory bioassays of organic
compounds to field situations is provided by the bioconcentration factors and
subsequent standards developed for some chiorinated hydrocarbon pesticides
and polychlorinated biphenyls {PCBs). It is now apparent that the bioconcen-
fraiion factors established for PCBs, based primarily on work with Lake Mich-
ipan and Lake Superior water, are not applicable to many other waters of the
United States. The work of Jones and Lee {/4] has shown that PCBs are pres-
ent in some waters of the United States at concentrations a factor of 19 to 20
above the EPA July 1976 Red Book eriterion for PCBs; yet the concentrations
of PCBs in the flesh of fish living in these waters are far below the Food and
Drug Administration (FDA) action limit of 5 ppm. This discrepancy appears
to arise from the fact that PCBs tend to become strongly sorbed onto natural
water particulate matter. Such sorption significantly reduces the availability
to fish, Both fish and suspended sediment, which compete for the PCBs pres-
ent in the water, are sinks for PCBs, Lake Michigan and Lake Su perior waters
are atypical of most natural waters in the United States in that they contain
unusually small amounts of particulate matter. Therefore, bicconcentration
factors and criteria or standards based thereon, developed through work on
Lakes Michigan and Superior water, will be unnecessarily strict for most
waters containing particulates because the PCB sorption reactions were not
accounted for; such bioconcentration factors will also have limited capabilities
for predicting the uptake of PCBs by fish in waters having more normal
suspended sediment concentrations,

The results of studies on the impact that suspended particulate matter has
on the uptake-bioconcentration of organic compounds in natural waters by
aquatic organisms have serious implications for the use of a laboratory pro-
cedure such as that proposed by ASTM Commitiee E-47 on Biclogical Ef-
fects and Environmental Fate for developing bioconcentration factors. It is
cit?ar that such procedures will not generate data with widespread ap-
plicability for predicting the bicconcentration of contaminants in natural
water. In addition to the approach specified by these procedures, part of the
problem is that the analytical procedures generally used for measurement of
PCls and other contaminanis of this type do not distinguish forms in true
solution {and therefore available for bioconcentration) from those sorbed or
otherwise associated with particulate matter, and thus having a different
availability and impact mechanism for aquatic life. Care must be exercised in
applying laboratory-derived bioconcentration factors to the total concentra-

tion of the contaminant in the water when estimating bioconcentration in the
field.
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Throughout this paper, emphasis has been given to these transfermations
that oceur in the field which tend to reduce the toxicity or availability of con-
taminanis to aquatic life. In general, transformations of this type are the
most commen, however, there are other important and notable transforma-
tions which also must be considered in any assessment of the potential
hazard that a particular contaminant represents to beneficial uses of water
on a site-specific basis. For example, several chlorinated hydrocarbon
pesticide degradation products are more toxic to aquatic life than their
parent compounds. The testing of Aldrin in laboratories would not, in
general, detect the toxicity caused by dieldrin, a transformation of Aldrin.
Similarly, heptachlor epoxide, which would be formed in aquatic systems, is
much more toxic to aguatic life than its parent compound, heptachlor.

The photodecomposition of iron cyanides, which leads to the formation of
hydrogen cyanide (HCN}, is another example of a reaction in which a com-
pound of fairly low toxicity to aguatic life is converted in the environment to a
much more toxic chemical. Similar types of conversions can occur with heavy
metals or other contaminants which are either complexed or sorbed by
organic materials. This would be especially true in those wastewaters which,
at the point of discharge, may be relatively nontoxic because of sorption or
complexation reactions, However, in the environment, the organic fraction
which is rendering the chemical of concern nentoxic would be decomposed,
that is, bictransformed, thus releasing the contaminant in its toxic form.
Consideration must be given not only to the behavior of potentially signifi-
cant contaminants such as heavy metals, buf also to contaminanis such as
strong complexing agents which, while nontoxic or essentially nontoxic to
aquatic life, could, in the environment, mobilize highly toxic contaminants
from sediments. For example, there has been concern for many years about
the use of nitrilotriacetic acid (NTA) as a substitute for phosphate in
detergent formulations. it is conceivable that the discharge of NTA into 2
poorly treated domestic wastewater could result in sufficient guantities of
NTA entering the aguatic environment so that, when in coniact with
sediments, it could complex, that is, sciubilize, heavy metals from the sedi-
ments making them available, Even if the solubilized complex of NTA is
nontoxic, the NTA will uitimately be degraded in the environment and the
heavy metal, at that point, would be free in the form of the aquo species. An
example of this would be the heavy metals associated with domestic wastewa-
ter discharges in which the heavy metals are primarily in a particulate form.
Cne must be certain that heavy metals which are nontoxic at the point of
discharge do not become toxic downstrearn because of hiotransformation of

