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ABSTRACT: The agricultural revolution occurred because the un-
managed environment was not providing food in either the quantity
or quality that society desired. The ‘*‘environmental revolution” is
developing because the unmanaged environment is clearly not capable
of assimilating societal wastes without being seriously degraded. Ef-
fective environmental management will require regional and site-specific
modification of general principles and practices that can be used at a
national or international level. An environmental management system
can be operated in the same manner as any industrial quality control
system with three basic components: (a) sensors at appropriate loca-
tions, (b) rapid generation and feedback of information, and (c) a
quality control group gapable of taking immediate effective action
when system performance is outside predetermined boundary condi-
tions. This discussion focuses primarily on three areas: (a) management
options available to regulate intrusion of societal wastes into natural
systems, (b) types of methods available for predicting and validating
cffects on natural systems, and (c) modifications of present legislation
that would permit the most flexibility in selecting from the various

management options. Also considered are multispecies toxicity tests
using species with cosmopolitan distribution in test systems with a high
Vi degree of environmental realism. Among the many values of such tests
is the ability to exchange information from all parts of the world ef-
fectively because the test organisms are not restricted to a particular
geographic region.
(KEY TERMS: water quality; hazard evaluation; water management;
criteria; monitoring; legislation.)

INTRODUCTION

Ecological consciousness did not become a major feature of
industrialized societies until about 15 years ago. The sudden-
ness of the development appears to have been a consequence
of exceeding the assimilative capacity of the environment for
societal wastes in a variety of ways and locations, producing

ll’aper No. 85019 of the Water Resources Bulletin. Discussions are open until October 1, 1985.
2Director, University Center for Environmental Studies and University Distinguished Professor, Department of Biology, Virginia Polytechnic Institute

and State University, Blacksburg, Virginia 24061.

WATER RESOURCES BULLETIN



effects that could not escape attention. The similarity to the
agricultural revolution, in which the unmanaged environment
did not produce food in sufficient quantity or quality to meet
the expectations of society, is instructive. The environmental
revolution is the result of a variety of unmistakable signals from
natural systems that a tolerance threshold for societal wastes
has been crossed in sites in almost every part of the world. As
Woodwell (1984) notes, the sudden surge in ecological aware-
ness probably resulted from the widespread intensive use of
DDT, which produced biologically dramatic effects and which
could be associated with chemical concentrations in animal
tissues. The unmistakable evidence of transfer of DDT
through the food chain to humans drew the attention of
people who might otherwise have ignored these events.

Unfortunately, the young but rapidly developing field of
ecology was still in the observational phase of development
and had only begun to enter the predictive phase. One could
document effects of toxicants, but toxicity tests to predict
their effects before use were not in general use. Furthermore,
the sophisticated tests needed for accurate predictions could
not be developed quickly. The challenge of predicting en-
vironmental response to a variety of anthropogenic stresses
was not comparable to catching up with the Russians following
the launching of Sputnik. As Slobodkin (1984) notes:

In contrast to molecular genetics and biochemistry,
which have at times had a relatively small number of em-
pirical questions that needed answering before under-
standing could advance, central focal questions do not
generally exist in ecology. There are no single obvious-
next-questions. ‘The problems of ecology span the full
range of interactions among the earth’s two million
species of organisms and their environment. Production’
,of a unitary, comprehensible, ecological theory is thus
completely intractable. There is no present hope for
deriving the mechanistic basis of, say, a tropical rain
forest in the same way that one can begin to understand

. the mechanistic basis for nerve conduction, muscle con-
traction, or photosynthesis.

Slobodkin also notes that practical questions are not going to
wait for ecologists to complete their “homework.” This is
quite evident if one examines the present system.

The management of water quality now depends on a cur-
ious patchwork of laws, methods, and treatment systems lack-
ing a unifying theme. Such management might be characterized
as an attempt to control the entry of societal waste into the
environment based on indirect evidence of the probable ef-
fects. Given the lack of system and structure that has char-
acterized pollution control efforts in the past, it is astonishing
that results have been as good as they appear to be. These
relatively good results may be due to one or both of two
factors: (a) the assimilative capacity of natural systems is
generally much greater than it was thought to be and/or (b) we
have failed to detect all but the grossest ecosystem responses,
such as fishkills and the like.

Caimns

If environmental protection is viewed as a quality control
problem, the unifying components become clear:

1. An explicit description of the environmental qualities
to be protected. Statements such as “‘protection of fish,
shellfish, and wildlife are not adequate for this purpose.
Specific functional and structural characteristics to be pro-
tected must be identified with sufficient precision that a quan-
titative determination can be made when these fall outside the
boundaries of natural variability and could legitimately be
characterized as a stress response (Odum, et al.,, 1979). While
some guidelines might be developed on a national scale for

~this purpose, an effective quality control system must depend

A / primarily on regional and even site-specific criteria. Asa con-

- sequence, an illustrative list of control parameters might be

produced from which local or regional selections could be

made with the recognition that each ecosystem is sufficiently

unique that special parameters might be necessary for main-

taining quality control. It is also worth noting that the pro-

# tection of rare and endangered species will almost certainly

require a different strategy from the protection of ecosystems.

Ecosystems are characterized by successional processes and

other types of change whereas the protection of rare and en-

dangered species requires that optimal conditions, or as close

to optimal as is possible for that species, be maintained in
perpetuity.

2. A general agreement is needed on the methods and pro-
cedures necessary to determine how well the qualities selected
are staying within acceptable ranges. A variety of both pre-
dictive and reactive (feedback loop) tests can be used for this
purpose (Cairns, 1982a). Biological tests are essential because
no instrument built by man can measure toxicity; however,
chemical and physical tests must also be conducted because
biological response alone makes determining the cause diffi-
cult. Desirable chracteristics of single species tests are now
generally understood. Desirable characteristics of multispecies
tests have been discussed by Tebo (in press), Loewengart and
Maki (in press), and Cairns (1984). Among the most im-
portant desirable characteristics of tests are: (a) low frequency
of false negatives or positives, (b) readily usable by a large
variety of institutions and individuals, and (c) end point
should be a discrete variable.

3. A rapid and effective response must follow whenever the

/ quality control conditions are not within the predetermined
parameters. This is the most drastic change for those ac-
customed to settling environmental problems in the courts
when such problems really should be resolved by a profes-
sional management team charged with that responsibility.
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In this discussion, I will first examine present management
options for ensuring that the assimilative capacity of the en-
vironment is not exceeded. This includes an analysis of various
options and the selection of the most desirable ones. Second,
implementation of the options with present methodology is
examined, as well as areas where further research is needed
for fully effective management. Modifications of present
legislation that will enable the regulatory implementation of
the strategy are also discussed.

WATER RESOURCES BULLETIN



|

——

Evaluating the Options for Water Quality Management

MANAGEMENT OPTIONS

The basic management responsibility is to optimize the
benefits of a technological society without damaging natural
life support systems. It is clear that many citizens of the
world would not accept this minimal goal but would insist on
preserving aesthetic and recreational benefits as well. The
major difficulty in optimizing benefits is that neither the assi-
milative capacity of natural systems nor the output of the
global technological society is constant. Furthermore, the dis-
charge of anthropogenic wastes into the environment does not
cycle in phase with various natural cycles. As a consequence,
management must either discharge wastes into the natural re-
ceiving systems using limits developed for “worst possible case
conditions” or establish a feedback loop from natural systems
that will enable quick and effective tracking of changes in
assimilative capacity. There are only three basic options avail-
able to regulate the intrusion of anthropogenic wastes into
natural systems: (a) “‘pipe standards” — controlling both the
quality and quantity of discharges into natural systems at the
discharge pipe, (b) technology-based standards — installing
the best practical or best applicable technology in hope of
adequately protecting the environment, and (c) receiving
system standards — using the condition or quality of the re-
ceiving system as a means of regulating waste discharges. Both
pipe standards and technology-based standards have two
serious weaknesses: (a) they do not use direct measurements
of the impact on natural systems as a means of quality con-
trol, and (b) they ignore the well established fact that much
environmental stress is the result of nonpoint source dis-
charges. Receiving system standards and criteria also have two
serious drawbacks: (a) as is the case for agricultural practices,
regional climatic and environmental conditions are so different
that a high degree of site-specificity is essential, and (b) there
is no general agreement among environmental professionals
about the end points or parameters essential to a quality con-
trol system based on receiving system criteria and standards.

The proceedings of the seminar Development and Assess-
ment of Environmental Standards, published in 1983 by the
American Academy of Environmental Engineers, lists other
faults of both pipe and technology-based standards. Knowing
the chemical concentration leaving a pipe does not ensure ac-
curate prediction of its toxicity in a particular receiving system
because environmental quality mediates the toxic response.
Also, chemicals from several pipes can interact synergistically
in the receiving system to increase toxicity markedly. An
additional fault of technology-based standards is the failure
to consider either the size of the receiving system or its en-
vironmental characteristics. Because of these deficiencies,
receiving system criteria and standards are being re-examined.
Perhaps ecologists will stop squabbling among themselves
and recognize that if the informed professionals are not willing
to endorse end points or parameters for water quality control
then less informed people will do so or go back to pipe and
technology-based standards. Since receiving system standards
have worked rather well for thermal discharges (e.g., Section

316A, Public Law 92500) in the United States, they should be
given a more extensive trial for other anthropogenic wastes.

TYPES OF METHODS AVAILABLE FOR PREDICTING
AND VALIDATING EFFECTS OF ANTHROPOGENIC
STRESS ON NATURAL SYSTEMS

Basically three different categories of tests are available
to determine the toxicity or environmental stress of materials
discharged into the environment or activities producing en-
vironmental disturbance. In broad, general terms these are:
(a) single species laboratory toxicity tests using lethality or
some other easily observed response as an end point; (b) more
complicated tests that are conducted primarily, but not en-
tirely, in the laboratory with systems having a higher degree of
environmental realism (these are generally called microcosms)
or with even larger systems, often called field units or desig-
nated as mesocosms (e.g., see the excellent article by Odum,
1984); (c) field studies at the site of discharge which usually
involve an inventory of species in a reference station compared
to stations exposed to the stress, but sometimes involve a func-
tional assessment such as detritus processing or energy flow.

Single Species Tests

Sloof (1983) feels that single species toxicity tests for en-
vironmental protection are a direct outgrowth of the tests de-
signed to protect human health. He notes that this is un-
fortunate because, while the tests are similar, the ways in
which the tests are used are quite different. Single species
tests are generally, but not entirely, carried out in relatively
simple apparatus with a small number of organisms not greatly
different in size or other easily measured characteristics. These
organisms are generally required to be relatively free of easily
observable diseases, and mortality in the control tank must be
10 percent or less during the test period. The simplest of
single species tests are inexpensive, can be carried out in both
mobile and stationary laboratories by personnel with relatively
little scientific training, and appear to have worked rather
well for the past 30 years. Their success is probably due to two
factors: (a) results of a short-term test are usually multiplied
by an application factor which very substantially reduces the
response concentration to an estimated “‘safe” concentration;
(b) sophisticated, scientifically justifiable validation of the
predictions made with single species tests in natural systems
by methods acceptable to professional ecologists has been ex-
ceedingly rare (National Research Council, 1981).

Microcosms and Mesocosms

The use of microcosms and mesocosms, though not a new
approach, has become increasingly common in the last few
years.  The publication Environmental Toxicology and
Chemistry of the Society for Environmental Toxicology and
Chemistry (a relatively young but vigorous professional so-
ciety) shows an extraordinary interest in these systems. Their
chief advantage is that they have a higher degree of environ-
mental realism than single species tests so that studies of
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chemical fate and transformation can be combined with en-
vironmental toxicology. The chief weakness of the systems is
that even now only a relatively few research investigators in
industry, regulatory agencies, and universities have extensive
experience with microcosms and mesocosms. Some are no
more costly than the moderately sophisticated single species
tests, while others are quite elaborate, require highly trained
personnel for successful operation, and may be an order of
magnitude more costly than single species tests.

Field Studies

A large number of methods has been used for 30 years or
more for field studies in aquatic systems. Most of these might
be inelegantly characterized as “critter counting.” Although
many of the methods can be used in a wide variety of situa-
tions, a far higher degree of design adjustment is inevitably
required by site-specificity than is necessary for either single
species or microcosm tests. Since field tests are likely to be
more costly than either of the other categories, skillful sam-
pling design and interpretation of data are mandatory. A
major drawback is that one cannot tell in many situations
whether the stress is approaching a response threshold or
whether it is quite far away. For the other categories of tests,
one can set-up a graded series of concentrations of chemicals,
temperatures, suspended solids, and the like to ensure that the
observable effects response threshold is determined. In field
studies, crossing this threshold is undesirable even for experi-
mental purposes because the natural system will be damaged.
This can partly be offset by doing studies directly at the out-
fall before the effluent is well mixed with the receiving water;
assume then that if a response occurs it will be detected there
first and that the damage, if any, will be fairly limited. This
gives an even more precise determination of the natural
response threshold than the laboratory tests. Another problem
with field studies is distinguishing between the high degree of
natural variability characteristic of most systems and a trend of
degradation caused by a deleterious waste discharge. How-
ever, if field studies are accompanied by single species toxi-
city tests and/or microcosm and mesocosm tests, the array of
evidence available should assist in overcoming this difficulty.

Hazard Evaluation Protocols

In recent years, the number of tests designed to estimate the
hazard of chemicals and other anthropogenic stresses to
aquatic life have so multiplied that these tests had to be or-
ganized into orderly sequences. However, the impetus that en-
sured the preparation of the protocols came from an entirely
different need and that was the consent decree against the
Environmental Protection Agency on the “65 hazardous
chemicals.” An examination of the evidence used to prepare
criterion documents on these chemicals showed that no sys-
tematic generation of data occurred for the purpose of pre-
paring these documents but rather data were taken almost en-
tirely from scholarly journals and the “gray” literature that
was not peer reviewed. Both were usually prepared for more
limited purposes than estimation of environmental hazard.

Thus, large gaps of information and sometimes conflicting evi-
dence surfaced because a standard minimal data base was not
generated. Although quite a variety of these protocols has
been prepared (Dickson, et al., 1979), no general agreement
exists as to the methods that should be included or the se-
quencing of these methods. In 1973, Cairns and Dickson pre-
pared a protocol for testing ammunition plant wastes that was
subsequently published in an ASTM journal (Cairns and Dick-
son, 1978). This publication really had a laboratory protocol
starting with the simplest laboratory toxicity test and pro-
ceeding to the most elaborate, plus a field protocol with the
same gradient. Subsequently, Cairns (1981) decided that these
protocols unintentionally followed the evolutionary develop-
ment of laboratory and field testing with the most familiar
tests done first and the least familiar last. A few years later, a
more complete case was made for testing different levels of
biological organization simultaneously (Cairns, 1983). The
argument about protocol structure and content is still con-
tinuing and is unlikely to be resolved quickly; it deserves
serious attention. The debate revolves around two major
points: (a) How accurately can one predict from one part of the
protocol to the other and from one level of biological organi-
zation to another? and (b) How much information redundancy
occurs (i.e., how much information overlap) when one carries
out a large array of tests? Thus, the data needed to resolve the
issue about protocol structure and content are quite clear,
but the amount of effort required to get the necessary infor-
mation will be enormous.

LEGISLATION

Most present legislation is designed to prevent or restrict
intrusion of societal wastes into natural systems. When legis-
lation does focus on environmental quality directly, it is in
such a general way as to be virtually meaningless. Most re-
cently, much has been heard about “fishable, swimmable
waters.” Such statements avoid being explicit regarding the
qualities necessary to protect ecosystem health and do not
state whether one should be satisfied with catching an occa-
sional carp (which may or may not have abnormal growths) or
whether a quality sport fishery is intended and, if so, how one
determines this. Legislation is needed that will facilitate local
and regional decision making on criteria and standards but
which will take over when local stewardship fails. Criteria
for systems of national importance (e.g., such as those contain-
ing rare and endangered species, national parks and forests, and
the like) might have guidelines provided by a federal agency
and a management team representing the federal government.
Additionally, certain types of environmental effects (e.g.,
acid rain) will require negotiation between nations such as
Canada and the United States and ultimately should be regu-
lated by some form of world government. Details for imple-
menting this are beyond my competence, for I have no legal
training, and beyond the scope of this discussion even if 1 did.
However, it is clear that quality control and other management
practices must be based on direct evidence from the system
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being protected. In some cases, the system will extend over
national political boundaries.

Who Pays for These Quality Control Systems?

Not too many years ago, we were accustomed to thinking
of water, air, and the environment in general as a “free good”
or a “common ground.” Common ground is, of course, some-
thing that is not owned by a particular person, such as the
envelope of air surrounding the earth, and is, therefore, open
to use by all. Only relatively recently has some thought been
given to protecting the rights of others using the common
ground and even the rights of the non-human biota occupying
it. The idea of a use tax is resisted vigorously, partly because
the determination of charges will not be easy and because
people resist paying for something that once was free. Never-
theless, someone will have to pay for the management system
protecting environmental quality, and what better way to do
so than to apportion the charges for this among all users, in-
cluding individuals who drive automobiles, heat their homes,
etc. These are small but collectively important mobile and
stationary emission sources. Fortunately for us, the acid rain
problems in Europe will probably force some action there
from which we can learn and devise our own methods. While
all of these actions may seem difficult or impossible, the Arab
oil embargo forced a number of energy-saving measures, par-
ticularly in industry, that were retained even when the cost
of oil dropped. “Unthinkable” measures become “thinkable”
when the incentives are sufficiently powerful.

Developing Quality Control Criteria

The restoration of the Thames and Clyde Rivers in the
United Kingdom, Lake Washington in the United States, and
a number of other aquatic ecosystems elsewhere in the world
demonstrates that present methodology and technology pro-
perly used can work wonders. Some effects (e.g., egg shell
thinning in birds caused by DDT) are undoubtedly beyond our
present and near future predictive capabilities and will have to
be detected by biological monitoring of natural systems. Even
the crude monitoring systems in place a few years ago de-
tected the egg shell thinning, and corrective measures reduced
the magnitude of the problem in a few years. Almost certainly
as our monitoring and predictive capabilities improve, the
number of such incidents will be markedly reduced and those
that occur will be detected quickly. Detection of more subtle
effects, such as minor changes in energy flow and detritus pro-
cessing in natural systems, will require years to perfect.

THE NEED FOR A WORLD-WIDE
STANDARD TOXICITY TEST

Most of the disagreement about the effects of various kinds
of toxicants is the result of using different species under dif-
ferent test conditions and different end points. Additionally,
some countries have less information about the effects of
potentially toxic materials than others, and some have virtually

none at all. These differences make general use difficult. The
question of transferability of results has also been hampered
by differences in climatic conditions of ecosystems and the
like. An ideal standard test for world-wide use should have
the following characteristics: (a) uses organisms with a cosmo-
politan distribution; (b) generates quantitative information
that is easity communicated; (c) uses inexpensive apparatus
that is easily obtainable; and (d) provides information about
acute and chronic effects in less than one month. One might
also add the following qualifications: (a) that the end points
or parameters be accepted by professionals as important or
significant; (b) that laboratory results be readily transferable
to the field (i.e., high probability of field validation of pre-
dictions based on laboratory results); (c) that replicability be
quite high and response variability precisely documented or
low; (d) that the organisms used be ecologically important or
significant; and (e) that the no-observable-effects level (i.e.,
the concentration at which no adverse effects are observed)
be less than, equal to, or not greatly above commercially
important species, such as fish, shell fish, etc. A candidate
test uses protozoans, a group of organisms with a cosmo-
politan distribution. The scientific understanding for the
end points used has appeared in scholarly journals for a long
time (Cairns, 1969, 1982b). The use for toxicity testing has
also passed peer review in scholarly journals (Cairns, 1980;
Niederlehner, et al, 1985), and field testing has been exten-
sive (Cairns, et al., 1979; Henebry and Cairns, 1984; Plafkin,
et al., 1980). In addition to testing in the United States, Ber-
muda, and the Bahamas, Dr. Shen Yun-fen of the Institute of
Hydrobiology, Academia Sinica, Wuhan, People’s Republic of
China and her colleagues have been testing the method for
approximately 2% years with considerable success. For pur-
poses of calibration, Dr. Shen spent approximately a half-year
at the University Center for Environmental Studies, Virginia
Polytechnic Institute and State University, carrying out some
collaborative research. The method using protozoans has
also been field tested in Antarctica (Cathey, et al., 1982) and
has proven successful. Additional evidence indicates that the
method will work well in Australia, the Amazon River, the
United Kingdom, and Europe. Given the variety of conditions
already tested, it seems likely to be as useful throughout the
world as any other method. Optimal use would require that
identifications be made by a trained taxonomist. Our studies
had good results using students with no prior taxonomic ex-
perience but who were good at discriminating differences in
shape, form, and pattern. In terms of the reliability of the
information for toxicity testing purposes, there was no statis-
tically significant difference between a newly trained person
and a skilled taxonomist. This is not to say that the skilled
taxonomist did not provide additional information but, rather,
that the information was generally not used and the primary
information could be obtained by a less skilled person. Pro-
fessional organizations could provide an enormous service by
developing a world-wide information pool on pollutional and
environmental measurements and by providing a widely used
standard test that could be a reference for translating data
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obtained from indigenous species with limited distribution to
those with cosmopolitan distribution. Equally important, a
standard test would provide some means of plotting environ-
mental water quality on a world-wide basis.
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ABSTRACT: In the past few years, there has been widespread acceptance of the idea thata
scientifically justifiable estimate of che hazard of a chemical to aquatic life can be obtained
in a cost-effective way from data systematically generated for that purpose. One cannot
assume that data generated for research purposes other than hazard evaluation will be
adequate to meet this need, since such data have been demonstrably inadequate for pro-
ducing criterien documents for the 65 chemicals named in the consent decree imposed on
the U.S. Environmental Protection Agency (EPA) to stimulate the production of these
documents. Since the EPA has had insufficient time to generate a substantial body of its
own evidence, data were obtained from the open literature. Although the evidence was, in
most cases, exemplary in terms of the original purpose for which it was intended, it was
inadequate in the aggregate for the purpose of hazard evaluation. The Toxic Substances
Control Act provided the primary impetus for the development of hazard evaluation proto-
cols that require the systematic generation of data. Although these were designed primarily
for new chemicals, the need to use them for some existing chemicals has been recognized.
Although the structure and organization of hazard evaluation or toxicity testing proto-
cols are quite varied, the most familiar ones espouse sequential testing. That is, simple
inexpensive range-finding tests involving single species are used at the outset, and one
proceeds through tiers or phases ir which the tests increase in complexity, sophistication,
cost, and, frequently, duration. It is generally recognized that the amount of evidence
needed to make a sound estimate of hazard will differ from chemical to chemical, and,
therefore, provision has been made for terminating testing at multiple points in the se-
quence. One expects that only a few of the more dangerous or persistent chemicals will
require every test in the series, since the large volume of new chemicals being generated and
the scarce resources for testing now prohibit a complete series of tests on all chemicals.
Justification for sequential testing is as follows:

1. More expensive, sophisticated tests can be carried out more efficiently if the results
from simpler toxicity tests are available when the complex tests are designed.
2. Carrying out tests in sequence is most likely to ensure that an adequate amount of
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data is made availablc for the estimate of hazard without markedly overshooting the point
at which a sound cvaluation of hazard can be made.

3. Insituations in which one is examining an array of chemicals that are all intended for
the same purpose (to sefect the one with the least environmental impact), sequential testing
is likely to identify the most suitable candidate chemical at the least cost.

A strong case can also be made for simultancous testing at different levels of biological
organization:

1. No compclling evidence exists that single-species tests can be used to predict multi-
specics, community, or ecosystem responses accurately. Additionally, the ability to predict
sublcthal cffects, such as altered behavior, growth, reproductive success, and the like,
from shont- or long-term tests on lethality has not been exemplary. If such a prediction
were adequate, the need for additional tests beyond the range-finding test would not be 52
crucial. Since the information from toxicity tests at the beginning of the sequence is not
demonstrably correlated with responses in the latter parts of the sequence, the ability to use
information from the first part of the sequence in the design of subsequent toxicity tests is
questionable.

2. If the time involved in collecting sufficient information to make an adequate estimate
of hazard is important (because of the financial outlay in developing a new chemical and
the like), delay in reaching a critical mass of information for a sound decision is a major
cost factor. Even if money were saved in the sequential testing procedure, this might be
overbalanced by the amount lost elsewhere as a consequence of the additional delay. This is
particularly true in view of the fact that short-term tests are carried out early in the se-
quence and longer-term tests are postponed until the short-term tests are completed.

3. The sequential arrangement of tests from the simple to the more complex possibly
reflects, in a general way, the historic development of the field. Therefore, toxicity tests—
with which there is a long familiarity—are placed early in the sequence and more recent
and more sophisticated tests, which are still in the experimental stage of development, are
placed last. Because our awareness of the need for additional information has evolved in
this fashion (that is, from simple, short-term crude tests to more sophisticated tests), it
does not mean that this evolution of thinking has to be repeated in the hazard evaluation

process.

The belief that multispecies, community, and ecosystem toxicity tests are second-order
tests that can only be carried out after single-species tests is an assumption that deserves
serious attention. There is no compelling evidence that single-species tests can be used to
predict reliable responses at more complex levels of organization. Development of suitable
tests at higher levels of organization than single species may well have been impaired
because of the views just discussed, since both funding and research priorities almost
certainly have been influenced by them. Although tests at higher levels of organization may
be expensive, many are less expensive than or comparable in cost to long-term, continuous-
flow exposure tests of single species. If toxicity testing at different levels of organization is
to be simultaneous instead of sequential, much more attention needs to be given to increas-
ing the array of suitable test methods for multispecies testing than has been the case in the

past.

KEY WORDS: toxicity testing protocols, hazard evaluation, multispecies toxicity tests,
ecosystem toxicity tests, aquatic toxicology, hazard assessment

Single-species tests have been the workhorse of the toxicity testing field for
many years. There are both practical and emotional reasons for this. Single-
species tests are essential for obtaining information on concentrations and
durations of exposures to chemicals that produce changes in survival, produc-
tion, physiology, biochemistry, and behavior of individuals within a particular
species. Single-species tests range from those measuring acute effects, where
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ajor concern has been rapid mor.tality. to highly sophisticated tests of
chronic effects. The t).rpes of obscrvations possible in. chronic tox.icity tests
;nclude long-term survival rates'.; gr?wth rates; changes in reproduction; phar-
mscokinetic responses; dctcr.mmatlon of the mechanism of toxicity; patholog-
ical, biochemical, and physiological changes; and mutagenic, teratogenic,
and carcinogenic rates. In recent years, increasing emphasis in acute toxicity
{esting has been given to the use of life history stages [1]? and more sensitive
cnd points than lethality. Simpler tests at least are reasonably priced and de-
jiver certain kinds of information relatively rapidly. However, as one moves to
more sensitive parameters and longer periods of exposure, together with im-

rovements in the environmental realism of a test, such as continuous flow and
other more realistic conditions, the cost increases may be an order of magni-
tude or more.

We also tend to be somewhat emotionally attached to responses with which
we identify. All the things that happen to other species in single-species tests
can also happen to us. Death is an aspect we understand better than disequi-
jibrium in an ecosystem. I have been carrying out single-species toxicity tests
since 1948, am doing so now, and expect to continue to do so for the remainder
of my professional career. In addition, in 1973 a colleague and I produced a
protocol for laboratory toxicity testing that started with single-species tests.
This was eventually published (2] after it had been utilized for a number of
years with reasondble success.

Evidence examined since the first protocols were produced and tested has
convinced me that sequential testing proceeding from a single-species test to
higher levels of organization is not the best strategy and that simultaneous
testing at different levels of biological organization is more scientifically justi-
fiable and even sounder economically. I am not against sequential testing per
se, but I am against sequential testing that proceeds from lower to higher levels
of biological organization (for example, from single species to populations,
communities, and ecosystems). In short, the most generally accepted assump-
tion is that simple inexpensive range-finding tests involving single species
should be used only at the outset of the sequence and that one should then
proceed through tiers or phases in which the tests increase in complexity (that
is, higher levels of biological organization), sophistication, cost, and, fre-
quently, duration. Sequential testing is essential if one assumes that the
amount of evidence needed to make a sound estimate of hazard will differ from
chemical to chemical, and, therefore, one should make provisions for termi-
nating testing at multiple points in a sequence. One would expect that only a
few of the more dangerous or persistent chemicals would require every test in
the series, since a large number of new chemicals appear annually [3], and the
scarce resources for testing now prohibit a complete series of tests on all chemi-

the m

2The italic numbers in brackets refer to the list of references appended to this paper.
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cals. I still support this assumption and believe it is both scientifically and
cconomically defensible. I only question the assumption that single-species
tests should be the only ones carried out in the first tier or phuse of the se-
quence. Perhaps the most expeditious way to explore my change in position is
tostart with the assumptions which originally led me to belicve that laboratory
toxicity testing should start with single-species tests:

1. More expensive, sophisticated tests can be carried out more efficiently if
the results from simpler toxicity tests are available when the complex tests are
designed.

This statement assumes that substantive predictive value can be chtained
from short-term to chronic tests with single species and applied to higher levels
of biological organization. MacArthur [4] has aptly diagnosed a basic prob-
lem: **Scientists are pcrennially aware that it is best not to trust theory until it is
confirmed by evidence. It is equally true, as Eddington pointed out, that it’s
best not to put too much faith in facts until they have been confirmed by
theory.”” The facts that we have been gathering are the various responses of
single species to various chemicals under reasonably well controlled condi-
tions. The assumption is that we can use these facts to predict *‘safe” concen-
trations with low probable risks to communities and ecosystems using single-
species tests. I know of no substantial body of scientifically justifiable evidence
that supports this hypothesis. Nevertheless, although this hypothesis is rarely
so éxplicitly stated, it is an underlying assumption in much of our regulatory
and enforcement practices on toxic substances and other environmental pol-
lutants and is also responsible for directing research funds in pollution assess-
ment predominantly toward single-species tests.

This assumption is worthy of detailed examination because of its pervasive-
ness in water pollution assessment. Failure to state this assumption explicitly
may be due to a general feeling that it is so well supported by evidence that the
statement is platitudinous, or to a fear of causing a loss of confidence in the few
biological tests now generally accepted. If the former is the reason, there cer-
tainly has been no rigorous gathering of evidence or analyses of this evidence to
check the assumption, and, if the latter, we should be comforted by the fact
that single-species toxicity testing has an irreplaceable role in water pollution
assessment. Perhaps, however, it is tilne we recognize that single-species tests
will be of even greater value if used in combination with tests that can provide
data on population interactions and ecosystem processes.

Taub [5] has given an example of predator-prey interaction that illustrates
the inadequacy of single-species tests for predicting the outcome of multispe-
cies interactions. If a chemical introduced into the natural environment re-
duces the growth rate of a prey population so that both birth and death rates
are effectively lowered by the establishment of an older age structure, the rela-
tive population size could remain the same, but the flow of biomass available
in the system might be reduced. A predator population that relies on this
particular flow of biomass could then lose a substantial source of food. If that
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source Were critical to the survival of the predator (that is, no other suitable
sources were available), the population could become extinct or markedly re-
duced, although no change would be observed in the size of the prey popula-
tion. Single-species tests that usc either the predator or the prey could not have
been utilized to predict this outcome, although the indirect effect could have
peen as severe as direct chemical toxicity. A single-species laboratory test
might also indicate th.at the etfect on that species would be more severe than
would actually occur in nature.

_In the following hypothetical example, the chemical might adversely affect
test Species A and produce increased mortality in a single-species laboratory
test. However, in an ecosystem, the chemical could affect a predator of Species
A by inhibiting its reproduction. Although the size of A was reduced in labora-
tory tests, reduction in predation in the natural environment might well com-
pensate for this effect, thus resulting in a minimal change in its population size
in the *‘real world.” This effect might theoretically have been predicted accu-
rately from individual tests on each of the species involved, but only if one had
avery substantial working knowledge of the particular ecosystem in which they
lived and interacted.

I will postpone for the moment a discussion of other considerations, such as
whether tests that will furnish such evidence are now available or whether we
can afford to carry them out if they are. At this point, it is sufficient to indicate
that single-species tests are not likely to be useful predictors of effects, particu-
larly indirect effects, at higher levels of biological organization. As a conse-
quence, information obtained from them early in a testing sequence is not
likely to make subsequent tests at higher levels of biological organization more
efficient or better designed.

2. Carrying out tests in sequence is most likely to ensure that an adequate
amount of data is made available for the estimate of hazard without markedly
overshooting the point at which a sound evaluation of hazard can be made.

The danger of overshooting, in terms of gathering an evidence base in excess
of that necessary to estimate hazard reliably, is clearly overshadowed by the
possibility of gravely underestimating or overestimating hazard as a conse-
quence of stopping at that point in the sequence where only single-species tests
have been carried out. One should be concerned with both quality and quan-
tity of data generated. If the predictive value of data at one level of organiza-
tion for response at another level of biological organization is not great, then
an array of tests at different levels of biological organization is essential in
order to make an informed and accurate estimate of hazard. Simuitaneous
testing at different levels of biological organization need not preclude pru-
dence in determining how much evidence to gather at each level. Simultaneous
testing at different levels of hiological organization is no more likely to over-
shoot the mark in terms of gathering an excess of data to make an informed
estimate of hazard than single-species testing alone and is more likely to en-
sure that the estimate will be confirmed in the “real world.”
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3. In situations in which one is examining an array of chemicals that are all
intended for the same purpose (1o select the one with the least environmental
impact), sequential testing proceeding from the lowest to the highest levels of
biological organization is likely to identify the most suitable candidate chemi-
cal at the least cost.

This statement is based on the assumption which I now think to be scientifi-
cally unjustifiable—that differences in response will remain in the same rela-
tionship from one level of biological organization to another. There is little

“direct evidence to either confirm or invalidate this assumption, and the indi-
rect evidence suggests that this is not likely to be true. Even within a single
species, the relative scnsitivities of different life history stages of a single spe-
cies are not likely to remain constant from one chemical to another, particu-
larly if these chemicals are markedly different in structure. Therefore, if dif-
ferent life history stages vary in response from one chemical to another, it
seems highly probable that different levels of biological organization will also
vary in the same way and, therefore, that the predictive value from one level of
biological organization to another, even in this regard (that is, in determining
the chemical with the least biological impact out of an array), will be minimal.
At the very least, sufficient evidence to make a scientifically justifiable decision
is essential. Until this assumption is either verified or discredited, it would be
prudent to assume that it is not valid.

One reviewer of this paper correctly noted that “toxicity is not the only
mechanism of deciding whether extensive testing on a chemical should be done
or not.” Although this paper focuses on toxicity testing, I reaffirm a position
held since 1948 that a mixture of different types of evidence including bio-
logical, chemical, and physical are necded to make a sound decision. Selection
of chemicals for testing is based on considerations of use, including frequency
of use, geographic distribution, and intensity of use, as well as biological con-
siderations—a position clearly stated in Principles for Evaluating Chemicals
in the Environment (Ref 6, Tables 10 and 11, p. 227), produced by a commit-
tee which I chaired. In addition to high or moderate toxicity to representative
single species, one should consider the persistence of a chemical or its continu-
ous introduction into the ecosystem as well as conditions of use, environmental
partitioning, and the like. These aspects are fully discussed in publications in
which I had a part [6-11]. The strategy espoused, particularly in the “Peliston
series” [7,9,10,12], is that the amount of data gathered should be determined
by the proximity of the environmental concentration of the chemical and the
concentration below which no adverse biological effects are noted.

Case for Simultaneous Testing

A strong case can also be made for simultaneous testing at different levels of
biological organization (that is, single species, multispecies, community, and
ecosystem).



Predictive Value of Single-Species Toxicity Tests

Single-species toxicity tests can provide useful information on the concen-
trations and durations of exposures to chemicals that result in changes in the
survival, reproduction, physiology, biochemistry, and behavior of individuals
within particular species. Single-species toxicity tests can range from tests of
acute effects, where the major concern has traditionally been rapid mortality,
to highly sophisticated tests of long-range or chronic effects with more subtle
end points. The types of observations possible in chronic toxicity tests include
Jong-term survival rates; growth rates; changes in reproduction; pharmaco-
kinetic responses; mechanisms of toxicity; pathological, biochemical, and

hysiological changes; and mutagenic, teratogenic, and carcinogenic rates.

Relatively little evidence is available to determine if the response of test
species in natural situations is similar to that predicted from laboratory tests.
The limited evidence that is available includes all three possibilities: (1) corre-
spondence between the laboratory and field response is quite good (that is, the
laboratory predictions were validated), (2) the response in the field is less than
that predicted by laboratory tests, and (3) the field response is greater than
that predicted by laboratory tests. Cairns et al [13] found excellent correspon-
dence between laboratory and field responses for a sizable number of fish
species when chlorine and temperature preference and avoidance of a steam
electric power plant discharge were concerned. It may be that this excellent
agreement between field and laboratory responses was the result of using a
mobile laboratory, which was stationed on the bank of the river being studied
and which used test water pumped directly from the river. In addition, since
both laboratory test water quality and temperature were determined by ambi-
ent conditions in the river, a degree of environmental realism was achieved
that would normally be impossible with the use of standard laboratory refer-
ence waters and test conditions. Replication of test conditions in this series of
tests would be exceedingly difficult for another laboratory situated elsewhere,
but replication of the test methodology would not be. In contrast, although the
results of median lethal concentration (LCg) tests for aquatic invertebrate
species indicated low toxicity for polychlorinated biphenyls, subsequent field
work and multispecies tests revealed a decrease in diversity of invertebrate
populations [14]. Laboratory tests may also indicate that a material is much
more toxic than it appears to be in the field. For example, data from laboratory
tests with a standard set of aquatic invertebrates suggested that mirex was
highly toxic to the test species. However, the field data failed to corroborate
these findings [15]. Similar results obtained with subchronic tests using sev-
eral aquatic invertebrate species exposed to methoxychlor provided evidence
that some of the species used were affected adversely at concentrations of 0.2
ug/L [16]. However, a one-year field study investigating exposure in streams
yielded additional information on population effects and interactive re-
sponses. Only very subtle changes were detected in individual species at 0.2
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#g/L in the stream cnvironment, and multispecics interactions, such as preda.
tor-prey relationships, appcared unaffected {17].

Although more literature exists in which laboratory and ficld responses of
single species have been compared, it is astonishing how seldom attempts are
made to corroborate the evidence gathered in laboratories from the field re-
sponse of species. When this is done, the correspondence may be good, or the
laboratory response may be markedly greater or less than the response under
field conditions. This brief discussion was included for two purposes: (1) to
show that if the predictive value from single species in the laboratory to single
species in the field is somewhat questionable, at least in certain cases, one
might assume it to be eminently reasonable that there would be a considerably
lower predictive value from single species to multispecies and to higher levels
of biological organization; and (2) to demonstrate that the predictive value of
single-species tests appears to be greatest in situations in which there is a high
degree of environmental realism. Improving the environmental realism of a
single-species test will diminish its advantages over tests at higher levels of
biological organization because it will increase the complexity of the test and,
therefore, the difficulty in carrying it out. This will, in turn, markedly increase
the cost. As a consequence, the primary justifications for using single-species
tests to predict responses at higher levels of biological organization, namely,
simplicity and low cost, are severely impaired if one incorporates sufficient
environmental realism into the test to ensure excellent corroboration with the
field results.

Time

In 1973, when I first considered the problem of arraying test methods to
optimize the time of information generation and costs per unit of information
generated, it seemed quite reasonable to place first short-term, crude single-
species tests using lethality as an end point. The question I thought should be
asked was ‘‘How toxic is this chemical in relation to other chemicals?** A more
appropriate question now seems to be ‘“What toxicological information will
enable me to make a reliable estimate of the consequences of introducing this
chemical into a complex environment?” If the latter is the most appropriate
question, then the time required to generate data might well be shortened if
several levels of biological organization were tested simultaneously. The ques-
tion of both time and amount of data required to make an accurate estimate of
hazard is influenced very strongly by the degree of predictive value of data gath-
ered early in a sequence for results in tests further on in the sequence. One way to
illustrate this point is to use a diagrammatic representation of the process.

The first diagrammatic representation of a sequential hazard assessment

procedure demonstrating increasingly narrow confidence limits for estimates
of the no-biological-effect concentration and the actual expected environmen-
tal concentration of a chemical is given in Fig. 1. Note that the confidence
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FIG. 1—Diagrammatic representation of a sequential hazard assessment procedure demon-
strating increasingly narrow confidence limits for estimates of no-biological-effect concentration
and the actual expected environmental concentration. Modified from Cuirns et al [ 7] with the
kind permission of the American Society for Testing and Materials.

" interval boundaries depicted by dashed lines are not absolutely straight, which
suggests that some tests furnish information of predictive value about the tests
to follow. There is a further suggestion that the degree of predictive value
decreases as one proceeds through the tiered system. It is also interesting that
the confidence interval line slopes for both the no-adverse-biological-effects
concentration and the environmental concentration of the chemical are dis-
played as being roughly identical. At the time that these were drawn at a work-
shop on hazard evaluation held at Pellston, MI [7], it seemed intuitively rea-
sonable to characterize these relationships in that way. The emphasis at that
workshop was on coupling environmental concentration information and bio-
logical effects information. Although the sequencing of tests was important at
the early stages of thinking this problem through, predictive value from one
tier to another, although recognized as an important characteristic, was not
discussed in detail or with precision. Even now nearly four years after that
workshop, there is no substantive body of data generated in a systematic fash-
ion for the purpose of hazard evaluation to enable one to determine the predic-
tive value of information generated in one tier for the type of response likely to
occur in the next tier in the series.
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Assuming, for the moment, that the slopes of the confidence interval lineg
are roughly comparable for both the no-adverse-biological-effects concentra.
tion and the environmental concentration of the chemical, one could have two
other strikingly different alternatives. One of these is that there is no predictive
value from one part of the tiered sequence to another or from one test to an.
other and that each test furnishes totally different knowledge of roughly com-
parable quality, which then enables one to proceed incrementally toward the
goal of reducing uncertainty to an acceptable level. This situation is repre-
sented diagrammatically in Fig. 2. Another alternative is that the predictive
value at the early stages of the sequential or tiered testing system is extremely
high and, therefore, uncertainty is reduced almost precipitously; however, af-
ter the initial tests are carried out, additional tests do little or nothing to reduce
the uncertainty further. This situation is depicted diagrammatically in Fig. 3.
Other alternative slopes are depicted in Figs. 4 through 7.

Of course, it seems intuitively reasonable that the slopes might not be the
same for these two quite dissimilar types of information. If one assumes that
the slopes might be totally different for the confidence intervals depicting the
determination of the environmental concentration and the no-adverse-biologi-
cal-response concentration, one could assemble a number of other alternative
figures. If they are not the same, one can obtain a substantial number of other
figures which I leave to the reader’s imagination.
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FIG. 2—Diagrammatic representation assuming little or no predictive value for any informa-
tion. As a consequence, reduction in uncertainty is uniform and incremental.
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F1G. 3—Diagrammatic representation assuming a very high predictive value of information
Jor the early stages of the sequential hazard assessment procedure and little change in confidence
thereafter because of the complex and highly variable nature of the ecosystems.

Historic Development of the Field

The sequential arrangement of tests from the simple single species to the
more complex ecosystem tests possibly reflects, in a general way, the historic
development of the field. Therefore, we place toxicity tests—with which there
is a long familiarity—early in the sequence and place last the more recent and
more sophisticated tests which are still in the experimental stage of develop-
ment. The fact that our awareness of the need for additional information has
evolved in this fashion (that is, from simple, short-term crude tests to more
sophisticated tests) does not mean that we should repeat this evolution of
thinking in the hazard evaluation process. There are a number of alternative
explanations for the arrangement just mentioned, but the striking similarity
between the historic development of the field and the arrangement of some

protocols deserves attention.

Discussion

One might speculate that no test is necessary at other levels of biological
organization in instances in which single-species tests show that the no-
adverse-biological-effects concentration is markedly above the estimated envi-
ronmental concentration of a chemical. However, it is quite possible for pre-
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FIG. 4—Comparison of alternative possibilities for biological evidence: (A) the information
has low predictive value—gradual reduction of uncertainty as one proceeds through Tiers 1
through 3; (B) information has some predictive value—more rapid reduction of uncertainty; (C)
high predictive value—rapid reduction of uncertainty.

liminary estimates of either concentration to be markedly different from the
real-world concentration. Therefore, situations in which preliminary results
indicate that the no-adverse-biological-effects concentration is far above the
estimated environmental concentration may show, on more detailed examina-
tion, that the two concentrations are quite close together. Conversely, it is also
possible that the preliminary resulits will indicate the two concentrations are
quite close and subsequent examination will show that they are very far apart,
with the no-adverse-biological-effects concentration being well above the esti-
mated environmental concentration. Therefore, those who advocate use of
single-species tests alone in situations in which there appears to be no danger
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FIG. 5—Comparison of aliernative possibilities: the biological evidence has low predicitive
value (A): the environmental concentration of chemical evidence has moderate predictive value

(B).
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. 6—Comparison of alternative pussibilities: the biological evidence has low predictive

A)

the environmental concentration of chemical value has high predictive value (C).
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FIG. 7—Comparison of alternative possibilities: both types of evidence have high predictive
value (C). .

because the two concentrations are well apart and the no-adverse-biological-
effects concentration is well above the estimated environmental concentration
are using scientific judgment to obviate any additional tests. Since scientific
judgment is required at almost every step of the hazard evaluation process
(including which tests to use, how to sequence the tests, the degree to which
extrapolations can be made from these tests to responses not included in the
test series, the biological and ecological significance of the responses being
measured, and the like), there is no reason why judgment should not be exer-
cised at the very outset. However, it seemed useful to remind practitioners that
apparent relationships based on preliminary information may, in fact, be
quite misleading. -

In terms of sequencing, if the slopes of the lines are as depicted in Fig. 2, the
type of sequencing used would not seem to be particularly important because
all the types of information generated would be increasing one’s confidence
equally in the estimate of the no-adverse-biological-effects concentration. The
assumption that all types of biological information generated are of equal
value seems intuitively unreasonable. If the slopes in Fig. 3 are correct, only
the early parts of the sequencing are of any importance because not much new
information is added after the initial test series. This seems to be, if one judges
actions as a basis for determining how people feel about these three sets of
figures, the assumption that best depicts our current stance because we base
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most of our decisions on a relatively few tests. Whether this is for economic or
scicntific reasons is not clear.

The most important question now facing those preparing protocols is which
form of scquencing to use. It is clear that all tests do not provide information of
comparable value and, therefore, it scems reasonable to array tests so that the
most uscful information in terms of cost, time required, and (of course, most
jmportant) scientific merit is generated first. One of the important criteria in
determining scientific merit should be the ability to predict responses in suc-
ceeding tests in the sequential protocol. Many protocols start with a single-
species toxicity test and include no other levels of biological organization in
the early stages in the sequence. This is done despite the lack of substantive
evidence that one can accurately predict the response at higher levels of biolog-
jcal organization from the single-species tests and also rather general agree-
ment among ecologists that such predictions from one level of biological orga-
pization to a higher level of biological organization are not scientifically
justifiable.

Although it is seldom explicitly stated, single-species tests are usually car-
ried out with the assumption that the results are useful in protecting ecosys-
tems. Although there is very little direct scientifically justifiable evidence to
validate or negate this assumption, what evidence is available suggests that
sometimes the evidence derived from single-species tests alone can be either

“underprotective or overprotective of ecosystems. The same thing is true for
predictions of higher levels of biological organization, such as multispecies
and communities. Therefore, the practice of sequential testing starting from
single species and progressing toward ecosystems appears scientifically unjus-
tifiable. Protocols designed for estimating hazard should almost certainly re-
quire simultaneous testing at the outset of several different levels of biological
organization. The facts that single-species tests are more widely used and gen-
erally accepted and that simple, inexpensive screening tests at higher levels of
biological organization are infrequent and sometimes costly are probably
more a function of perceived need than a function of the difficulty of carrying
out such tests. There are multispecies and community-level tests now in the
literature that can be carried out with equipment no more complex than that
now used for single-species tests at costs that are not very different [18,19]. My
recommendation in this paper is that the matter is too important to be ne-
glected and that the predictive value of tests at one level of biological organiza-
tion for responses at other levels needs to be determined in a scientifically
justifiable way. One of the best means of doing this is to develop some testing
protocols that require simultaneous testing at different levels of biological or-
ganization. The efficacy of these, using all the standard criteria for judgment,
such as information content, cost, and time required for information genera-
tion, can be used to determine whether the present practice of starting almost
entirely at one level of biological organization (the single-species test) is prefer-
able to starting protocols with tests at several levels of biological organization.

-—c—en mm— .
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This is too important a question to leave to anecdotal evidence or absence of
evidence or anything other than a rigorous scicntific examination of the ques.
tion. We will be doing a disservice to the ficld of toxicity testing if substantiys
definitive evidence is not obtained on this question.
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REGULATING HAZARDOUS CHEMICALS
IN AQUATIC ENVIRONMENTS

John Cairns, Jr.*

“It is the mark of an instructed mind to rest satisfied with the
degree of precision which the nature of the subject permits and
not to seek an exactness where only an approximation of the
truth is possible.” Aristotle

I. INTRODUCTION

Dr. Joshua Lederberg, president of Rockefeller University and
Nobel Laureate scientist, addressed the urgent need for new ap-
proaches to testing toxic chemicals in a speech made in February,
1981, at the World Environmental Center.! He felt that finding ways
to assess and control the environmental health risks posed by toxic
substances is one of society’s major scientific challenges. Serious
questions about the efficacy of both our scientific and regulatory ap-
proaches exist; consequently, the quote from Aristotle is particularly
appropriate in this context because we must now make regulatory
decisions with an inadequate scientific base. The economic benefits
of producing a new chemical or technology (e.g., a power plant) may
be quite clear, but the indirect costs, in terms of hazard to human
health and the environment, are not.

Most of the earlier regulatory standards for discharge of potential-
ly hazardous chemicals into the environment allowed fixed concen-
trations that were not to be exceeded. This strategy proved inap-
propriate for several reasons. (1) Some chemicals produce adverse
biological effects at concentrations below present analytical

*University Distinguished Professor at Virginia Polytechnic Institute & State University;
Director, University Center for Environmental Studies; Chairman, Committee to Review
Methods for Ecotovicology, National Research Council.

1. Anon, Improve Toxic Testing Nobel Scientist Urges, in CHEMECOLOGY (1981).
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capabilities. (2) Environmental quality parameters, such as water
hardness, temperature, pH, and dissolved oxygen concentration,
mediate the toxic response—the same concentration of zinc would
produce a different toxicological response in the hard water of the
Guadaloupe River in Texas than in the soft water of the Savannah
River between Georgia and South Carolina. (8) Toxic chemicals may
act differently in combination than they do individually.

Unfortunately, there is no instrument devised by man that will
measure toxicity. Only living material can be used for this purpose.
This immediately produces both scientific and regulatory difficulties
because living material is complex, regionally differentiated, often
highly variable, and may act differently in laboratory test containers
than in natural systems. This paper examines current regulatory and
scientific approaches to the presence of hazardous substances in an
aquatic environment. Implementation of a specific hazard evaluation
process is recommended to ameliorate the inadequacies of present
approaches. '

II. REGULATING T0oXIC SUBSTANCES

Although most toxic substance regulations are designed to protect
human health and the environment against deleterious concentra-
tions of chemicals, they differ strikingly in protection strategy,
statement of goals, allocation of costs, and responsibility for
generating appropriate data and means of implementation. Unfor-
tunately, the scientific underpinnings for almost all regulatory objec-
tives are inadequate. Although concern about this problem had been
growing for years, it was probably first crystalized by the water
quality criterion documents for sixty-five classes of pollutants that
were designated as toxic in section 307(a)1) of the Clean Water Act
of 19722 and next by the premanufacture testing policy enunciated
under section 5 of the Toxic Substances Control Act of 19768
(TSCA). The scientific problems inherent in toxic substance regula-
tions were matters of concern and discussions.*

2. Originally Federal Water Pollution Control Act of 1972 as amended in 1977, the Clean
"Water Act, 83 U.S.C. §§ 1251-1876 (1976 & Supp. IV 1980).

3. 16 U.8.C. §§ 2601-2629 (1976 & Supp. IV 1980).

4. Cairns, Jr. & Maki, Hazard Analysis in Toxic Materials Evaluation, 51(4) J. WATER
PoLr. CoNTROL FED. 666-71 (1979); Deland, EPA “Policy” for Testing Toxics, 16(4) ENVIL
SciEncE & TecH. 885 (1981); Schaeffer, Park, Kerster, & Janardan, Sampling and the
Regulatory Maze in the United States, 4(6) ENvrL Mcr. 469-81 (1980); Christman, Clear
Water Goals, 16(3) ENvT'L SCIENCE & TeCH. 288 (1981).
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TSCA gives the Environmental Protection Agency (EPA) control
over the manufacture of chemicals that may or may not prove to be
toxic well before they are likely to enter the environment; TSCA
thereby differs from earlier legislation such as FIFRA,® which
regulates substances that were designed to be toxic, and the Clean
Water Act, which regulates the discharge of toxics into the environ-
ment. The administrator of the EPA has the authority under TSCA
to prohibit or restrict the use of any chemical that may present an
unreasonable risk to human health and/or the environment. In Sec-
tion 2(b) of TSCA, Congress places responsibility for providing scien-
tifically justifiable evidence of the probability of harm to organisms
on the producers of these chemicals. If the evidence presented is in-
adequate, the EPA has the authority to require additional toxicity
testing. Congress also indicated that the EPA must use its reg-
ulatory authority “in such a manner as not to impede unduly or
create unnecessary economic barriers to technological innovation
while fulfilling the primary purpose of this Act to assure that such in-
novation and commerce in such chemical substances and mixtures do
not present an unreasonable risk of injury, to health or the environ-
ment’’® (Section 2(b)TSCA).

Within this context it is important to define terms such as “risk”
and ‘“‘concentration.”

Risk is the probability of harm from an actual or predicted con-
centration of a chemical in the environment. Safe concentrations
are those for which the risk is acceptable to society. As a conse-
quence, the assessment of hazard requires both a scientific judg-
ment based on evidence and a value judgment of society and/or
its representatives. Evidence for a scientific judgment must
cover (a) toxicity—the inherent property of the chemical that
will produce harmful effects to an organism (or community)
after exposure of a particular duration at a specific concentra-
tion, and (b) environmental concentration—those actual or
predicted concentrations resulting from all point and nonpoint
sources as modified by the biological, chemical, and physical
processes acting on the chemical or its byproducts in the en-
vironment.”
The balancing of risk and benefit in environmental law was ad-
dressed relatively recently by Ricci et al.,® who emphasized that con-

5. Federal Insecticide, Fungicide and Rodenticide Act, as amended by the Federal En-
vironmental Pesticide Control Act of 1972, 7 U.S.C., § 135 (1972 & Supp. IV 1980).

6. Toxic Substances Control Act of 1976, 15 U.S.C. §§ 2601-2629 (1982). -

7. Cairns, Jr., Estimating Hazard, 80 (2) BioSCIENCE 101-07 (1980).

8. Ricci & Moltan, Risk and Benefit in Environmental Law, 214 (4525) SCIENCE 1096-1100
(1981).
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sideration of the technical complexity of the assessment of health
risks leads to understandable judicial caution about interposing legal
judgments on these unresolved scientific issues. :

The determination of adequacy of scientific evidence for es
timating hazard is a difficult problem. Evidence indicates that com-
monly used toxicity tests do not provide adequate data for
estimating hazard to the environment. For the moment, consider a
situation in which an industry feels it has provided scientifically ade-
quate evidence and the EPA does not. Section 5 of TSCA does not
require that particular environmental tests be documented on all
new chemical substances before submission of premanufacture
notices.? A recommended data base is set, for which the ecotoxicity
data are based entirely on short-term single species laboratory tox-
icity tests. These ecotoxicity data are not mandatory but are for
“guidance.” Yet when industry uses a multispecies laboratory toxici-
ty test or actual field evidence and the EPA disapproves, significant
conflict results. Estimation of hazard to man and his environment is
clearly a highly technical question which the courts alone are not
qualified to decide, and there is no impartial “‘science court” of
highly qualified experts specially charged with this responsibility
(although the National Academy of Sciences might serve in this
capacity). Since ecotoxicology is a very new and rapidly developing
field, only a well qualified expert will have the necessary background
to judge the scientific validity of the evidence provided. Since, at the
very least, toxicological information must be coupled with informa-
tion about the environmental fate and partitioning of chemicals and
both assessed for statistical reliability, a panel of experts will be
needed.

Biological evidence is essential to estimate hazard to the environ-
ment. Alternative ways of abating pollution have been tried,
however, reliance solely on chemical/physical measurements was not
scientifically justifiable for the reasons already mentioned.
Technology-based standards, such as Best Applicable Technology
(BAT) and Best Practicable Technology (BPT), were also employed,
based on the assumption that the “practical approach” was the best
way to abate pollution.1® Problems occur with this approach.i! From

9. See 16 U.S.C. §§ 2601-2629 (1976 & Supp. IV 1980); 44 Fed. Reg. 8986 (1981).

10. See 33 U.S.C. §§ 801-304 (1976 & Supp. IV 1980).

11. Cairns, Jr., Comment on “Desirable Characteristics of Environmental Quality Stand-
ards and General Considerations Involved in Their Development,” in PROCEEDINGS OF THE
SEMINAR ON DEVELOPMENT AND ASSESSMENT OF ENVIRONMENTAL STANDARDS (1988).
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an ecological standpoint, technology-based standards ignore: (1) the
size of the receiving system; (2) the well-established fact that envi-
ronmental quality (e.g., pH, water hardness, temperature, etc.) may
markedly influence toxicity; and (3) that the total impact of all
stresses on natural systems must be considered, not just the impact
of a single discharge. From an industrial standpoint, use of BAT and
BPT may be unsuitable because: (1) a small industry on a large river
may be forced to spend money on technological improvements which
produce no demonstrable biological or ecological benefits; (2) long-
range financial planning is difficult when the rate of technological
development is difficult to predict (but would undoubtedly accelerate
if this law were enforced); and (8) operators with new equipment that
they cannot use properly may produce poorer quality effluents than
they would with old equipment they understand. Biological evidence
must be combined with chemical/physical measurements to produce
an effective hazard evaluation process.

A. Biological Evidence

Since the primary objective of environmental legislation is to pre-
vent harm to the biota (including humans), the most reliable es-
timates of hazard should be based on direct measurements of living
organisms rather than indirect chemical/physical measurements
from which biotic condition is inferred. As previously mentioned, no
instrument will measure toxicity—this can only be done with living
material. Yet, without' chemical/physical data, determining what
caused the biological response in the living material is difficult or
impossible. Therefore, é. scientifically justifiable estimate of hazard
requires a mixture of biological/chemical/physical data.

The intent of environmental regulation is to prevent harm to the
environment rather than to document the cause and extent of
damage after an ecological perturbation (although this is undeniably
important). Predictive tests carried out in surrogates of natural
systems are essential to accomplish this purpose. In designing such
test systems, a conflict or tension exists between the desire for en-
vironmental realism that incorporates both the complexity and vari-
ability of natural systems and the need for replication (ability to re-
produce results) that is most easily achieved in simple systems with
only one variable. This tension is presently relieved by providing four
steps in the hazard evaluation process: (1) screening tests; (2) predic-
tive tests; (8) confirmative tests; and (4) monitoring. Screening tox-
icity tests are designed to determine quickly, inexpensively, and
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simply whether or not a chemical substance is very toxic or less so
relative to other chemicals. The predictive tests are generally more
sophisticated laboratory toxicity tests also normally carried out with
single species. There is considerable concern that single species tox-
icity tests cannot be used to accurately predict responses at higher
levels of biological organization.!? The basis for this concern is that
new important properties are evident at higher levels that cannot be
studied at lower levels of biological organization (cell-tissue-
individual-population-multispecies-community-ecosystem). This is
merely a restatement of the old phrase ‘“‘the whole is more than the
sum of its parts.” Because most estimates of hazard are based on
single species laboratory tests (screening or predictive tests) lacking
in environmental realism, confirmative tests are recommended as
well.1® To ensure that potentially dangerous situations do not go
undetected, surveillance must be carried out with a variety of
methods.¢ These various biological tests provide the necessary basis
for any effective hazard evaluation process.

B. Implementation

To implement a hazard evaluation process one needs: (1) profes-
sionally endorsed parameters representing key responses; (2) formal
identification of the methods most suitable to measure these
parameters; and (3) certification of either individuals or laboratories
capable of making the measurements accurately. Unfortunately,
although the use of biological responses to predict and assess pollu-
tion is both scientifically justifiable and plausible to the layman, the
means of implementing fully this course of action are not in place. Of
course, both scientists and laymen agree that fish should not die. But
they may not agree on other desirable parameters such as the ability
of fish to spawn.1® Detroit F'ree Press staff writer Thomas BeVier
quotes William Gregory, President of Edison Sault Electric Co., as
saying that trying to establish spawning beds is impractical. “We
can plant fish instead and all have a damn good time.”’1¢ Conversion

12. Cairns, Jr., Guest Editorial: Beyond Single Species Testing, 4 MARINE ENvT'L REs.
(1980). NaT. RES. CoUN., TESTING FOR EFFECTS OF CHEMICALS ON ECOSYSTEMS xii (1981).

13. Kimerle, Aquatic Hazard Assessment—Concepts and Application, Workshop On Hazard
Assegsment, Int'l Jt. Comm'n 221-230 (1979).

14. Cairns, Jr. & van der Schalie, Biological Monitoring, Part I: Early Warning Systems,
14 WATER RESEARCH 1179-96 (1980). -

15. BeVier, It's Fish vs. Electricity on the St. Mary’s River, Detroit Free Press, Aug. 1,
1982, at 1 col. 2.

16. Id.



1983] REGULATING HAZARDOUS CHEMICALS 7

of scientifically justifiable criteria into legal standards should con-
sider a number of non-scientific parameters (Figure 1).}7 Even if
there were general agreement on the scientific component, there
would be disagreement on these. Yet, even among scientists there is
no widespread strong endorsement of a multispecies, community, or
ecosystem parameter to assess pollution?® or of underlying ecological
principles.’* While statistically sound ecological comparisons by
respected ecologists do exist,2? it is unlikely that community and/or
ecosystem parameters will be frequently used by regulatory agencies
and industry until they acquire formal professional endorsement.

FIGURE 1
Conceptual framework for developing standards from criteria.
Qnalti : and tities,  for specific Recreational and
i ea gn or
nunau hich ust be PuAth wﬁc wswm
ons. w mi ater
“tdmmﬁedandmayhaveto wes in Fresh Waters
i Vi
i ‘aters
;ndusmnl Water
es
Identification oo
pathway
IDENTIFICATION
Analytical methods (chem- (The on needed for
ist, biologist, engineer, rec- detecting and
reational specialists & characteristics of water.)
others).
FEEDBACK
A
MONITORING
Deployment of measuri (The chronological and
instrumsnts to provide spatial sampling operations
teria and informahon for needed.)
assessment and control.
STANDARDS
Definition of acceptable
quality related to unique
loca!  situation involvlnﬁ
political, economic an
factors
plm for implementation
and questions of water use
and management.

17. NAT. ACAD. OF SCIENCES, WATER QUALITY CRITERIA OF 1972 (1978).

18. Cook, Quest for an Index of Community Structure Sensitive to Water Pollution, 11
ENvrL PoLL. 269-88 (1976).

19. Gilbert, The Equilibrium Theory of Island Biogeography: Fact or Fiction? 7 J.
BIOGEOGRAPHY 209-35 (1980).

20. Green, Multivariate Approaches in Ecology: The Assessment of Ecological Similarity,
11 ANN. oF REVISED ECOLOGY AND SYSTEMATICS 1-14 (1979).
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Although it would be best to endorse parameters and methods to
measure them separately, formal endorsement of a standard method
is an indirect endorsement of the parameter it measures as well. This
may be accomplished by consensus developed through publications
such as Standard Methods for the Examination of Water and
Wastewater?! or by a group of experts representing a group of pro-
fessional societies such as the American Society for Testing and Ma-
terials, Philadelphia, Pa.. The standard methods formally endorsed
in this way have so far been limited to single species toxicity tests. At
the 1981 annual meeting of The Society for Environmental Toxicol-
ogy and Chemistry, it was asked of the plenary session attendees
(about 600) if anyone knew of a standard method for toxicity testing
at a higher level of biological organization than single species—there
was no response. Although directly assessing the health of the biota
in a “‘receiving system” (the one into which wastes are discharged or
other anthropogenic stresses occur) is the most plausible approach
for preserving environmental quality, and although methods have
been available for years to study a variety of environmental
parameters, biologists have to date formally endorsed only
parameters and methods for single species toxicity tests. The report
by the Committee to Review Methods for Ecotoxicology of the Na-
tional Research Council, the operating arm of the National Academy
of Sciences and the National Academy of Engineering, clearly
stated: “Single species tests, if appropriately conducted, have a
place in evaluating a number of phenomena affecting an ecosystem.
However, they would be of greatest value if used in combination with
tests that can provide data on population interactions and ecosystem
processes.’”’?2 In short, the legislation is in place in TSCA and the
scholarly journals have contained a significant number of methods
for years, adding to them at an impressive rate. Nevertheless, pro-
fessional ecologists have not formally endorsed either parameters or
methods particularly suited for hazard evaluation and pollution
abatement. _

In addition to endorsed parameters and measurement methods,
professional certification is a necessary element to an adequate
hazard evaluation process. A number of societies now have some
form of professional certification (e.g., The American Fisheries

21. AMm. Pus. HEALTH Ass'N, AM. WATER WORKS Ass'N & AM. FED. oF WATER PoLL., STAND-
ARD METHODS FOR THE EXAMINATION OF WATER AND WASTEWATER (14th ed. 1976).
22. NAT. RES. COUN., TESTING FOR EFFECTS OF CHEMICALS ON ECOSYSTEMS xii (1981).



1983] REGULATING HAZARDOUS CHEMICALS 9

Society and The Ecological Society of America). The certification re-
quirements, however, do not include a substantial number of publica-
tions on toxicity testing or any other substantive evidence of skill in
this field. This is by no means a denigration of either of these
reputable organizations or their certification processes; ratheritisa
recognition that present certification does not explicitly require pro-
ficiency in the most common formally endorsed standard methods
for pollution assessment and hazard evaluation—single species tox-
icity tests. Perhaps the next phase in the development of profes-
sional certification will include more explicit indications of
capabilities. Environmental Science and Ecology are such diverse
fields that it is unlikely that one person could be proficient in all
areas,

Gloyna, et al.2s have pointed out the need to determine the kinds
and numbers of specialists required to implement environmental
legislation. Quality control systems of all kinds are only effective
when a continuous monitoring system is in place—environmental
quality control is not an exception to this rule. The process of hazard
evaluation or risk analysis should be based on an adequate data base
generated for that purpose rather than whatever can be obtained
from the open or semi-open literature. These articles were almost
always designated to fill other, often quite different, needs. The cost
of reducing risk, including monitoring, can then be estimated and an
informed decision made about the acceptable level of toxic
substances to be discharged into the environment.

II1. CONCLUSION

It is my conviction that we are now in a major transitional phase
comparable to the agricultural revolution. The latter resulted from
society’s belief that the unmanaged environment was not capable of
producing food in either the quantity or quality desired. Now there is
unmistakable evidence that the unmanaged environment cannot
always assimilate or recover from the anthropogenic stresses in-
cluding toxic wastes, surface mining, and acid rain. Our attitudes
and actions are more attuned to a frontier society which no longer
exists than to a society where moving on is no longer a solution to

23. GLOYNA, E. F., R. MCGINNIS, L. ABRON-ROBINSON, P. R. ATKINS, M. S. BARAM, J. CAIRNS,
JR., C. W. Cook, H. H. FoLx, J. H. LubwiG, M. T. MORGAN, J. D. PARKHURST, E. T. SMERDON &
G..W. THOMAS, 5 MANPOWER FOR ENVIRONMENTAL PoOLLUTION CONTROL 427 (1977).
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problems. Solutions to all of the major problems of our time require
the collaboration of a diverse array of disciplines that are typically
isolated from each other and unaccustomed to substantive interac-
tions. A major factor in this impasse is the university where each
department is an independent entity with a different approach to
problem solving. Young faculty wishing to engage in inter-
disciplinary research do so at considerable peril since tenure and pro-
motion committees often credit only those contributions cast in a
particular disciplinary mode. Interdisciplinary articles generally are
not welcomed by traditional journals, and articles in the new inter-
disciplinary journals will probably not be given much weight. The
reemergence of integrative science characteristic of the period
before the era of specialization is essential. At the same time, we
must relearn how to communicate the essence of this information to
laymen, use it to make decisions, and convert these, where ap-
propriate, to useful regulation.
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The Perspective of an Aquatic Ecologist

John Cairns, ]r.

INTRODUCTION

It is almost platitudinous to state that ecological systems
are complex. Yet this basic fact of complexity is frequently
ignored when environmental quality standards are devel-
oped primarily or entirely from single-species tests. It has
been stated ad nauseum that a biological community or a
natural ecosystem is more than the sum of its individual
parts; however, this truism is flagrantly ignored when en-
vironmental quality standards are developed and based on
“the most sensitive species” toxicity tests or more arbitrary
technology-based standards with the assumption that
these will inevitably protect ecosystems. Theoretical ecolo-
gists have not been helpful in the development of toxicity
tests for levels of complexity above single species. Al-
though ecologists in general deplore the impact of an in-
dustrial society on the environment, they have been re-
markably unwilling to endorse professionally a standard
method at the community or ecosystem level that can be
used in the development of environmental quality stan-
dards. The situation is not entirely hopeless because a
number of potentially useful methods at levels of biological
organization higher than single species have been in the
literature for a sufficient length of time so that a number of
individuals have become familiar with their weaknesses
and strengths. These need only be prepared as standard
methods in the form suitable for environmental quality
control. The benefit to industry from generating additional
ecological information with these methods should be the
privilege of making better nondegrading use of some re-
ceiving systems beyond the level permitted by present
legislation where the level can be demonstrated as being
vastly overprotective. Lest this be misinterpreted as ap-
proval of the ““right to pollute,” I affirm that this is not the
intent of the statement ““nondegrading use of assimilative
capacity.” The intent is to permit more flexibility of use at
concentrations of chemicals below the “no adverse biologi-
cal response threshold” as evidenced by data from various
levels of biological organization from single species to com-
munity and ecosystem.
Adaptability to Regional Conditions

If the U.S. Department of Agriculture were to give iden-
tical advice to farmers in Alaska and Florida, the farmers
would probably turn to other sources. Ecosystems in
Florida and Alaska have considerably greater differences
in their characteristics than do farms in those two states.
Despite these recognized differences, attempts have been
made to apply a single rigid standard for zinc and other
potential pollutants equally to all parts of the country
without sufficient regard for the modification of the ex-
pression of toxicity by regional characteristics. Why has

this irrational and scientifically unjustifiable position been
tolerated? Possibly because attention has not been given to
the environmental qualities that need protection. Nor does
a group of persons exist who are charged with managing
this protection in specific ways. Some notable exceptions
to this exist, of course, but management of the environ-
ment in general consists principally of protecting it from
certain kinds of insults rather than keeping it in a particu-
lar condition.

Explicit Statement of Environmental Qualities
Being Protected

Such general statements as maintenance of “fishable,
swimmable waters” or protection of “fish, shellfish and
wildlife” are too general for proper implementation. In
addition to being subjective, these statements provide no
indication of what specific parameters are useful in mea-
suring these qualities. Ecologists need to endorse profes-
sionally specific qualities of ecosystems, both structural
and functional, that deserve protection. These qualities
should be stated explicitly. For example, it is a sine qua non
that without normal energy and nutrient flow and proc-
essing, ecosystems and biological communities would be
significantly altered. To be more specific, it is possible to
measure how detritus is processed in headwater streams
and to determine whether that processing is following ex-
pected patterns. Other rate functions can be stated and
measured explicitly with available methodology. Structural
characteristics of natural communities, such as diversity,
autotrophic:heterotrophic ratios, species evenness, etc.,
can also be measured, and significant trends beyond nor-
mal variability can be established. Ecosystems are certainly
more complex than a human being, and criteria for deter-
mining human health are more explicitly stated and rigor-
ously measured than criteria now used for environmental
health, Furthermore, by forcing explicit statements regard-
ing the qualities being protected, the scientific justification
for doing so must also be more carefully stated. This
should produce enormous benefits. Development of a
sound biological monitoring program will be enhanced if
the desirable qualities are identified with more precision.
Without question, all levels of biological organization
should be included in the statement of environmental
qualities being protected. The present unstated implication
is that a water quality standard that results in a 96-hr LC50
for the fathead minnow may be used to protect ecosystem
well-being. The scientific justification for this position is
weak. A more explicit statement of the qualities presumed
to be protected by a single-species fish toxicity test would
probably spotlight the unsuitability of such tests for pro-
tecting ecosystem structure and function.
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Standards Should Be Validated

In no standard published in the Fedeml Register or else-
where have major efforts been made to validate the ac-
curacy, suitability, and effectiveness of single-species test-
ing. If a single-species test is used to protect ecosystems,
validation should include some study of systems more
complex to see if the extrapolation to the more complex
systems is valid. In addition, if an application factor is
applied to an LC50 or some other threshold so that the
““no-adverse-response concentration” can include other
characteristics than those directly measured in the test, the
justification for doing so should be supported with specific
suitable evidence. This has been the case only rarely, and
what validation has been done could not be considered

exemplary.

Recovery Time Following Damage

It is exceedingly well established that different ecosys-
tems have different recovery times once displaced from
their nominative state (the normal state including variabil-
ity). Some ecosystems may recover quite rapidly (a matter
of a few years) from severe displacement, and others may
require orders of magnitude of time longer. While recovery
time cannot be predicted with precision, distinctions can
be made between those systems that are resilient and
those that are not. There is convincing evidence that cer-
tain ecosystems are perturbation-dependent’ and that fire,
flood, or other seemingly catastrophic events must occur
at intervals to maintain the genetic and species diversity
characteristic of the system. Some pines, for example, re-
quire fire before their seeds will germinate. I hasten to add
that no evidence exists to support the assumption that
spills of hazardous chemicals will substitute for natural
perturbations to which systems have adjusted. Neverthe-
less, there is general agreement that some localities have
more opportunistic species, capable of recolonizing an area
following a catastrophic event, than do others. There is
also a rapidly expanding base of case histories on recov-
eries from oil spills, spills of hazardous chemicals, and the
like. As this information base expands and is analyzed, it
will be possible to draw ever more precise distinctions
between those ecosystems likely to recover rapidly from
displacement and those that are not. Even in the present
relatively primitive state of knowledge in this area, distinc-
tions of this kind can be made with sufficient accuracy to
show significant relative differences between alternative
sites for construction of new industrial facilities. Such dis-
tinctions also can be made for existing industrial plants.
From a management standpoint, the significance of this
information is that identical spills in two different ecosys-
tems might put one out of commission for only a few years
and the other for 30 to 100 years. In short, in one case,
society would only be deprived of whatever amenities
were provided by the ecosystem for a few years, and, in
the other case, a significant portion or all of the lifetime of
many of the residents of the area would be involved. In-
dustries with the foresight to build plants, particularly new
plants, in more robust ecosystems deserve some recogni-
tion for this effort. Those who do not might reasonably be
expected to implement above-average protective
measures, including biological monitoring.
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GENERAL CONSIDERATIONS INVOLVED IN
STANDARDS DEVELOPMENT

Evidence for Development of Criteria and Standards
Should be Generated Systematically

The usage, in Water Quality Criteria of 19722, of the words
“criteria” and “’standards”’ is followed in this manuscript
recognizing that an important distinction exists between
the two. Development of an appropriate scientifically justi-
fiable criterion presumably precedes production of a stan-
dard through the process described in Figure 1 of the Water
Quality Criteria of 1972. Criteria in the Freshwater Aquatic
Life and Wildlife section of Water Quality Criteria of 1972
were developed almost entirely from information in the
literature. Almost without exception, this literature was
produced for purposes other than criterion development.
Most research is undertaken to gain understanding of a
process rather than to implement a regulatory or policy
decision. This is in no way a denigration of the research
effort, but rather an indication that the information that
was finally used to develop criteria had actually been gen-
erated to serve other purposes. As a consequence of the
unsystematic way in which the information was pro-
duced, the information base for two heavy metals, for
example, might be quite different because of differences in
test species, duration of testing, end points and life history
stages, and (occasionally) levels of biological organization
(e.g., single species, multispecies, community). Very often
the information base was quite inadequate. In few cases
was the information well-balanced in terms of the require-
ments of a criterion document. Recognition of this defi-
ciency has resulted in the development of field and labora-
tory protocols.>* The purpose of these protocols was to
sequence the information-gathering process. Conse-
quently, judgment of the adequacy of the information base
for making a decision to use or not use the chemical in
question could be made at intervals in the information-
gathering process. This protocol also ensured that the in-
formation was gathered in a uniform manner for different
chemicals and addressed a number of other considerations
as well. These considerations are discussed at length in
Cairns et al.5 and Dickson et al.* Despite the availability of
these protocols, most standards are still developed primar-
ily from whatever information is available in professional
journals and to a lesser extent from “in-house” or limited-
distribution, non-peer-reviewed documents. Even for two
chemicals with relatively similar formulation, the mix of
evidence is likely to be quite dissimilar. More important,
because information has not been gathered in a systematic
way, critical gaps often exist in the information base. Some
good examples of this are provided by the criterion docu-
ments prepared a few years ago in response to the consent
decree against the U.S. EPA.

Prediction of Estimated Environmental Concentration of
the Chemical Should Be Explicitly Stated

For a number of years publications (including journal
articles and books) have been available on environmental
partitioning, transformation, and persistence of chemicals.



Fugacity equations and other means of determining these
characteristics are well known. However, rarely is this in-
formation coupled with generation and analysis of biologi-
cal toxicity testing information. For example, if a chemical
partitions into the sediments, it seems abundantly clear
that it would be more realistic to select a test organism that
lives in the sediments than one that lives in the water
column. There is little indication that this is being done in a
major way. On the contrary, criteria and standards are
based primarily on a few well-established laboratory toxic-
ity-testing species. It is less common to find that the or-
ganisms used for testing were selected from the environ-
mental compartment into which the chemical in question
is most likely to partition. Similarly, greater attention
should be given to transformation products that, in some
cases, might be of significant concern. Finally, the persist-
ence of the chemical should be a major determinant of the
length of test carried out in the laboratory and the types of
monitoring used in the field. These are just a few of the
ways in which chemical-fate information could be used in
enhancing the value of toxicity testing both in the design
of the test and in the predictions made from it. Surely, the
coupling of these two important types of information on a
widespread basis is long overdue.

Prediction from Effects on One Level of Biological
Organization to Another

There is abundant evidence, that it is not a scientifically
sound practice to predict community or ecosystem re-
sponse from single-species tests. As one progresses up-
wards from one level of biological organization to another
(cell, tissue, individual, population, community, and eco-
system), new properties are added that cannot be studied
at lower levels of biological organization. For example, it is
impossible to study energy flow or nutrient cycling with a
single species. Yet these are very important system proper-
ties. As a consequence, the assumption that establishing a
standard from the response threshold of the ““most sensi-
tive species” will inevitably protect the system in which it
resides is totally unjustifiable. In the first place, the low
probability of selecting the most sensitive species from a
meager array of organisms suitable for laboratory testing
almost ensures that this will not be done. More important,
compelling evidence exists that community and ecosystem
processes can be impaired at chemical concentrations that
will not produce single-species test responses using
present criteria for end points. It is more probable, how-
ever, that due to various types of redundancy in complex
systems, the single-species laboratory tests in a system
lacking environmental realism will be overprotective than
underprotective. In neither case, however, is the scientific
justification for extrapolating from one level of biological
organization to another supported by evidence in the liter-
ature. The durability of the single-species toxicity test as
virtually the sole means of determining environmental
hazard of chemicals is surely primarily due to the inability
of professional ecologists to endorse a single parameter at
a level of biological organization higher than the single
species or to produce a standard method to measure such
a parameter.