the chemicals that render them nontoxic. :

Another situation that must be considered in evaluating the hazard that a
contaminant represcnts to beneficial uses of aquatic sysiems. based on
laboratory hicassays or toxicity tests, is a marked change in the environmen-
ta! characteristics of the receiving waters from those of the waters used in the
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toxicity testing, A classic example of this kind of situation occurs with am-
moniz. When asscciated with municipal wastewater discharges, ammonia
may show relatively low toxicity since such waters tend to have a much lower
oH than receiving waters, especially those rich in 2lgal or other aquatic plant
growth, A wastewater with refatively large amounts of total ammonia may be
nontoxic at the point of discharge. However, in the receiving waters, even
a_fter diluticn, because of the higher pH arising from photosynthesis espe-
cially during the late afternoon, the wastewaters may show appreciable tox-
icity to fish and some other forms of aquatic life.

Certain heavy metals, such as manganese and iron, tend to be much more
soluble under reducing than oxidizing conditions. This is readily demon-
strated in the environment by the relative concentrations of iron and manga-
nese in the epilimnia and anoxic hypolimnia of lakes and reservoirs. This
means that, since toxicity tests with aguatic organisms must be conduicied
under oxic conditions in order for the organisms to survive, it is possible that
a contaminant which is unavailable in the presence of dissolved oxygen could
become more availabie in the absence of oxygen, that is, in the ancxic
hypolimniz of fakes. However, in evaluating this situation, one must consider
the fact that most aquatic life reguires dissolved oxygen; therefore, the issue
is not whether a contaminant is more toxic in a reduced form but whether,
upon contact with dissolved oxygen under suitable habitat conditions for fish
and other aquatic life, the coniaminant would remain in a reduced form or
wouid be readily oxidized or removed under oxidizing conditions, that is, in
the presence of dissolved oxygen. Jones and Lee {14] have found, in their ex-
amination of the behavior of a varety of contaminants present in U.5. water-
way sediments, that the only two contaminants of the group they studied
{which included heavy metals and chiorinated hydrocarbon pesticides—30
contaminants in ali} that did not rapidly convert to inscluble forms upon ex-
posure of the sediment extract to waters containing dissolved oxygen were
ammonia and manganese. In the case of ammonia, this conversion is bic-

chemically mediated. Similar results have been found for manganese by Del-
fino and Lee [15].

Discussion of Recommended Approach

A wealth of information has been developed from the EPA water quality
criteria development efforts concerning the toxicity and bicconcentration
responses of numerous types of organisms to exposure, under faboratory con-
éiiziuzzs, 1o 2 wide variety of chemical contaminants that could significantly
impact on water quality. Most of this information was produced through ar-
tificiol, usnally worst-case, testing conditions. It is known, however, that
such worst-case conditions rarely exist in natural water systems. Because of
the behavior of many aguatic organisms and the contaminant dilution-
dispersion  patterns and  varisble concentrations of many contzminant
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sources, organisms of concern often do not receive chronic lifetime exposure
to contzminants. Many organisms are known to be able to tolerate even
potentially acutely foxic levels of contaminants, provided the duration of
their exposure is kept sufficientiy short. Chemicals can undergo a variety of
chemical and physical transformations which alter their toxicities. It is thus
inappropriate, in many instances, to take the results of a worst-case
laboratory bioassay (such as the “safe” concentration of 2 contaminant
under worst-case conditions previously defined) and apply them to a water
body {for example, the concentration in a water therefore shall not exceed the
wsafe” level). It behooves those in the water quality management field to
develop a system whereby this wealth of toxicity-bioconcentration informa-
#ion can be used effectively for cost-effective, envirenmentally scund water
guality management.