Fortunately, the Society for Environmental Toxicology
and Chemistry and several other organizations such as the
biological components of the American Society for Testing

and Materials (e.g., parts of Committee D-19) have shown
a strong interest in this area, and ecologists in these organi-
zations might ultimately both identify useful parameters at
levels of biological organization higher than single species
and produce standard methods for measuring them. In
the meantime, the usual arguments against tests at higher
levels of biological organization than single species—
(a) that higher level tests are more costly, (b) that they are
difficult to replicate, (c) that they are more difficult to in-
terpret—persist. All are false. Some multispecies and com-
munity tests with microorganisms can be carried out as
cheaply as tests with single species. Furthermore, the
argument that single species tests are less expensive be-
comes much less persuasive when they are considered in
the aggregate, namely that as many as seven different single
species tests may be required to make a judgment of haz-
ard at the present time. A much larger number of species
can be tested collectively in one community-level test.
Furthermore, as more community toxicity tests are devel-
oped, their cost will certainly decrease. As interest in this
area of research grows, it is almost certain that more cost-
effective tests will be produced. Finally, it is true that a
single-species test is easy to analyze only if no attempt is
made to extrapolate from it to the complex systems that
exist in the real world. In short, single species tests are
very quantifiable, generate single numbers (e.g. LC50s),
and have a number of other endearing characteristics.
However, when the analysis is extended to serve the in-
tended use of the information, its ease of interpretation
can by no stretch of the imagination be considered simple.
It is much easier to project from a community or multispe-
cies toxicity test to the real world than from a single-species
test, particularly if the single species is not one residing in
the area in question.
Mandatory Statistical Analysis

Statistical analyses showing confidence limits, sound-
ness of data on which standards are based, and other
analyses designed to show the statistical validity of the
assumptions should be included in all criterion docu-
ments. An examination of early documents reveals a re-
grettable inattention to statistical evaluation of informa-
tion, and even recent documents are not exemplary in this
regard. Surely such statements as this should be platitudi-
nous, but they will not be so until practice matches the
current state of knowledge.

Identification of the Producers of Criterion Documents

All stages in the production of a standard call for profes-
sional judgment. Criterion documents that precede the
production of a standard require exceptional professional
judgment and integrity because they require the analysis
of a diverse array of information and the synthesis of this
information into a criterion. The criterion should be scien-
tifically justifiable. Therefore, it is regrettable that the
names of those who produce particular criterion docu-
ments are not published in the documents. The credentials
of the persons making the professional judgments re-
quired for the production of criterion documents is as im-
portant as the credentials of those producing evidence
upon which the documents are based. It is a sine qua non
that scientific professionals be held responsible for publica-
tions containing their ideas. This is true of the material
appearing in the professional journals on which criterion
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documents are presently based and should be true of the
production of criterion documents as well. In short, ac-
countability is as important in production of a criterion
document as it is elsewhere in science. Anonymity serves
no useful purpose. The entire U.S. EPA does not produce
each criterion document but rather a few individuals
within the agency. There is no reason why skill and com-
petence should not be acknowledged by associating the
names of the producers with the document nor is there
any reason why ineptness and shoddy work should not be
chastised as well. Direct criticism is a hallmark of the scien-
tific process. A persuasive reason does not exist for not
identifying individuals responsible for preparing particular
criterion documents.
Identification of Literature used in Criterion and
Standards Production

All literature examined in preparing a criterion or stan-
dards document should be included even if a decision was
made not to use that information! At the present time, one
does not know (when examining a federal criterion docu-
ment that is almost certainly going to be transformed into
a standard by the states) whether a publication has been
missed, or examined and discarded. When some col-
leagues and I reviewed the criterion documents prepared
in response to the previously mentioned decree, we found
that many publications available in the literature were not
cited in the criterion document in the Federal Register. It was
not always clear to us whether this literature had been
missed or whether it had been discarded and, if discarded,
why. Presumably all of the literature initially thought to be
relevant was probably listed at one time in the document
preparation. This literature listing should be included in
the final draft to show the breadth of coverage. Presum-

ably there is also no reason why the fact that it was ignored
" or discarded could not be mentioned. Such a comment
would not necessarily be unfavorable to the persons who
published the unused information, which might be per-
fectly sound scientifically but unsuitable for the purposes
of the document. Scientists must, in their own publica-
tions, regularly evaluate the published work of their col-
leagues or be accused of missing some of the relevant
literature. Even if such a practice did cause some offense,
there is no reason why these same principles should not
apply to criterion documents. The amount of space re-
quired for this particular exercise should be relatively small
and the information would reduce considerably the uncer-
tainty about the competence of those who prepared the
document. Identifying whether a publication was peer-
reviewed (regardless of whether or not it was used in the
criterion document) would also be helpful. This would not
require additional space but merely an identifying asterisk
associated with the citation.

Endorsement by the U.S. EPA Science Advisory Board

Documents prepared in response to the consent decree
were not invariably endorsed by the U.S. EPA Science
Advisory Board. Since the SAB presumably should be re-
sponsible for examining such documents, an indication of
its approval or disapproval should be provided. Even a
statement of whether the SAB had reviewed the docu-
ment would be a useful addition for those who read the
Federal Register. Perhaps the reasons for SAB disapproval
might also be included in the Federal Register, when this is
the case. The endorsement of the U.S. EPA Science Advi-
sory Board should be a prerequisite to the appearance of
the criterion document as a final draft in the Federal Regis-
ter. Until the document has acquired this endorsement, it
should be considered provisional. Endorsement does not
mean that the criterion document need not be validated,
but merely that the document is scientifically justifiable in
terms of the information available at a particular time.

It is abundantly clear that methodology used to produce
criteria and standards documents lags seriously behind
methodology available in peer-reviewed literature. Some
suggestions made in this brief analysis seem self-evident,
but despite this, are not being implemented. It is equally
unfortunate that professional ecologists who decry en-
vironmental degradation have not given comparable atten-
tion to the need for professional endorsement of param-
eters and standard methods useful in resolving these
problems.

John Cairns, Jr., is university distinguished and direc-
tor, University Center for Environmental Studies, Virginia Poly-
technic Institute and State University Blacksburg, Virginia.
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ABSTRACT

The field of biological monitoring has advanced quite rapidly in the
past 20 years. However, fuller use of existing methodology is ham-
pered by doubts in both industrial and regulatory agencies regarding
both the precision of the tests and the ways in which the informa-
tion will be used. Issues related to these points are listed and
discussed. HNone are insurmountable, but most will require sound
scientific judgment.
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INTRODUCTION

Hellawell (1978) defines surveillance as "a continued programme of
surveys systematically undertaken to provide a series of observa-
tions in time" and biological monitoring as "surveillance undertaken
to ensure that previously formulated standards are being met." Since
it is our goal to protect natural systems before they are injured,
two types of tests are needed (Cairns, 1982): (a) predictive (to
estimate probability of harm) and (b) reactive (to correct errors in
the predictions or validate them). Kimerle et al. (1978) propose
four stagzss of studies in the hazard evaluation process: (a) screen-
ing, (b) predictive, (c) confirmative, and (d) monitoring. The first
two are likely to be laboratory toxicity tests and the last two
field studies, although numerous exceptions may occur. This discus-
sion focuses on the screening and predictive tests because the con-
firmative and monitoring tests will follow only if the first two a:e
widely accepted. They will be widely accepted only if certain cri-
teria are utilized. These criteria will be the primary focus of
this discussion.
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THE RE-EMERGENCE OF BIOLOGICAL MONITORING

Over 2000 years ago, Aristotle placed freshwater animals in se¢witer
and observed their response, presumably to answer the question Ilow
does this material affect this organism? In so doing, he carr: 4
out an aquatic toxicity test. Subsequent efforts of using biolugi-
cal monitoring to detect potentially adverse effects involved the
king's wine taster and canaries in coal mines. However, the advent
of the industrial revolution and the increased environmental stress
from anthropogenic sources did not produce a vast expansion of the
field of toxicity testing of nonhuman organisms. This neglect of
biological testing of toxic effects was possibly due to a combina-
tion of factors that included the reluctance of classical biologists
to become involved with nasty industrial problems and the fact that
biology was not then regarded as sufficiently quantitative to cope
with the problem. As a consequence, chemists and engineers engaged
in industrial production were also charged with requlating the in-
trusion of industrial wastes into the environment. Most early reg-
ulatory standards for discharge of potentially hazardous chemicals
into the environment allowed fixed concentrations that were not to
be exceeded. This strateqgy proved inappropriate for several rea-
sons.
- (1) Some chemicals produce adverse biological effects at concentra-
tions below existing analytical cepabilities.

(2) Environmental quality parameters, such as water hardness, tem-
perature, pH, and dissolved oxygen concentration, mediate the toxic
response - the same concentration of zinc would produce a different
toxicological response to sunfish in the hard water of the Guadaloupe
River in Texas than in the soft water of the Savannah River between
Georgia and South Carolina.

(3) Toxic chemicals may act differently in combination than they do
individually.

The second approach was to use technology-based standards, such as
Best Applicable Technology (BAT) and Best Practicable Technology
(BPT), which replaced the "pipe standards" approach of the first
method. The strategy was to utilize the best technology available
and assume that it would protect the environment. From an ecologi-
cal standpoint, technology-based standards ignore:

(1) size of the receiving system.

(2) well-established fact that environmental quality (e.g. pH, water
hardness, temperature, etc.) may markedly influence tox:~ity.

(3) total impact of all stresses on natural systems, n.. just the
impact of a single discharge, must be considered.

From an industrial standpoint, use of BAT and BPT may be unsuitable
because:

(1) small industry on a large river may be forced to spend money on
new technology that produces no demonstrable biological or ecologi-
cal benefits.

(2) long-range financial planning is difficult when the rate of
technological development is difficult to predict.

(3) operators with new equipment that they cannot use properly may
produce poorer quality effluents than “hey would with old equipment
they understand.

Since both effluent-based standards and t- chnology-based standards
have proven at least partially inadequate, society and its represen-
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tatives have belatedly recognized that biological evidence must be
combined with chemical/physical measurements to evaluate hazard to
human health and the environment effectively. In short, there is no
instrument devised by man that can measure toxicity; only living ma-
terial can be used for this purpose. This immediately produces both
scientific and regulatory difficulties because living material is
complex, regionally differentiated, usually highly variable, and may
act differently in laboratory test containers than in natural sys-
tems. By default, the "ball is back in the biologist's court,” and
we are getting a second chance to show that biological evidence is
pivotal. However, we must remember that biological evidence is not
the only kind required in the hazard evaluation process. This time
we must not fail to produce useful biological monitoring methods!

Perhaps, an examination of the criteria that "users" would apply to
determine whether a toxicity test or other measurement of environ-
mental stress is useful would be appropriate at this point in the
discussion. Some of the desirable qualities follow.

(1) The most appropriate end points (e.g. lethality) must be iden-
tified and endorsed by professionals in the field of toxicity test-
ing.

(2) Standard methods (or, alternatively, widely-endorsed methods)
must be available to measure the end points.

{3) The tests must be required in specific regulations because most
toxicity testing is carried out in response to regulatory require-
ments.

Regulators use results of toxicity tests for three major purposes:
(1) Rangefinding (e.g. screening) tests

Because these are frequently used by a very diverse group of organi-
zations, some with few financial resources and staff trained for
other purposes, they should be simple, rapid, inexpensive, and have
wide applicability. Test organisms should be easily available and
not difficult to maintain in the laboratory. The response end point
should have a high sensitivity to stress to reduce the probability
of false negatives.

(2) Establishing limitations

Tests should be of known precision with exposures that simulate en-
vironmental exposures. and should be applicable to a wide range of
site-specific situations.

The response used as an end point should be directly related to en-
vironmental hazard, easily interpreted, and meaningful to the pub-
lic and courts. Alternatively, a "science court"” might be estab-
lished that has the confidence of the public to determine the valid-
ity of hazard assessments based on methodology too complex to be
easily understood.

Results should be directly translatable into specific decision cri-
teria.

The end point should be a discrete variable (e.g. death) to reduce
the possibility of different interpretations. If the end point is
not a discrete variable (a likely possibility for toxicity tests at
higher levels of biological organization than single species), deci-
sicn criteria used for selection should be explicitly stated.

(3) Monitoring

Tests should be rapid, inexpensive, and of known precision.

Rerponse should be sensitive and relevant to the type of limitation
imposed.
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PREDICTIVE CAPABILITY

It is a sine qua non that biological mcnitoring must be eith ' able
to detect deleterious biological effects quickly in a natura system
or predict them before they occur. Since it is our goal to | ‘event
injury to natural systems, the predictive capability of any quality
control system is extremely important. Most environmental scien-
tists and engineers would characterize this statement as platitudi-
nous. This makes the failure to check vigorously our predictions of
response of natural systems to chemicals and other stresses all the
more curious. Of course, this has been done, but the collective ef-
fort can hardly be characterized as persuasive or scientifically jus-
tifiable. An outline of some factors that should be considered fol-

lows.
(1) Reliability of Extrapolations from Test Systems to Natural

Systems

It is extremely important to determine more definitively whether we
can extrapolate from single species laboratory tests to responses of
the same species in natural systems. Some evidence exists (e.qg.
Cairns and Cherry, 1983) that with a modest amount of environmental
realism the correspondence between the laboratory response and the
response in the field is remarkably similar, even when the labora-
tory test system differs in many ways from the natural system. How-
ever, this particular series of tests used the same species in the
laboratory from the natural system as well as test water from the
river upstream of the plant discharges. The fish were obtained from
an area not affected by plant discharges and were, as a consequence,
thoroughly acclimated to the chemical and physical characteristics
of the water used in the test system.  The correspondence between
responses measured in the laboratory and in the field does not ap-
pear to be nearly as great when extrapolations are made from one
species to another, even in the same taxonomic group. When extrap-
olations are made from Daphnia to fish, the correspondence may be
even more reduced, although the evidence for this is not extensive.
A good summary of this problem may be found in Kenaga (1982) and
Kenaga and Moolenaar (1979). There is no significant body of evi-
dence on the precision with which one can extrapolate from responses
of single species toxicity tests or biological monitoring involving
single species to the response end points of more complex systems
such as communities and ecosystems (e.g. National Research Council,
1981). Since the ability to extrapolate from one response threshold
to another using single species is not always p.ecis it seems in-
tuitively reasonable that extrapolation from a response end point of
a single species test to a response end point of a complex system
would be considerably less precise. If one uses response end points
characteristic of higher levels of orgarization than single species,
this means that such a particular end point is not measurable with
single species, and, therefore, one would think that the probability
of extrapolation with any degree of precision would be very low.
Even if these speculations are not correct, the matter is of suffi-
cient importance to justify the generation of an adequate body of
evidence to determine the accuracy of the various kinds of extrapo-
lations just discussed.

(2) Interpretation

What does the laboratory response mean in terms of environmental
hazard? Lethality of a chemical concenrration to fishes is easily
understood by both scientists and laymen. More important, the envi-
ronmental hazard is unmistakable. However, concentrations of a



Freshwater biological monitoring 5

chemical that affect protozoan colonization processes (e.g. Cairns
et al., 1980) are neither well understood nor widely accepted. Most
people do not even know what protozoans are, and even knowledgeable
toxicologists are not likely to be as influenced by results of such
tests as they are by fish tests. Nevertheless, abundant evidence
shows that freshwater protozoans are important regulators of bacte-
ria in natural systems and contribute in a variety of other ways to
important nutrient spiraling and energy transfer processes. 1 de-
liberately chose some of my own research as an illustration so that
I can comnent, without offending anyone, that I am not yet at all
certain what this information means in terms of overall environmen-
tal hazard. In short, the method may be satisfactory from both a
cost and reliability standpoint, the end point (in this case, colo-
nization rate) may be one that is regarded as important by microbial
ecologists, but the exact hazard resulting from a change in this
process is still unclear. Thus, ecologists will not only have to
develop more tests at higher levels of biological organization than
single species than are now available but will also have to reach a
consensus on the meaning of the response in terms of environmental
hazard.

(3) Sensitivity

From a regulatory standpoint, it is desirable to have the response
or end point sufficiently sensitive to avoid excessive false nega-
tives. The precise level of sensitivity desired is a function of an
array of factors, including: (a) number and kinds of alternative
measurements possible, (b) objectives of the study, and (c) proxim-
ity of the environmental concentration of the chemical (or other en-
vironmental stress) to a critical threshold. It is also worth reaf-
firming that the response being utilized must be of ecological and/
or biological significance.

(4) Variability

1f the response being measured is a discrete variable (e.g. lethal-
ity), the precision of the measurements being made can be nore easi-
ly documented than is possible for non-discrete variables (e.g. nu-
trient spiraling). Nevertheless, a correlation seems to exist be-
tween the relative sensitivity of the tests (for example, behavioral
changes occur before lethality) and the degree of variability en-
countered. Thus, the attempts to optimize both sensitivity and re-
duced variability will probably be fruitless, and a compromise be-
tween the degree of sensitivity and reduced variability will be re-
quired in many cases. :

{5) Replicability

For regulatory purposes, toxicity tests and other methods used for
biological monitoring must be sufficiently simple and standardized
so that they can be carried out by governmental, academic, and pri-
vate laboratories that have widely varying capabilities. Ideally,
guality control aspects must be sufficient to obtain consistent re-
sults with acceptable inter-laboratory and intra-laboratory levels
of precision. Again, an obvious conflict occurs when one attempts
to obtain adequate environmental realism in a test and, simulta-
neously, a high degree of replicability following the criteria just
mentioned. In some cases, replicability should be sacrificed, or at
least muted, to obtain a greater degree of environmental realism,
and the requirement that the method be suitable for utilization in a
wide variety of laboratories may not be possible.

Resolution of these often conflicting requirements is only possible
when the specific objectives of the study are explictly stated.
When this is done, the various criteria just discussed should be
considered, and the reasoning used in assigning priorities to them
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should be stated along with the objectives of the study.

SELECTION OF RESPONSE PARAMETERS

The response parameters used for single species tests are exticmely
well known and include such end points as lethality, growth rate,
reproductive success, and behavior. Those for tests at other than
single species and at higher levels of biological organization, such
as multispecies, microcosms, community, or ecosystem tests, are less
well known. Examples of response parameters for these complex sys-
tems are productivity, nutrient cycling, biocaccumulation, predator/
prey interactions, diversity, colonization rate, decomposition,
trophic balance, microbial functional attributes, and energy trans-
fer. Virtually any parameter that can be measured can be used for
biological monitoring, but obviously not all would be appropriate;
the most appropriate would vary from one situation to another depen-
ding on the objectives of the study. Perhaps the best solution to
the implementation of regulatory requirements involving such a vast
array of end points is to follow the practice of Section 316a, Pub-
lic Law 92-500, and put the burden of selecting methods and para-
meters upon the person or institution wishing to make use of the en-
vironment so that maximum flexibility is available in the selection
of end points and methods. The proposal would then be reviewed by a
competent group of scientists who would judge the adequacy of the
end points and data base in view of the objectives of the study.

RELEVANCE AND ACCEPTANCE OF BIOLOGICAL MONITORING

Biologists are, in a sense, being given a "second chance" to show
that the methodology they are producing has relevance in pollution
abatement and hazard assessment. This renewed opportunity is due
not so much to the perceived relevance of biological monitoring as
it is to the notable failure of regulations based on "pipe stan-
dards" or technology-based standards (e.g. best applicable techrol-
ogy). The environmental impact statements, required in the United
States for a number of years, have done nothing to enhance the role
of ecology and biological monitoring and may have done considerable
harm. The major reason for this is that almost all the statements
consisted primarily of species lists with very little analysis of
data, predictions based on the information gathered, or even an ex-
plicit and precise statement of the probability of h.. resulting
from the proposed course of action. Even the most charitable scien-
tist would be unlikely to label such documents as good science. The
cost was generally enormous for biological measurements, and the
useful information was miniscule. Only an extremely small fraction
of the effort resulted in publications in the peer-reviewed litera-
ture. Although this was not the primary purpose of environmental
impact statements, they were supposed to result in extrapolations
and the ability to predict and validate the predictions of the re-
sponses of complex systems, if carried out in a scientifically jus-
t}flable way, would certainly be of enormous interest to the profes-
'sion. In order to enhance acceptance cf biological monitoring for
‘environmental quality control and polli cion abatement, those of us
in the field must include decision criteria for the development of
method§ we expect to be used by engineers and others involved in
pollution abatement and environmental quality control. Simultaneous-
ly, we must document their relevance to the general public and the
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decision makers in regulatory agencies, industry, and various levgls
of government. An illustrative checklist of such decision criteria
and their relevance follows.

1. Technical Relevance

Does the end point or response parameter being used represent a re-
alistic measure of population, community, or ecosystem level impact?
Using this information, can one provide margins of safety based on
objective criteria?

2. Social Relevance

Is the response meaningful to the public and the courts? The latter
may not apply in other countries to the degree that it does in the
United States where the legal system is the primary arena in which
these matters are settled rather than in the scientific and engi-
neering system.

3. Legal Relevance

The understanding and support of the general public is equally im-
portant because at the time this manuscript is being prepared, the
federal deficit in the United States has reached staggering levels
and the prospects for major reductions in an election year appear
minimal. As a consequence, any activity that increases expenditures
of federal and state funds will not be viewed as benignly as a com-
parable measure would have been in the 1960s. We must demonstrate
that the response (end point) is useful for establishing limitations
on the discharge of a substance or in the study of nonpoint source
discharges. If the response is a continuous variable, is there an
objective means of establishing a limiting exposure concentration to
avoid hazard? The "no-effect" level, in terms of mortality as de-
termined in single species toxicity tests, may be the only presently
available discrete variable resulting from toxicity tests.

4. Cost and Timing

The enormous increases in energy and labor costs together with for-
eign competition have made industries extremely cost conscious in
recent years. Federal deficits and pressure on state tax funds have
created comparable pressures in regulatory agencies. As a conse-
quence, one must provide convincing evidence that the cost is rea-
sonable in terms of test objectives. Cost is, of course, largely a
function of the time necessary to perform tests, space and facili-
ties required, and the level of professional competence necessary to
get results and interpret them. The decisions regarding acceptable
costs are driven primarily by the degree of certainty required in
the results.

Advocates of biological monitorinc will be interested in a brief ar-
ticle entitled "Biomonitoring: A Useful Tool for Industry, Govern-
ment” in Chemecology (p. 6, April, 1984) published by the Chemical
Manufacturers Association. The following quote (representing roughly
half the article) probably represents the position of United States
industry.

"CMA commends the Environmental Protection Agency's efforts to inte-
grate biological assessment techniques into the nation's water qual-
ity management program, but believes that there are limits on the
use of this tool.

CMA pbelieves that biological assessment is useful to screen plant
etfluent for potential harmful effects and to determine whether ad-
ditional studies of receiving waters are needed.
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Biomonitoring results also may show whether additional pollution
controls are necessary to prevent environmental harm.

CMA, however, has serious technical objections to us;ng biological
assessment to set effluent limits, since not enough is yet known
about its precision or accuracy."

Clearly two efforts are needed: (a) a comparison of the precision of
alternative methods used to set effluent limits with biological mon-
itoring and (b) a more precise evaluation of the accuracy of biolog-
ical monitoring in terms of explicitly stated quality control objec-
tives. With regard to the first point, chemical/physical measure-
ments may be more precise in that they often have low variability,
but they cannot predict toxicological responses as well as biologi-
cal evidence. 1 believe CMA has confused the precision of the mea-
surements with the precision of the predictions or extrapolations
that should be "to promote a clean environment."” In any case, they
are justified in calling for more information about the precision of
biological assessment to set effluent limits.

In the United States, and probably elsewhere in the world, few leg-
islators and the general public they represent place a high value on
protecting the gualities valued by ecologists, such as nutrient spi-
raling, energy flow, ecosystem stability, and the like. Present wa-
ter quality goals of society are clearly oriented toward protection
of important recreational and commercial species, and biological
monitoring methods designed to protect them will almost certainly
get the highest priority. If we wish other methods to be accepted,
we must either show their relevance in terms of society's present
goals or educate the public so that an appreciation of the subtle-
ties and values of other environmental qualities are appreciated.
Clearly, most ecologists hope that the environmental quality goals
of society will evolve to consider protection of ecosystem structure
and function, but these qualities are not appreciated by the general
public and their representatives.

THRESHOLDS AND APPLICATION FACTORS

For many years, a relatively low key discussion has existed regard-
ing the existence of any thresholds at the ecosystem level (e.q.
Woodwell, 1975) or whether multiple thresholds exist (e.g. May,
1977). It is extremely improbable that theoretical ecologists will
unanimously endorse a particular position on the existence of
thresholds at levels of biological organization higher than single
species in the next 20 or so years. Sincé the concept of zero dis-
charge (forever containing societal wastes) and zero risk have fall-
en into disfavor for a variety of reasons and because the economic
and technological resources are not available to achieve zero dis-
charge even if it were possible, it is clear that some societal
wastes will continue to be discharged directly into the environment.
Although precise data are difficult to obtain, it is quite likely
that an equal or greater amount of discharge will enter streams and
other parts of the environment from nonpoint sources. For practical
and regulatory purposes, there seems to be a threshold concentration
pelow.which no deleterious or adverse ecological effects occur. Even
if this assumption is false and damage occurs below the level at
which detection is possible or if the activity or chemical is con-
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sidered essential to society, the amount that can be introduced into
the environment must be determined. 1In these and other cases, arbi-
trary thresholds would be used even if real ones did not exist. As
a consequence, two basic questions arise: (a) If one assumes there
are multiple thresholds that are either real or artifacts of the
measurement process, which one or ones should be selected for bio-
logical monitoring and hazard evaluation? and (b) Can these thresh-
olds be measured directly or should some other threshold be used and
the critical thresholds be extrapolated by using an application fac-
tor? An examination of the evolution of application factors will
help in answering these questions.

Toxicity tests on industrial wastes in the late 1940s and early 1950s
were commonly crude (by today's standards), short-term batch tests
with fish that used lethality as an end point. Even the first meth-
od (Hart et al., 1945) that was widely accepted for toxicity testing
of industrial wastes in this country clearly recognized that adverse
biological effects were likely to occur at concentrations lower than
those producing no response in that specific test. Variability on
either side of the results might be due to the fact that only a
small portion of a population was used in the test, that other un-
tested organisms might differ in sensitivity, that unconsidered en-
vironmental factors might alter the response threshold, or that the
duration of exposure was not adequate to detect fully the expres-
sions of toxicity. In short, the fact that organisms might be more
sensitive than the test indicated was of greater concern than the
fact that some might also be more tolerant. As a consequence, Hart
et al. (1945) included an equation to determine the "biologically
safe concentration." This equation used an arbitrary application
factor of 0.3 coupled with the slope-squared [determined by using
two different LC50s (then called TLp)] obtained at different time
intervals. The history of the development of application factors is
fairly well known to most readers. The important feature is that
application factors moved from 0.1 of the 96-h LC50 to 0.001 of the
96-h LCS0 as the information base about toxicity expanded. This was
an inevitable consequence of using the "worst possible case" ap-
proach in developing application factors. The corollary to this 1is
overprotection in most cases. This is attractive to environmental-
ists but not to cost conscious industry.

The basic purpose of an application factor is to extrapolate from
various types of information, including LC50s, to estimate the no-
adverse-biolcgical-effects concentrations for permanent exposure.
When the field of toxicity testing was in its infancy, the no-
adverse-biological-effects threshold could not be measured directly
because the number of tests available was relatively limited and
generally involved fairly crude end points such as lethality. Con-
firming estimates of "safe concentrations" in the real world were
rare, and evidence of success was primarily anecdotal and circum-
stantial. In short, the absence of highly visible catastrophies
gave some reassurance that the application factors in use were rea-
sonably sound. However, most application factors were essentially
arbitrary, and their justification from a scientific standpoint was
relatively weak. The rapidly developing field of hazard evaluation
(e.g. Cairns et al., 1978) recommends a testing sequence of (a)
screening tests, (b) predictive tests, (c¢) confirming tests, and (d)
monitoring. The requirement that predictions be confirmed repre-
sents a major form of error control not previously present in the

FBM-8
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development of application factors, test methods, etc. Preceding
the development of a hazard evaluation frame of reference was the
development of a large series of life history stage tests and other
toxicity tests using far more sensitive parameters than lethality.
The entire life cycle of some macroinvertebrates can be carried out
in a matter of 7 or more days. The development of multispecies tox-
icity testing procedures (Cairns, in press) provides means of evalu-
ating responses of more complex systems than single species. This
combination of available tests for the most sensitive stages in the
life cycle of an organism and the possibility of measuring various
functional attributes of more complex systems suggests that attempt-
ing to measure the no-adverse-biological-effects concentration di-
rectly is better than continuing to extrapolate to it as has been
done in the past. 1If the attempt to measure the threshold directly
is accompanied by confirmaticn in either microcosms, mesocosms, or
field situations, errors that appear can be quickly and skillfully
corrected. Furthermore, attempts at direct measurements focus at-
tention on the deficiencies in the field of toxicity testing in a
way that did not occur when scientists had more faith in the effica-

cy of application factors.

Application factors have served a very useful purpose in the devel-
opment of the field and undoubtedly offered a degree of protection
for natural systems that would otherwise have been lacking. However,
recent developments in the field of toxicity testing, including ar-
raying the information in a systematic fashion for the purpose of
evaluating or estimating hazard (e.g. Dickson et al., 1979), make
direct measurement of response thresholds more acceptable than esti-
mated thresholds. This is not to advocate the total abandonment of
application factors in the near future, but rather to urge that some
consideration be given to the alternative suggested. (This discus-
sion on application factors is reprinted by permission of the Jour-
nal of the Water Pollution Control Federation.)

The Hart et al. (1945) publication was ultimately adopted as a stan-
dard method by the American Society for Testing and Materials and
also received wide attention when it was subsequently refined by
Doudoroff et al. (1951). Both publications included an application
factor designed to take care of variability not included in the test
itself (such as changes or differences in water hardness, tempera-
ture, and the like) and also factors, our knowledge of which even
the most charitable person would concede could only be described as
substantial. It is clear that W. B. Hart had serious reservations
about using laboratory data without field validation because he was
the person who urged Ruth Patrick to form a field team consisting of
a variety of specialists in aquatic ecology to determine the effects
of toxicants on natural aquatic systems. Since this field team be-
gan operations in the spring of 1948, Hart undoubtedly realized the
problems then associated with application factors. This is probably
why the term biologically safe that is used in the application fac-
tor equation is not more explicitly defined.

If one's objective is to protect a system rather than an aggregation
of litgrally hundreds of species (the numbers likely to be found at
a particular spot), using system attributes for toxicity tests rath-
er than attributes of single species seems more plausible. A defi-
nite, highly predictable relationship may exist between the response
to toxicants of single species and system attributes, but until this
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has been demonstrated in a scientifically justifiable way, assuming
that such a relationship exists is not justified. If a direct mea-
surement can be made of the quality being protected, then performing
such a measurement directly is more reasonable than extrapolating
from some other quality presumed to have a relationship to the qual-
1ty being protected.

Industry has often mistakenly tried to dispose of its wastes by re-
lying entirely on single species acute toxicity tests plus the cur-
rently acceptable application factor. In short, many have chosen
what appears to be the cheapest biological test that will satisfy
regulatory requirements. The regulatory agencies have chosen the
same test and application factor because they are easily administer-
ed. However, the application factor is a substitute for direct in-
formation that is either thought to be unmeasurable or more costly.
In no other area of industrial management would such poor informa-
tion be tolerated! Lack of information has consistently been proven
costly, and the consequences of using inadequate information for
management decisions about toxicity is just now being seen. Regula-
tory agencies are equally guilty of substituting an administratively
attractive and legally defensible method for one that is more sci-
entifically justifiable. If a method is scientifically justifiable,
it is almost certainly less legally defensible since courts commonly
let legal procedures take precedence over scientific judgment. The
scientific community has not been particularly helpful in getting
beyond this unsatisfactory stage in hazard evaluation because of the
refusal to endorse professionally some of the methods that might be
useful in making these measurements. Scientists should be asking
the question "Are the more complicated methods of direct measurement
more satisfactory in view of the ultimate objective than the present
methods being used?" rather than "Are there any faults that we can
find with the alternative methods?"” Theoretical ecologists also of-
ten fail to distinguish between what is essential and what is de-
sirable.

ASSIMILATIVE CAPACITY

A basic assumption in all toxicity testing is the existence of a no-
adverse-biological-effects threshold for both single species and
higher levels of biological organization, such as communities or
ecosystems. Introduction of new material, whether natural or syn-
thetic, into an ecosystem will cause change, even though this change
may not be detectable with present methodologies because of the
enormous natural variability that occurs in most ecosystems. A key
issue in validating the efficacy of this assumption (i.e., there is
a4 concentration below which no deleterious effects occur) is the
ability to differentiate between deleterious changes and non-delete-
rious changes. No agreement has been reached on the methodology to
determine whether deleterious changes have occurred or whether the
same thresholds are important fcr all ecosystems. Those who have
not followed this controversy might find an exchange between Ian
Campbell and me interesting. Campbell (1981) attacked some of the
suggestions made in two of my articles on assimilative capacity
(Cairns, 1977,a,b) as well as those of Westman (1972). Both Westman
(198l)and 1 (198la) responded, pointing to some of the weaknesscs in
Campbell's arguments. The publications just cited also contain ci-
tations of other literature relevant to this discussion that scien-
tists might find useful.
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If all anthropogenic introductions into natural systems have delete-
rious effects, we are indeed in trouble! This is another way of
saying that natural systems and an industrial society cannot co-ex-
ist. In order to reduce, if not eliminate, our impact on natural
systems, the human population should be reduced to millions from
billions and returned to the hunter-gatherer stage of societal de-
velopment from the agro-industrial stage. This could not be achiev-
ed very quickly, even in the unlikely event that there was general
agreement to do so. Therefore, regardless of whether true biologi-
cal response thresholds to chemical concentrations and other soci-
etal impacts exist, we must make some quality control decisions. If
there is no assimilative capacity, we would still need to determine
the degree of impact caused by various concentrations and determine
the acceptable level. We are limited in making these determinations
by the sensitivity of the methodclogy available and, therefore,
whether the thresholds are real or illusory (i.e., a function of the
sensitivity of the methodology):; we can only make management deci-
sions based on effects that are detectable. Therefore, while the
existence of thresholds (and, therefore, assimilative capacity) may
not be as well documented as a science court would wish, present
limitations of science force us to make decisions as if they were.

WHOLE EFFLUENT TOXICITY TESTING

In the United States in the 1940s and 1950s, much attention was giv-
en to whole effluent toxicity testing and field studies in mixing
zones below discharges (now called allocated impact zones). How-
ever, this approach fell into disfavor and single species laboratory
toxicity tests with pure chemicals became the primary means of
setting discharge limitations. However, in view of the strikingly
expanded array of methods and information compared to the 1940s,
1950s, and even 1960s, the biologically defined treatment adequacy
of whole effluent testing is justified. Furthermore, such an ap-
proach provides the single best opportunity to accomplish a number
of objectives:

(a) to relate criteria and standards based on single species, single
chemical laboratory toxicity tests to responses of single species to
effluents and other mixtures of chemicals.

(b) to confirm or validate the correspondence of responses predicted
on the basis of laboratory studies to those actually occurring in
the field.

(c) to determine if the prediction of no-observable response based
on single species toxicity tests is valid for other levels of bio-
logical organization, such as communities and ecosystems.

(d) to determine if an allocated impact zone below an industrial
waste discharge (an area of discernible adverse biological effects)
is an ecologically justifiable strategy.

(e) to develop a series of in situ receiving system assessments (bi-
ological, physical, and chemical) related to the pressing problems
of nonpoint source discharges and the means of coping with them.

CONCLUSIONS
A few years ago, I wrote an article entitled “Biological Monitoring:

thure Needs"'(Cairns, 1981b). 1 see no reason to make any substan-
tive changes in those recommendations. However, some needs not men-
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tioned in that article are in this discussion, namely the relation-
ship to regulatory and industrial concerns. There will probably
never be any instrument devised by man that will measure toxicity,
and we will always be required to use living material for this pur-
pose. It is a sine gua non that biological monitoring must be ac-
companied by chemical/physical monitoring in order to be effective.
Nevertheless, the failure of alternative methods to produce satis-
factory results forces other disciplines to look to biologists and
ecologists for the ultimate answers about concentrations producing
no-deleterious biological effects and the like. They obviously do
this with mixed feelings because they have suspicions about the re-
liability of biological monitoring information, its cost effective-
ness, its utility in making predictions and catching errors in these
predictions, and probably, most important, the understaa:ding of leg-
islators.  and the general public for its value. We must simulta-
neously develop methods that meet at least some of the requirements
discussed in here and in the 1981 article, and, when this is not
possible, give explicit reasons why they could not be met and why
the additional expenditure of funds and effort are justified in or-
der to get more sophisticated information. Despite the formidable
complexity of the problems, there is ample justification for be-
lieving they can be resolved.
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1. INTRODUCTION

Protozoan communities are ecologically fascinating systems that pro-
vide a magnificent opportunity to investigators interested in testing
various ecological hypotheses. In many instances, these communities
fit models developed for higher organisms. The small size of protozoan
communities and the speed with which events occur are simultaneously
advantageous and frustrating. In a small space and a short time, re-
scarch can be accomplished that would take many years for larger or-
ganisms. However, rapid movement of individuals and turnover of
species make individual interactions difficult or impossible to detect
and quantify, unless the components are studied in isolation from the

remainder of the community.
Although the literature on freshwater protozoan communities is not
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large, it is still too large to cover adequately in a single chapter. The
majority of readers probably do not have extensive first hand research
experience in this area but may wish to carry out such studies or at lea§t
be aware of their significance. As a consequence, the objectives of this
chapter are: )
(1) to illustrate the utility of protozoan communities for both
theoretical and applied studies;
(2) to provide references so that the reader can easily acquire addi-
tional information on protozoan communities, and
(3) to acquaint the reader with the use of artificial substrates which
are now commonly used in a variety of studies of protozoan and
other microbial communities. '

Much of the early literature on ecology has been summarized by
Noland and Gojdics (1967), a good general text is Sleigh (1973), and
one of the important older papers on protozoan community structure is
Picken (1937). Unfortunately, studies of spatial relationships within a
protozoan community are rare and such information is badly needed.
Picken (1937) was one of the first to note that an assemblage of proto-
zoans is a complex community of herbivores, carnivores, omnivores,
and detritus feeders which form a closed social structure. He also
analysed food chains in protozoan communities that had notably differ-
ent microbial associated communities of diatoms, cyanobacteria, and
bacteria. Much attention has been given to the protozoans in sewage
treatment systems where they have important roles to fulfill (Lackey,
1925; Barker, 1946; Curds, 1966, 1973) and to the degradation of
organic compounds in natural waters (Bick, 1971). The passive dis-
persal of protozoans which is important in both colonization and suc-
cession has been studied by Gislen (1948), Schlichting (1961, 1964,
1969), Maguire (1963), Milliger et al. (1971), and Blanchard and
Parker (1977). Succession has been studied by Woodruff (1912), Eddy
(1928), Unger (1931), Cooke (1967), and Yongue and Cairns (1971).
Ecological factors affecting protozoan distribution have been studied
by Hausman (1917), Stout (1956, 1974), Kitching (1957), and Webb
(19§l). Interactions with other microorganisms have been studied by
Hairston et al. (1968) and competition between protozoan species by
I;vans (1958). Maguire (1977) studied colonization processes with par-
Flcular attention to changes in the autotroph to heterotroph ratio dur-
ing this process. Brooks and Dodson (1965), Hrbacek (1977) and others
have show.n that. predation may alter community composition of the

plankton, including protozoan component. The importance of proto-
zoans as grazers of natural bacterial populations has been discussed by
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Bick (1958) and Fenchel (1977). A good summary of the literature on
the importance of surface films may be found in Parker and Barson
(1970). Ruggiu (1969) discusses the benthic ciliates in the profundal of
Lake Orta, Northern Taly. Other studies of benthic protozoans include
Moore (1939), Cole (1955), and Goulder (1974). Wang (1928) discus-
ses the scasonal distribution of protozoans.

Various functions, e.g. respiration and production, have been
studied by Ganf (1974) and Finlay (1978). Quantitative assessment
mecthods have been developed by Sramek-Husek (1958), Borkott
(1975), and Finley el al. (1979). Colonization of artificial, uninhabited
substrates by microorganisms has been discussed by Butcher (1946),
Cooke (1956), Grzenda and Brehmer (1960), and Spoon and Burbanck
(1967).

In studics of natural communities, theoretical possibilitics must be
distinguished from what can be measured. Many years ago the poet
Francis Thompson wrote “. .. Thou canst not stir a flower without
troubling of a star.” Later Hardin (1969) illustrated the validity of this
hypothesis by lifting a flower in a vase and pointing out that he does
indeed “trouble a star” becausc Newton’s Law states “cvery body
attracts every other body with a lorce that . . .” and so on. As Hardin
lifted the flower, literally every star in the universe, even those beyond
the reach of the most powerful telescopes, had its position and motion
altered by virtue of the law of universal gravitation. However, although
the validity of this assumption is recognized, it is ignored because it is
practically of no importance. Thus, some theorctical effects are
quantitatively beyond our ability 1o measure them and, therefore, of
no operational utility. Similarly, although every alteration in en-
vironmental quality or community composition triggers a chain of
cvents within the community, these are often beyond our capacity to

measure.

The long evolutional history of protozoan communities, the high
probability of cosmopolitan distribution for many of these species, and
their relative morphological stability (keys produced by Kahl (1930)
and Pascher (1913-1927) to mention only two that are still as effective
as they were when they were written) raise the tantalizing possibility
that assemblages of protozoan species may have a reasonably constant
structure as well as synergistic, functional relationships. All of the state-
ments just made about protozoans are also probably equally valid for
diatoms. In addition, aggregations of diatom species have the advan-
tage of being more readily preserved and, therefore, provide a greater
opportunity for detailed counts of both the species diversity and the
number of individuals per species (cvenness). Such analyses are much
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more difficult for protozoans since preservation of a community consist-

ing of a large number of species (many in extremely low numbers mixed

with the inevitable detritus) is virtually impossible. Some of these prob-

lems have been discussed in detail by Cairns (1965) and will not be re-

peated here. However, since the similarities just noted exist between

protozoans and diatoms, it is advantageous to usc information gener-
ated with diatoms when comparable information for protozoans is ex-
ceedingly difficult to obtain. One of the most fascinating of these data
sets is the curves originally proposed by Preston (1948, 1962) and con-
firmed by Patrick (1949) with diatoms, illustrated in Fig. 1. Patrick, fre-
quently in association with various colleagues, has published a number
of papers on this subject; many arc discussed in Patrick (1977). The fas-
cinating implication of this distribution which occurs in a wide variety
of temperature zone streams at all seasons, is that not only is the species
richness remarkably constant (considering the number of potential col-
onizing species) but also the numbers of individuals per species are ar-
rayed in a predictable fashion. In short, a very high probability exists
that a certain number of species with two to four individuals per species
as well as a certain number with four to eight individuals per species
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and so on will occur. Protozoans quite hikely follow the same distribu-
tional system because crude estimates of abundance show that low de-
nsity species are by far the most numerous (Cairns el al., 1969) and high
density species are few. This follows in a very general way from the
more detailed analysis possible with diatoms. The Lact that protozoan
communitics appear to be organized in distributional patterns, similar
to those of diatoms and cven birds, c.g. the MacArthur-Wilson
model, shows that such communities deserve careful attention and
study. '

(iairns and Yongue (1977) offered two hypotheses (not mutually ex-

- clusive) for the truncate normal curve found by Patrick ard her co-
workers. First, the chances of finding optimal conditions by organisms
which are passively transported arc slim but, if they do, they will
flourish (i.c. low number of species—high number of individuals per
species). The chances of finding sub-optimal conditions are greater, but
the species that do so will not flourish and so on. The second
hypothesis assumes a limited number of functional roles with any one of
an array of species filling the role at a particular time (Fig. 2).

A nccessary caveat at the conclusion of this introduction is that
protozoans should not be considered in isolation from other members of
the aquatic microbial community, such as algae, bacteria, and fungi, as
well as the smaller metazoans, such as rotifers and gastrotrichs.

2. SIMILARITIES OF PROTOZOAN COMMUNITIES TO
THOSE OF HIGHER ORGANISMS

A fallacious belief is widely held that protozoan communities have
characteristics quite different from communities of higher organisms. A
few illustrations will demonstrate that protozoan communities are
structured by the same principles as those that shape communities of

higher organisms.

2.1 Species—Area Curves

A species—area curve is developed when a comparatively homogeneous
area (in terms of the habitat) is sampled starting with a relatively small
area and increasing the area geometrically. This usually provides a
clear demonstration that:
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Fig. 2. Role A might be temporarily filled by a species designated A, or, as far as species

temporarily filling role Bis concerned, A;. Thus community structure would be relatively

stable despite species replacing each other because the “role relationships™ remain con-

stant. Division of rolc A among species might be determined by diflerential tolerances

to pH, temperature, etc. The number of roles would, of course, greatly exceed those
depicted in this simplified diagram (from Cairns, 1977).

(1) when the initial area is small, increasing the size of the area
sampled results in a marked increase in the number of species

found; ,
(2) but further increases generally result in a diminished number of
species in proportion to the increase in area sampled.

A comparable curve for protozoans is given in Fig. 3 (Cairns and
Ruthven, 1970).

2.2 Colonization—The MacArthur-Wilson Model

Simberloff (1974) has pointed out that “any patch of habhitat isolated
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Fig. 3. Relationship between average number of species of freshwater protozoans and
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from similar habitat by differcnt, relatively inhospitable terrain
traversed only with difficulty by organisms of the habitat patch may be
“considered an island”. Thus a rock in a river, a mud flat, submerged
log, or artificial substrate may be considered an ecological island (i.e.,
most micro-habitats).
Initial* island colonization is a non-interactive process primarily
influenced by the dispersal capacities and extinction potentials of the
.colonizing organisms (MacArthur and Wilson, 1963). With the estab-
lishment of an equilibrium (asymptotic) species number (Figs. 4 and
5), interactive processes, such as competition and predation, take
precedence in determining the island’s biotic composition. The island.
assemblage soon manifests the characteristics of an integrated com-
munity capable of maintaining a degree of autonomy with respect to the
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Fig. 6. Typical artificial substrate placement for surface water sampling in a lake or
pond (from Cairns et al., 1979).

surrounding environment. Thus, during the non-interactive phase of
colonization, artificial substrates or uninhabited natural substrates
(e.g. a rock that falls into a stream) act as sampling devices which
passively collect organisms from the natural community (Fig. 6). After
establishing an equilibrium, the substrate ceases to function directly as
a sampling device and the associated species assemblage begins to
evolve its own characteristic composition. If an artificial substrate is
used as a species sampling device, it should be retrieved from the
environment just before or soon after it acquires an equilibrium species
number. The appropriate immersion time varies under different
environmental conditions.

The question of the influence of time on colonization became
especially important following an earlier study (Cairns et al., 1976a)
which indicated that location of substrates in a lake was of little
importance in determining the outcome of colonization.

The chemical-physical upheaval associated with lake overturn (and
presumably other episodic events, such as floods) apparently disrupts
the stability of protozoan communities in terms of species richness
(Cairns et al., 1976b). It is possible that ecological space again becomes
available with the breakdown of competitive mechanisms and non-in-
teractive colonization dynamics take precedence in determining the
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species’ numbers. All species are qualitatively equated with respect to
their capacities to occupy the newly available space. Species already in-
habiting a particular substrate have an advantage over pioncer occu-
pants. Occupation of the remaining space is determined by a random
selection from the available species pool (Gilroy, 1975). Rapid changes
in composition have also been observed to occur concomitantly with
the spring circulation and other catastrophic perturbations (Jassby and
Goldman, 1974).

The disruption of competitive interactions also profoundly affects the
specics assemblages of the littoral and sublittoral sediments. Unlike the
pelagic zone, the primary mechanisms of passive dispersal between the
various areas of the sediments include differential sedimentation and
turbulent mixing. The latter is probably the only important force affect-
ing dispersal in the open water and is equivalent at all depths, particu-
larly following overturn. Sedimentation, however, does tend to deposit
materials (and presumably species) differently within the littoral and
sublittoral sediments (Davis and Brubaker, 1973). Therefore, if poten-
tial colonists from other areas of the lake are also deposited in greater
abundances in these zones, sediment-associated protozoan com-
‘'munities would be expected to exhibit quantitative differences in
species numbers, but become somewhat more similar to all other areas
after the overturn phase. This appears to be the case.

Of the sediment assemblages, those at the 5 m location most resem-
ble those of the pelagic zone. In fact, they are normally included within
the overall compositional cluster for the open water. The implication
from pre-overturn that the 5 m location exhibits characteristics of both
the pelagic and benthic environments is confirmed. Finally, these con-
clusions imply that the profundal sediments are inundated with a large
number of species, primarily from the pelagic zone which had been pre-
viously excluded. :

Drastic environmental perturbation, such as lake overturn, causes
the partial or complete breakdown of interactive mechanisms (Cairns e!
al., 1976b). Simple functions of non-interactive colonization assume
primary importance in determining the nature of particular as-
semblages. ‘

Henebry and Cairns (1980a) studied the colonization of artificial is-
land§ in a closed laboratory ecosystem using epicentres (source of
species) colonized in natural systems. After seven days, the islands with
the smallest area or closest to the epicentre had the highest species
number. The latter fits the MacArthur and Wilson ( 1963) model but
the former appears contradictory. However, the islands had not

reached equilibrium which was the main point of the original
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hypothesis. Islands exposed 1o epicentres of intermediate maturity
(half-way to cquilibrium) had significantly greater species richness
than islands tested with mature (at MacArthur-Wilson equilibrium)
cpicentres. Evidence gathered in this study strongly suggests that the
kinds of species present during different periods of colonization are re-
sponsible for differences in species richness on islands cxposed to
cpicentres of different maturities. In addition Henebry and Cairns
(1980b) supported the hypothesis that colonization rates onto artificial
islands were influenced by the maturity of source pools of species and
the proportion of pioneer specics in the source pool communities. Plaf-
kin et al. (1980) found the acquisition of a stable equilibrium number to
be more rapid for artificial islands drawing colonists from a species pool
in a natural system (mostly lakes) stressed by organic enrichment.

2.3 Succession and Seasonal Change
Succession in protozoan communities is a well established phenome-

non (Patrick et al., 1967). Changes in dominance and composition may
result from changes in organic loading (Fig. 7, McKinney and Gram,
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Fig. 7. Relative predominance of microorganisms in activated sludge systems.
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1967) or in the planktonic community in a small pond as a consequence
of seasonal change (Fig. 8, Bamforth, 1958). Flagellates make up the
major portion of the early pioneer community becoming established on
bare substrates and reaching equilibrium much earlier than the other
taxonomic groups (Yongue and Cairns, 1978). However, the number
of species or substrates may typically oscillate about a mean once the
MacArthur-Wilson equilibrium point has heen reached (Cairns et al.,
1971a). A segment of a long-term study from the paper just cited illus-
trates this point (Fig. 9).

Fig. 8. Scasonal variation and succession of dominant organisms in a small artificial
< pond. The curves are smoothed by 15-point moving averages (after Bamforth, 1958).
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3. ANALYSIS OF NATURAL POPULATIONS
3.1 Analysis of Protozoan Communities

Often problems arise in identifying species in protozoan communitics
before the community becomes seriously altered through reproduction,
death, and encystment. There is a difference between obtaining the cor-
rect Latin name on each species and accurately determining how many
taxons are represented. Of course, precision in identification is always
desirable but when precision in identifying one species bevond any
reasonable doubt means that the community composition of other
species is altered before other members of the community are identified,
it is not a desirable practice for cffective community analysis. That is,
precision in identification of a few “difficult” specics may mecan loss of
precision in analysing the community structure. In case this is taken as
a license for inaccurate taxonomy, I hasten to add that it is possible oc-
casionally to have the best of both worlds by a combination of preparat-
ory identifications and the use of technniques based on the principles of
aeroplane recognition. The method consists of spending a week or so
with a more leisurely identification of the species characteristic of the
sampling area just before the main analysis begins. Although succes-
sional processes and species turnover does occur, many of the species
identified in the more leisurely and, therefore, more precise preparatory
investigation, will be found for quite a few days thereafter, and perhaps
even for the entire period of the investigation. As a consequence, a sub-
stantial percentage of the identifications are confirmations of previous
identifications and the number of totally new identifications are nor-
mally a minority.

Although the practice of fractionating a microbial community into
the commonly accepted taxonomic subcomponents, such as protozoans
or diatoms, has been deplored, it is necessary to discuss protozoan com-
munities, primarily in a restricted taxonomic sense, by ignoring in-
teractions with other microbial taxonomic groups since this is the stan-
dard procedure adopted. It is also worth noting that higher organisms,
such as pulmonate snails, can markedly affect attached microhial com-
munity structures by selective cropping of species (R. Patrick, personal
communication). For planktonic microbial communities, the classic
work of Brooks and Dodson (1965) has shown that higher organisms.
such as the alewife (an American fish), also affect community structure
significantly by particle size discrimination in planktonic teeding. The
study of subdivisions of a true microbial community, such as a proto-
zoan community, is not without scientific justification. however, since
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predictions can be made based on this limited taxonomic array that can
he verified and are remarkably consistent. '

‘There is also justification for limiting the scope of a study by the use
of the definition due to Whittaker (1975), that a community is “a system
of orgamisnes living 1ogether and linked wogether by their effects on one
another and their responses to the environment they share™. Whittaker
(1975) defined an ccosystem as “a community and its environment
treated together as a functional system of complementary relationships
and transfer and circulation of energy and matter”. Patrick (1949) dis-
cussed means of assessing the cffects of pollution on aquatic com-
munitics using sections of streams from bank to bank and several
hundred feet along the stream, by collecting samples from all of the
common habitats within the system. The well-established species in the
samples are identified and the results from all the samples combined to
determine the community composition of cach of the major groups of
aquatic organisms, including algac and protozoans. Since the original
study was concerned with pollution effects, breaking the system into
discrete study arcas scemed a satisfactory procedure to delimit a com-
munity. Alternatively, river microbial communities might be viewed as
a continuum since it is theoretically possible that the actions of or-
ganisms on one bank of a river might have some effect upon a micro-
organism on the other bank. It is unlikely, however, that such effects
could be demonstrated. A protozoan community thus defined (i.e. from
bank to bank in a river) provides a useful means of detwecting gross pol-
lution cffects (Cairns, 1965) but not the more subtle effects. The
amount of work involved is substantial since frequently six or more sub-
samples require identification. One also has to assess the weight given
to the subsamples, according to the percentage of the total habitat they
are presumed to represent, or whether to measure qualitative changes
in species richness without regard to the percentage of habitat rep-
resented by the sample from which the determinations were made. This
in turn depends on whether interest centres on the qualitative or quan-
titative degree of the environmental impact under study.

3.2 Response to Changes in Water Quality

Interpretation of the response of protozoan communities to changes in
water quality is enhanced by obtaining information on other taxonomic
groups of aquatic organisms from the same area and collected at the
same time. ‘This is illustrated clearly by the histograms from Patrick
(1949) who was one of the first to show the utility of an array of
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taxonomic groups in analysing pollution effects in freshwater ecosys-
Ctems (Fig. 10). Fach of the histogram columns represents a different
number of species, despite the fact that they are nearly the same height
in the healthy station. For "x‘lmplc the hmogmm for fish might repre-
sent approximately 35 species at 100%, which would be the average
value for'a number of healthy stations on unpolluted streams. The in-’
seet column that had 100% might represent over 80 species of aquatic
insect larvae established at the same number of stations on unpolluted
streams. ‘Therefore, the 100% value represents the typical species rich-
ness (i.c., number of specics present) in unpolluted systems. Note that
for the semi-healthy station, the percentage of protozoan species re-
mained about the same as that found in the healthy station, while the
pereentage of fish species declined substantially. However, the pollu-
tion tolerant worms rose by a substantial percentage. For the polluted
station the changes were more dramatic: both the pollution tolerant
algac and rotifers, and pollution tolerant worms rose significantly. In
the casc of the pollution tolerant algae and rotifers there was a doubling
in numbers compared to the healthy station and the tolerant worms
increased by 50%. The fish disappeared entirely and the taxonomically
higher animals (rotifers, clams, insecta, and crustacea) almost disap-
peared. Finally, in the very polluted station, the percentage of aquatic
organisms comparced to the healthy station was greatly diminished.

It appears that pollution, particularly organic pollution, favours the
lower organisms and, for some specics, this is true. However, the effect
displayed in the histogram series (Fig. 10) was probably due o the re-
sult of reduced predation on the lower organisms which permitted the
expansion of certain populations, coupled with a direct benefit for some
species from the substance causing the pollution. ‘That the loss of the
predator species is at least partly rosponsible for the increase in the col-
umns representing the lower organisms is supported hy the progres-
sion exhibited from the healthy to the polluted station. Note the rather
dramatic loss in the very polluted station of all species, indicating that
the pollutants were detrimental to almost all forms of life (except for a
relatively few species) when at a high concentration. Analyvses of the
histograms shows that the number of protozoan species alone may not
provide an carly indication of pollutional effects as well as for some of
the other aquatic organisms (e.g. fish).

In situations, such as the one just mentioned, where the number of
species remains constant, there may he a shift in the numbers of
individuals per specics so that the individuals of a few species could be-
come exceedingly abundant (this would change the diversity index
without changing the species richness). A shift in dominance: from
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Fig. 10. Histograms illustrating the response of an aquatic community to pollution
(from Patrick, 1949).

flagcellates to ciliates or some other shift in species composition might
occur. Additionally, there might be a shift in species function (e.g. from
primarily autotrophic to primarily heterotrophic). Thus, even when
using only a single taxonomic group, such as protozoan communities,
the pollution investigator would do well to obtain sufficient data so that -
more than one analysis can be made. If time and financial cir-
cumstances permit additional evidence beyond that furnished by the
microbial communities, such evidence should be obtained.
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3.3 Sampling Natural Communities

The most important problem in sampling natural systems is defining
the boundaries of the systems being sampled. For pollution studies in a
river or a lake, sampling usually occurs along a gradient from high to
low concentration of the offending material. Once the nature of the gra-
dicnt has been cstablished (and this is not always a simple task), the
next consideration is to determine that the types of habitats sampled at
cach of the locations along the gradient are ecologically comparable to
the reference (control) arca. Very often a contaminant, such as heated
wastc water or a hazardous chemical, has thermal or concentration gra-
dients that require sampling in arcas where the habitats differ from
those found in the reference station or from one part of the gradient to
another. In such situations, the comparison may be facilitated by the
use of artificial substrates (e.g. Cairns etal., 1979). This ensures that
the microhabitats are structurally comparable and that species from
this type of habitat are comparable. Artificial substrates can be used in
situations where normally only plankton are found because suitable in-
vading species (i.e. those usually associated with substrates) are present
in most freshwater situations. Whether this is true or not for marine en-
vironments outside the coastal zone has not been determined. Duplica-
tion of natural communities by artificial substates does not necessarily
occur (although this is usually the result), but determining whether
there is a biological stress due to pollution or some other effect differen-
tially exerted from one sampling area to another is essential. Ifit is as-
sumed that an equal colonization opportunity exists in cach atrea, and
that the primary variable is the presence or absence of the pollutant or
stress, then comparisons in community structure and/or function that
display differences should be considered valid. In pollution assess-
ments, extrapolation from the response of a few organisms to many is
usually the case and testing of all the species possibly at risk is rare. Itis
not possible to test all the organisms that could conceivably he affected.
Consequently, testing an array of species through the use of community
analysis assumes that the response range will be adequately displayed.

3.4 Sampling Natural Substrates

When analysing protozoan communities, particularly those that are
difficult to preserve (most freshwater systems as already discussed),
there has to be a choice of how to distribute the analytical time before
the fresh sample is seriously altered through death, reproduction, or en-
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cystment. A sample from cach of the major substrate habitats (i.c. sur-
faces of mud, rock, submerged vegetation) is examined separately. By
coupling this information with the relative proportion of the various
microhabitats within an aquatic ecosystem, a very detailed and realis-
tic apportioning of the species distribution within the system and their
abundance in the different habitat types can be obtained. The same
physical structure (e.g. submerged vegetation or wood) in shady and
sunlit situations as well as at different depths and in different current
velocities should be analysed. Unfortunately, if one collected as many
samples as should be necessary to evaluate properly all the differences
just mentioned, the samples would be far too numerous to investigate
before serious alteration in community composition began. The errors
when the samples deteriorate are far greater than if only enough sam-
ples were collected to analyse before undergoing marked alteration.
The recording of species occurring at-different time intervals (the result
of the rapid turnover that occurs in some microbial communities) intro-
duces a serious distortion. Alternatively, composite results may be pre-
pared from a series of samples. Compositing might reduce the apparent
abundancc of the extremely common species found in certain habitats
but not found clscwhere, to the point where they might be below the
threshold density that makes recognition possible. Normally itis gener-
ally preferable to compromise by taking a series of samples from the
most common major habitats (i.c. surfaces of rocks, submerged vegeta-
tion or mud) and ignoring some of the finer distinctions previously
mentioned. Since these are usually baseline studies carried out before,
say, an industry begins discharging wastes, the type of community in-
habiting the area in a general way is determined. By comparing the post
trcatment samples with the pretreatment samples, any major deleteri-
ous effects that occur may be determined.

The problem of how many species to take in characterizing the plank-
tonic community is somewhat similar, although, of course, the life his-
tories and ecological requirements of planktonic species are different.
Planktonic species have an advantage in that many are comparatively
easy to preserve and there is generally less detritus to interfere with

sample examination.

4. THE USE OF PROTOZOANS IN THE ASSESSMENT
OF WATER QUALITY

Protozoans provide a useful means of assessing water quality but they
are not frequently used. Some of the advantages of using protozoans for

this purpose are as follows:



268 . J. Cawrns

(1) They require relatively small containers compared to those
needed for fishes and macroinvertebrates. ‘

(2) Some microbial species are no more difficult to handle than rain-
bow trout and other commonly used test species.

(3) They grow comparatively rapidly so that the effects of potential
pollutants on reproduction, growth, metabolism and other properties
may be rcadily tested over several generations without waiting months
or years for results. -

(4) They can be maintained in synthetic media under defined condi-
tions so that assays are completely reproducible—a situation which is
expensive for the large volumes of fluid required for higher organisms
and difficult to achieve.

(5) Many species have both sexual and asexual reproduction
stages—thus clonal uniformity is available as well as the unique
characteristics associated with sexual reproduction.

(6) Unicellular organisms are in more intimate contact with their
environment and often have shorter response times than higher
organisms. '

(7) Since most free-living microorganisms have a cosmopolitan dis-
tribution and are likely to be found wherever the natural conditions are
appropriate, the same species may be used as an indicator organism on
different continents and help to reduce the conflicts due to differing re-
sults with different specices.

(8) Since many species can often be kept in stock culture at a slow rate
of growth, itis possible to keep a collection more casily and in less space
than is possible for higher organisms.

(9) The differences in tolerance to various waste materials among
fishes, invertebrates, and microbial species is not as great as is generally
supposed. Patrick et al. (1968) have shown that diatoms are sometimes
more sensitive than fishes, sometimes less, and sometimes quite com-
parable, but rarely are there orders of magnitude differences in re-
sponse. Thus, fish tolerance is no more or less representative of the entire
aquatic community than a microbial or macroinvertebrate species.

(10) Protozoans, together with other microbial species, constitute
the major portion of the biomass of many aquatic systems. Therefore, in
terms of weight per unit area (or volume), they are frequently a domin-
ant portion of aquatic ecosystems.

(11) A collecting permit usually is not required!

We are now entering an era where the hazard evaluation of toxic sub-
stances, biological monitoring, and environmental quality control sys-
tems are essential for the maintenance of the quality of life in industrial
societies. In addition, such systems are necessary for the protection of
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human health. Even for situations where the sole intent is the protée-
tion of hwman health, the use of biological carly-warning systems in-
volving surrogate organisms will almost certainly become increasingly
common in the future (Miller, 1977). As a consequence of widespread
use, more careful attention will probably be given to the cost of generat-
ing the information. Cost will be partially dependent upon the space re-
quirements of the organisms used in the various types of biological as-
sessments. [tis, therefore; highly probable that the use of protozoans

for this purpose will increase (Cairns, 1979).

Protozoans may be used as indicators of water quality in three major
ways:

(1) in surveys of rivers, streams, lakes, and other bodies of water which
are carried out preferably by a team of specialists working with
organisms ranging from bacteria to fishes;

(2) inlaboratory bioassays designed to determine the effects of various
changes in water quality, and

(3) in laboratory microccosystems, artificial streams, and ‘the like

"which are designed to fill the void between the single species bio-
assay and the complex, highly varnable natural systems (e.g.
Cooke, 1977).

4.1 Use of Protozoans in Field Studies of Aquatic Ecosystems

The use of protozoan communities in the assessment of water quality of
rivers, streams, lakes, estuaries and oceans has some serious drawbacks
and some marked advantages which have been discussed at length by
Cairns (1974).

Protozoan communities may be used in a variety of ways for assess-
ments.

(1) They may be used as indicator species as exemplified by Bick
(1971).

(2) They may be counted to give the number of species and the
number of individuals per specics, and this data can be analysed by
cluster analyses, principal component analyses, ordination, and other
procedures. Either natural substrates (Lackey, 1944) or artificial sub-
strates (Spoon and Burbanck, 1967) may be used. Artificial substrates
offer some advantages in this type of sampling. Firstly, the substrate
may be positioned in the best locations relative to a waste discharge
rather than depending on locating the natural habitat. Secondly, the
species found are usually the same as those on natural substrates, which
is expected since this is where the invaders of the artificial substrate
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originate. Thirdly, the sampling process is simplified since composite
results from a variety of substrates of dissimilar composition and loca-
tion, in the proportion in which they occur in nature, do not have to be
dctermined since the proportionality is to a certain extent taken care of
by the invasion and subsequent colonization processes.

Examination of microbial communities is normally not done on arti-
ficial substrates during the early stages of the colonization process and
often not until they are presumed to have reached a MacArthur-Wilson
equilibrium condition. However, there is a strong possibility that the
colonization process itself may he more informative than the equilib-
rium condition. This is demonstrated by Fig. 11 from a study of the pro-
tozoan communities on artificial substrates for six stations dat Smith
Mountain Lake, Virginia (Cairns et al., 1979). The arm of the reservoir
containing sampling stations | and 2 receives sewage and heavy metals
from the city of Roanoke, Virginia, just above station | (Roanoke River
Basin Comprehensive Water Resources Plan, 1975). This produces a
well-defined eutrophic gradient with the arm of the reservoir contain-
ing station | representing the organically enriched situation with some
water quality recovery at station 2 and a more marked recovery at the
confluence of the two arms represented by stations 3 and 4. Stations 5
and 6 are on an unpolluted section of the reservoir. Although the
equilibrium species number (day 21) is quite similar for all stations, the
early colonization spccies number (days | and 3) is much higher for the
polluted stations (1 and 2) than at the unpolluted stations. Smith
Mountain Lake is not a badly polluted lake: if it were, this would be re-
flected in the species richness at equilibrium. The fact that it is in a
threshold condition in certain areas and that the diffcrences between
stations under these circumstances are best determined during coloni-
zation occurring before equilibrium than after is worth further atten-
tion.

Ecological perturbations, such as organic pollution in an aquatic en-
vironment, generally produce certain predictable changes in commun-
ity structure. Species with low tolerances are climinated, while those
species best suited for'survival in enriched habitats become excessively
dominant. Fig. 12a illustrates two hypothetical distributions of specics
into abundance classes. Stress distorts the normal distributi n U by
eliminating many low to moderately abundant specics and in reasing
the number of high abundance species. The net result is that in a stressed
situation (distribution S) a greater proportion of the total specics are
present in high abundance. Such changes in community structure must
affect the colonization dynamics of'initially barren islands drawing col-
onists from.the perturbed system. .
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Fig. 11. Mcan colonization curves showing the protozoan colonization of artificial substiates in Smith Mountain Lake
(a reservoir) Virginia (after Cairns ef al.. 1979). Sec text for details of stations | 10 6. DO = dissolved oxvgen concentration:
TKN = the nitrogen concentration; PO, = the phosphate concentration.
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There are four reasons o expect that the establishment of a stable
equilibrium number would be more rapid for uncolonized islands (in
this case polyurethane (PF) islands) drawing colonists from a stressed
cnvironment.

(1) Inorganically enriched arcas, colonization is rapid because the
PF islands supply immediately suitable habitats for immigrant heterot-
rophs. Under comparatively oligotrophic circumstances, however, col-
onization is slower because preparation of the substrate is first required
before many protozoan species can invade successfully.

Gilroy (1975) noted that in defaunation experiments (Wilson and
Simberloff, 1968) “non-ideal” islands (i.c. those which did not reach an
cquilibrium during the first year of the monitoring period and did not fit
the theoretical madel) had suflered considerable damage during the de-
faunation procedure. Recolonization was very slow because the suita-
hility of these islands as habitats had been significantly diminished.

Foam islands at the clcaner Smith Mountain Lake sampling stations
3 and 4 were also comparatively slow to accumulate species. The initial
phases of colonization at stations 3 and 4 were adequately described by
the non-interactive model (Table 1, days | to 6), but the apparent ac-
quisition of equilibrium by day 6 and the subsequent increase in species
numbers suggested that habitat islands were not immediately suitable
for certain components of the community. Because habitat islands at
the cleaner stations are not subject to the large and immediate influx of
organic nutrients which abound at more polluted stations;, colonization
and habitat preparation by carly invaders was probably first required
to modify these habitats for subsequent successful invasion by other
heterotrophic protozoa.

(2) A stressed community is commonly dominated by r-selected op-
portunistic species. These species are particularly well adapted to the
pioneer stages of colonization wheri resources are plentiful and com-
petitive pressures are minimal (Luckinbill, 1979). Barren islands draw-
ing propagules from this type of pool should accumulate species more
readily than islands drawing from a more complex source,
~ Opler et al. (1975) have observed a situation analogous to this in the
tropical lowland forests of Costa Rica. Recolonization of clear-cut plots
drawing propagules from severely perturbed source arcas was ex-
tremely rapid. This was also attributed to the relatively large numbers
of pioneer species within this pool. Plots surrounded by more mature
forest, however, exhibited much slower increases in species richness
within an equivalent time frame.
~(3) Sinc? island community establishment is considercd an essen-
tially non-interactive process (Simberlofl, 1969). it can be simply



Table 1. Nonlinear regression analysis of model S =8 (1- e‘GT) in 6 Smith Mountain Lake stations. Lack of Fit
(L.O.F.) F and « level attained are presented (a[F] < 0. (ﬁ is required for decision level). Estimates of the parameters
are given where model was adequate (tggs, is time to reach 99% of S the equilibrium species number).*

Station 1 Station 2 Station 3 Station 4 Station 3 Station 6
w/o 15t

Alldata F 6.97 0.622 1.403 27.34 45.78 4.98 1.078
a(F) 0.0086 >0.50 >0.75 <0.001 <0.001 =0.023 >0.75
S 52.04 55.12 58.72 48.26 48.47
G 1.64 1.42 0.89 LOF LOF 0.31 0.40
tage, 2.81 3.24 5.17 (no equilibrium) 14.85 11.51

Daysl o115 F —_ — — 12.92 86.36 — —
a(F) — - — 0.004 <0.00! — —
S — — — — — — —
G — —_ —_ LLOF LOF — —
tygey, — — — - — — —

Days 1106 F —_ — — 7.43 11.84 — —
a(F) — — — 0.037 0.017 — —
Seq — —_— — 32.29 35.59 — -
G — —_ — 1.99 1.14 — —
Lygy, - — —_ — 2.31 +.04 —_ —

* Reprinted with permission from Cairns ef al. (1979).
t Without Day 15. ’
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- viewed-as a sampling phenomenon whose dynamics are a function of
the source species distribution.

If the dispersal capacities of the organisms are similar which is likely
to be the case for passively dispersed protozoa in a benthic system
(Kuhn and Plafkin, 1977), then the likclihood of any particular species
invading the substrate is directly related to its abundance: the greatera
species’ abundance, the greater its likelihood of colonizing. If samples
are taken at an carly time (T1, Fig. 12b), a greater proportion of the
total species pool would be sampled from the stressed versus the un-
stressed distribution. As the sample time increases (T2, Fig. 12¢), the
likelihood of a substrate receiving new species from low abundance
classes is increased. Eventually, as the sample time is expanded further,
a point of diminishing return is reached where continued exposure
draws in fewer and fewer new spcecies. This point is reached sooner in
the stressed situation than in the unstressed where there is a greater
proportion of low abundance species (T3, Fig. 12d).
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Fig. 12. Distortion of relative abundance structure by stress (from Cairns et al., 1979).
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(4) Anotherdirect result of organic pollution is to increase the carry-
ing capacity of the habitat in question for heterotrophic organisms. Fer-
tilization can be visualized as causing a displacement of the mode of the
effected species pool distribution to the right (Fig. 13). This displace-
ment cffectively increases the number of high abundance species at en-
riched locations, potentially speeding substrate colonization even more
than the distortions of relative abundance structure which have just
been considercd.

The protozoan colonization of barren habitat appears to be a direct
function of the characteristics surrounding natural protozoan com-
munity. The process reflects characteristics of both the composition

and productivity of the source pool.

Mode
Mode

NO. SPECIES

Fertitization |
—

T

. —

ABUNDANCE CLASS

Fig. 13. Fertilization shifts the mode of the relative abundance distribution to the right,

reflecting the increased carrying capacity of the enriched habitat. A hypothetical dis-

tortion ol the curve's shape in response to pollutional stress is also illustrated (axes asin
‘ Fig. 9). (From Cairns et al., 1979.)

4.2 Laboratory Bioassys

A variety of laboratory bioassay techniques using protozoans to deter-
mine the toxicity of chemical substances has been developed (Bovee,
1975; Bringmann and Kuhn, 1959; Butzel ef a/l., 1960; Gross, 1962;
Gross and Jahn, 1962; Bick, 1971; Mitchell, 1972; Maloney and
Palmer, 1956). It is worth noting that some Protista organisms may be
referred to as cither algae or protozoans. Some of the bioassays involved
protozoan communities (Cairns and Plafkin, 1971); others involve
single species (Yongue et al., 1979); some involve inhibition (Kostyaev,
1973); others depend on direct lcthal effects or the disappearance of
members of a community (Cairns ef al., 1971b). Schultz and Dumont
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(1977) exposed the protozoan Tetrahymena pyriformis to phenol and
found that concentrations of less than 75 mg 1™' alter cell motility,
shape, and contractile vacuole activity. After 3 min exposure to less
than 10 mg phenol 17! reduced the oxygen uptake with a concommit-
ant increase in clectron density of the mitochondrial matrics. Altera-
tions in mucocysts, pellicle, and glycogen were also observed.
Bringmann and Kuhn (1959) and Epstein etal. (1963) also devised tests
for the protozoan Microragma.

A comparison of the protozoan response to phenol with some other
commonly used aquatic test organisms demonstrates that the proto-
zoan response is within the range of the response of other organisms.
For example, Alekseev and Antipin (1976) found an L.C50 value of
320 ug phenol ml™' for Physa fontinalis and Bringmann and Kuhn
(1977) report an LC50 for Daphnia magna of 31 pg phenol ml ™', Addi-
tional evidence of the response relationship may be found in the litera-
ture (Buikema et al., 1979) and a gencral discussion may be found in
Hutner (1964) and Hutner et al. (1965).

The paucity of toxicity tests on protozoan communities forces esti-
mation of the concentrations that will not impair community integrity.
There are a number of drawbacks to this approach.

(1) Interactions between and among species are ignored.

(2) As the level of organization increases (i.e. species, community,
ecosystem), properties emerge that were not apparent at lower levels
(e.g. energy flow).

(3) Detoxification is more likely in a complex system as is disappear-
ance into an environmental sink (e.g. sediments). Cairns ef al. (1980)
"found that a sublethal dose of copper sulphate significantly decreased
the colonization rate of uncolonized substrates in association with both
mature (at MacArthur-Wilson equilibrium) and immature com-
~ munities (not at MacArthur-Wilson equilibrium). The effects were

more pronounced when immature communities were involved.

4.3 Microcosms

There is a vast chasm between single species laboratory tests in which
variables are controlled and the highly variable complex natural
ecosystems where they are not. Clearly, a system of intermediate com-
plexity with more control over variables is quite useful for a variety of
research endeavours, including the verification of predictive models de-
veloped either from single species laboratory or natural system data.
Some of these are “species defined” gnotobiotic systems (e.g. Taub,
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1969; Crow and Taub, 1979; Taub and Crow, 1981; Taubetal., 1981}, but
many are not. Microcosm is defined as “a little world: a miniature uni-
verse.” [tis, in the context of this chapter, a patch of an ecosystem lack-
ing many of its important characteristics but, if one has chosen the
patch carcfully, it exhibits the characteristics one wishes 1o study
reasonably well (see Parkes, pp. 45-102). ‘The recent literature on
methods in this ficld has been summarized by Cooke (1977) and Salt
(1971). Although investigations with microcosms are not yet widely
established, it appears to be a very promising approach.

5. THE FUTURE OF RESEARCH ON PROTOZOAN
COMMUNITIES

Although there is certainly no evidence of widespread interest in proto-
zoan community structure, there are good reasons for believing that
such interest will develop in the near future. A broad interest presently
exists among biological scientists in the ways in which communities
function and are structured. This interest seems to be growing quickly
and somc fundamental questions about community organization now
scem to be resolvable given computer technology as an assistance in
handling the masses of data necessary. The decline in federal and state
support of university and private institute research, coupled with in-
creased difficulties both in transportation and political unrest of getting
to remote locations from the home base, make it likely that studies of the
larger vertebrates and vascular plant communities may be partly re-
placed by studies of microbial communities where the hypothesis being
tested is ammenable to such use. There is no intent to imply that
hypotheses involving microbial communities for their own sake are not
desirable, but rather that microbial community research may be a suit-
able surrogate for research on communities of larger organisms for
which funding may not be as readily available as it has been in the re-
cent past. Even if research with the larger systems is contemplated, it
might well be advantagcous to carry out some screening studies with
smaller systems to define more precisely the parameters to be measured
and the questions to be asked.

Three very important and essentially unanswered questions regard-
ing the response of communities to stress illustrate this point.

(1) Are the single species toxicity tests useful for predicting re-
sponses of entire communities? Does an application factor derived from
tests carried out on a single species actually protect an entire commun-

ity?
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(2) Do communities in different areas made up of different aggrega-
tions of species respond in a similar way to an identical concentration of
a toxicant? In this instance one might have to allow for differences in
water quality that affect toxicity.

(3) Do communities of different maturity respond similarly to iden-
tical concentrations of a toxicant?

The primary assumption stimulating question (1) is that the com-
monly used test species, such as the rainbow trout, the white rat, the
guinea pig, the bluegill, and the rabbit, will furnish evidence from
which extrapolations can be made that will protect all other organisms
not tested. They are thought to furnish a reasonable representation of
the range of biological response. Differences between the customary
test specics and those of other species not included in the testing proce-
dure are thought to be adequately predicted through the intelligent and
knowledgeable use of existing information. Questions (2) and (3) are
fairly straightforward.

Protozoan communities have been useful in:

(1) Testing hypotheses in theoretical ecology.

(2) Biological monitoring of pollutional effects.

(3) Toxicity testing.

(4) Evaluating water quality.

It is curious that they are not used more frequently considering the
many advantages mentioned in the text. There are only two major
drawbacks:

(i) Skill in identification is not easily acquired, and
(ii) Preservation usually distorts the community structure and there is
a loss of some taxonomic characters even for the more durable

species.
These seem comparatively minor when one considers the many

benefits.
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ABSTRACT

There are four basic management options for surface-mined
land: (a) restoration 10 original condition; (b) rehabilitation of
some desirable characteristics; (c) development of alrernative
ccovystems that may be quite uniike the original but may be
desirable for a varicty of reasons; (d) neglect or natural
reclamanon when cevidence suggests that unaided natural
processes will produce better results than human intervention.
Checklists are provided so that essential information will be
avanlable 1n selecting the most suitable option.

INTRODUCTION

A few years ago,' I examined the pros and cons of various
management options for reclaiming surface mined land.
The options examined were:

| Doing nothing and leaving the land as it was when
mining was completed.

2 Restoring it to its original condition.

3 Reclaiming it 10 an ecologically improved (compared
to its present state) and more socially acceptable con-
dition of use or aesthetically pleasing.