One of the major problems faced in transiating laboratory bioassay data is
how to account for the chemical transformations that will occur in the field
but that did not occur in the laboratory. This problem has its roots in
analytical deficiencies that are not readily overcome. Seme transformations,
such as photolysis and hydrolysis reactions, destroy the parent compound
and create preducts which are generally analytically distinguishable from the
parent compound even when the total concentration of the parent compound
is measured. For other transformations, such as sorption. complexation, and
precipitation, however, the transformation products are not generaily
analytically distinguishable from the parent compound, especially if the total
concentration is measured. Although sample filtration or centrifugation can
aid in making this distinction, in addition to the problems inherent in those
procedures, they .do not necessarily adequately separate available from
unavailable forms. It is therefore not possible, in many cases, to translate
iaboratory bioassay results to field situations by measuring contaminant con-
centrations in the field.

The philosophy of the hazard-assessment approach can be employed in
dats translation. This approach has been described by Lee et al {16,17] and
has also been the subject of several recent conferences and workshops {Cairns
et al {18} and Dickson et al {I9]). It involves a selective sequential (tiersd)
testing program designed to provide the technical input necessary to answer
specific questions, With each subsequent tier, testing and evaluation become
more sophisticated and expensive, but the answer derived is more accurate;
the specific tests conducted in each tier depend on the gquestion to be
answered. Testing can be terminated at any level cnce 2n answer of sufficient
reliability can be gleaned. For evaluating the impact of a particular discharge
on water quality, each tier addresses key aspects of the environmental
chemistry-fate of the contaminant or contaminant mbcure and potentially
significant transformation products, and the aquatic toxicology of the con-
taminant or contaminants and transformation products, in lght of desired
beneficial uses of the water.



344 - AQUATIC TOXICOLOGY: SIXTH SYMPOSIUM

Tier [

The first tier of such an assessment for translation of faboratory bicassay
data to field conditions when a point-source discharge is being evaiuated
should have basically two components. One is a review of the componenis of
the discharge that may cause water quality problems, their forms, and what
is known about their aqueous environmental chemistry. The second compo-
nent is an evaluation of certain characteristics of the receiving water. For ex-
ample, if the component of the discharge of concern is a metal, focus should
be directed on the tendency of the forms of the metal present fo undergo
complexation, precipitation, and sorption reactions under the pH, tempera-
ture, hardness, alkalinity, and turbidity conditions that exist in the receiving
waters and the forms and solubilities of the metal likely to be produced. For
organic chemicals, primary attention should be given to their tendency for
sorption and, depending on the specific organic compound, to its tendency to
undergo photolysis, volatilization, and so on. It is also important to deter-
mine the solubility of the organic compound: some may be so insoluble under
the conditions being considered that the ievels in the water would be in-
significant compared with any “critical” level. Consideration must be given
not only to the transformation reactants and products but also to the rates of
the transformations likely to be encountered. As indicated earlier, the receiv-
ing water pH, temperature, alkalinity, hardness, and turbidity should be
determined as well as flow,

If, based on the aqueous environmental chemistry of the contaminants of
concern it is likely that the contaminants will be in forms available to aquatic
life, if the turbidity of the receiving water is less than 0.1 nephelometric tue-
bidity units (NTU) (or there is essentially no tendency for sorption), and if
the effluent-water mixing is such that the organisms of concern would fikely
be forced to spend critical life stages or substantial portions of their lifetimes
in an area influenced by the discharge, the evaluation may be terminated and
the worst-case bioassay results applied directly to the waters. Because of the
importance of turbidity in making Tier 1 evaluations, the authors have pro-
vided a recommended, somewhat arbitrarily determined turbidity value
cutoff. It is likely that this 0.1 NTU value will be changed as more informa-
tion is gathered on turbidity-sorption relationships, but it should be ade-
quate at this time for Tier 1 evaluations. This turbidity level can be refiably
measured using a2 Hach 2100 A turbidimeter.