In this paper,' I speculated that ‘it seemed virtually
certain that partial restoration to an ecologically
improved and more socially acceptable condition is the
option that will be most regularly exercised in many
countries’. Included in this option were rehabilitation
and alternative ecosystems that will be discussed at length
in this article. Rather than repeat the analysis given in
that paper. an ideal goal would have been to develop the
beginnings ‘of a decision-making protocol similar to a
hazard protocol® and to explore at greater length some
problems associated with rehabilitation or production of
alternative ecosystems, both of which will be sub-
sequently defined. A protocol used in this particular
sense 1s designed to provide a systematic basis for
generating information and identifving the kinds of in-
tormation needed to make a management deciston. Most
protocols are arranged such that the evidence is gathered
sequentially and checkpoints aliow determination of a
sutficient body of evidence to make a sound judgment in
cach particular instance. The underlying philosophy is
that no two decistons require precisely the same kind of
quality of information. The description of protocols
commonly used in other management decisions, such as
risk analysis and hazard evaluation, are readily
available” ' so that detailed description in this article

seems inappropriate. At the outsel, the general strategy
of the protocols developed for hazard =valtuation (in
which development of an evidence base alternates with a
decision-making requirement’} seemed possible.
However, after a number of unsuccessful attempts, this
approach was abandoned in favour of a series of check-
lists. This does not mean that the protocol is impossible
or undesirable for reclamation, but that more experience
is necessary to produce a sound protocol. The field of
hazard evaluation for environmental exposures has only
recently been developed and was preceded by a long
period of methodology development in toxicity testing,
chemical transformation. partitioning and fate analysis,
and the other components of the complex 1afermation
base necessary for reliable hazard evaluation. Therefore,
the field of ecosystem rehabilitation is not likely to
become similarly systematised until a unifying theme is
identified.

The words reclamation, restoration and rehabilitation
are often used interchangeably in the literature. For
example, Rorslett’ cites Bjork: ‘Restoration of freshwater
systems is a well-established practice in Scandinavia. By
this we mean the rehabilitation of ecosystems which have
been seriously impaired by human mcdification of the
water system or its surroundings (¢f. Bjork, 1975)". In this
manuscript, an attempt will be made to use terminoiogy
consistently. However, in citing other publications (in-
cluding some of my earlier works), the words must be
those of the authors. It is worth noting that the words
species and religion are not yet defined with a precision
acceptable to everyone. but reasonably effective com-
munication is still possible.

BASIC MANAGEMENT OPTIONS

Four basic management options exist: (a) restoration.(b)
rehabilitation, (¢) alternative ecosystems and (d) neglect
or natural reclamation. These alternatives arc shown in
Figure 1.

Restoration as a policy returns the ecosystem in a
direct route toward its initial state. Undesirable features
of the initial natural state presumably would be accepted
as part of the overall package.® Rehabilitation may be
defined as a pragmatic mix of non-degradation. enhance-
ment and restoration. The term alternative ccosystems
has been substituted for enhancement as originally
defined in the article just cited® because the term was
applied solely to the Great Lakes, and alternative eco-
systems seemed more appropriate when generalising eco-
systems. In addition, some students have a hostile
reaction to the word enhancement which they regard as a
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Figure 1 Management options for surface-mined lands. Modified
from Magnuson et al.®

cover-up for industry’s failure to act responsibly.
Magnuson e1 al.’ define enhancement: *Enhancement or
improving the current state of an ecosystem without
reference to 1ts initial state might lead an ecosystem
further from its initial state, perhaps by adding desirable
man-made features and suppressing undesirable natural
features’. I am substututing alternative ecosystems to
include all possible options that are now or might become
available in the future. For example, one might replace a
grassland ecosystem in Kansas, that had been surface-
mined, with a lake because the area lacked standing
surface waters. A well-managed lake might be regarded
as more desirable than' the original condition, and
certainly more desirable than the present condition.
Alternatively. one might have prairie grasslands in
Southwest Virginia as an alternative to restoring the
original slopes of surface-mined areas. Finally, one might
create artificial wetlands for disposing of treated sewage
and more rapid recharge of groundwater as an alternative
1o discharging directly into existing streams or lakes.

I am substituting the term neglect (which may result in
natural reclamation) for further degradation in the
original Magnuson er al. article’ for several reasons. In
their article focusing on the Great Lakes, they indicate
that ‘further degradation, more or less consistent with the
degradative processes of the past two centuries, leads in
the opposite direction from restoration’. However,
abandonment or neglect for some ecosystems might
result in a restoration to original condition, an alternative
ecosystem, or further degradation. In those cases where a
good information base exists, the outcome might be
predicted with reasonable certainty even if no
management intervention occurs.

PERTURBATION-DEPENDENT ECOSYSTEMS
VERSUS PERTURBATION-INDEPENDENT
ECOSYSTEFMS - THE KEY ISSUE FOR
SELECTING A MANAGEMENT OPTION

Although some guestton remams whether perturbation
dependency 1s only a difference in degree, there is no
question that some ecosystems require at least certain
types of disturbance in order to maintain high species
diversity, productivity and other presumably desirable
characteristics.® Figure 2 indicates that such ecosystems
decline when not perturbed by such naturally occurring
events as fires, floods, hurricanes and so on. The degree to
which this dependence enhances ability to recover from
man-made disturbances is not well documented, but it
seems reasonable that perturbation-dependent eco-

PERTURBATION-INDEPENDENT SYSTEMS

DISTURBANCE

PERTURBATION-DEPENDENT SYSTEMS

GROWTH-VIGOR —e
PRODUCTIVITY-SPECIES DIVERSITY

FIRE-FLOOD
HURRICANE ETC.
TIME —e

Figure 2 Disturbances in general ecosystems create vegetarional
setbacks and complete recovery is slow, whereas disturbances in
perturbation-dependent ecosystems usually stimulate pulses of
growth which rapidly decline unless disturbed again®

systems should recover more rapidly from certain
disturbances than perturbation-independent ecosystems.

SELECTING MANAGEMENT OPTIONS

Probably the most crucial consideration in selecting an
appropriate management option for land that has been
surface-mined is whether the system is perturbation-
dependent or perturbation-independent (Figure 3).
Although some well known examples of both pertur-

is this a perturbation
dependant or independant

ecosystem?

)

Select management option :

1. Restoration
2. Rehabilitation

3. Alternative ecosystem

4. Neglect
Option 1 Option 2 Option 3  Option 4

Figure 3 Selecting management options
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bation-dependent and perturbation-independent eco-
systems have been described in detail elsewhere,’ an
¢example of a perturbation-independent system would be
the Amazon rainforest and a perturbation-dependent
system would be a typical prairie grassland where fire
keeps trees and other wooded vegetation out. Some pine
forests are also perturbation-dependent, and some pine
seeds require a heat stimulus for proper seeding and
germination. If the ecosystem is perturbation-indepen-
dent, neither the necessary information nor methodology
tor restoring it to its original condition may be available,
particularly if the size of the disturbed area is substantial
(since size increases the distance to living vegetation).
Additionally, the time required to restore it to its original
condition may be well in excess of a human life time, and
society is often impatient with long-term responsibilities.
Finally, there is no guarantee that the disturbance will
merely push the system to an early successional stage and
that the successional events that follow will replicate the
successional events that led to the present condition.
Although the body of literature on succession is quite
large,” one cannot expect that the assumption just made
would be the inevitable result of either the response to
disturbance or the recovery process. As a consequence,
long-term management responsibilities seem highly
probable when the decision is to restore an ecosystem to
its original condition.

The merits of creating major disturbance in natural
parks, wilderness areas, unique habitats, etc., are not at
1ssue here, but itis certainly possible the decision to utilise
these resources may some day be made by the US govern-
ment. If this is the case, attempts to restore to original
condition would seem to be appropriate since presumably
the systems were given their present designations because
they were in some way unique. These unique properties
should not be lost permanently to society. Therefore,
despute the difficulties of time, lack of knowledge, meth-
odology, and so on, some circumstances can be imagined
where restoration to original condition might be
mandatory,

Perturbation-dependeut ecosystems might be restored
to original condition quite rapidly but may present as
many difficulties as perturbation-independent eco-
systems. Knowledge of the degree of the perturbation-
dependence or independence would also be essential for
determining whether or not rehabilitation of certain
desirable qualities is possible. Finally, some systems that
are perturbation-dependent might be neglected because
natural processes will enable them to recover just as
quicklv as any presently available management practices.
Ruvkard and Caushing® have shown that merely excluding
livestock Trom certain areas results in recovery that
appears to be identical to original condition in a relatively
short ume (less than 20 years). Although not explicitly
stated. no management practices, such as reiniroduction
of young plants, would probably have made a major
difference in this natural recovery process.

At the present time, scientific, management, social and
economic reasons exist for not always restoring to
original condition. As the scientific basis for recovery and
restoration to original condition becomes better
understood, undoubtedly the frequency of selection of the
uther options will alter substantially. A time may come
when restoration to original condition is the most
probable option that will follow almost any disturbance.

Probably the option of rehabilitation of the system (as
defined by Magnuson e¢ al’®y will also increase more
quickly as an important option, but for the same reasons.
As the present time, not enough is known about eco-
systems to be able to restore desirable features easily
except the production and/or establishment of certain
species. Although some valuable conservation sites have
arisen in abandoned, ie. neglected, chalk quarres
without any human intervention, this does not mean that
scientists can determine when this will happen and when it
will not. Also, except for small disturbances or eco-
systems that recover with astonishing rapidity from
displacement, neglect will probabiy not be a viable
option. Therefore, our most likely short-term choice will
be the development of alternative ecosystems.

As mentioned earlier, decision-making protocols were
constructed for various management options that wege
similar to hazard-evaiuation protocols. Dissatisfaction
with all of these led to the production of checklists for the
selection of management options. It is wortk noting that
checklists for toxicity testing and determination of the
environmental concentration of chemicals preceded
hazard-evaluation protocols. Presumably in every field
where science and management decisions interact, science
must progress to a certain degree before the production of
useful protocols becomes possible. However, Bradshaw
and Chadwick® do have an operational protocol in their
superb book The Restoration of Land (Figure 4).

The decision-making protocols aiternate data
gathering and decision-making based on the assumplion
that various decisions {such as risk or hazard) do not all
require the same amount or kind of information. The
protocols are usually arrayed so that decistons to take
action may be made at several points along the infor-
mation gathering sequence. When not enough infor-
mation is available, the kind and amount needed are
explicity stated.

Since this approach has been effective for a variety of
decisions, it will undoubtedly work for selecting and
implementing options for management of surface mined
lands. A series of checklists follow for each of the options.
Readers will undoubtedly be able 10 add to or modify
these checklists, both for specific sites and gencral use.
The main purpose of the checklists is to bring order into
the decision-making and data-gathering processes so that
the methods and information presently available can be
fully utilised and deficiencies 1n the science can be
rectified. Decision-making protocols similar in strategy
to those developed for evaluating hazard to ccosystems
should ultimately be developed.

CHECKLIST FOR SELECTION OF
MANAGEMENT OPTIONS

The purpose of this checklist is to ensure that adequate
data are available before a decision is made:

I Can any options be excluded because of low prob-
ability of success?

2 Is the cost of any option (including cost to society)
prohibitive?

What time will be required to reach each of ihe goals?
Is further disturbance likely to occur on the site?
Can management responsibilities and/or costs be
transferred to another group? If so, should this be

v s W
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Additional planting

(trees, shrubs, etc.)

1

Maintenance

(tertilizing. mowing, grazing, etc.)

i

Monitoring

(plant growth and soll development)

T

Soeding

(choice of method)

Site preparation
(recontouring, drainage,

amsliorant application)

!

Development of amelioration

programme Deveolopment of seed mixture

(tertilizer, organic manures, (grasses, legumes,
stabilizing agents, other herbs;
non-toxic wastes, tree and shrub seed;

sub-soil, microbial inocula)

8oil, if avallable)

——

Formulation of ecological goal for revegetation

(in relation to ultimate land use)

1

Appraisal of site and substrate

(climate, physical properties,

tertility, toxicity, etc.)

=

Design of operation

(orlentation of dumps, deployment of overburden,

shape of excavation, final landscaping, etc.)

t

Decision on ultimate land use

(in relation to environment, social needs, tinancial

return, possible reworking, planning requirements)

Figure 4 The steps involved in the development of a successful
restoration scheme: ar each siep careful observations and
experiments must be made to ensurc that the operations are
planned correcily. Reproduced with permission of the authors and
the University of California Press, Berkeley. Bradshaw (personal
communication) credits Dr Jeffries in Trinity College, Dublin,
with the original idea ~ this is also indicated in his acknowledge-

menis®

done? Often responsibility is transferred over the
objection of management. Perhaps management
would make more sound environmental decisions if it

could retain control.
6 Which option conforms most closely to existing regu-

latory requirements?
7 What are the comparative costs for monitoring per-

formance?
8 Is cooperation with third parties possible?

OPTION |: RESTORATION CHECKLIST

Is restoration to original condition feasible?
2 Is adequate ecological information available about
the original condition?

—

Is a reference (‘control’) site available?

Is the source of original species adequate?

Are management responsibilities (including periorm-

ance monitoring). cost estimate and duration

described?

6 Was the original ccosystem of local. regional. or
national importance? Can societal response to this
option be esumated accordingly?

7 Is there a superior ecosvstem or lund use other than

the pre-mined condition?

w A w

This option should be selected: (a) for ccologically uniquc
ecosystems, (b) for aesthetic reasons where the damaged
area is part of a larger system of major recreational or
ecological value, (¢/ as a precondition for surface mining
in unique and irreplaceable ecosystems. in few cases will
this be a viable option if substantive information about
original condition is not available.

OPTION 2: REHABILITATION CHECKLIST

I Have desirable parameters or ecologics! conditions to
be rehabilitated been explicity stated’

2 Is evidence available that the above can be rehabiii-
tated without restoring the entirc ecosystem to
original condition?

3 Will the mix of parameters and conditions be ecologi-
cally stable? If not, what additional qualities must te
added to achieve stability?

4 Will the attempt to rehabilitate oriy some of the
original ecological characteristics produce any un-
desirable side effects?

5 Is there a significant difference in cost between re-
habilitating the ecosystem and restoring it to original
condition?

In some instances, rehabilitation of certain desirable
characteristics can be quite successful. For example, the
River Thames in England has had obnoxious odours
removed; the fishery in the tidal portion was rehabilitated
from virtually nothing to over 100 species, and a number
of other desirable qualities were rehabilitated. No cne
would claim that the river is in its original condition. but,
in certain respects, it is more like the original now than it
was a few years ago. This is one of the best cases of re-
habilitation known and further details of this effort may
be found in Gameson and Wheeler.!? This situation has
been reported by Edmondson!! for Lake Washington in
the United States. There appear to be no comparable
situations in regard to surface mining; therefore. aquatic
systems are used to illustrate this management option.

OPTION 3: ALTERNATIVE ECOSYSTEMS
CHECKLIST

I Have the specifications of the alternative ecosystem
been explicitly stated?

2 Iflong-term management is required, who pays for it?

3 Is monitoring for potential adverse effects outside the
site boundary required?

4 Is this alternative ecosystem partly or entirely experi-
mental? If it is, do the appropriate regulatory and
civic authorities know this?

5 If several alternative ecosystems might be established,
have the options been discussed with appropriate
decision-makers?
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This 1s an area where ecologists and land managers could
casily show much more creativity. Of course, they will
need enabling legislation to do so, but, once the oppor-
tunity is clearly perceived, this should be no major
problem. An example from Virginia will illustrate that
this 1s not an attempt to give industry an ‘easy out’, but
rather one which sometimes makes more sense both
economically and ecologically.

During the past few years, an ¢enormous battle has
ensued in the state of Virginia, which has significant
surface mining in the southwestern area in terrain very
much like that of West Virginia that has received much
more attention in the press. The argument centres over
whether areas with a greater than 20° slope should be
restored to original condition following surface mining.
Structural stability of such slopes is not good, particularly
if a torrential rain occurs before the area has revegetated.
Given the length of time likely to be required for sufficient
vegetation to stabilise such slopes, major erosion and de-
stabilising of the contours is virtually certain.
Additionally, revegetation under such unstable con-
ditions is not easy, and methods for doing so have not
been developed. Thus, it would be virtually impossible to
restore the area to original condition, even if funds were
available. Rehabilitation of some of the most desirable
characteristics of the original system does not seem to be a
viable option because many characteristics would depend
on restoration to an approximation of original slope; that
has already been discarded as a viable option. Since there
are approximately 29,150 ha (72,000 acres) of abandoned
surtface mined lands of this type in Virginia, the con-
sequences of neglect are apparent. and most citizens and
environmentalists would discard abandonment as a
viable option under these particular circumstances. This
leaves alternative ecosystems as the only option, other
than abandoning mining. Since the economy of western
Virginia depends upon extraction of this resource and
since our energy and economic needs also call for this
removal, mining is quite likely to be supported by most
citizens with the requirement that it be done with the least
ecological disturbance. Therefore, conditions should be
established for this situation to determine the nature of
the alternative ecosystem. Desirable ecological
conditions are listed here, not necessarily in order of
importance:

1 Effects of erosion, leaching of heavy metals and other
toxic materials, and so on, upon the surrounding
areas, including streams and ground water, should be
minimised.

2 The system should be physically stable so that heavy
rains or rapid snow melt will not destabilise the system
and cause mud slides, rock falls, etc., that block roads
or endanger human habitations.

3 The alternative ecosystem should achieve and main-
tain ecological stability as quickly as possible.

4 The system should be, at best, aesthetically pleasing
and, at least, not displeasing.

S The alternative ecosystem should contribute to re-
creation and agriculture and to civic and other social
values.

6 Management costs should not exceed a certain per-
centage of the value of the extracted material and the
value added by the management practices. In short,
the incentives to create alternative ecosystems should

exceed incentives to evade legal responsibility or
abandon the systems.

Whitmore'? has noted that 43,225 ha (106,765 acres) of
new grasslands produced from reclaimed mines in West
Virginia represent an ecosystem unique to the state. but
not too unlike the Great Plains in avifaunal composition.
Although this was not planned as an alternative
ecosystem, but rather to establish certain species, one can
still cite it as an example of the alternative ecosystem
option. The ecosystem lost, namely steep forested slopes,
was replaced by an ecosystem similar in many ways to
that of the Great Plains. (That this was only partially by
design is irrelevent to this discussion). The ecosystem lost
is still abundant following mining, but the type gained is
unique to the state. The residents of West Virginia,
especially ornithologists, now have the opportunity to
view species that they would otherwise have had to travel
great distances to see. The fand mass involved, though
substantial, is still a small percentage of the total land
mass. This is important because alternative ccosvsterns
should not replace a substantial perceniage of existing
ecosystems, but rather a small percentage of them. One
assumes that some of the natural ecosystems wtll be pro-
tected. Thus, alternative ecosystems may have rec-
reational value and may be aesthetically pleasing even
though alien to the native ecosystems of that locaie.

Considerable scientific benefits can be gained from
exploring the possibilities of developing alternative eco-
systems. 114 Most ecological studies have been
observational, i.e. recording events in natural systems.
rather than experimental. Properly designed and
managed alternative ecosystems could furnish a wide
variety of ecologically interesting information, precisely
because they are experimental rather than observational.

Another possible benefit is the diversion of pressure on
natural resources as a consequence of the creation of
alternative ecosystems. Peltz and Maughan'’ have shcwn
that fish populations have been established in five strip-
mine ponds. The ponds described by Peltz and Maughan
were not designed as alternative ecosystems since the fish
were thought to be introduced accidentally and because
no comprehensive management plan or substantive
quality control practices were put into place. However,
Peltz and Maughan felt that: 'The ponds seem 1o have
fishery potential with proper management’.

At least one site in the United States exists where
citizens have become accustomed first to picnicking, then
fishing and boating, and finally to human contact with a
series of ponds consisting primarily of sewage effluent. If
a recreational opportunity that is in short supply can be
provided by developing an alternative ecosystem to that
originally present, society may make full use of this eco-
system if it is properly planned and managed. This has
occurred in this country and in Australia power plant
cooling lakes that serve as recreational facilities and,
therefore, qualify as alternative ecosystems.

Although the use of surface-mined lands to provide
alternative ecosystems for recreation has attractive
potential, the biggest potential involves the use of surface
mined lands for waste disposal. This is done quite oftenin
the UK, mainly in coal and gravel. This invoives consider-
able risks, but no course of action for disposing of societal
wastes is free of risk. Transportation costs are likely to be
quite high because the surface-mined land may not be
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easily accessible to the sites where wastes are generated. In
spite of the costs, some wastes have been barged con-
siderable distances to sea, and. when they are treated in
metropolitan or urban areas. treatment costs are often
high. Consequently, if wastes can be concentrated and
transported at a lower cost, such use becomes more
feasible. At the very least, such options deserve more
attention than they have received. Illustrations of some of
the possibilities available in using surface mined areas for
waste disposal follow.

Fly ash slag and bottom ash disposal

Carnes '* estimated that at least 50 million tonnes of coal
ash were collected from the burning of 385 million tonnes
of coal in the USA in 1972. In 1975, more than 31 million
tonnes of fly ash were projected’’ as electrostatic
precipitators and mechanical collectors were installed by
many power utilities in response to more stringent air
quality standards. The ash content of coal varies over a
wide range, averaging about 11%, and consists of bottom
ash, slag and fly ash.'®

Bradshaw and Chadwick® have an excellent, though
short, section on the reintroduction of fly ash into the
environment. As the authors prudently note, this sort of
scheme has not justified itself in practice. Nevertheless,
this is the creative approach needed for establishing
alternative ecosystems.'

Fly ash produced by coal-fired steam electric
generating plants presents a major solid-waste disposal
problem. Although the ecological effects of fly ash have
not received much attention, some evidence is available.?®
There is good evidence that some aquatic organisms may
inhabit fly ash settling ponds: therefore, the material, if
properly handled, will present a low environmental risk.
Ideally, fly ash should be reincorporated into the natural
environment from which it came so that it would have the
least adverse ecological impact. At present, fly ash is
likely to accumulate in piles and basins at sites near power
plants where it serves no purpose and may be
mismanaged and cause leaching problems, etc.

Accumulating societal waste is a strategy which pushes
on future generations the responsibility for today’s
wastes. Returning wastes to the natural environment at
minimal ecological or public health impact would be far
better a scheme. This might be possible if alternative eco-
systems were designed for this purpose (of course, highly
radioactive and other ‘special problem’ wastes would still
have to be stored). The paper by Chu er al?' is worth
examining because it provides substantive evidence about

(R S A ol

Human and animal wastes and vegetable byproducis
- disposal on surface-mined ecosysiems

Perhaps one of the greatest tactical errors of human
society, particularly in North America and Europe, has
been the mixture of human waste materials with water to
carry the mixture away from dwellings to treatment
systems or directly into the environment. In the last 10 or
20 vears, we have further aggravated this practice by the
widespread distribution and use of garbage disposal units
that shred uneaten animal and vegetable products to be
mixed with water and shipped to the sewage treatment
plant. This widely accepted method of waste disposal,

once regarded as enlightened, may soon be seriousl
questioned as our water and sewage transport systems in
major urban areas fall into disrepair and require replace-
ment. In the era when clean water was thought to be in
virtually unlimited supply, energy was cheap, and the
delivery systems were laid under our citics and towns at
what now appears to be incredibly low costs with minor
maintenance requirements, few questioned this practice.
Now, entire systems may need replacement in the near
future with water shortages almost everywhere. Withone
energy pricing shock in our past and another projected
within the next 10 years and municipal, state and federal
revenues in decline, perhaps we will re-examine these
distribution systems with cost-effectiveness in mind.
Since 2% of the human waste is mixed with 98% water, the
transportation, treatment and disposal problems are
exacerbated. The solids alone could easily be transported
to alternative ecosystems ior disposal. The Clivus
Multrum, produced in Sweden, makes such segregation
possible with odour-free units that can be installed in
ordinary dwellings. Loehr’s fine book? covers this topic
of waste disposal quite well.

OPTION 4: NEGLECT (WHICH MAY RESULT IN
NATURAL RECLAMATION) CHECKLIST

I Is substantive evidence available that natural
processes will be more effective than available
management practices?

2 Will the resulting ecosystem closely resemble the
original, or will it be of a fundamentally different
character?

3 Are any adverse ecological effects expected from the
site itself, e.g. from runoff? How long should they last?
Can they be mitigated?

4 How should the public and appropriate regulatory
agencies be informed of the rationale for this decision?

5 Are there any adverse health or safety considerations
which threaten the general public?

Neglect is perhaps an unfortunate word choice to indicate
a management option because it suggests indifference.
However, there are a number of instances that indicate
that doing nothing will achieve desirable results as rapidly
as any presently known management techniques.
Numerous examples exist of inappropriate management
intervention that has done more harm than the impact
that management was trying to mitigate. Probably the
classic example of this is the attempt to clean up oil spills
with detergents, dispersants. scrubbing. etc.. which under
some circumstances do more harm to the picie than the
oil. There is no question that in some cases of environ-
mental disturbance, doing nothing for positive reasons is
the best course of action.

CONCLUSIONS

Requirements of our technological society will result in
surface-mining and other disturbances for the foreseeable
future. Fertiliser, metal and energy needs alone insure
this. Legislation should be enacted that will provide more
flexibility in managing surface-mined lands and other
disturbed ecosystems. This flexibility can only be justified
if more systematic management options for coping with
the ecological problems caused by mining and other
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activities are developed, and if these are supported, in
turn, by a broader scientific base. The interplay between
science, management and social choices needs more
structure and more thought. Creative use of research
opportunities provided by the management options just
described will be of considerable academic benefit and
ultimately of social?’ and economic benefit. In addition,
creative use of some disturbed ecosystems will help reduce
some of society’s other problems, such as waste disposal,
and perhaps add to recreational facilities.

Many problems of our time require that groups who are
not accustomed to working together, or who are even
antagonistic to each other, must now work effectively and
frequently together. This makes science more holistic by
causing interactions among the disciplines that have for
quite a number of decades been isolated and fragmented.
Such an approach simultaneously causes interactions
between academe and industry. While some dangers
might surface in the academic integrity of universities and
other institutions as a consequence of this latter relation-
ship, numerous benefits will be realised, particularly for
ecologists for whom experimental ecosystems will have
been provided. It is already evident that such interactions
have been occurring, but doubtless all will agree that they
could be expanded and enhanced.
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INTRODUCTION

Biological assessment of water pollution has
depended historically on observing effects directly in
natural systems. This is unsatisfactory for two
reasons: (a) best management practices require pre-
vention rather than documentation of damage; and
(b) direct observation of an event in one system does
not necessarily permit one to make claims about
events in other systems. The documentation of
damage is a necessary part of biological monitoring,
and methods for determining whether biological in-
tegrity has been impaired are still being developed
although a wide variety of methods for different types
of ecosystems is presently available for practical use.
As a consequence, the most important of the future
nzeds in biological assessment of pollution are: (a)
development of a predictive capability; and (b) means
of validating the accuracy of the predictions which
will in turn enable corrections to be made when the
predictions are in error.

Direct observation of an environmental impact on
a particular system cannot be the sole basis for the
development of a predictive capability. Transfer of di-
rect observations in other similar systems and devel-
opment of a theoretical understanding of the interac-
tions which occur under stress situations that permits
predictions to be made is essential. The study of
factors causing the effect is a necessary basis on which
to develop predictive capabilities. Direct observation
of pollutional effects has been popular with biologists
because it involves minimal dependence on theoreti-
cal constructs which, in a newly developing field, may
often be wrong. Its major weakness is that this sort of
evidence has not proven adequate for extrapolation to
ecosystems other than the one in which the event
occurred except in the most general way. Since
carrying out experiments, particularly with toxic
chemicals on natural ecosystems, is not going to be
subst. ntively more useful than sound observations of
natural systems already receiving wastes and because
if such experiments were carried out on any signifi-
cant scale we would soon run out of natural systems
to use as controls, a prime need is microcosms or
experimental systems which can be used for these pur-
poses. This must be accompanied by the determi-

nation of the correspondence in response to pollu-
tants between the microcosms and/or experimental
systems and the natural systems.

Predictive models permit extrapolation because
they provide explanations for effects in terms of com-
paratively readily measured processes and because
such models tell us which components of the systems
determine the nature of the response. Unfortunately,
sound predictive models require an understanding of
the dynamics of natural systems far beyond that
presently available. Since neither approach (i.e. obser-
vations or predictions) is free from error, a sound
biological monitoring strategy should use both lines
of evidence so that the sources of errors in predictive
models can be gradually eliminated and the obser-
vations on natural systems which provide the most
useful information can be determined. In the initial
stages of development of both predictive and observa-
tional strategies, much replication will be necessary.
But as our understanding of cause-effect relationships
improves, the need for such replication almost cer-
tainly will be reduced substantially.

It is a sine qua non that without the ability to pre-
dict environmental concentration of chemicals and
their subsequent transformation products through the
use of fugacity equations (e.g. Mackay, 1979) and a
study of transformation kinetics prediction of a
hazard will be seriously flawed. The same sort of
statement applies to physical factors such as thermal
loading, suspended solids transport and distribution,
velocity changes, and the like. The coupling of bio-
logical evidence with chemical/physical evidence is
long overdue.

SINGLE SPECIES TESTS

The single species toxicity test has been the work-
horse of the hazard evaluation process practically
since the field began. Compelling reasons exist for
abandoning the practice of placing sole reliance on
single species testing. This should not be taken as a
reflection upon the single species toxicity test or a
denigration of the data so produced, but rather that a
scientifically sound hazard evaluation must be based
on an array of information. Single species toxicity
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tests are essential for measuring such things as
lethality, alterations of growth rate, fecundity. behav-
ior. and the like. This essential information can only
be obtained with single species tests. Therefore. such
tests should continue to be an important and integral
part of hazard assessment strategy. However, most
single species tests use organisms of uniform age, size,
and so on, and, therefore. do not display the hetero-

7 geneity of a typical population. In instances where the

fate of development of population tolerance to a par-
ticular chemical is an important factor as it would be
for persistent chemicals, even the single species tests
might well include some population dynamics not
now included. Such tests would be particularly impor-
tant for situations where there is a particular target
organism, such as the lamprey infesting the Great
Lakes, which might make adjustments in sex ratio in
response to continued application of a chemical.
Virtually all of the toxicity tests carried out are
single species tests. Data generated from these single
species tests have been relied upon to estimate those
concentrations of chemicals in the environment that
are thought to be incompatible with the maintenance
of ecosystem integrity. The reasoning behind this de-
cision appears to be that il one tests an array of spe-
cies, selecting for intensive study the most sensitive
species, and then determines the response of the most

/ sensitive life history stage that this will inevitably pro-

tect all other species. One rarely finds such an explicit
statement of this belief, but it seems to be the underly-
ing assumption for regulatory agencies that place so
much reliance on single species tests in the determi-
nation of chemical concentrations that will not prove
harmful to ecosystems. It is worth noting that an in-
formation base as comprehensive (i.e. a substantial
array of species and life history stages) as the one just
described is uncommon. Most decisions on acceptable
concentrations of a compound are based on evidence
from a few species. and only occasionally are varied
life history stages a part of the evidence base.
although the strategy of using an array of species and
more than one life history stage now seems favored.
Still. even if the number of species tested is increased
from a few to 7 or 10 and a number of life history
stages of the most sensitive species are tested as well.
this will represent only a small portion of the varia-
bility found in the thousands of species in natural
systems. It is well documented that single species tests
can provide much information on doses and times of
exposures that result in changes in the survival
growth. physiology. reproduction. behavior. and other
characteristics of individuals within a particular spe-
cies. Looking beyond single species testing. multispe-

cies toxicity tests are needed for such things as esti-

mating transfer rates of a chemical through biological
processes such as predation. These multispecies tests
are not so greatly diflerent from the single species
tests that a major renovation of existing equipment
would be necessary to carry out such assessments.
Most of them could be done in.already existing facili-

ties (e.g. Coutant er al., 1974). It is less well docu-
mented that testing a limited array of species for these
characteristics in a graded series of concentrations of
a particular chemical will provide adequate evidence
to extrapolate, with some degree of precision. from
the limited range of response variability to the range
of variability of a large array of species. It has been
widely assumed that this is the case because major
environmental catastrophies have not occurred, or at
least have not been detected, following discharge of
wastes at concentrations determined in this way.
Rarely is the validation of the accuracy of predictions
as systematically and objectively carried out as one
would wish. More subtle effects upon ecosystems such
as displacement of species, changes in energy flow. or
nutrient spiraling almost certainly would not have
been detected in the absence of a comprehensive
monitoring program. Rarely are such programs in
place to validate predictions of hazard. Therefore, one
of the key assumptions of toxicity testing, namely that
single species tests can be used to protect ecosystems,
is neither proven nor disproven by scientific evidence.
The reasons for failure to validate this hypothesis are
not at all clear. possibly it is because it is seldom
explicitly stated. Test methods rarely include a pre-
amble asserting that ecosystems can be protected by
single species tests. yet this is the generally established
dogma in the field. Short-term toxicity tests, particu-
larly those limited to determining mortality. do not
contribute significantly to an understanding of even
single species responses to chemical exposures of con-
siderable duration. Unfortunately. long-term tests,
using more subtle parameters such as growth, repro-
ductive success. physiological condition, and the like.
are comparatively expensive, require more sophisti-
cated facilities for longer periods of time. and also
require a higher degree of professional competence
both for obtaining results and interpreting them.
Limitations in appropriately skilled personnel and ad-
equate resources ensure that short-term or acute
single species tests using lethality as an endpoint con-
tinue to be the major basis for estimating hazard of
toxic chemicals and other environmental pollutants.
Unfortunately. the uncritical use of short-term tox-
icity tests using lethality as an endpoint is likely to
produce erroneous conclusions regarding the prob-
able impact of a chemical on a complex ecosystem.
These conclusions could err on the side of overpro-
tecting the ecosystem and result in expenditure of
funds that will produce no demonstrable biological
benefits or result in underprotection and consequent
damage to the ecosystem.

If one had a laboratory with all of the equipment.
staff. and financial support that one wished for and
could carry out as many tests on as many species as
one wished. the evidence obtained from such tests
would only indicate in a scientifically justifiable man-
ner how the species tested would respond in isolation
from other species. The evidence from these tests
could not provide a reliable estimate of responses at

-
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any higher level of organization which includes such
predator/prey relationships, energy
exchange, inter- and intraspecies competition for
resources such as nutrients or habitat, or the resist-
ance to parasites. It should be emphasized to non-
“ecologists that there are many even higher levels of
organization in complex ecosystems which include a
complicated series of regulating processes and feed-
back loops. Ailthough these may be only poorly
understood by ecologists, their existence is
overwhelmingly accepted.

The example which follows illustrates how labora-
tory results may inadequately predict events in
natural systems. A laboratory toxicity test might show
increased mortality of the test species which results in
markedly reduced population size. However. if one
introduced the chemical into a natural system inha-
bited by the test species, one might find the popula-
tion size unchanged compared to its size before the
chemical was introduced. Upon examination in the
natural system, one might find that a predator which
preyed upon the test species also had inhibition of
reproduction or had its population size reduced in
some other way. As a result of this relief from preda-
tor pressure which compensated for the mortality loss
caused by the chemical, the population of the test
species remained unchanged in nature. Note that the
single species laboratory evidence would have pre-
dicted a marked reduction in population size. Roberts
et al. (1978) noted that although results of lethal dose
(LD 50) and lethal concentration (LC 50) tests for
aquatic invertebrate species indicated low toxicity for
polychlorinated biphenyls, subsequent field work and
multispecies tests revealed a decrease in the diversity
of invertebrate population. In contrast, Eisele (1974)
carried out subchronic tests using several invertebrate
aquatic species which were exposed to methoxychlor.
Some of the exposed species were adversely affected at
a concentration of 0.2 mg!~'. However, in a l-year
exposure in streams involving the original concen-
tration of 0.2mg 1™ ', only very subtle changes were
detected in individual species, and multispecies inter-
actions such as predator;/prey relationships appeared
unaffected (Eisele & Hartung, 1976).

THE CASE FOR ENVIRONMENTAL REALISM

The concepts of ecological and pollutant realism
were introduced by Blanck et al. (1978). Test con-
ditions that account for important characteristics of
the natural environment. including both individual
species and ecosystems. are considered to be ecologi-
cally realistic. Pollutant realism is attained when the
characteristics of the compound in the natural en-
vironment are incorporated into the laboratory test
system. These things. of course, are easier said than
done, but unquestionably a dialogue is needed
between those involved with natural systems and
those carrying out laboratory tests so that such tests
are as realistic as possible. Such groups have had little
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or no interaction in the past, and, as a consequence,
toxicity testing procedures have not incorporated
features that would improve environmental realism.
At the same time, ecologists, unaware of the nature
and limitations of laboratory toxicity tests, have not
developed the methodology that would be helpful in
validating predictions made with laboratory toxicity
tests. Heath et al. (1969) pointed out that it was not
possible to characterize the response of any system to
general or specific perturbations solely from the
knowledge of the response of a few component parts.
Unfortunately, not much attention was given to this
warning.

Biologists have given most of their attention to the
impact of chemicals on the biota. But the biota may
also act on the chemical by changing its nature, con-
centration, and partitioning (e.g. Klein & Scheunert,
1978 Maki er al., 1980). Chemical and physical trans-
formation processes will also have major effects which
deserve attention if environmental realism is to be
attained (e.g. Korte, 1978). Present inadequacies in
predicting various transformation processes should
not be used as a basis for ignoring them altogether
since even a crude approximation of probable events
is better than total ignorance.

MICROCOSMS AND MESCCOSMS

If one believes that single species tests, however
skillfully carried out and however broad the range of
species tested, cannot provide adequate information
for effectively assessing chemical and other stress
effects on populations or ecosystems, some qualitat-
ively different types of information are necessary.
Extrapolation from results obtained with one species
to approximate the response of another species when
their response to a wide variéty of chemical and other
stresses are known may be possible. While such extra-
polation will probably not be precise, a reasonable
approximation can be expected if the data base is
adequate. Even if such efforts proved satisfactory, the
cost of generating an adequate data base might be so
great that one might wish to place limited resources
toward other types of data generation. Extrapolation
of results obtained with one form of a chemical to
approximate probable results with another quite simi-
lar form may be possible, although. again, precision
should not be expected. However, such basic eco-
system properties as nutrient spiraling, mineralization
rates, energy flow. and successional processes must be
studied by toxicity tests that are specific for these
phenomena. As noted earlier. such tests carried out in
natural systems are not in society's best interests
because preventing such displacements before they
occur is our intent. The question is whether or not
some of these phenomena pencrally requiring the
presence of a number of species can successfully be
studied in laboratory systems. Fortunately. the
answer appears to be a qualified yes. The now classi-
cal work of Metcalf and his associates (Metcalf et al.,
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1971). the long continuing work of Taub (1974), and
the variety of microcosms discussed in Cooke’s sum-
mary article (Cooke, 1977) show that such studies are
indeed possible although they have difficulties and
drawbacks. In practice, a microcosm is not a minia-
ture ecosystem with all its components, but rather a
considerably smaller system than the natural with suf-
ficient complexity to enable one to study certain
characteristics of natural systems with environmental
realism. In short, microcosms are reduced scale
models of natural ecosystems or portions of natural
systems housed in artificial containers kept in a con-
trolled or semi-controlled environment.

Although microcosms have not had a major role in
toxicity testing thus far (for example, they did not
provide a major source of the evidence used for the 65
criterion documents prepared by the U.S. Environ-
mental Protection Agency in response to the consent
decree). the advantages are considerable. Because
microcosms are small. replication and a degree of
standardization are both possible. Lack of replication
and uniformity are major weaknesses of many system
level studies. Control of both chemical and species
composition is substantially greater than in natural
systems. Comparisons of different concentrations of
single chemicals or an array of different chemicals are
facilitated under these conditions. This absence of en-
vironmental variability may facilitate inference of cau-
sal relationships in some instances and impair it in
others. From a safety standpoint. potentially dan-
gerous substances can be tested in contained systems
without contaminating the natural environment. Of
course, disposal will still be a problem. but a more
manageable one. The absence of complicated spatial
heterogeneity permits a more complete definition of
physical. chemical. and biological characteristics as it
does in some natural systems (e.g. certain Antarctic
lakes). Properly used. this simplification can be ad-
vantageous. but used improperly could produce
serious error. By using higher concentrations than
one would expect in nature. the type of impact may
be determined in less time. The most important
advantage, however, is that effects beyond those at the
single species level can be studied.

There are, of course. difficulties whenever problems
of scale are involved. Simplication and miniaturiza-
tion may produce error (Whittaker, 1961; May, 1974;
Jassby ¢t al.. 1977a. b: Dudzik er al.. 1979; Harte et al.,
1979. 1980). The chemical-physical environment in
microcosms may be quite different in many aspects
from that of natural systems. Important biological
phenomena, such as succession, are difficult to repli-
cate in microcosms. Increasing the complexity of
microcosms may reduce these problems. but increases
cost and makes standardization more difficult. This in
turn reduces the opportunity for replication. The
rather shallow depths of most aquatic microcosms
may produce unrealistically large nutrient fluxes and
decomposition rates in benthic compartments, as well
as distorting vertical migration patterns of zoo-
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plankton. Inclusion of larger organisms, such as fish,
can distort biomass relationships and nutrient cycles.
Various distortions of surface-volume ratios can have
a variety of chemical, physical, and biological effects.