An alternative to measuring turbidity may be to measure Secchi depth. In
deeper waters, if the Secchi depth is less than about 2 m, there may be
enough particulate matter to result in sufficient sorption to be of concern.
This value would also be subject to change as more information becomes
avatlable.

If. 2t the end of the Tier | evaluation, there are significant gaps in infor-
mation regarding the effluent or receiving water characteristics, or about the
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agueous environmental chemistry-fate of the contaminants of concern, then
Tier 2 testing should be undertaken. Tier 2 testing should alse be undertaken
if it is determined in Tier 1 that werst-case laboratory bicassay data are not
appropriate for direct application (o the feld site of concern.

Tier 2

For the purposes of this general discussion, Tier 2 testing will be divided
into two parts: Tier 2A for those situations in which data are lacking on the
environmental chemistry, and so on, and Tier 2B for those in which it has
been determined that worst-case laboratory bicassay results are not ap-
propriate for the field site, The specific evaluations made in Tier 2A will de-
pend on the voids left in Tier 1. Examples of the types of tests that may need
to be run are presented here.

The complexation tendency of certain heavy metals is likeiy to be related to
the dissolved organic carbon {DOC) concentration in the water, Although the
exact relationship is currently inadequately defined, waters with higher DOC
would be expected to cause greater complexation of heavy metals. Watcrs
with high DOC levels also tend to have a greater sorption potential. The
reason for this is that the dissolved organics coat suspended particulates,
generally increasing their sorption capacity for some contaminants, Where
indicated, DOC should be measured on samples that have been [iltered
through a 0.45-um pore-size filter or centrifuged at high speed. If filtration
were o be used, blanks must be run to ensure thai the filters do not add
significantly to the DOC content of the sample. The DOC should be mea-
sured after removal of inorganic carbon, using high-temperature catalyst-
assisted or pressurized persulfate oxidation techniques, in which the carbon
dioxide {COQ;) produced is measured. In general, chemical oxygen demand
techniques involving oxidation with a chromic acid sclution are not reliable
for this purpose.

If a contaminant’s sorption tendency is not known, it is suggested that it be
determined on several standardized sorbents. A standard clay, a lreshiy
prepared ferric hydroxide, and a standard organic particulate polymer, such
as polystyrene beads, sheuld be used in a testing procedure of the type being
developed by ASTM Committee E-47 on Biological Effects and Environmen-
tal Fate. Because of the nonlinear and nonextrapclatabic nature of many
sorption reactions, the sorption test should be conducted at or near the ex-
pected environmental concentrations for the contaminants of concern, using
suspended solids concentrations typical of what might be expected in the en-
vironment, Since many sorption reactions are not completely reversible, care
must be taken to simulate, as closely as possible, the conditions that will
prevail at the site of concern. I these conditions are unknown, then sorption-
desarption testing must be conducted under the range of conditions that are
expected to exist in the environment,
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The characterization of the sorption tendencies of organic and inorganic
eontaminants evaluated for their aguatic toxicity-bioconcentration potential
would be 2 major step toward providing the kinds of information rfeede;d to
detect potential problems in translating laboratory results to field situations.
Tn time, as more information becomes avaiiable, it may be possible to reduce
the amount of testing to that of one type of sofid. it is important to em-
phasize, however, that this testing is not designed to predict the amount of
sorption that would occur in an aquatic system. Instead, it is to be used as a
screening mechanism for detecting those chemicals which have a high sorp-
tion tenaency. If an assessment of the suitability of worst-case laboratory

results for the site of concern cannot be made at this level of testing, Tier 3

testing would be necessary.