Sometimes these deviations from environmental
realism can be offset. For example, Perez et al. (1977)
have designed benthic chambers that provide a
reduced surface area of the sediment in contact with
the water. Harte et al. (1979) coped with surface-
volume problems by using single-operating pro-
cedures. However, in most instances, a technological
solution will be not feasible, and an awareness of the
problem will be the chief protection against error.

Since the experimental ecosystem is selected or
designed to display a particular quality that might be
altered by the stress being studied, the results
obtained will depend upon the skill of the experi-
menter in selecting significant parameters most likely
to be affected by the stress and the degree to which
these characteristics in the experimental ecosystems
resemble those in natural systems. The source of the
material to assemble experimental ecosystems
deserves careful attention. Ideally, the material should
be from an ecosystem for which a substantial amount
of information is available. The source ecosystem
should be as free as possible from contaminating
materials. and evidence should be provided that this
is the case. The most likely source for materials fitting
these specifications would be ecological preserves.
They should be selected at a national level to rep-
resent a spectrum of ecosystems throughout the
country that would have ongoing surveillance of bio-
logical/chemical/physical conditions with the infor-
mation stored in a readily accessible form. Naturally,
samples for assemblage of microcosms or allocation
of a portion of the system as an experimental eco-
system would require careful management to avoid
destroying the very properties that make the preserve
valuable.

Despite the difficulties and problems just discussed,
microcosms offer an opportunity to obtain infor-
mation that cannot be obtained from single species
tests and which should not be obtained from natural
systems which we wish to protect.

FIELD TESTS IN NATURAL ECOSYSTEMS

Circumstances undoubtedly exist where a combi-
nation of single species and microcosm toxicity tests
do not adequately define the hazards of using a par-
ticular chemical. If the benefits from using a chemical
are particularly attractive and no alternative formula-
tions appear to work as well, field testing may be
necessary to determine fully the environmental risk
involved. Field enclosures that contain the test
material should restrict the damage to the area allo-
cated for the test. Even so. such tests should be used
only when satisfactory evidence cannot be obtained in
laboratory systems. Field enclosures of a representa-
tive portion of a natural system have already been
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shown to be usefu! (eg. Odum & Jordan, 1970).
Although field studies provide a degree of environ-
mental realism difficult to obtain with microcosms,
replication is a major problem, as is skilled operation
in a test system.

Tests carried out in unenclosed natural systems are
unquestionably the most realistic since few extrapola-
tions are needed. The subtle effects and interactions
not present or easily detected in simplified systems
can often be detected in field experiments (Nelson et
al., 1975), although they may be masked by high
variability. Some serious disadvantages exist. Since
our purpose is to protect natural systems, one does
not wish to damage even a portion of one in the
process since rehabilitation may take years and be
quite costly. Also, the number of natural systems with
a sufficient data base both in breadth and duration to
ensure such tests will serve this purpose well are piti-
fully few. Until more systems are included in this cate-
gory, the few that now exist represent a resource that
must be cherished. Even when this desirable state has
been achieved, such systems must never be squan-
dered. In short, proposed tests must meet the most
rigorous professional standards before authorization
for testing is given,

A number of authors have discussed the disadvan-
tage of field tests (Cooke, 1971; Nelson et al., 1975,
Draggan, 1976; Lighthart & Bond, 1976; Heath,
1979). Difficulty of replication due to environmental
variability seems to be the most significant problem.

ESTABLISHMENT OF ECOLOGICAL RESOURCE AREAS

In addition to the need for field sites with an ad-
equate data base for testing purposes, compelling
reasons exist for establishing a number of “ecological
resource areas” (ERA). For some years, I have
espoused the establishment of such areas to furnish
“seed” organisms for recolonizing damaged areas
(Cairns, 1976). These ERA’s would be selected to pro-
vide an array of land and water ecosystems represen-
tative of those most common in each country. Prefer-
ence should be given to areas under surveillance for
some time with substantive data bases available. A
variety of biological, meteorological. and chemical-
physical data would be routinely collected and stored
in a readily retrievable form. A few such sites already
exist (eg. the Savannah River Environmental
Research Park near Aiken, SC). These would be aca-
demically useful in studying long-range ecosystem
changes, determining natural variability in structure
and function. and the like. However, with careful
planning they could serve some other purposes as
well.

Having “pedigreed” sources of biological material
for microcosms and other experimental ecosystems
would be helpful. That is, material from an area
where the living conditions and performance of the
organisms is reasonably well understood and docu-
mented would be useful. The ability to replicate

microcosm studies will depend heavily on the back-
ground information available on ERA's.

Some types of pollution affect vast areas (e.g. acid
rain). These must be studied in isolation from other
pollutional effects. In such studies, field enclosures
might be used to simulate “normal™ or pre-acid rain
conditions.

Certain areas of these ERA's might be set aside to
validate predictions made on the basis of single spe-
cies toxicity tests, microcosm tests, and the like. In
instances where the predictions were in error and
damage resulted, the site could then be used to study
recovery from perturbation.

MATHEMATICAL MODELS

Although mathematical models are not commonly
used in pollution assessment, they do provide a link -
between observations and predictions. For example. if
one wishes to use observations of steam electric
power plant effects on one river system to predict
effects on another, a model might be developed based
on the characteristics common to both systems with
the expectation that the results might be somewhat
similar. To a degree, success will depend on the
number of inferences required because these will in-
crease the probability of error. Acquiring skill in the
development and use of mathematical models would
enhance the extrapolation of data from one site to a
number of other places. The advantages are so
numerous that it is clear that development of math-
ematical models well beyond our present capability
deserves serious attention. However, mathematicians
attempting to do this would do well to read the article
by Slobodkin (1975).

MONITORING WASTE DISCHARGES AND OTHER
INTRODUCTIONS OF CHEMICALS INTO THE
ENVIRONMENT

A prudent industrial plant manager will see that all
point source discharges under his control have labor-
atory toxicity tests run on them at the earliest poss-
ible moment. Presumably for new plants, this would
be done during the pilot scale operation when simu-
lated wastes should be produced. In many regions of
the United States. such toxicity testing is now
required as part of the permitting process. In ad-
dition, a prudent industrial plant manager would also
have some evidence on the ecological condition of the
system into which the wastes are discharged, prefer-
ably before the discharges begin. Under these circum-
stances, determination of whether the estimates of risk
were correct by biological monitoring of the receiving
system both before and after the waste discharges
enter is possible. The use of natural systems receiving
waste discharges for which permits have been
obtained probably offers the single most inexpensive
means of checking the accuracy of the predictions and
determining what additional evidence is needed if the
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predications are in error. If several similar waste dis-
charges are being introduced into ecologically differ-
ent receiving systems, a situation not uncommon
when the same product is produced in different parts
of the country or world, the factors which cause the
similarity or differences in response can be deter-
mined. Mathematical models can then be developed
that will enable utilization of information generated
in one system for other not identical ecological sys-
tems. If each major discharger would carry out labor-
atory toxicity testing in conjunction with biological
monitoring of the receiving system, this would sub-
stantially reduce the need for field testing in natural
systems, development of complex microcosms, and
the like.

Another situation in which such studies would be
extremely valuable is the improvement of waste treat-
ment facilities to provide additional protection to the
receiving system. In the United States, such studies
have been carried out on the Wabash River near
Lafayette, IN (Spacie & Hamelink, 1979). on the
lower southfork of the Shenandoah River near Front
Royal, VA (Seagle et ul. 1980). and on the South
River near Waynesboro, VA (Cairns, 1981). In each of
these instances, improvements made in the waste
treatment system were accompanied by biological
benefits. Of all the means of determining the corre-
lation between single species and system level re-
sponses, this simple, straightforward, readily available
and comparatively inexpensive source of data appears

to have been largely overlooked.
“

REHABILITATION OF DAMAGED ECOSYSTEMS

Despite some very notable success stories (e.g.
Holdgate & Woodman, 1978) of rehabilitation of
damaged ecosystems, there is no generally accepted
plan for: (a) systematically identifying ecosystems
where rehabilitation is desirable; (b) establishing
priorities for attention; (c) determining the degree of
rehabilitation that would provide amenities attractive
to the public; (d) estimating the degree of ecological
improvement that would result from implementing
improvements in waste discharges and nonpoint
source discharges into the system; and finally (e) pro-
viding a professionally endorsed set of parameters
that would enable us to track the improvements as
they occur and a monitoring system that would
ensure quality control measures to protect the rehabi-
litated state. A schematic depicting several policy
options for management of natural ecosystems is
given in Fig. 1. In this diagram, restoration takes the
ecosystem back in a rather direct route toward its
initial state. Presumably, undesirable features of the
initial state would be accepted as part of the overall
package. Enhancement, or improving the current state
of an ecosystem without reference to its initial state,
might lead an ecosystem farther from its initial state,
perhaps by adding desirable man-made features and
suppressing natural features. Rehabilitation may be

defined as a pragmatic mix of nondegradation, en-
hancement, and restoration. To the extent that
natural ecosystem recovery can be fostered. restora-
tion of some desirable features can be expected to be
a cost/effective tactic within such a mix. Further
degradation, of course, is always an option but one
which society seems to have rejected in recent years.

The remarkable rehabilitation of the Thames (e.g.
Gameson & Wheeler, 1977) and Clyde Rivers in
England provides compelling evidence that present
methodologies and waste treatment technologies,
however imperfect conceptually, can produce
remarkable results in a relatively few years. Further-
more, this rehabilitation was not financially ruinous
to the industries using the water and can, at least in
the case of the Thames, simultaneously turn an eco-
logical eyesore into a multi-use recreational facility.
Perhaps the best confirmation of the success of the
overall program on the Thames is the problem of
meeting a variety of demands which may in part con-
flict with each other (e.g. sailing and fishing).

In an era when energy costs are skyrocketing. rec-
reation close to one's residence will likely become
increasingly common. As a consequence, rehabilita-
tion of aquatic ecosystems near large concentrations
of population seems prudent.

L From an academic standpoint, some urgent needs
are:

1. The degree of ecological improvement resulting
from a specific reduction in point and nonpoint pollu-
tional loading must be determined with greater pre-
cision.

2. The estimation of recovery time once particular
pollution stresses are removed must be substantially
improved.

3. Means of communicating various ecological
options in terms of rehabilitation must be developed.

4. Quality control monitoring during both the re-
habilitation and/or recovery period, as well as for the
maintenance of desirable quality once achieved, must
be improved markedly.

Although rehabilitation of damaged ecosystems has
not had a high priority in the U.S. Environmental
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Fig. 1. Diagram to illustrate the meanings of several policy
options for management of natural ecosystems.
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Protection Agency in past years, it is one of the items
selected for serious consideration in the research and
priority recommendation prepared for the USEPA by
a group of consultants coordinated by Pennsylvania
State University (1979).

DEVELOPMENT OF PREDICTIVE CAPABILITY

The Toxic Substances Control Act (TSCA; US.
Public Law 94-469) and some other federal legisla-
tion. such as the National Environmental Protection
Act (Public Law 91-190). require the development of
a predictive capability. TSCA requires determination

7 of the hazard to human health and the environment in
the extraction, ransportation. manufacture, use. and
disposal of all new chemiculs and all old chemicals
used for a new purpose. Environmental impact state-
ments are required for the construction of new power
plants. pipe lines. and a variety of other activities.
Unfortunately. “impact statements™ have generally
been a list of species and other data without any sub-
stantive attempt 10 make a probabilistic determi-
nation of hazard based on this evidence (e.g. Kates,
1978). TSCA has not yet been substantively imple-
mented due in part 10 the lack of predictive capability
in this area. This lack is striking in the 65 criterion
documents on toxic chemicals prepared by the
USEPA as a consequence of the consent decree
resulting from a suit brought against the adminis-
trator by the Friends of the Environment. the Natural
Resources Defense Council. and other environmental
groups {Federal Register. 1978a.b. 1979a.b). The cri-
terion documents (some of these are mentioned in the
report of the Water Quality Criteria Subcommittee.
1980) suffered from the following deficiencies:

1. The information was not gathered in the system-
atic, orderly way required for a scientifically justifi-
able estimate of risk.

2. A large variety of methods. species. and time
limits were used which made analysis of conflicting
results quite difficult.

3. In some criterion documents. no information was
included about environmental partitioning. trans-
formation processes. and other phenomena important
to sound hazard evaluation. Rarely was the infor-
mation about the environmental fate of the chemical
linked in any substantive way to the selection of
organisms at risk. the length of exposure. the prob-
ability of toxicity from secondary transformation
products, and the like. In short. not only was the
biological information fragmented but the essential
chemical;physical information also was not properly
coupled to the biological information.

4. Statistical analyses were absent or less than desir-
able.

S. Almost all of the information used to estimate
the no adverse biological effects concentration was
based on single species tests. This approach has
several weaknesses: (a) The species used were usually
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those easily culture in the laboratory and often did
not inhabit the areas in which the chemical substance
was likely to intrude. (b) There were virtually no sys-
tem level tests (i.e. energy transfer, nutrient cycling,
predator-prey interactions, and the like). (c) The tests
were usually at a constant concentration with all en-
vironmental variables held constant. In the *“real
world”, both the environmental variables and the
potential contaminant are likely to vary rather widely.
although probably not in concert. (d) There was no
description of the types of environmental measure-
ments necessary to check the accuracy of the predic-
tions made—in short. no form of error control that
would enable one to adjust the predictions based on
experience.

DRAINAGE BASIN MANAGEMENT

It is unfortunate that there are so few drainage
basin management groups for a variety of reasons: (a)
long-term records of water quality and changes in the
organisms which inhabit the system are rarely avail-
able. As a consequence, it is difficult to know how
much change is normal, and often one cannot dis-
tinguish natural cyclic changes from degradation. (b)
It has been very well established by the Hubbard
Brook Studies (Bormann and Likens and their associ-
ates) as well as Coweeta Studies (Patten and Webster
and their colleagues) that the terrestrial system sur-
rounding a drainage basin is a regulator of water
quality as well as the primary source of energy in
many headwater areas. Unfortunately, large scale
events (building developments, destruction of wood-
land. etc.) which influence water quality are rarely
studied in a systematic way and, even when they are.
it is unusual to find sufficient careful documentation
to enable one to develop correlations with changes in
water quality. (c) The absence of an organization
interested in the entire system almost ensures that
system level questions regarding a particular course of
action will not be asked. As a consequence. water
management problems are dealt with in a fragmented
way and rarely is more than superficial attention
given to the whole. (d) Remedial quality control
measures which might be taken immediately if a
monitoring system run by a management group were
in place are frequently postponed until a major per-
turbation occurs. (e) There is no overall strategy for
restoring damaged aquatic ecosystems and, even on
the few occasions when the outline of a plan is devel-
oped. it is usually not implemented in any systematic
way because of the lack of regional authority.

The Ohio River Valley Water Sanitation Com-
mission (ORSANCO) is an interstate agency rep-
resenting Illinois, Indiana, Kentucky. New York.
Ohio. Pennsylvania. Virginia, and West Virginia
which assesses water quality in the Ohio River and
some of its tributaries. Water quality analyses of the
dissolved oxygen concentration. temperature. pH,
conductivity, and flow are reported monthly, and a
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comparison with the desired values is included in the
report. Biological data are rarely included, and the
data base lacks a frequent assessment of levels of toxi-
cants or other materials in the river that might impair
biological integrity. Nevertheless, even these limited
data enable one to make some modest predictions
about the condition of the aquatic biota. Unfortu-
nately, few river basin commissions in the United
States do as much as ORSANCO. Even in such im-
portant, but relatively straightforward matters as
water allocation, the Potomac River situation (see
reports of the Water Supply Review Committee,
National Research Council, Washington, DC) pro-
vides clear evidence of the difficulties when regional
management is not in place. In contrast, the manage-
ment of the Thames by the Thames Water Authority
has superb water allocation and maintenance of water
quality accompanied by a very marked improvement
in the condition of the aquatic biota as well as recrea-
tion amenities such as sailing, swimming, and so on.
For example, since the early 1950s when there were
few permanent fish residing in the tidal Thames, the
situation has been improved so that there are now
over 90 species to be found. The restoration of the
salmon run is a very real possibility despite the fact
that this is one of the most heavily used rivers in the
world running through one of the largest concen-
trations of humans on the globe. The river Clyde has
had significant, though less well publicized, recovery.

This clearly illustrates that present technologies
and methods are adequate for not only management
of river water quality (including preservation of aqua-
tic biota) but for rehabilitation of the river in a cost/
effective manner without severe dislocations to muni-
cipalities and industries.

DETERMINATION OF ASSIMILATIVE CAPACITY

The assumption that ecosystems have assimilative
capacity is based on the lack of evidence for deleter-
ious effects at all concentrations of a chemical below a
certain threshold. EPA’s maximum allowable toxic
concentration is also based on the assumption that a
demonstrable threshold exists. Prominent ecologists
(e.g. Woodwell, 1975) believe there are no thresholds
in ecosystems and that the presumed thresholds are
an artifact of testing procedures and limitations in
the number of parameters assessed. In contrast,
another prominent ecologist (May, 1977) provides
theoretical support for the existence of thresholds and
breakpoints in ecosystems. It is worth emphasizing, as
Odum et al. (1979) have done, that not all change is
deleterious and that some inputs into a system pro-
ducing a measurable response may be regarded as
subsidies. particularly if one uses anthropocentric cri-
teria. For example, an increase in phosphorus loading
of the system producing an increase in desirable bio-
mass (sport or commercially valuable fish), and, there-
fore, a desirable subsidy to fishermen, might still be

.regarded as a form of degradation by an ecologist
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since certain species of microorganisms sensitive to
high nutrient loading might disappear or be severely
reduced in population size. Additionally, some per-
sons make a distinction between a naturally occurring
chemical and those produced by an industrial society.
However, some commonly used industrially produced
products may also be found in nature. For example,
the mushroom Gyromitra (Helvella) esculenta releases
monomethylhydrazine as a decomposition product
(Lincoff & Mitchel, 1977). Since monomethylhydra-
zine has been commonly produced as a rocket fuel.
one might assume that it is not likely to have ever
occurred in natural systems before the industrial revo-
lution. However, there is evidence that it can be
released from mushrooms under circumstances likely
to have occurred, at least occasionally. Thus, what
appears to be a space age chemical has been around.
albeit in smaller quantities, for quite some time.
While the continuum concept (i.e. no thresholds)
may have theoretical validity, it seems to have little
operational value. Many years ago. the poet Francis
Thompson wrote *...Thou canst not stir a flower
Without troubling of a star.” Newton's Law states
“Every body attracts every other body with a force
that...” However, although the validity of this hy-
pothesis is recognized, it is frequently ignored because
it is of practically no importance. The theoretical
effects are quantitatively beyond our ability to

+~Theasure, and, therefore, of no operational utility. The

problem is very similar to that faced by taxonomists
who name species. Species tend to follow all sorts of
gradients through time and space, and one could
make the case that species are a consequence of the
taxonomists desire to classify. At any rate, however.
the practice of placing organisms into categories
called species, which are frequently not very discrete
(thresholds are not sharp) in the real world, has pro-
ven to be of considerable operational value and uti-
lity. The practicc has enhanced communication
among scientists in different geographic regions and
speaking different languages and has also permitted
communication through time by way of museum
records, published documents, etc. The people who
have pointed out that there are no thresholds in ecol-
ogy have done all of us a great service by reminding
\l;s that the “thresholds™ we see may be artifacts of
ur inability to measure responses, just as we cannot
measure the displacement of a star when someone lifts
a flower. Operationally, we have a much better
chance of measuring the biological effects than we do
the movement of the planets, and, therefore. we
should be prepared to adjust as new and more dis-
criminating measurements become available.
Where the question of assimilative capacity is con-
‘cerned, however, differences from one site to another
which we can measure fairly effectively should be a
matter of considerable interest and concern. Present
legislation in the United States, such as Section 316A
of Public Law 92-500 (Federal Register, 1974) permits
biological information to be used to obtain a varjance
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from existing standards. Exceptions are made if_eyi-
dence can be provided to showsthat no harm to the
indigenous biota is occurring or will occur under the
proposed conditions of heated wastewater discharge.
This merely recognizes that where heated wastewater
discharges are concerned some ecosystems may not
be displaced in either structure and/or function by
discharges that would do so in another location.

There seems i justification_for not

- extending this concept to include chemical substances

for which the same statement is also true. This would
permit dischargers who are prepared to gather a sub-
stantive body of biological and ecological evidence to
use the nondegrading assimilative capacity of the sys-
tem more fully than they otherwise would. Additional
waste treatment requires energy both in the operation
of the system and in the construction of the facility,
and the production of this energy itself will probably
cause an ecological displacement somewhere (e.g.
strip mining). It seems prudent to compare the eco-
logical damage done by producing additional energy
for waste treatment and the damage done if no ad-
ditional waste treatment were put in place. By looking
at the entire picture of ecological displacement, one
might often come to quite different conclusions than
those presently formed. The use of the assimilative
capacity concept fits in with the risk/benefit debate
now going on between business and regulatory agen-
cies in the United States (Large. 1980). Representative
Ritter (Pennsylvania) wants to require regulators to
make objective comparisons between the risks of
various actions. Before banning fluorocarbons which
deplete ozone in the upper atmosphere, the regulators
would have to compare the dangers of a general in-
crease in ultraviolet radiation with a person’s deliber-
ate exposure to ultraviolet radiation through sun-
bathing. In a case of assimilative capacity. the benefits
of additional treatment at a particular site would have
to be weighed against the ecological damage caused
elsewhere by the steps required for the additional
waste treatment.

TIERED VS SIMULTANEOUS TESTING
STRATEGIES

Most of the hazard evaluation or toxicity testing
protocols proposed in the recent past have been
sequential or tiered (e.g. Cairns & Dickson. 1978:
Cairns et al.. 1978: Dickson er al.. 1979). The reason-
ing behind the tiered or sequential arrangement
follows:

1. It is necessary to do the inexpensive. single spe-
cies. relatively crude range finding tests using lethality
as an endpoint in order to select the concentrations
that would furnish the most information in the more
expensive. longer range. and more subtle tests involv-
ing sublethal responses.

2. The amount of information necessary for esti-
mate of hazard would depend upon the relationship

— e

between the no adverse biological effects concen-
tration of the chemical and the environmental con-
centration of the chemical. If early tests showed that
these were far apart and the environmental concen-
tration were well below the no adverse effects biologi-
cal concentration. one might reasonably not require
as much testing as one would if the two were close
together. In the latter case, it would be more difficult
to determine their relationship or even which one is
definitely below the other due to the large uncertainty
about the location of both concentrations in the early
stages of tiered testing. In other words, for some
chemicals one would proceed only part way through
the tiered system, and in others might go half way or
all the way through. If one carried out all these tests
simultaneously for all compounds, there would be an
information “overkill”. As a consequence, proceeding
sequentially would be more cost effective. .

3. If tests are carried out sequentially, the infor-
mation generated in earlier tests could be used in the
design of subsequent tests.

However, limited experience with these protocols
has indicated that simultaneous testing might be more
cost effective for the following reasons: (a) The longer
term tests invariably are placed at or near the end of
the tiered sequential testing series and, therefore, are
started long after the first tests. If time is a major
factor in determining costs (e.g. Schramm, 1979), less
might be spent if all tests were started simultaneously.
(b) It is becoming increasingly evident that the single
species range finding tests and other tests carried out
at the beginning of a series are not likely to furnish
useful information about ecosystem responses or even
about the specific range in which the sublethal re-
sponses are likely to occur for a single species. If there
were an inevitable relationship between the concen-
trations obtained in the earlier part of the tiered sys-
tem and those in the latter part, one could easily
apply a "K" factor to the early ones and obtain the’
latter ones without doing the work. Since this consist-
ent relationship does not appear to exist. the amount
of information obtained from the earlier tests appears
not to be worth the delay in starting the more subtle
tests. (c) The scientists and technicians who do the
more sophisticated tests will probably not be the
same ones who did the range finding tests. Those who
do the range finding tests will almost certainly be less
skilled and less well educated than those who are
charged with the responsibility of carrying out the
longer term tests. As a consequence, it is highly un-
likely that significant amounts of information will be
transferred from those who carry out the range find-
ing tests to those who carry out the more comprehen-
sive and complicated tests. (d) The historical sequence
in which tests were developed (i.e.. from the simpler to
the more complicated) cannot be assumed to be the
best sequence for a testing strategy. An array of
related but qualitatively dissimilar data is likely to
enable one to make more accurate predictions of en-
vironmental effects than a limited array of data.
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Sequential testing might seriously delay the acqui-
sition of the critical data mass needed to make a
sound environmental decision.

CONCLUDING REMARKS

A strong belief exists among some of the people
who carry out single species toxicity tests that no sys-
tem level tests are necessary to protect ecosystems.
This goes beyond the argument against ecosystem
tests because: (a) they are thought to be too expen-
sive, and (b) there is not a strong professional con-
census supporting particular system level toxicity tests
as there is for single species toxicity tests. Those who
believe that single species tests are sufficient say that
when such tests have been done and properly utilized
there has been no evidence of ecosystem damage.
There is no substantive evidence either supporting or
refuting this statement. In fact, only extremely rarely
has the value of single species toxicity tests as a means
of protecting ecosystem properties been validated in a
scientifically justifiable way. The fact that no evidence
has appeared of ecosystem damage under the circum-
stances described may be merely because there was no
program designed to test this hypothesis and that the
ecosystem effects were usually too subtle to be ident-
ified by casual observers.

It could also be that ecosystems are more resistant
than single species tests indicate (e.g. Eisele & Har-
tung, 1976). If this is true, money may be spent on
waste treatment that results in no biological benefits.

Another objection to system level tests has been
“who cares whether an ecosystem rate or process such
as colonization rate is impaired?” This is surely not a
valid criticism since a hazard evaluation process
requires an estimate of the probability of harm to
human health and the environment. In short, identify-
ing the types of harm likely to occur under certain
conditions is an essential component of the hazard
evaluation process. The determination of whether it is
an acceptable risk in terms of the benefits to be de-
rived is a social-political decision. Those carrying out
the hazard evaluation should not prejudge the social
decisions likely to be made once the evidence is com-
plete. Finally when a decision is made to do some-
thing about environmental problems, the number and
kinds of personnel needed to do the work properly
should receive more attention than it has in the past
(e.g. Gloyna et al., 1977).

This paper goes so far beyond the present practices
and legal requirements that it will undoubtedly be
labeled as visionary. The charge will be made that all
of these tests cannot be done for all chemicals. despite
the fact that nowhere in this series of articles has this
been recommended. We are passing through a tran-
sitional period not dissimilar to the “agricultural
revolution™. During that period, society found that
harvesting and gathering food from the unmanaged
environment did not deliver this resource in either
sufficient quantity or quality to meet society’s expec-

tations. As a consequence, environmental manage-
ment was undertaken to ensure that the delivery more
closely approximated society’s needs. Although this
has not been fully accomplished, the unmanaged en-
vironment could not possibly feed even a fraction of
those humans now alive. Similarly, the unmanaged
environment is no longer capable of assimilating
society’'s waste without careful management. Else-
where (Cairns, 1979) I have noted that biological
assessment and monitoring of pollutional effects will
probably go through 4 developmental phases: (1)
awareness, (2) observational, (3) predictive, and (4)
managerial. Naturally, these phases will not be clearly
demarcated, but it is reasonably clear that we are now
entering the predictive phase by attempting to esti-
mate the hazard to human health and the environ-
ment of the use of various chemicals before the use is
authorized. This is also true of othgr types of indus-
trial society development. Present practices have
proven inadequate for both the prediction of effects
and the validation of these predictions. As a conse-
quence, one must ask what additional evidence is
needed to improve our predictive capability. including
the validation of predictions where correct and the
determination of error when not. The management
phase cannot be effectively initiated until appropriate
management tools are available, including the capa-
bilities just discussed. At the risk of redundancy. I
reiterate that this article only attempts to outline the
types of information for which there are future needs
if estimates of hazard are to be scientifically justifi-
able. It would be ridiculous to use every test we are
capable of carrying out on each and every chemical.
and 1 have stated this repeatedly (most recently
Cairns, 1980). The appropriate mix of evidence will
have to be determined on a case-by-case basis using
protocols established for this purpose. In no case do 1
believe it possible to do anything with zero risk.

It is quite likely that these suggestions may be
considered scientifically sound but economically im-
practical. The determination of hazard or risk is a
probabilistic determination requiring scientific evi-
dence of the kinds discussed in this and other articles
in the series. When the cost of proceeding without an
adequate estimate of risk exceeds the cost of getting
the information by a substantial margin. as it clearly
has in many cases in recent years, one might ask
whether the acquisition of information leading to a
more reliable estimate of risk is impractical.

These statements may be regarded as platitudinous
by some readers but, since these issues keep reappear-
ing with monotonous regularity, perhaps they are
platitudinous to only a small minority of the human
race.

Clearly, we are not using presently available practi-
cal biological monitoring methods on the scale that is
needed for adequate environmental quality control.
Implementation of use can be accompanied by devel-
opment of new methods. The highest priority should
be given to multispecies and system level tests.
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Estimating Hazard

John Cairns, Jr.

In 1976, the Natural Resources De-
fense Council and other environmental
groups won a class action suit against
the administrator of the U.S. Environ-
mental Protection Agency (EPA) for
noncompliance with Section 304 of Pub-
lic Law 92-500. This section charged the
administrator with developing and pub-
lishing water quality criteria that accu-
rately reflected the latest scientific
knowledge on the kinds and effects of
compounds that may be deleterious to
biological communities and their com-
ponent species. As a consequence of this
suit, a court order directed EPA to pub-
lish criteria in 1979 on 65 chemicals and
classes of chemicals identified as hazard-
ous to aquatic life. The second drafts of
these water quality criteria for a number
of hazardous compounds were published
in the Federal Register on 15 March and
25 July 1979.

Although the words criteria and stan-
dards are often used interchangeably,
there is, in fact, an important difference.
Because criteria are quantities and quali-
ties based on scientific determinations.
they must be scientifically justifiable.
Standards derived from criteria may be
influenced by local or national political.
economic, and social factors; they in-
clude plans for implementation and ques-
tions of water use and management. In
short, although the numbers recom-
mended in a criterion document may be
converted directly by the states without
further thought and reflection. the in-
tention was that this should not be the
case. It should be a sine qua non that,
without adequate information. criteria
cannot be produced.

Several simplistic assumptions have
clouded the processes of criterion devel-
opment and standard setting. including
the following:

The author is director of the Center for Environmen-
tal Studies and University Distingushed Professor in
the Biology Department, Virginia Polytechnic Insti-
tute and State University. Blacksburg, VA 24061. ©
1980 American Institute of Biological Sciences. All
rights reserved.
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e Some chemicals are inherently safe
and some are inherently dangerous.

® The assumption that waste-treat-
ment technology is capable of removing
all alien (not there originally) materials
from industrial process water, and that
the discharge pipe could then be hooked
up to the water-intake pipe to produce a
totally self-contained system. has hin-
dered criterion development. Even if such
removal were technologically possible —
which it is not in most cases—the en-
ergy requirements alone. not to mention
the economic cost. would make it
prohibitive.

® There are no acceptable discharge
rates or concentrations for most industri-
al chemicals. This conviction has not
been altered by laboratory ‘and field evi-
dence of no-adverse-biological effects
because the advocates of this position
maintain either that the tests were not
carried out for a sufficient length of time
or that the wrong parameters were mea-
sured. Industries that might be willing to
carry out a prescribed number of tests
are unwilling to begin testing if they can-
not see the terms under which clearance
will be granted.

Nothing we do has zero risk: in-
telligent choices are best made when one
can estimate the hazard of a particular
course of action with reasonable reliabil-
ity. This does not mean that harm will
not be done: rather. the amount of harm
likely to occur from a particular course
of action will be defined and decision-
makers will be able to balance the bene-
fits and the risks reliably.

The assumption underlying the cost
benefit approach is that for most chem-
icals there is a site-specific. time-depen-
dent. nondegrading loading capacity.
which | have elsewhere termed assimila-
tive capacity (Cairns 1977). Not all
change is deleterious. QOdum et al. (1979)
have articulated the difference between
stress, perturbation. and subsidy very
concisely. In ecological usage. per-
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turbation is any deviation. or dis-
placement, from the ““nominal stage™’ in
structure or function at any level of or-
ganization. Then stress describes unfavor-
able deflections from the nominal state.
and subsidy describes favorable deflec-
tions from the nominal state. In short.
chemical/physical alterations can be
made without having deleterious effects.
The recognition of these—and the fol-
lowing—distinctions is essential to a
clear understanding of hazard estima-
tion. Risk is the probability of harm from
an actual or predicted concentration of a
chemical in the environment. Safe con-
centrations are those for which the risk
is acceptable to society. As a con-
sequence. the assessment of hazard re-
quires both a scientific judgment based
on evidence and a value judgmem of so-
ciety and/or its representatives. Evi-
dence for a scientific judgment must cov-
er (a) roxicity —the inherent property of
the chemical that will produce harmful
effects to an organism (or community) af-
ter exposure of a particular duration at a
specific concentration. and (b) environ-
mental concentration —those actual or
predicted concentrations resulting from
all point and nonpoint sources as modi-.
fied by the biological. chemical, and
physical processes acting on the chem-
ical or its byproducts in the environment.

THE TOXIC SUBSTANCES
CONTROL ACT

The Toxic Substances Control Act
(TSCA) provides that no person may
manufacture a new chemical substance
or process a chemical substance for a
new use without obtaining clearance
from EPA. One of the main purposes of
TSCA is to establish a procedure tor esti-
mating the hazard to human health and
the environment before widespread use
of a new chemical occurs. After examin-
ing the data produced to implement the
evaluation, the EPA administrator must
judge the degree of risk associated with
the extraction, manufacture. distribution
in commerce. processing. use. and dis-
posal of the chemical substance. If the
evidence indicates that the chemicai sub-
stance under described conditions of use
presents an unreasonable risk of injury
to human health or the environment. the
administrator may restrict or ban manu-
facture and use of the substance.

The purpose of this paper is to discuss
the activities necessary 1o estimate bio-
logical hazards of chemical pollutants.
These activities include analyses of em-
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pirical facts (data) followed by appro-
priate scientific judgments (conclusions).
This important, but badly neglected exer-
cise, and the lack of attention given it
by the academic community have resulted
in confusion. disagreement. and inaction
on some very pressing problems.

MAGNITUDE OF THE PROBLEM

In an article entitled **Chemicals: How
Many Are There?"* Thomas H. Maugh 11
(1978) gave a one-page summary of the
overall problem. The American Chem-
ical Society’s computer registry contains
4.039.907 distinct entities. and the num-
ber has been increasing at a rate of about
6.000 per week. Of these. the ACS has
given EPA a preliminary list of approxi-
mately 33.000 chemicals that are thought
to be in common use. EPA believes there
may be as many as 50.000 chemicals in
daily use not including pesticides. phar-
maceuticals. or food additives. And the
Food and Drug Administration estimates
approximately 4000 active ingredients in
drugs and 2000 more used as excipients
(inert ingredients). as well as 2500 ad-
ditives for nutritive purposes and 3000
more to promote product life. Taking all
of these together. Maugh estimated
about 63.000 chemicals in common use.

The number of people competent to
carry out toxicity tests and environmen-

.tal fate-and-effects determinations. how-
ever, is exceedingly small (Committee
on Human Resources 1977). Although
people can be quickly trained (i.e.. a
year or two) for the crude short-term
tests using lethality as an endpoint. it is
extremely time-consuming to educate
people to conduct the long-term tests or
interpret the data. Moreover. facilities
suitable for carrying out such tests are
not abundant, and funds for conducting
hazard evaluations are limited even
when facilities and personnel are avail-
able. One cannot carry out every test de-
veloped by the academic community on
every chemical. Recognition of this
simple fact makes mandatory the devel-
opment of a process for determining test-
ing priority and a means for determining
when sufficient evidence is available to
proceed with the manufacture and use of
a chemical at a risk level acceptable to
society.

Biologists must be concerned not only
with the effect of a chemical upon the en-
vironment. but also with the effect of the
environment on the chemical. Various
types of transformations. including bio-
transformation. are common for most
chemicals. Frequently the transforma-
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tion results in less toxic products. As a
consequence of transformation, dilution,
and other factors, the diminution of tox-
icological properties is often rather sub-
stantial. Even for persistent chemicals.
we must know the environmental path-
ways: how the material is partitioned be-
tween air. water. and soil: what types of
environmental sinks are operative: and
under what conditions releases might be
expected from these sinks.

Determining Environmental
Pathways

The determination of the fate of a po-
tentially hazardous substance introduced
into the environment is a necessary pre-
cursor of any meaningful attempt to es-
tablish effective standards for regulatory
purposes. For example. a chemical asso-
ciated primarily with lake sediments re-
quires a different assessment strategy
from that for a chemical associated with
the water column: Toxicity tests for the
former should involve benthic orga-
nisms. whereas planktonic organisms
would be most appropriate for the latter.
A rapidly degrading substance would re-
quire fewer chronic tests than a per-
sistent one.

Stern and Walker (1978) have devel-
oped an approach to identify the princi-
pal medium into which a chemical may
be distributed after release into the envi-
ronment. The following series of tests
was used: water solubility. partition co-
efficient (octanol/water). adsorption by
natural solids. desorption or leaching.
and volatility. For example. if a chemical
is soluble in water. does not transfer to
octanol. does not readily adsorb to soils.
readily leaches from areas in which it is
deposited. and has a low degree of vol-
atility. testing of persistence and ecologi-
cal effects could be limited to these con-
ditions and biological targets associated
with the liquid phase of bodies of water
and. to a lesser degree. their sediments.
The integration of data developed in
tests of environmental mobility with the
information required by TSCA Section 8
will provide a useful indication of pos-
sible “"target” organisms.

The new environmental rates approach
{Branson 1978) requires that properties
be measured as time-concentration rates .
These are properties of the compound
that have predictive value and extrap-
olating results to the “‘real world.™"
This exercise involves predicting (as op-
posed to measuring) the concentration of
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Fig. 1. Pond model. (From Branson 1978, p. 58. Reprint, with permission, from ASTM STP
657, Estimating the Hazard of Chemical Substances to Aquatic Life. Copyright ASTM, 1916

Race St., Philadelphia, PA 19103.) Equation key: V = volume of water (milliliters), A

surface area (cm’), F = fish mass (g), S = sediment mass (g), Cw = concentration of
chemical in water, k = rate constant, C, = concentrations of chemical in fish, and c, =

concentrations of chemical in sediment.
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a chemical in a natural environment
through time. These rate constants are
based on known biological mechanisms
(including kinetics of enzyme reactions).

The time-concentration rates are then
incorporated into a suitable model for
predicting environmental concentrations.
Fig. | depicts a pond model. the key
properties. and the materials-balance
equation for predicting the fate of chlor-
pyrifos in the pond. The predicted and
experimentally found concentrations in
the fish and water (Table 1) were in close
agreement.

The environmental concentration of a
chemical is governed by the properties of
the chemical. the rate of its introduction
into the environment. and the character-
istics of that specific environment. Many
of the properties—e.g., molecular struc-
ture. water solubility, vapor pressure,
absorption spectra (ultraviolet and vis-
ible), and particle size (if the substance is
particulate)—may be readily available
from data banks. Others that may be
readily attainable before biological pro-
gram design begins could include some
rate constants—i.e.. for photodegrada-
tion (ultraviolet and visible). biological
degradation. chemical degradation,
evaporation, sediment binding, uptake
by organisms. depuration by orga-
nisms—and some partition coeffi-
cients—i.e.. octanol/water, air/water,
and sediment/water (Johnson et al. 1978,
p. 73). The characteristics or properties
of the environment—e.g.. surface area.
depth. pH. flow/turbulence. carbon in
sediment. temperature. salinity. sus-
pended sediment concentration, trophic
status, and absorption spectra (ultraviolet
and visible)—are equally fundamental.'

The determination or estimation of
persistence is important in designing
biological testing. Fig. 2 depicts a sim-
pie schematic for persistence testing.
The screening sequence was designed
for testing only photochemical and chem-
ical degradation: biodegradation should
be included in the sequence where it is
important.

The figure illustrates three levels of
screening: Level 1 was designed to dif-
ferentiate between persistent and de-
gradable chemicals. Those that prove to
be persistent would then be subjected to

'Methods for deriving these properties are being pre
pared by the task groups of ASTM Subcommittee
E35.21 on Safety to Man and Environment. (Reprint.
with permission, from ASTM STP 657. Estimating
the Hazard of Chemical Substances to Aquatie Life.
Copyright ASTM. 1916 Race St.. Philadelphia. PA
19103.)