If it is determined in Tier 1 that worst-case bioassay resuits are highly con-
servative for direct application to the site of concern, it is recommended that
the worst-case resuits be used in Tier 2B as 2 screening tool. Based on ex-
pected or measured mixing patterns, the area below the discharge in which
the chronic safe contaminant concentration is exceeded shouid be defined.
This could easily be the starting point of a hazard assessment of the chemical
such as that briefly described previcusly. It may be that the extent of this
area is insignificant in terms of adversely impacting on aquatic fife or other
beneficial uses of the water. If the areal extent wherein the chronic safe level
is exceeded is extensive and of concern, then Tier 3 testing would be indicated.
" 1t should be mentioned that for some contaminants, notably chioroamine
120). environmental chemistry-fate models have been developed which can be
used to estimate the areal extent and duration of contaminant persistence in
a particular receiving water. In general, these models are in their infa.n.cy and
are largely unverified. They should be applied with caution and verified for
the system to which they are being applied before their cutputs are accepted.

' Tier 3

Tier 2 testing would invelve conducting in-stream bioassays following the
approaches outfined by Lee et al [1£}. This tier can provide information that
will assist in making future transiations of laberatory resuits to the field. By
the time Tier J testing is indicated, the discharger may find it more economi-
gal to use worst-case results than to continue testing but will more {ikely con-
duet 2 hazard assessment of the chemical or discharge. In the iatter case, in-
sireamn bioassays will undoubiedly have to be included. The previously
described hazard assessment scheme is one that, based on experience, the
authors feel will be cost-effective in developing the necessary information.
Other schemes would also provide the desired information at approximately
the same cosi.
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Addisional Considerarions

In addition to the large amount of worst-case lahoratory bicassay results
available, there is also a considerable amount of information available from
more site-specific or less conventiona! bicassays. In using this information,
the same considerations as outlined in this paper must be given to the com-
parability and translation of the resuits to a site before the results are used in
assessing water quality impacts, '

While the example provided in this paper was for a contaminant’dis-
charge, the same basic approaches would be used repardless of the contami-.
nant source, be it nonpoint, natural, or unknown. These approaches can also
be used for applying laboratory results to a reach of a river.

Little has been said about actual translation of laboratory resuits to fleld
situations in terms of the modification of a bioassay result to fit a particular
set of field circumstances. At this time, this type of translation canmnot, in
general, be reliably made, It may be possible to do this with some eonfidence
when more information is available of the type derived by Lee et al [/2] and
Newbry et af /3] on chioramines, that is, the comparison of actual in-siream
toxicity responses of fish with knowledge of pH, turbidity, hardness, alkalin-
ity, and temperature to laboratery 96-h LCsy values, chronic safe exposure
levels, and so on. Tier 3 studies, if properly conducted, will be instrumental
in obtaining this type of data.

Conclusions and Rerommendations

The aqueous environmental chemistry of a contaminant plays a major role
in governing its toxicity and impact on aquatic organisms in natural water
systems. Because such chemical reactivity is often neglected in laboratory
bicassays and because the results of many standard bioassays are for worst-
case conditicns, it is generally inappropriate to directly use worst-case
laboratory bioassay results for field conditions, especially when considering
total concentrations of contaminants. The chemical reactions generally of
greatest concern in the transiation of laboratory results to field situations are
the formation of metai ion compiexes and of finely divided precipitates or
sorbed species. '

A hazard-assessment approach should be used to identify those field situa-
tiens for which worst-case laboratory bioassay results are not generally ap-
propriate. Attention needs to be given to the contaminant characteristics and
reactivity as well as fo certain pertineni characteristics of the water at the site
of concern, especially its turbidity, Such an approach in water quality man-
agement will allow maximum utilization of available information on contam-
inant toxicity and bioconcentration as well as contaminant agueous environ-

mental chemistry.
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Although, in general, it is not yet possible to readily translate lahoratory-
derived information to fieid conditions, the capability of water quality
managers 1 make this translaticn would be greatly facilitated with informa-
tion developed from the recommended evaluation procedures presented,
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