February 1980

TABLE 1. Predicting the fate of
chlorpyrifos in a pond.* (From Branson
1978, p. 59. Reprint, with permission,
from ASTM STP 657, Estimating the
Hazard of Chemical Substances to
Aquatic Life. Copyright ASTM, 1916
Race St., Philadelphia, PA 19103.)

% of total

Compartment 2 days 25 days
Water 48.0 0.8
Soil 25.0 0.5
Fish 0.8 <0.1
Air 38 11.4
Metabolized 29 11.0
Hydrolyzed 25.0 76.0

“Seven-day (similar agreement at days 2. 4, and 28)
concentrations of chlorpyrifos: (a) water (5.75 ug/liter
at t = 0)—predicted 1.0 ug/liter (Neely and Blau
1977), found 1.0 pg/liter (Macek et al. 1972); (b)
fish—predicted 0.8 ug/gram (Neely and Blau 1977),
found 1.0 ug/gram (Macek et al. 1972).

detailed appropriate tests for ecological
effects. Degradable chemicals would be
shunted to Level 2 testing. which con-
sists of an evaluation of substrate dis-
appearance usually involving chemical
half-life determinations. If results show
that degradation is insignificant. the
compound will receive the same ecologi-
cal testing as the persistent chemicals
identified at Level 1. Level 3 testing
(identification and quantification of deg-
radation products and their rates/condi-
tions of formation) is so expensive that it
should be carried out only if toxicity test-
ing reveals that these products have sig-
nificant adverse effzcts on human health
or other organisms.

Environmental chemistry-fate covers
the transport and transformation of a
chemical for all modes of input from the

point of entry into the environment to its
final disposition. The physical processes
of advection-transport and dilution-dis-
persion must be defined for the terrestri-
al, atmospheric. and aguatic components
of the environment. Environmental
chemistry-fate also covers the chemical
processes that influence the form(s) or
chemical species of the contaminant as
well as its transformation products in
each of the major areas of the environ-
ment (Lee and Jones 1980). A meaning-
ful hazard-assessment program must
consider not only the parent compound
but also the potential environmental sig-
nificance of transformation products.
If there appears to be no concrete evi-
dence that the toxicological properties
persist or are substantively increased.
then the precise nature of the transfor-
mation products is of little significance in
the hazard-evaluation process.

Since environmental fate and concen-
tration of the new chemicals cannot be
directly measured before the chemical is
manufactured and used. they must be es-
timated. Baughman and Lassiter (1978)
and Branson (1978) have developed
mathematical models to describe the ex-
pected concentrations in various com-
ponents of the environment based on the
properties of the chemical. modes and
rates of mmput t¢ the environment. and
reactions that can occur in the environ-
mental compartments with which it is
associated. Verification of these models
can be accomplished in laboratory mi-
crocosms such as those developed by
Metcalf (1974). which evaluated com-
pounds producing biological magnifica-
tion, or in the field mesocosms men-
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tioned by Odum et al. (1979), for link-
ing the observafional-theoretical model-
ing approach with the straightforward
experimental approach.

Relationship between Toxicity and
Environmental Concentration

A sequential toxicity series starts with
a determination of short-term lethality
and proceeds through increasingly so-
phisticated tests (often of greater dura-
tion) to define the more subtle effects.
Eventually, a reasonable estimate of risk
can be made, based on an estimation of
the environmental concentration of the
chemical—including whatever by-
products or transformation products
have toxicological properties—and the
no-adverse-biological-effects concentra-
tion (Fig. 3). The sequential testing pro-
cedures provide increasingly accurate
estimates of the concentration of the
chemical substance that does not cause
adverse biological effects and the envi-
ronmental concentration that results
from intended use (see Fig. 4).

At the beginning of a test series, one
would have to estimate the properties of
the chemical on the basis of its affinity to
other chemicals. Since closely related
chemical species may have substantially
different toxicological properties, the
confidence interval must be very broad.
Even after testing begins, if one has test-
ed only three or four species represent-
ing three or four trophic levels and only
one life-history stage of most of the spe-
cies tested, one would still have relative-
ly low confidence that the boundary con-
ditions for biological response have been
properly defined. As one increased the
variety of tests, one would have increas-
ing confidence (but not certainty) that
the no-adverse-biological-response
threshold had been identified. Further-
more, since environmental conditions
strongly mediate the toxic response,
one would also need to see how much
variability in toxicity was produced by
differences in water hardness, pH, dis-
solved oxygen concentration, and tem-
perature.

We are not yet able to culture, or even
maintain, most species in the laboratory.
So we must extrapolate from a small
number of test species to a large number
of species likely to be exposed in the
real world,"" and there are errors inher-
ent in this process. Moreover, few tox-
icity-test procedures are available for mi-
crocosms, and these are comparatively
expensive and infrequently used. There-
fore, single-species toxicity tests often
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must be used to make estimates of re-
sponse thresholds of communities.

The same general problems of inability
to examine all chemical species in all sit-
uations plague those attempting to deter-
mine environmental concentration.
Substantial analytical costs for environ-
mental fate-and-effects studies further
restrict the size of the data base.

Two recurring views have been voiced
on this subject. The first is that our pres-
ent state of knowledge and relatively

primitive methodology are insufficient to
make any decision whatsoever, and,
therefore. 1t is arrogant to do so until
more precise and refined methods have
been developed. But even present meth-
odology properly used would have pre-
vented or markedly reduced the trage-
dies involving kepone, PCB. PBB, and
mercury contamination. Second, some
academicians would rather see an ex-
haustive study made of a few chemicals
than a process that requires at least some
information on all. One might identify
these using a decision matrix, such as the
one in Principles for Evaluating Chem-
icals in the Environment (NAS 1975)
shown in Table 2.

The decision on when enough informa-
tion has been gathered can be based on
the proximity of the expected environ-
mental concentration to the highest test
concentration producing no adverse bio-
logical effects. If the former is well below
the latter, a decision can be made at that
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point in the testing sequence when the
zones of uncertainty (dotted lines. Fig. 4)

no longer overlap. As the environmental -

concentration approaches the no-ad-
verse-biological-effects  threshold, a
greater number of tests will be necessary
to ensure that the environmental concen-
tration is indeed lower than the no-ad-
verse-biological-effects  concentration.
Of course, should it be higher, the use of
the chemical would be either restricted
or banned.

An example of the tiered or phased
system of sequential testing to reduce
uncertainty about the response threshold
is given in Fig. 5 from Stern and Walker
(1978). Other sequential testing pro-
tocols to estimate the no-adverse-biolog-
ical-effects concentration for aquatic or-
ganisms may be found in Dickson et al.
(1979), which contains the protocols de-
veloped in various countries including
the United States, Germany, England,
Japan, and France. Other methods, in-
cluding the one developed for the Ameri-
can Institute of Biological Sciences. may
be found in the related documents sec-
tion of Cairns et al. (1978a).

PREDICTIVE AND REACTIVE
ERROR CONTROL

Viewed as an environmental quality-
control problem, the process of hazard
evaluation might be considered a predic-
tive form of quality control designed to
prevent errors. Despite the advantages
of estimating the hazard of a chemical
before it is manufactured and used, there
are two severe disadvantages: (a) an ex-
trapolation must be made from a few
species to many and from a limited array
of environmental conditions to an
enormous array, and (2) the system lacks
a feedback loop from the environment to
indicate the validity of the predictions
made.

Establishment of a feedback loop is a
form of error control to alert the system
managers to the impending or actual on-
set of conditions deleterious to the biota.
I discussed one early warning system in
a recent BioScience article (Cairns and
Gruber 1979). Other types of biological
monitoring methods are used in the re-
ceiving system itself (i.e.. any natural
system receiving societal wastes in any
form) (Hellawell 1978). Biological mon-
itoring is a term often used in the United
States merely to indicate the gathering
of data, frequently not even in a sys-
tematic way. 1 prefer the more rigorous
definitions of the terms suncey. surveil-
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TABLE 2. Scheme for classification of chemicals according to biological impact and

dispersal.

Chemical dispersal

High(t)

Biological impact*
Medium (2)

‘Low (3)

Widespread
High release (1)
Low release (2)
Localized
High release (3)
Low release (4)

& w N =

[N a& N
N © D W

*Low number indicates high testing priority.

lance. and monitoring by Hellawell
(1978):

® Survey: an exercise in which a set
of standardised observations (or repli-
cate samples) is taken from a station
(or stations) within a short period of
time to fumnish qualitative or quan-
titative descriptive data.

® Surveillance: a continued pro-
gramme of surveys systematically un-
dertaken to provide a series of obser-
vations in time.

® Monitoring: surveillance under-
taken to ensure that previously formu-
lated standards are being met.

One monitors a patient in an intensive
care ward or the instrumentation in the
cockpit of an aircraft with the intention
of taking corrective action when desir-
able conditions are not being met. This
restricted definition of the word mon-
itoring should be mandatory in the
United States: otherwise a regulatory
agency can say that it is monitoring a sit-
uation—implying that corrective action
will be taken when conditions become
hazardous—but without actually doing’
so. Furthermore. corrective quality-con-
trol action should not have to be taken
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(From Cairns et al. 1978a. Reprint, with permission, from ASTM STP 657, Estimating t.he
Hazard of Chemical Substances to Aquatic Life. Copyright ASTM, 1916 Race St., Phila-

delphia, PA 19103.)

105



through the courts because effective
. quality control requires an immediate re-
sponse 1o remove the stress and return
conditions to normal (Odum et al. 1979).
Predictive- and error control should be
used in concert and not individually.
although this is not the practice to-
day. A simplified diagram of the appro-
priate relationship of these for a point
source discharger is given in Fig. 6.

THE REGULATORY DILEMMA

This article began with a discussion of
the class action suit against the EPA ad-
ministrator for noncompliance with Sec-
tion 304 of Public Law 92-500. Sub-
sequently. 65 chemicals and classes of
chemicals were identified as hazardous
to aquatic life. EPA has made a major ef-
fort to cope with a legal requirement to
resolve a complex problem with an in-
adequate data base and insufficient time
to generate new data. For some sub-
stances (e.g.. ethylbenzene and naphtha-
lene). there were insufficient data to jus-
tify derivation of criteria. and very little
of the available information was gener-
ated systematically.

Thus, even when tests for a particular
chemical are carried out with an array of
organisms. or when several tests with a
single species are carried out by different
investigators, the methodologies are often
different, and comparisons are ex-
ceedingly difficult. Biologists have only
just begun to produce standard methods
similar to those used in carrying out tests
to protect humans. Only recently has the
certification of those carrying out the
tests received any attention. although
both standard methods and certification
are common to many other professions.

The organisms likely to be exposed to
a compound are often not those for
which toxicity-test information (for that
compound) is available. When there is
insufficient time or funds to generate a
large body of new information. one alter-
native is to apply various “"correction
factors’’ to the data available in an at-
tempt to extend the usable data base.
This option has been given considerable
attention by EPA (Federal Register, 18
May and 5 July 1978 and 15 March and
25 July 1979), although the tactic may
soon be abandoned.

Correction factors may be used to con-
vert one type of data to another. For ex-
ample. there is a correction factor to esti-
mate the ““measured’’ concentration
when the toxicant concentration was not
determined. There are correction factors
for converting 24-, 48-, and 72-hour
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L.C50s to 96-hour LC50s and for estimat-
ing flow-through LC50 values from static
and renewal data: these are sensitivity
factors. which are supposed to produce a
value that will protect all aquatic life.
Substantial errors are possible (Buikema
and Cairns 1979) if one uses a limited se-
ries of correction factors in sequence.
The only alternative is to generate an
adequate data base and evaluate hazard
in a scientifically justifiable way.

WHERE DO WE GO FROM HERE?

We are now in a major transitional
stage comparable to the agricultural rev-
olution. which resulted from the fact that
the unmanaged environment would not
produce either the quantity or quality of
food that society desired. As a con-
sequence, the human race moved from
the hunting and harvesting stage to-the
agricultural production stage.

The unmanaged environment cannot
receive society's unregulated wastes in-
definitely without serious harm. We
must. therefore. exert control qualita-
tively and quantitatively in order to mini-
mize or eliminate harm. That is. we must
develop better means of reducing the en-
vironmental impact of a highly tech-
nological urban society without causing
a major social displacement.

So. we must manage the present sys-
tem far better than we have before. For
biologists this means (a) determining,. as
a profession, the best biological parame-
ters to estimate the probability of harm
to the biota and ecosystems, (b) stan-
dardizing the best methods for measur-
ing these parameters, and (¢) determin-
ing who is qualified to make the
measurements and indicate this publicly

by some form of certification. I hope the
AIBS and its member societies will take
a strong leadership role in these areas
and encourage the development of curri-
cula that do more than make students
aware of existing problems. 1 believe bi-
ological assessment and monitoring of
pollutional effects will go through four
developmental phases. each painful and
aggravating. but eventually something in
which scientists and society as a whole
will have confidence (Cairns 1979):

1. Awareness Phase: This begins for
many people with-a single well-knowr
ecosystem (or species) and may expand
to a global perception. For most people
in the USA. this expansion began with
Earth Day.

2. Observational Phase: Documenta-
tion of the damage in a qualitative. and
eventually a quantitative. way. (We are
well into this phase.)

3. Predictive Phase: Development of
the capability to estimate reliably the
consequences of a particular course of
action with reasonable precision. (We
are reluctantly being forced into this
phase.)

4. Managerial Phase: Development
of a capacity to orchestrate environmen-
tal and health effects to optimize costs
and benefits. (It will be a long time be-
fore we enter this phase.)

There are. however. grounds for cau-
tious optimism. We now have sufficient
assessment., monitoring. and predictive
capabilities that. if properly used, will
substantially reduce risks to human
health and the environment. Unfortu-
nately. our skill in. and zeal for, gener-
ating data far exceeds our ability to inter-
pret them. particularly in terms of
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system integrity and response. The pre-
occupation with minutiae, which is the
foundation for the generation of sound
data, is the most formidable obstacle to
its enlightened use. If we are to evolve
from phase 2 observation to phase 3 pre-
diction, we must learn to combine preci-
sion with vision.

Finally. if we are to become effective
managers of the environment (phase 4),
the various disciplines must learn to
work together much more effectively
than they now do. Today. we consider
ourselves enlightened if we merely listen
to those in other disciplines. We must go
beyond this. The only question is wheth-
er we will do it skillfully and gracefully
by anticipating needs and enlarging our
perspective beyond that of a single dis-
cipline. or whether we will do so grudg-
ingly in response to major catastrophes
(Cairns 1979).
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INTRODUCTION

Civilization now faces a transitional period compar-
able in some ways to the one which precipitated the
agricultural revolution. That revolution occurred
because the unmanaged environment did not deliver
food in sufficient quantity or quality to meet the
expectations of human society. Mere hunting and
gathering of the fruits of nature from unmanaged sup-
plies which were subject to the vagaries of nature and,
therefore, were occasionally catastrophically inade-
quate, were first supplemented and then replaced by
managed ecosystems which came closer than nature
10 meeting society’s expectations and needs. Similarly.
we now find that the unmanaged environment is in-
capable of assimilating societal wastes without being
seriously degraded at certain times and places. Man-
agement, not luck, is the only way to reduce such
problems. Unfortunately, the frequency of unpleasant
environmental perturbations and the extent of the
areas affected as well as the duration of effect have
increased markedly during the past few years. Not
only are natural systems threatened but human health
has suffered strikingly and startlingly due to mercury
poisoning, kepone contamination. and a vanety of
other manifestations of a general problem. Moreover,
the suspicion that some environmental contaminants
may be influential in producing human cancer is now
beginning to be supported by more substantive evi-
dence. although this is not by any means conclusive.

Industrial societies invariably have operat®d on the
assumpt:on that natural ecesystems have a certain ca-
pacity for assimilating societal wastes without them-
selves being significantly degraded. 1t s all too evi-
dent that exceeding the assimilative capacity has sery
striking, unpleasant consequences. Uinfortunately, the
means of determining or estimating the assimilative
capacity are not as precise as we would wish. Never.
theless. present methodology. if properly used. would
certainly result in a significant and rapid improve-

This article forms one chapter of a comprehensive work
on the subject under preparation by the awthor. This
advanced publication in Wuter Rescurch s by hind permis-
sion of the author. and the - dites N H fenkins in whom
the copyright vests

¢ Prewent address: U'S Army Medical Bioengineening
Research and Development Laporgion, Fort Detrweh, MD
21701 U S A

ment in our present situation, probably without the
unpleasant, economic consequences that the detrac-
tors of this strategy evoke. The exciting cleanup of the
Thames River and its rehabilitation as a viable fishery
is too well known to most to mention here. The fact
that efforts toward further cleanup have been
approved recently is evidence that society feels the
initial effort had a very positive cost,/benefit ratio.

A crucial question for damaged ecosystems ‘s how
to determine that the improvements in effluent quality
have in fact produced biological and ecological bene-
fits. For undamaged or relatively healthy ecosystems,
an important question is how to maintain quality so
that no significant harm results from industrial dis-
charges and still permit the industries to produce
their products in the most efficient and least costly
manner. Biological evidence is required to answer
both questions for three principal reasons:

(a) Muny chemical compounds and other potential
pollutants produce adverse biological reactions at
concentrations below present analytical capabilities.

(b) Potential toxicants are rarely present in iso-
lation from each other. Generally toxicants are
present in ¢ffluents and natural systems as a mixture,
and the biological impact of the mixture cannot ade-
quately be estimated from a series of chemical ana-
Jyses alone, even if the analytical capability 1s ade-
quate. In short, chemicals interact in various ways
with organisms, and these interacuions cannot be pre-
dicted with precision with chemical analyses alone.

{c) It is a well known fact that water quahty (ie.
hardness, dissolved oxygen concentration. pH, tem-
perature, etc.) has a very marked influence on the
expression of toxicity. It is. thergfore. 4 combination
of toxicants, water quality. and the urganisms present
that produces a definitive estimate of the probabihiny
of harm from a specific set of concenuahons and
water quality conditions to a partisuiar species. As 3
consequence, merely knowing the concentration of
the chemical (or other potentiat pollwianit w not
hikely to produce useful manageme. ulormition

The need for adegquate cliemicai physical data s
also entical. If one on!y has the “aswpead response
and the water quahity charactessi: < Cikons knowing

the concentration of the ¢lue o cupeund the
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correlation between concentration and response cat.-
not be determined. Therefore, adeguate information
on dose-response curves must include an array of
information about: (a) the species of organisims tested:
(b) the water quality and other test conditions: and (c¢)
the concentrations of the chemicals or other potential
pollutants being tested (Cairns e ul.. 1978).

It is well established that both water and efluent
quality are not constant. Water quality may fluctuate
daily. or cven hourly, and certainly fluctuates widely
seasonally as well. Regional difierences in water
quality are so well established that no further docu-
mentation is needed. It is established also equally well
that etfluent quality and quanuty also vary. but do so
according to production schedules that are societally
controlled rather than under the influence of natural
forces. It is obvious, therefore, that the receiving
capacity of natural systems will not cycle in phase
with the fluctuatioas in effluent quality or quantity. A
prime management need is a means of determining
ecosystem assimilative capacity for societal wastes on
a site specific basis. The biological means of doing
this in a systematic way constitutes the developing
field of biological monitoring. Although chemical-
physical monitoring will not be discussed in detail in
this series of papers, it is a sine qua non that this type
of monitoring must accompany the biolcgical moni-
toring and be correlated with it. The need for this
type of quality control system with a coupling of bio-
logical and chemical-physical sensors both “in plant”
and “instream” (e.g. the receiving system) have been
discussed in detail elsewhere (Cairns, 1975a,b; Cairns
et al., 1972, 1973a,b). The essence of these environ-
mental quality control systems is the use of biological
parameters to estimate the health of the organisms in
the receiving system or anticipate damage to these
organisms by a variety of predictive methods (ie.
early warning systems). Tentatively the methods just
mentioned will be as follows:

Part I—Biological Monitoring—Early Warning
Systems.

Part II—Biological Monitoring—Receiving System
Methodology Based on Biological Function.

Part Ill—Biological Monitoring—Receiving Sys-
tem Methcdology Based on Community Structure.

Part iV—Biological Monitoring/Toxicity Testing.

Part V—Biological Monitoring—Preference and
Avoidance Studies.

Part VI—Biological Monitoring—Overview of
Future Research Needs and Directions.

The essence of the entire field of biological monitor-
ing is that one cannot protect the health. condition. or
quality of a natural system without obtaining infor-
mation directly about the condition of that system
and the organisms that inhabit it. Furthermore, the
organisms must not only be able to survive but be
able to function normally as well. As a consequence,
one needs an array of information oased on diverse
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and  dissimitar methodalogies in order to have a
reasonable expectation of adequately protecting the
ccosystem receiving the potential pollutant. If this
information is not gathered on a systematic basis, it
would not fulfil the requirements of a quality control
system. The field of biological monitoring was devel-
oped in order to control and maintain cfectively en-
vironmental qualily at socially and biologically desir-
able levels.

Over the past 20 or 30yr those concerned with
environmental quality have searched for a single all
purpose method of measuring environmental health
or condition. This 1s the contemporary version of the
search for the holy grail and almost certainly will be
no more successful. Nevertheless. one constantly sees
papers with criticisms that a particular method (such
as a diversity index) does not provide all the informa-
tion necessary about the condition of a biological or
ecological system. No one method ever will! The reali-
zation of this simple fact, although far from universal,
has resulted in the production of a series of protocals
which are merely a systematic way of gathering the
information necessary to make a sound decision on
the hazard to human hezith and the environment as a
consequence of using a particular chemical or dis-
charging a certain type of waste. A representative
source list for this information will shortly be pub-
lished (Dickson et al., 1979), and some earlier versions
are already available (Cairns & Dickson, 1978: AIBS,
1978).

One continually encounters the question: Why
should I bother with biological monitoring since it
was never necessary in the past? It is a simple fact
that water is no longer an economical “free good.”
The following quotation illustrates this point.

With ever increasing demands being placed upon limited
water resources, it has become evident that‘in most of the
United States water has become a scarce resource; scarce
in the sense that one use will affect other uses. It must now
be recognized that competition for water is a fact, that
tradeoffs must be considered seriously, that in some cases’
there must be restrictions on use (and therefore develop-
ment), and that water is no longer the “free good™ that
once was taken for granted. (U.S. Water Resources Coun-
cil, 1578).

As a consequence of the removal of quality water
from the “free goods™ category, its use now has a
price tag. One of the components of this price tag is
biological monitoring now required in United States
of America by various enacted legislation. It should
be evident to industry and other water users that the
funds allocated to biological monitoring are not
totally lost. They will provide an economic benefit
because the information generated will tell when the
assimilative capacity is being underutilized as well as
when it is in danger of being overutilized (full dis-
cussion of the assimilative capacity concept is in
Cairns, 1977). Since the assimilative capacity is not
constant, a systematic way of tracking its changes
involving biological monitoring is an essential com-
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ponent of water quality control in an enlightened
industrial society.

One aspect of biological monitoring is the use of
aquatic organisms to provide an early warning of the
presence of toxic materials in water. Possible appli-
cations of this concept in an industrial situation are to
help prevent hazardous waste spills or in a water
treatment plant as a check on potable water supplies.
These tasks traditionally have been carried out
exclusively by chemical-physical techniques applied
either continuously or at frequent intervals. The in-
adequacy of these methods by themselves in predict-
ing toxicity has already been indicated. This article
describes the operational requirements which must be
met by a biological toxicity early-warning system and
some of the organisms and techniques which have
been or may be employed in such systems. An early
warning toxicity monitoring system will be considered
to have the following characteristics:

1. The organisms are held either in a laboratory
situation or in the field under controlled conditions
and are exposed on a frequent or continuous flow
basis to the water or wastewater being tested.

2. A physiological or behavioral parameter of the
organism is monitored by a recording device with the
capability of responding to abnormal conditions indi-
cated by the organism.

3. The function of the monitor is primarily for
detection of short-term changes in toxicity as opposed
to chronic or cumulative effects of a toxicant.

DISCUSSION

The idea of using aquatic organisms for continuous
toxicity monitoring is not new. One early type of
monitoring system used fish placed in flowing water
or wastewater (Henderson & Pickering, 1963; Jack-
son & Brungs, 1966). The fish were to be observed
visually for mortality or signs of stress. In another
system used in Sweden since 1965, fish were exposed
‘0 diluted waste from cellulose plant, and their
sndition was observed several times daily. This

sproach has helped in determining the source of
oxic eflects (Hasselrot, 1975).

Visual monitoring of lethal effects has the obvious
drawback of requiring that someone be present con-
tinually to observe the organisms. Moreover, there
may be a considerable delay between the onset of
toxicity and death. Consequently, the current
emphasis in early warning svstems is on automated
devices which measure some prelethal symptom of
poisoning, such as abnormal respiration or activity.
This may allow toxicant-induced responses to be
detected sooner and with greater sensitivity.

While the number of potential early warning sys-
tems is large, each one must meet certain conditions if
it is to be useful. These constraints need to be con-
sidered whether one is reviewing a current monitoring
system or designing a new one. The following list of
requirements includes suggestions given by Poels
(1975. 1977). Ladd (1977). and Brown (1976).
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1. The physiological or behavioral parameter of the
organism selected for monitoring should be quantifi-
able through appropriate interfacing techniques for
analysis either by a computer or other electronic
recording equipment. This will enable the operation
of the system to be both continuous and automatic.
However, the method itself should not result in undue
stress on the organism. Techniques requiring restraint
of the organism or the attachment of devices to it may
be less desirable for this reason.

2. Rapid, reliable detection of developing toxic
waste conditions is of prime importance. The speed
with which an organism will react is influenced by a
large number of variables. These include the type of
organism and the particular response being moni-
tored, the cuncentration of the material with respect
to acutely toxic levels, the toxicant’s mode of action,
and the physical-chemical characteristics of the dilu-
tion water (temperature, pH, dissolved oxygen, etc.).
Table 1 gives some response times for parameters
which cither have been or could be used in monitor-
ing systems. Dclays of several hours between intro-
duction of a foxicant and a reaction by organism
being tested may not be rapid enough to allow pre-
vention of a toxic waste spill unless there is a built-in
delay between exposure of the organism and the
escape of the toxicant (Cairns et al., 1972: Price,
1978). Long-térm effects caused by low levels of
materials with cumulative toxicity (for example
arsenic or some pesticides) are not likely to be
detected soon enough for thre response to be useful
(Brown, 1976}.

The reliability of the monitoring method chosen
should be such that the system will respond repeat-
edly to the presence of a variety of toxic materials.
While it may be possible to select an organism that is
sensitive to several toxicants in a particular industrial
waste effluent, it is unlikely that any single organism
could respond at the proper level to the range of
chemicals in drinking water that might be harmful to
man (Brown, 1976). Price (1978) cited data that indi-
cated wide differences between European potable
water quality criteria and the sensitivity of one cur-
rent toxicity monitor which measures fish ventilatory
rates (Morgan, 1977).

Loss of sensitivity to toxicants may occur following
long-term exposure to very low levels of the toxic
material. Bluegill sunfish (Lepomis macrochirus)
exposed for 29 weeks 10 zinc at 1:100 of the 96-h
LC50 (0.075 mg 1™ ') showed some decrease in activity
responses to a simulated zinc spill 3.0mg!"' zinc).
On the other hand. ventilatory responses were not
reduced even after a 41-week pre-exposure. Acclima-
tion following a response to sublethal toxicant levels
may occur also. Increases in the coughing rate of
brook trout (Drummond & Carlson. 1977} and the
oxygen consumption of bluegill sunfish (O'Hara.
1971a) peaked and began to return to pre-exposure
levels within 24 h after the start of exposure to sub-
lethal concentrations of copper. These types of prob-



Table 1. Response times of some aquatic organisms to various toxicants

Response time Toxicant level Response criteria Organism Reference
Several minutes 55115 ug 1~ copper Increase in coughing Brook trout Drummond et al. (1973)
(96 h LCSO = 115pugl™") frequency (Salvelinus
Jfontinalis)
Approx 15 min pH 3.4, pH 11, Increase of Imgl™ ! in Biological Solyom et al. (1976)
10mg1~* copper, effluent dissolved filtration unit
10mg|~"' cyanide oxygen level {microbial)

25 min

{death at 2 h)
45 min

(death at 4--8 h)
<lh

<lh

>240h
1 4 of the LT50

1 2 of the LT50

150 ug1~' Lindane
60 ug 1™ ' Lindane

0.5, 25mgl™!?
cadmium
2930 mg 1~ ! acetone
(24-h LC50 = 6100 mg1~"')
Peak of 6200-6800
mgl~' acetone (96-h
LC50 = 8300 mg!~ ')
0.1 mg!~' cyanide

15 ug1" ! copper

<48-h LCS50 of: cadmium,
copper, magnesium, lead,
mercury, phenol, ammonia,
cyanide, carbamate, chlordane,
parathion, pentachlorophenol

0.8 of the 96-h LCS0,
bleached Kraft mill
effluent

416 mgi~"' zinc

6.0 pgl ! endrin

0.1 mg!™' cadmium
255mgl ' ane

04 ugl ' endrin
DDT

Mercury

Loss of rheotaxis
Loss of rheotaxis

Abnormal activity levels

in two of four crayfish
Increased ventilation rate

and buccal pressure amplitude
Abnormal ventilatory rates

in thiree of four fish

Reduction of 36% in efficiency
of nitrification

Elevation in serum cortisol
levels

High ventilatory rates from
60%; or more of the fish
tested

Elevation in piasma glucose
levels

Elevation in ventilatory rate
Elevation in coughing rate

Abnormal activity levels in
two of four crayfish

Elevation in ventilatory
rate

Elevation in coughing rate

Maximal time to loss of
swimmiéng ability in 509, of
test fish

Maximal time to loss of
swimming ability in 50%, of
test fish

Rainbow trout
(Salmn gairdneri)
Rainbow trout

Crayfish (Cambarus
acuminatus)
Rainbow trout

Bluegill sunfish
(Lepomis macrochirus)

Biological nitrification
column (microbial)

Coho salmon
{Oncorhynchus kisutch;j

Micropterus salmoides

Coho salmon,
Rainbow trout

Bluegill sunfish
Bluegill sunfish

Crayfish (Cambarus

acuminatus)
Bluegill sunfish
Bluegill sunfish
Carp

Carp

Pocels (1977)

Poels (1977)
Maciorowski et al. (1977)
Majewski et al. (1977)

van der Schalie et al. (1979)

Stroud & Jones (1975)
Schreck & Lorz (1978)
Morgan (1977)

McLeay (1977)

Cairns & Sparks (1971)

Drummond & Carlson
(1977)

Maciorowskt et al. (1977)

Cairns & Sparks (1971)
Drummond & Cairns (1977)
Besch et al. (1977)

Besch er al. (1977)
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lems may be minimized by replacement of the organ-
isms monitored at regular intervals.

3. A monitoring system should have a m{nimum of
false alarms-responses to nonharmful varjations in
water quality. Certain characteristics of jwater (or
wast=water) such as temperature, pH, dissolved oxy-
gen, or hardness may cause responses from organisms
when no specific toxicant is present. or they may
make a given amount of toxic material more or less
harmful. (Even responses to some toxicants may not
be desirable; residual chlorine present in many drink-
ing water supplies would have to be removed before
the water could be used in a toxicity monitoring unit.)
Bluegills in a pollution monitoring system showed
increased breathing and activity rates when the diur-
nal temperature cycle was changed from a range of
24.2-26.0°C to a range of 24.8-29.2°C. A similar sys-
tem did not respond to a nontoxic change in calcium
levels from 10 to 107 mgl1~! (Cairns et al., 1973ab.
1974). Opercular, coughing, and metabolic rates of
young rainbow trout (Salmo gairdneri) were all
affected by sublethal variations in pH between pH 6
and pH 9 (Hargis, 1976). Fluctuations in dissolved
oxygen levels are likely to have ‘a direct effect on the
operation of pollution monitoring systems measuring
oxygen consumption or operacular rates. Some regu-
lation of these water quality paramcters, or at least
knowledge of their values, are necessary if proper
conclusions are to be drawn about the cause of an
abnormal reaction by an organism.

4. Appropriate methods for the analysis of data
must be developed. The normal range of variation in
the parameter being monitored should be statistically
determined so that reliable criteria can be established
for abnormal responses caused by toxic conditions.
When individual organisms are monitored, variations
between individuals make it advisable to use several
organisms and to have each serve as its own control.
(A separate set of control organisms also may be
appropriate.) Control data obtained after acclimation
to test conditions could be used to gererate confi-
dence intervals by which abnormal responses could
subsequently be detected. This approach has been
used in monitoring systems which utilize fishactivity
patterns (Cairns et al.. 1973a, b: Hall et al.. 1975) and
breathing patterns (Cairns et al.. 1973a.b: Morgan &
Kuhn, 1974). When the parameters being monitored
have a diurnal periodicity, it may be necessary to
compute separately a normal range of values for
several different periods of the day.

5. Monitoring systems should be relatively easy to
operate and should produce results which are easy to
interpret. This would not he difficult for an electronic
system in which all data analysis and most control
functions could be done automatically. A relatively
simple electronic device could. for example. turn on
an alarm light when it determined that toxic waste
conditions were developing. Highiy trained personnel
would not be needed to run such a system.

6. The organism used in the monitoring system
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should be fairly inexpensive and easy to acquire. This
limits the selection of species considerably since rela-
tively few are commercially available. Advantages of
using standard test organisms include the availability
of toxicity literature and culture techniques and not
having to continually modify monitoring systems for
each new species. On the other hand. it may be desir-
able, when monitoring waste effluents, to use an
organism common to the body of water receiving the
waste.

7. The monitoring apparatus should be reliable and
require as little maintenunce as possible. Environmen-
tal control (temperature, humidity. etc.) may be
necessary, especially if electronic components are
involved. Complex mechanical arrangements should
be kept to a minimum. It should be possible to de-
velop biological monitoring systems that are compar-
able in cost to physical-chemical monitoring systems.

The basic design of an early warning biological
monitoring unit might include a water or wastewater
delivery system, experimental chambers, clectronic or
mechanical data transducers feeding into a data
analysis system, and an alarm system to provide
notice of deveioping toxic conditions. The type of
transducer used will depend on the biological par-
ameter bcing monitored. This device coculd be an
amplifier which magnifies the microvolt signal gener-
ated by fish as they ventilate their gills or the electri-
cal output of an oxygen electrode which measures
oxygen consumption. Interfacing most electrical sig-
nals to a small computer could be done easily using
standard techniques. Commercial multichannel data
acquisition systems are available for this purpose.

The choice of a suitable organism and physiological
or behavioral parameter for monitoring is most im-
portant. In describing some of the many possibilities
below, emphasis will be on techniques using fish. al-
though a number of methods have been developed for
invertebrates. Willingham & Anderson (1966. 1967}
suggest several possible means of using micro-
organisms to detect toxic materials in water. The
possibility of continuously monitoring the phototactic
response of microcrustaceans such as Daphniu and
Artemia is discussed by Willingham and Anderson. as
continuous-flow bacterial systems based on measure-
ment of bioluminescence or oxygen uptake

A complex automated water monitoring system.
now undergoing testing by the United States National
Aeronautics and Space Administration. utilizes three
bacterial bromass mcnitoring devices along with con-
ventional physical-chemical sensors (Jetlers & Taylor.
1977, Taylor & Jeffers. 1977). Total bacteria counts
thving and dead) are determined by measuring hght
from a chemilumnescznt reachion citalvzed by the
porphyrins from ivsed bacterial cells. An estimate of
Ining bactenal biomass s found by assaving ATP
tadenosine tniphosphatey fevels from hsed cells. This
1> done by measuning Light enutted 1 a briolununes-
cent process powered by the ATP. (The reaction uses
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the luciferin-luciferase materials extracted from fire-
flys.) Total coliform and fecal cohform levels are est-
mated by measuning hvdrogen pas evolved by these
organisms in the prescnce of lactose at certain incuba-
tion temperatures. The whole system is automated by
two computers and housed in a mobile trailer. Al-
though expensive and complicated. this svstem does
indicate the technological potential for development
of biological monitoring systems.

Respiration (oxygen consumption) is probably the
most widely tested bacterial monitoring technique. An
experimental chamber is supplied continuously with a
bacterial nutrient material as well as the water to be
tested. Oxygen electrodes measure the difference in
dissolved oxygen between the influent and effluent
liquids. Normally, bacterial respiration results in a
certain decrease in oxygen concentration in the efflu-
ent depending in part on the retention time of the
chamber and temperature. Toxic materials, by inhibit-
ing bacterial respiration. will reduce the difference
between the two oxygen levels. A monitoring system
of this type described in Morgan (1976) was devel-
oped by Axt (1972, 1973a,b). Responses were obtained
to several heavy metals at concentrations of
0.1 mg 1~ !, but organic pesticides tested (e.g. endosul-
phan) did not cause a response at levels less than
10mgl-1.

Oxygen consumption in a biological filtration sys-
tem has been used to monitor the toxicity of the effiu-
ents from several industrial sources in Sweden since
1974 (Solyom et al., 1976: Solyom, 1977). Synthetic
sewage is added to the filter along with the industrial
waste or toxicant being tested; the oxygen level in the
water leaving the filter then is monitored by an oxy-
gen electrode. Toxicity is indicated by an increase in
oxygen concentration, which is shown on a recording
device. This apparatus known as “Toxiguard”, sounds
an alarm when the oxygen level reaches a pre-set
value. Tests with toxicants indicate that this system
responds to copper. cyanide, and low. as well as high,
pH (Table 1). Toxic changes in the effluents from
chemical and pharmaceutical companies have been
detected in a number of cases.

Reeves (1976) evaluates an influent toxicity moni-
toring system which used a commercially available
respirometer to record oxygen uptake continuously in
a small activated sludge unit. Tests were done with
both simulated raw wastewater from several sources
and with actual influent at a municipal plant. The
respirometer showed rapid and significant changes in
oxygen consumption to a wide range of toxicants, but
only at relatively high toxicant levels. Reeves de-
scribes a similar device called the Biomonitor (Bru-
baker & Moss, 1976) in which toxicity is de.ermined
by the degree of oxygen uptake by two samples of
aeration basin liquor exposed to raw wastewater.

An influent monitor (“BioMonitor™) to protect
municipal waste treatment systems against shock
loadings from industrial waste sources was developed
by Clarke et al. (1977). Early warning of shock load-
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ings was provided by measuring changes in lissolved
ovygen concentrations in an activated slu ige unit
receiving a continuous feed of the materiils being
tested. Tests with ten different industrial wastes indi-
cated a rapid response to shock loads which was pro-
portional to the magnitude of the load.

Nitrification is another functional parame:er which
has been used to indicate a toxic environment. This
method uses “a continuously operating pcrcolating
filter in which nitrifying organisms were selectively
cultured” (Holland & Green, 1975). Ammonia was
introduced continuously into the filtratior column
along with the water being tested. A specific ion elec-
trode measured the reduction in ammonia concen-
tration after its passage through the column. The
presence of a toxicant inhibiting nitrificati >n made
the inlet and outlet ammonia levels neary equal
Tests with a number of toxicants showed that nearly
all produced a measurable response within three
hours after their introduction. Toxicity threshold con-
centrations (the level of toxicant resulting in a 509
decrease in nitrification efficiency) were determined.
With three exceptions (hydrochloric acid, paraquat,
and diquat), recovery of the column's function was
quite rapid after toxicant addition was stopped.

Field tests of the nitrification column were con-
ducted to determine its usefulness in monitoring pol-
lution levels in several rivers (Stroud & Jones, 1975).
The rivers tested had varying pollution loads, but in
no case was the toxicity threshold of the column
reached. An addition of cyanide to the water of one
river did cause a response by the system at a level
of the same order as in earlier laboratory tests (see
Table 1). The operation of the column was quite
reliable. With periodic maintenance, it was capable
of running for several months without deteriorat-
ing.

A number of devices has been developed for con-
tinuous measurement of activity and respiration (oxy-
gen consumption) of macroinvertebrates. Arnold &
Keith (1976) developed a continuous flow respir-
ometer suitable for recording changes in respiration
of larger macroinvertebrates, Oxygen concentrations
are measured with a dissolved oxygen meter; most of
these have an analogue or digital voltage output that
could readily be adapted to an automatic recording
system. A continuous respirometry device used by
Livingston (1968, 1970) could be automated only with
some difficulty due to the degree of manual operation
required by the manometric technique used to deter-
mine oxygen levels. Another disadvantage is that
water flow must be stopped while oxygen consump-
tion measurements are made. Maki et al. (1973)
designed a continuous-flow respirometer which
requires that water be recirculated through the unit
while oxygen measurcments are being made. Sub-
lethal levels of the organophosphate insecticide
Dibrom caused significant changes in oxygen con-
sumption in both the stonefly Hydroperla croshyi and
the hellgrammite Corvdalus cornutus.
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Several types of instruments have been used to
record uctivity levels of smaller aquatic organisms.
One, developed by Kapoor (1971). continuously
monitored the respiratory body movements of aquatic
insects. The animal was placed on a small beam con-
nected to strain gauges in such a manner that any
movement of the animal produced a proportional
electrical signal which then could be recorded. A dif-
ferent approach was taken by Heusner & Enright
(1966). Activity was measured indirectly by sensing
heat loss from a thermistor caused by water currents
produced by the animal’s movements. An electronic
circuit ther emitted continuous electrical puises, the
frequency of which was related 1o the rate of water
movement past the thermistor. It is necessary to keep
the water temperature fairly constant in order to
ensure proper operation of the device. Either of these
two techniques could be used in a computer-based
system.

Another kind of activity monitor using crayfish has
been automated by Maciorowski et al. (1977). Move-
ments of the crayfish in individual chambers created
small electrical signals (apparently due to muscle con-
traction) which were received by wire electrodes
affixed to the ends of the chamber. This same method
was used previously by Camougis (1960) and in seca-
water by Idoniboye-Obu (1977). After ampiification,
signals from a total of cight crayfish were monitored
by a microcomputer ; the number of peaks in the elec-
trical signal per unit time. corresponding to the total
amount of movement, was counted and totaled every
15 min. At that time. the counts for each crayfish were
recorded in digital form on paper tape for later analy-
sis. Several days of data taken prior to toaicant ex-
posure were used by a previously developed statistical
program to set 95°, confidence limits on the move-
ment counts for each crayfish and hour of the day
{Hall, 1972: Hall er al., 1975). Data taken during toxi-
cant exposure were compared to the appropriate con-
fidence limits to determine if abnormal movement
was prasent. This approach is similar to that for two
other -ystems using ventilatory and movement pat-
terns ( "airns et al.. 1973ab). In tests with cadmium.
the cri yfish showed a definite response within 1 h 1o
concer trations of 2.5 and 0.5mgl ' Responses 1o
0.10m 117" were registered after 40 45 h (Table 1.

Simonet er al. (1978} used the inhibition of negative
phototaxis in first instar larvae of the mosquito Aedes
aegypir as a measure of toxic effects. The nability of
the larvae to move 30em in | min after cxposure to
strong hight was tested jollowing 8 h of exposure to
toxicaits. The X-h LCS0 values were lower than com-
parabl: 24-h LCSO values based on mortality

Mar vy technigues becanmie avanlable which may be
used 1 monitor toxicity with fish. Some of the par-
ameters which may be momtored include the cough
reflen,  OXygen  consumplion. moscient patterns,
wmvordeace. and rheotaxis (Morgan, 19771 To tlas bt
chings ~ n blood components. heart rate, and swan
g ‘endutanee might also be added Thes s posanstn
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ties are discussed below along with some already de-
veloped toxicant detection systems.

Both heart rate and blood composition may be
altered by toxicants. Changes in heart rate in response
to environmental hypoxia have been described (Ran-
dall & Shelton, 1963; Marvin & Heath, 1968; Marvin
& Burton, 1973; and others). Swimming activity also
affects heart rate (Stevens & Randall, 1967). Lunn et
al. (1976) found that DDT altered the heart rate of
rainbow trout at sublethal levels, but that dieldrin did
not have an effect until lethal concentrations were
reached. Carbamy] did not affect heart rate at the
levels tested. Acutely toxic levels of zinc caused de-
creased heart rates while sublethal levels of copper
caused bradycardia in the carp (Cypruinus carpio,
Labat er al., 1976) in bluegills within 2 h (Cairns er al.,
1970a.b). Elevated levels of blood glucose have been
found in several species of fish exposed to sublethal
and lethal levels of various toxicants, tut a significant
response may take several hours to several days to
develop (McLeay et al, 1972: Silbergeld, 1974;
McLeay, 1977). Elevated levels of cortisol were found
in coho salmon (Oncorhynchus kisutch) within several
hours after their exposure to acutely toxic levels of
copper (Donaldson & Dye. 1975: Schreck & Lorz,
1978), but 10 response to cadmium was found
(Schreck & Lorz. 1978). Sellers et al. (1975) found that
the blood pH and arterial pO, of rainbow trout were
decreased by a 43-h exposure to a concentration of
zinc near the 96-h LC50.

Whatever the sensitivity of blood components to
toxicants, there are technical problems associated
with sampling blood that would complicaie develop-
ment of a monitoring system. Cannulae would have
to be implanted and the fish restfained from move-
ment; this would cause a good deal of stress on the
fish. Furthermere. the blood «nalysis equipment
required would likely be complex and difficult to use
on a continuous basis. Although the measurement of
heart rate generally has required the use of impianted
electrodes which can also be troublesome (Cairns er
al. 1972). Venables & Smith (i972) developed a
method which allows the fish to be unrestrained.
while Ibaragi (19701 used a small FM transmittes
attached 1o tire fish 10 provide remote <ensing of heart
rate. In some cases. heart rates may be monitored
with remote electrodes in a manner simitar to oper-
cular movements (Rommel, 1973 Drummond &
Carlson, 1977).

Measurement of total fish activity can be done with
less stress on the fish One method used by Spoor
{1946} related the amount of activity to the degree of
deflection of an alumipum paddle These deflections,
caused by water currents produced by the dish, acti-
vated a relay  that generaied impulses which then
vould be recorded Another method was 1o provide a
chamber i which the nsh was tree to swim. the
amount of actinvity was recorded as the number of
breaks perountt time moa hght beam from a photo-
celbicr whiach crosses the tank Wath seme vanauons,
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this technique has been used by several investigators
(Shirer er al. 1968: Hudson & Busscell. 1972: and
Hafeez & Barber. 1976). Cripe ¢ al. (1975) recom-
mended using an infrared light-emitting dicde as the
light source to avoid possible disturbance of the ani-
mal being monitored. One difficulty with using light
beams is that the beam may be blocked in turbid
water or in water having large paticulate matter.
Alignment of the light source and light detector also
can be a problem.

An automatic monitoring system based on changes
in total acuvity of bluegills has been under develop-
ment by Carrns and others at Virginia Polvtechnic
Institute and State University. An cariv version
(Waller & Cairns. 19721 recorded the breaks by
single fish in three red light photocell beams 1630 nnn
at three ditferent levels 1n the test tank. Data were
stored in counters and automatically photographed
and reset each hour. Normal and abnornial move
ments were determined by changes in the vanance of
light beam interruptions. In a 96-h exposure. the low-
est detectable levels of zinc were between 294 and
364mgl™' In a 14 day test. Ellgaard ¢ al. (1978)
found that locomotor activity in blucgills was affected
by zinc at concentrations of 0.1 and 5.0mg!~"'. Ac-
tivity was also altered by sublethal concentrations of
DDT (Eilgaard ¢t al.. 1977). cadmium. and chromium.

Further automation of this system was achieved
when data from electronic counters of photocell beam
interruptions were fed every half-hour directly into a
minicomputer which stored the informauon for later
statistical analysis (Westlake ¢ ul. unpublished:
Cairns er al.. 1975). A statistical program (used also
by Maciorowski. discussed previously) used several
days of pretoxicant exposure data to set upper and
lower 95°, confidence limits for each fish and half-
hour of the day. Subsequent corresponding values
recorded outside of these Iimits were said to indicate
abnormal movement. This system was able to detect
sublethal levels of complex effluents from a U.S. Army
munitions plant. including TNT and nitroglycerin
wastes (Westlake er al.. 1974a.b). No significant re-
sponse was found to changes in pH between pH § and
pH 10 (Westlake et al.. 1974¢).

Up to six fish activity monitors developed at the
Stevenage (England) Laboratery of the Water
Research Centre are now being used on rivers in
England. Alarms are triggered when the activity of the
fish exceeds a pre-set level. Work is continuing to pro-
duce a monitor which will take factors such as feeding
and the time of day into account in determining a
proper alarm level (Miller. personal communication).

Another parameter related to act..ity which has
been used as an indicator of toxicity 11 the loss of
rheotaxis, which is the ability of a fish to maintain ity
position in a current. Rheotaxis 1s to some extent a
function of swimming ability. and laboratory studies
have shown the swimming performance of fish to be
affected by a number of toxic materials. including 2iné
and ammonia (Herbert & Shurben, (9631 hvdrogen

JOHN Camas JR and W Hovvo g Souana

sulfide (Osad & Smath, 19720 pulpaood fiber (Mae-
Leod & Smith. 1966). puip mnt! effluent (Hovoard &
Walden, 1974). detergents tCaiznis & Scherer, 1963),
and the insecticide fenitrottion (Peterson, 1974 Pochs
(1975, 1977} designed it automatic system which
employs photocells to dcternune when loss ¢ rheo-
taxis occurs in a chimber through which test water is
flowing. When any one of the three lish i the
chamber falls backh 1o the downstream end ol the
chamber, photocell beams are broken and a mild elec-
tric shock s apohied 1o loree the fish back iato the
upstream arca. If two of the three fish spend more
than 3min of a 13 m:  peniod in the downstream end
or pass mto it more often than normal in 15 min, an
alarm switch is acteated. This system has beer tested
for 18 months using Rhine River water. No toxicant
alarms have occurred during this time, and the ¢ have
heen no operational difficuliies despite the turbid
nature of the river water. Experiments with toxic sub-
stances (Table 1) do show that acutely toxic levels can
be detected well before death occurs. A similar ar-
rangement was used by Besch er al. (1977). Loss of
rheotaxis is measured by the interruption of vertical
light beams. and surfacing of the fish is measured by
horizontal light beams. Also. a kinetic screen has been
added at the downstream end of the chamber. This
device produces electrical pulses when touched by the
fish and provides a measure of the amount of time
spent in the downsiream area. Besch employed alter-
nate periods of rest (generally 10 min of slow vertical
current) and stress (5 min of strong longitudinal cur-
rent) instead of a continuous downstream flow of test
water. This automatic system detected phenol at sub-
lethal concentrations and DDT at acutely toxic levels.

Two similar systems have been described, but data
on their toxicant detection capabilities were not given.
A monitoring system based on fish rheotactic re-
sponses was used at a water treatment plant on the
Oise River near Paris (Vivier, 1972). When these fish
were unable to swim against water flow after electrical
stimulation. an audible alarm was generated. Another
unit. which was used at a wastewater treatment plant
in Sweden to monitor effluent quality. relied on
strong light instead of electrical shock to promote the
rheotactic response (Hasselrot. 1975).

Another way to test the ability of a fish to maintain
its position in moving water is to piace it in a narrow
tube through which water is flowing and begin to
rotate the tube. At a certain speed of rotation. the fish
will be unable to compensate and will also start rotat-
ing (Lindahl. & Schwanbom. 1971a.b: Lindahl er al.,
1976. 1977). Fish exposed to sublethal concentrations
of methyl-mercuric hydroxide were less able to com-
pensate than nonexposed tish. A similar effect on the
minnow {Phoxmus phoxinus) occurred at levels of zinc
less thun those causing long-term effects on mortality,
growth. reproducnhion. activity, or histology {Bengis-
son. 19741 The potential of this techiigue as an carly
warnmg system s himted by the ume necded for re-
conery of the tish between tnals and by ditficulties
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likely to be encountered in automating the testing
procedure.

The locomotor behavior of fish has been found to
be sensitive to a number of toxicants, and automatic
monitoring techniques have been developed. Avoid-
ance of toxic materials has been demonstrated repeat-
edly (for example, see Jones, 1947, 1948, 1951, 1952;
Ishio, 1964: Sprague, 1964, 1968a,b; Hansen, 1969;
and Fava & Tsai. 1976), but the response of a given
species may vary widely for different materials. In one
study. the green sunfish (Lepomis cyanellus) avoided
only 8 of 40 toxic substrances tested (Summerfelt &
Lewis, 1967).

Among the techniques available for automated
monitoring of fish movement patterns is one in which
a square matrix of photocells is positioned with re-
spect to a test tank such that a fish in the tank con-
tinually interrupts photocell light beams correspond-
ing to its location. The photocells’are monitored by a
minicomputer which provides rapid, detailed analysis
of fish movements in response to environmental vari-
ables, including various toxicants (Kleerekoper et al.,
1970, 1972; Kleerekoper, 1977). Preference-avoidance
behavior can also be monitored “continuously by a
small computer; the computer analyzes the signal
from a video camera that scans a preference-
avoidance chamber into which a single fish has been
placed (Westlake & Lubinski, 1976; Lubinski er al.,
1977). The design of the chamber is such that water
flowing across it remains in two halves with negligible
intermixing although there is no physical bartier
present. A toxicant can be introduced into either side
and the movement of the fish automatically recorded.
The usefulness of these methods as part of an early
warning system may be limited by their mechanical
complexity. A somewhat less complicated automated
approach was developed by Cripe (1979). The pos-
itions .f several fish in a toxicant gradient trough
were dctected by infrared light-emitting diode-photo-
transistor pairs and recorded by a microprocessor. In
a 9 day test, pinfish (Lagodon rhomboides) avoided
chlorine-produced oxidants at levels of 0.02-0.04
mg!~' Should any of these systems be used as real-
time tc xicity monitoring devices, the complex behav-
ioral ptterns displayed by the fish may make it diffi-
cult to detect toxic materials rapidly.

A simpler approach monitoring toxic effects has
been (¢ measure oxygen consumption rates. Materials
found to affect oxygen consumption include copper
(O'Hara. 1971b). acid-mine drainage (Pegg & Jenkins.
1976) tleached Kraft pulp mill efuent (Davis, 1973),
pulpwood fiber (MacLeod & Smith. 1966). benzene
(Brock ien & Bailey. 1973), ammonia (Callahan, 1974),
and muthoxychlor (Waiwood & Johanseis, 1974). Two
methos s for measuring oxygen consumption are well
suited for automation. Oxygen electrodes may be
used te measure oxyvgen uptake in a flow-through sys-
tem (fer example, O'Hara, 1971h. Rosseland, 1976
and N oarais ¢ ul 19760 Determination of oaygen
levels tn the water before and after passage through
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the test chamber combined with a known flow rate of
water permits computation of oxygen consumption.
Voltage signals from the oxygen electrodes can be
handled on a continuous basis by a computer or
other data analysis device. An alternative technique
involves the use of an electrolysis cell which can be
used automatically to replenish oxygen depleted in
the atmosphere inside a sealed respiration chamber
(Callahan, 1974; Tackett et al.. 1974). The amount of
electricity used by the cell is directly related to the
amount of oxygen used by the fish in the chamber
and can also be recor:ied automatically. Oxygen
levels in the test chamber can be maintained at any
desired level. One disadvantage is the need to stop
water flow through the chamber while oxygen con-
sumption is being determined. In any case, consider-
ation must be given to the large number of variaoles
affecting oxygen consumption. Among these are tem-
perature {Beamish & Mookherjii, 1964), oxygen level
{Beamish, 1964b), day length and reproductive devel-
opment (Burns, 1975), and activity level (swimming
speed, Brett, 1964). Standardization of test conditions
would be necessary to prevent false warnings caused
by responses to these variables.

Two systems have already been developed to indi-
cate toxicity based on changes in the oxygen con-
sumption of fish. In one arrangement, the difference in
dissolved oxygen between water entering and leaving
a chamber containing several fish was monitored. Too
small a difference was taken as indication that the fish
had died and an alarm was sounded (Kitsutaka,
1974). In another system, fish were confined indi-
vidually in electrolytic-type respirometers through
which water flowed continuously. The flow was
stopped automatically during the measurement of
oxygen consumption and then restarted. A data ac-
quisition system stored the data (rom each fish on
paper tape or magnetic tape. In laboratory tests, sub-
lethal levels of ammonia and two aircraft firefighting
foams caused significant changes in oxygen consump-
tion (Callahan, 1974).

The ventilatory movements of fish offer two other
means of assessing toxic effects: first, because oxygen
consumption is related to the movement of water over
the gills produced by the ventilatory movements: and
second, because the gill tissues are delicate and thus
susceptible to toxic materials in the water. Ventilatory
parameters commonly observeu .nclude opercular
movement rates and coughing rate A cough is a rapid
movement of the ventilatory apparatus which usually
results in a reversal of water flow over the gills and is
a response to irntation of the gill surface (Hughes.
1975). Many aspects of montorimg coughs were
reviewed by Drummond & Carlson {1977

Several techniques developed to momite: fish venu-
latory mosements were reviewed v Heath (1970
The method found to be simplest and causimg the
least stress on the fish was to monntor the electrical
signals generated during ventlatory. movements
means of dual eviernal electrodes athixed 1o opposte
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ends of a test chamber (Kleerckoper & Sibakin, 1956
Spoor et al.. 19711 With sutficient amplification. this
clectrical signal may be recorded by, for example, o
physiograph. Lonsdale & Marshall (1973) used an
clectrode arrangement in conpunction with an FM
transmitter to record venulatory signals from trout.
It has long been hnown that ventilatory patterns
are atfected by tovie substances (Belding, 9291 A
large number of matenals have been shown to affect
ventilatory and or coughing rates at sublethal levels,
including heavy metals (Sparks of al.. 1972: Sellers ¢t
al.. 1975: Mclntosh & Bishop. 1967: Morgan. 1977),
pesticides (Schaumburg ¢t al.. 1967; Lunn ¢t al.. 1976:
Morgan 1977). and complex waste cffluents (Schaum-
burg et al.. 1967. Walden et al. 1970: Davis. 1973;
Howard & Walden. 1974; Thomas & Rice, 1975; and
Carlson & Drummond. 1978). Other materials
include coal dust, wood pulp and kaolin (Hughes.
1975) and acetone, ethanol. and propylene glycol
(Majewski et al., 1978). There is some indication that
coughing rates may be useful as a short term indi-
cator of long term toxic effects: cough responses in
brook trout (Salvelinus fontinalis) occur at concen-
trations of copper and mercury close to chronically
toxic levels (Drummond er al.. 1973, 1974). Maki
(1980) found that the ventilatory rates of bluegills
were altered by levels of surfactants that caused
chronic toxicity (reproductive effects) in the fathead
minnow (Pimephales promelas). As with oxygen con-
sumption, various environmental variables can alter
ventilatory patterns. Among these are dissolved oxy-
gen (Hughes & Saunders, 1970), temperature (Hughes
& Roberts, 1970), activity level (Heath, 1973; Sutter-
lin, 1969), pH (Hargis, 1976), turbidity (Horkel &
Pearson, 1976), season of the year (Beamish, 1964a),
and even seismic shock (Sparks & Cairns, 1972).
Among the several continuous monitoring systems
that utilize fish ventilatory signals. the simplest have
timing devices which periodically activate a physio-
graph on which ventilatory signals are recorded
(Sparks et al, 1972; Drummond et al.. 1974). The
recordings must still be analyzed manually, a pro-
cedure which requires a great deal of time and may
introduce subjectivity into the counting of coughs, es-
pecially if several persons are involved (Maki, 1980).

These problems have been alleviated partially in a
recently developed automated electronic system
(Morgan & Kuhn, 1974; Morgan. 1977). Twelve fish
in individual chambers are monitored by an appar-
atus that produces a d.c. voltage proportional to the
ventilatory rate every minute (coughing rates are not
determined). Data gathered from each fish over a five
day period are used to set a 99°, upper confidence
limit on the ventilatory rate for that fish. A voltage
level proportional to this limit then 1s set into a device
which activates an alarm hght should any fish exceed
its confidence limit. With a criterion for toxicant
detection set as the response of at least 60°, of the
fish. a wide variety of matenals were detected within
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24h at levels of § 10°, of thar 48-h LCSUs (see
Table 1)

Relatively few of the laboratory toxicity mon toring
systems described thus far have been tested under
tield conditions. One which has is 2 computer based
system which automatically monitored change: in the
ventilatory patterns of fish exposed to a dilutio: of an
industrial waste cfluent as it flowed into ¢ river
(Westlake er al., 1976: Westlake & van der Schalie,
1977: and van der Schalie et al.. 1979). No Lnown
toxic spills occurred in the effluent during the oper-
ation of this system, but acetone added to the cflluent
waste caused responses from the fish within an hour
at concentrations which peaked near the 96-h LCS50.
The major problem with this system was a large
number of false responses from the fish. These 1ppar-
ently were caused by the effects of the harsh ind astrial
environment on the monitoring equipment and to
shortcomings in the design of the system. Gruber et
ai. (1977) describes a second generation fish monitor-
ing unit which overcomes many of these deficiencies.
This system is currently being tested at a new indus-
trial site (Gruber et al., 1978).

Waork also is proceeding on the evaluation of
devices which use fish to assess the quality of public
water supplies. The Anglian Water Authority in
England is currently establishing fish monitoring sys-
tems on three rivers. Each system will monitor a dif-
ferent parameter (initially the activity, behavior, or
avoidance of rainbow trout), and each will ve used in
conjunction with existing automatic physical-
chemical monitoring facilities: (Price, 1978). A similar
automated river monitoring system planned for
England was described by Wallwork et al. (1977).
Finally, an automated unit on the Rhine River in
Germany (Kalweit, 1977) will monitor up to 15 water
quality parameters including a fish testing device and
a bacterial monitor similar to the one developed by
Axt (1972, 1973a,b). These field tests will ultimately
establish the usefulness of biological early warning
systems.

The sensitivity to toxic substances of many aquatic
organisms and the availability of many types of moni-
toring equipment indicate the real possibility for de-
veloping automatic biological monitoring systems. If
the basic requirements given here can be met. the
resulting systems could become useful tools in water
pollution control.

SUMMARY

The summary (Cairns, 1976) written for Biological
Monitoring of Water and Effluent Quality (Cairns er
al.. 1976) still scems sufficiently appropriate as a sum-
mary of this article and 1s included here with permis-
sion of the American Society for Testing and Materials

Riological monitoring implies regular or continu-
ous assessment of one or more parameters and.mu)
be used to detect harmlul conditions. One mighi
credit the development of binlogical monitormg 10
the laymen who used people to 1est the food and
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drink of kings prios to their consumption of it and to
the miners who placed canaries in mines to detect the
presence of obnoxious gases. Since the assassin with a
vial of porson has been replaced by an assassin with a
revolver or bomb and the.canary has been replaced
by a more sophisticated chemical monitoring device,
these carly forms of biological monitoring are no
longer in vogue. However, biological monitoring has
attacted increasing attestion in recent years in the
field of water pollution for two primary reasons: (1)
the response of organisms to various toxicants is often
mediated by the chemical -physical qualities of the
receiving system water and these may change rather
frequently, thus changing the toxicity of the matenal:
and (2) there is a possibility of interactions with other
waste discharges whicin will markedly alter the nature
Jf the toxic response. Thus, both environmental inter-
actions and interactions with other potential toxicants
may substantially alter the response of an organism
from that obtained with a pure chemical in a labora-
tory situation. However. most of the standards have
been derived from laboratory data and, thercfore,
when applied nationally may be either too high or too
low for the circumstances existing at a particular site
of discharge. Only recently has the scientific com-
munity become seriously interested in biological
monitoring and, even now, only a small fraction of
the total global scientific effort is involved in such
studies. However, the representation at this sym-
posium was an indication of widespread geographic
interest even though biological monitoring does not
involve. many scientists now. The growing interest in
the field evidently far exceeds present expenditures of
money, time, or effort.

Although there appears to be fairlv widespread dis-
satisfaction with the present systems of regulating
waste discharges, there is no consensus support for
alternative approaches. Three alternatives seem to be
available: (1) improvement of current practices using
all available scientific information and disseminating
this information through such books as Water Quality
Criteria of 1972 [1]* and Principles for Evaluating
Chemicals in the Environment 1975 [2]. (2) use of
maximum feasible treatment with available tech-
nology on each waste discharge with the assumption
that technology will improve substantially and there-
fore environmental conditions will improve: and (3)
use of biomonitoring techniques to f1lly permit non-
degrading utilization of the receiving or assimilative
capacity of ecosystems for waste discharges and at the
same lime protect them from deleterious cffects. Alter-
native (2) is espoused by a variety of groups, but it is
unsatisfactory to others for a number of reasons. The
two most promunent reasons are: (1) reeonstruction of
the treatment system might be necessary with each
major technological advance, and there i1s no way of
predicting when all this would end or how frequently

‘T.hc numbers i square brachets refer to the hst of
references appended to this summary
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changes would be necessary: and (2) there might be
no measurable or demonstrable environmental bene-
fits resulting from the improved waste treatment even
though 1t might be considerably more expensive than
the system replaced. Objections to biological moni-
toring are that there is no strong body of evidence
wndicating that it will work as is supposed to nor is
there a sizable body of evidence on cost. If the cost is
high, small industries might be priced out, and, in any
case, the monitoring must still be accompanied by a
well functioning waste treatment system. There will
also be difficulties in formulating appropriate legisla-
tion.

Neitther of the systems alternative to the one
presently used for regulating waste discharges is likely
to replace it without massive evidence of superior
eflectiveness at acceptable cost. This evidence of
superiority should be strong in three principal areas:
(1) scientific justifiability, (2) operational reliability,
and (3) cost effectiveness. Before addressing Areas 2
and 3, Area | must be supported to the satisfaction of
a substantial segment of the academic community.
It is our hope that this publication will provide
sufficient evidence for the academic community to
make a tentative judgment on the efficacy of biologi-
cal monitoring and will identify questions which must
be answeied before substantial confidence can be
placed in biological monitoring. In addition, papers in
this publication will provide a means for preliminary
assessment of the operational reliability of biological
monitoring systems. More examples should be forth-
coning so a thorough evaluation may be made of
both the conceptual soundness and the operational
capabilities of various biological monitoring methods.
Although some indirect evidence will be available for
the cost effectiveness of these methods, it would be
presumptuous to attempt a detailed evaluation at
such an early developmental stage for the field. How-
ever, it appears likely that the use of minicomputers
and other technological innovations will result in a
substantial saving as they have in other areas of
applied science.

Scientific merit

There are many questions regarding the conceptual
soundness of biological monitoring methods that
must be answered more definitively before these
methods will be accepted by the academic com-
munity. potential industrial users, and regulatory
agencies. For an “in-plant™ monitoring system, the
most important questions are probably the ones listed
here.

. Will the system detect spills of lethal materials
before they reach the receiving waters®

2 It only one organism is used as a sensor {for
cuvampie. the bluegill suntish). will this orgamism: be so
much more tolerant to the particular toxicant 1n ques-
non that it will pass undetected and harm  other
members of the aquatic community in the recemang
system (for example, algae and invertebrates)’
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3. Is it possible to monitor chemical-physical par-
ameters and achieve the same results at lower cost
and greater efficiency”

4. Since the biological response alone wiil not
identily the particular toxicant causing the response
but only indicate that some deleterious .mnaterial is
present. is it poassible to couple a chemcal physical
monitoring system with a biclogical monitering ays-
tem that will expedite the identification ol the particu-
lar deleterious component causing the warning re-
sponse’

5. Will a false signal cause an expensive shutdown
of the plant or an unduc cxpenditure of time and
effort by the waste control personnel’”

6. Should an organism indigenous to each receiv-
ing system be used, which would require a iong site-
specific developmental period for each new drainage
basin, or can some “all-purpose™ organism. such as
the bluegill, be used for all tvpes of systems (or
perhaps one organism for a warm-water and one for a
cold-water system)?

7. Is it possible to use in-plant biological moni-
toring systems to detect the presence of spills of
materials having either acute lethality or long-term
effects or only the former?

8. Are the in-plant monitoring systems only for
very large industries with sizable waste control staffs,
or is it possible to develop compact miniaturized re-
liable in-plant monitoring systems that can be used by
persons inexperienced in monitoring without undue
expenditure of time, etc.?

Questions such as these related to the utility and
scientific justifiability of monitoring will undoubtedly
be asked by persons representing a rcgulatory agency
and the industrial point of view elsewhere in this
book. Doubtless, many additional questions on effi-
cacy will be raised by other authors. The eight ques-
tions just presented were raised primarily because
they are important in the acceptance of biological
monitoring, and they indicate how far we must yet go
in developing the methods. For example, it took nine
years before the apparatus and methods for in-plant
biological monitoring were ready for usc on a trial
basis in an industry (discussed elsewhere in this boak
by Westlake and van der Schalic). During  this
developmental period. the apparatus has graduaily
evolved from strip charts and other visually examined
data recording systems to the present computer-
interfaced, automated data recording system. In
acdition, a variety of responses were examined (for
example. the coughing response[3]. whech s
presently being used by the Environmental Protection
Agency (EPA) [4]). In the course of this investigation,
it became apparent that any characteristic of an
organism’s normal life which was sadent continually
(for :xample, respiraiory sienals of fish) covld he used
effectively in a biological moniturng sysfurn A o
factor in successful use was the ahilty to cuschly and
reliably detect deviations {rom the notiant cordition
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Although some attention has been given to the devel-
opment of statistical methods for this purpose (for
caample, see Rell [5]). much more attention must be
given to this critical area.

Industrial utility

Although it is essential to demonstrate the scientific
merit of biological monitoring systems and although
this is a formidable task. it will be neither as time
consuming nor as cxpensive as demonstrating the
industrial utility of biological monitoring systems.
That is. proving with reasonable certainty that the
hypotheses upon which the systems are founded are
valid will probably be substantially less difficult than
demonstrating their utility for a variety of industrial
operations encompassing a diverse array of eco-
systems and receiving water conditions. This will
require an extended developmental period during
which industrial and academic communities must
collaborate to provide demonstration situations. The
companies that do this will acquire a staff which is
knowledgeable in both the theory and the working
requirements of biological monitoring systems as well
as their faults and strengths. A company installing a
unit in the early stages of development of biological
monitoring systems will certainly have much more
aggravation than the companies which follow. How-
ever, any pioneering effort has its advantages and its
disadvantages. and biological monitoring is no excep-
tion. One of the most difficult aspects of the demon-
stration projects, at least if they are to provide infor-
mation in the public domain, is that various industrial
spills must be identified and documented. In short, if
a company has spills of deleterious materials, it must
be prepared to acknowledge this if there is to be gen-
eral conviction that biological monitoring systems
can detect the spills. In addition, all of the difficulties
encountered in installing a biological monitoring sys-
tem must be clearly identified and disclosed so that
mistakes are not repeated over and over. Public dis-
closures of this sort are painful but are necessary in
order to establish creditability. This is, of course,
much easier for the academic community, which is
accustomed to talking about both experimental fail-
ures and successes. than for the industrial community,
which may rightly feel that regulatory agzncies will
use information about spills to an industry's disad-
vantage.

Regulatory agencies

lindoubtedly. the most dramatic change produced
by the general adoption of biological monitoring sys-
lems as environmental quality control units would
result f monitoring requirements were (o replace
enisting lepislation directed toward either the regula-
unr of specific tosicants individually at their point
wonree of masimum feasible treatment. This s only
cre of three possible secenanos A briel outline of cach
f these three scenarios folows



Biological montonng Part |

Scenarie |

Standards for water quality contimue to be directed
primanly toward regulistion of amounts of toxicants
and physical changes tfor example. thermal loading).
and the bological monitoring systems are used as a
supplemental safeguard 10 prevent “fish kddis™ and
other lughly visthle catastrophes resulting from acci-
dental spills and other emergency situations. Even af
waste dischargers conf rin to all the limitations im-
posed by present standards for discharges of toxic
materials, heated wastewaters. and the like, there is a
high probability that a certain number of deleterious
biological ellects will result in aquatic systems [rom
both synergistic interactions and enhancement of
toxic effects duc to natural environmental changes.
There is abundant evideace in the literature to docu-
ment both the existence of synergistic interactions and
the effects that changes in natural environmental
parameters such as hardness, pH. temperature, and
dissolved oxygen concentration can have upon the
response of organisms to toxicants. Despite the
probability of occasional kills of aquatic organisms
occurring even though discharges conform to uxisting
standards, most waste dischargers will probably rely
solely upon conformance with existing standards to
protect them against legal action and will not use
either in-plant or in-receiving system biological moni-
toring systems as an additional safegua.d unless
required to do so by law or regulation. Waste dis-
chargers most likely to use in-plant or in-receiving
system biological monitoring units even though not
legally required to do so are: (1) those with wastes
impossible to analyze either because appropriate ana-
lytical methodology does not exist or because the
standards are set below the level of detectability with
current methodology: (2) those located in areas of
extreme biological sensitivity such as spawning
grounds, commercially valuable fisheries resources
consumed by humans. and the like: (3) large indus-
‘ries with many plant locations for which adverse

ublicity is likely to have a national impact; (4) cer-
un government installations desirous of providing
the best possible protection to the environment for
Soth public relations and safety reasons: and (5) com-
mercial organizations wishing to have a good stance
vis-a-vis the environment.

Although this is a somewhat lengthy list, it is un-
likely that at the present time the total percentage of
dischargers falling into one or another of the afore-
mentioned categories will be a very substantial per-
centage of the total waste dischargers. Whatever may
be the capital investment requirements and operating
costs of biological monitoring systems. it is likely that
little money will be expended by most waste dis-
chargers to install such systems unless their installa-
tion is required by law. Even then. it is iikelv that
substantial delays in installation would result because
of lack of trained personnel and management's inex-
perience with these new methods. However. the
number of inquiries we have had from industry and
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cvidence received from other groups both in this
country and in burope sugges: very strongly that
cnough waste dischargers fit into one of the aforemen-
tioned categories to provide a thorough testing of the
clficacy of biological momitoring in a variety of situ-
ations. Thus. the most probable course of develop-
ment for biological monitoring is that a few waste
dischargers will then furnish a data base which will
cnable the methodology 10 be evaluated more fully
than is possible in a strictly academic situation. This
is already beginning to happen as papers in this publi-
cation show.

Scenario 2

Standards and legislation continue to follow the
pattern of the recent past as mentioned under
Scenario §. but provision is made for exceptions to
these standards if positive evidence of no biological
harm resulting from discharges in excess of the stan-
dards can be furnished on a continuing basis. Further
legislation might be enacted requiring that industries
wishing to develop sites in recreationally or aestheti-
cally desirable areas, or those with particularly valu-
able commercial or sport fisheres, carry out biological
monitoring in addition to complying with all of the
other requirements because of the uniqueness or high
value of the particular ecosystems. An industry con-
templating waste discharges in such an area would
then have to determine whether the additional cost of
biological monitoring would so decrease the attactive-
ness of the particular site in question as to render
alternative sites more desirable. In view of the enor-
mous costs involved in plant construction, land acqui-
sition, planning and so on, it seems unlikely that the
relatively small costs of biological monitoring would
be often a decisive factor, but sometimes this could be
the case. In the latter event, the cost of improved
waste treatment could probably not be readily
afforded either and, therefore, it would be in the best
interests of all concerned if the marginally profitable
industry were to locate in a less vulnerable or less
ecologically desirable site. Although not quite so
specific, there are some portions of the Federal Water
Pollutional Control Acts Amendments of 1972
{Section 316) which indicate tha. appropriate evidence
may result in exceptions to or modification of existing
requirements. Thus, once the methodology for bio-
logical monitoring has become more widely accepted
by the academic community, regulatory agencies,
waste dischargers, and the general public, it is quite
likely that modifications of legislation of this sort will
become more frequent.

Scenario 2 might also be considered a stage in the
evolution of the acceptance of biological monitoring
which might naturally follow the stage represented by
Scenario 1. It would also represent an introduction
into the regulatory process of the types of evidence
generated by biological monitoring systems, and this
would cnable regulatory agencies to develop a capa-
bility for dealing with such information on a trial
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basis. Thus, personnel capabilitics as well as other
capabilities for information transfer. storage. and rou-
tine data recording could be established on-a small
scale.

Scenario 3

The present standards based primarily on
chemical-physical paramcters are shified so that the
biological parameters become the principal par-
ameters with chemical phyvsical parameters still being
measured but no longer the prime determinants regu-
lating waste discharges. In short, thc response and
condition of the biological system will be the prime
regulator of discharges, and these must be kept within
bounds that will not damage the biological integrity
of the receiving system. Some indications of this view
have appeared elsewhere [6]). Among the definitions
of biological integrity was the maintenance of the
structure and function characteristics of a particular,
relatively undisturbed ecosystem or the return to a
level of structure and function considered for a dis-
turbed ecosystem. ’

In Scenario 3, the environmental quality control
would be implemented by a series of biological and
ecological standards designed to directly measure the
integrity of each ecosystem into which the wastes are
being discharged. These standards would involve both
the structure and function of the ecosystem. This
would require regional management, regional specifi-
cations for integrity, an extensive biological-chemical-
physical monitoring network in each region, a central
authority capable of taking immediate corrective
action without waiting for a court decision, and poss-
ibly a user tax to pay for the operation of the quality
control system based on the degree of use made of the
ecosystem {this would take environmental use out of
the economic “free goods™ category).

It is difficult to imagine this very profound change
occurring without some intermediate steps between
the type of environmental quality control just pro-
posed and those now in use. At the very least,
Scenarios 1 and 2, or some version of them, would
have to take place before Scenario 3 could become a
reality. An entirely different set of attitudes and pro-
cedures would be necessary. and to a large extent.
different types of training. A major consequence of
following this form of environmental quality control
would be to associate the standards on a continuing
and frequent basis with the condition of natural eco-
systems. Ideally, it would also develop a cooperative
rather than an adversary relationship between users
and protectors, but this may be too idealistic for the
real world.

CONCLUDING REMARKS

The purpose of this symposium is to rigorously
examine biological monitoring to determine: (a) its
scientific justification. (b its rehability. (c* the general
acceptance of the methodoiogy by the academic com-
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munity. industry and regulatory agencies. (d) its cost.
and (e) if it is found to be a sound methodology, the
reasons why it is not being more widely accepted by
regulatory agencies and industry.

It is 1o be hoped that this symposium will focus
more attention on biological monitoring than such
monitoring has received in the past and that a scienti-
fically justifiable body of information will be devel-
oped for either accepting or rejecting the concept. If
the concept is found acceptable, it is to be hoped that
regulatory agencies and industry will be equally
objective in their appraisal and subsequent adoption
of the sound aspects of biological monitoring even if
this means abandoning well entrenched bureaucractic
positions.
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A major concern in this country as well as the
rest of the world is the environmental degrada-
tion caused by man's continuously developing
industrial base. Despite protective measures, en-
vironmental risks are steadily increasing. While
countless discussions and innumerable pages
have dealt with the causes and consequences of
our damaging activities, this volume explores
a different aspect of the topic: the prospects of
recovery if damage does occur.

An experienced group of international scien-
tists contribute case histories, present theories,
and raise important questions related to the re-
storation and recovery of damaged ecosystems.
The book focuses on three major topics: the na-
ture of recovery processes for various ecosystems;
identification of the elements common to the
recovery process for all ecosystems, as well as the
unique attributes in different kinds of ecosys-
tems; and the prospects for accelerated recovery
and restoration by human intervention and man-
agement, Individual chapters discuss the recov-
ery of streams and lakes by natural and artificial
methods; the reintroduction of plants and wild-
life to damaged ecosystems; the role of fire in the
natural growth of forests; environmental factors
in surface mine recovery; the effects of oil spills
and recovery from them; the recovery of tropical
forest systems, tundra, and taiga surfaces; the
recovery of cities; and the political problems.

This book will be useful to ecologists and
regional planners as well as to regulatory
agencies and management groups such as the
Department of Interior. Its greatest value, how-
ever, is to all citizens searching for clear guide-
lines to deal with some of the terrible ecological
miscalculations that have occurred in the past.
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Environmental Studies, Virginia Polytechnic Institute and State University

This book is the first to show that the use of artificial substrates permits regular, statistically valid assessment of
pollution that will not endanger either natural habitats or natural populations and communities. Here are the
latest developments in a field in which theoretical and applied benefits are so closely linked.

Almost anything placed in water will be colonized by aquatic organisms, whether the substrate be glass, a ship
hull, a dock piling, or even an industrial cooling system through which water is passed. Theoretical ecology can
benefit from studies of colonization of artificial substrates and other processes associated with species accrual.
Better management practices to keep ship hulls and cooling pipes free of encrusting organisms can be developed if
the colonization is better understood. This is but one of the many immediate practical benefits.

CONTENTS

Artificial Substrates in Marine Environments @ Interactive and Noninteractive Protozoan Colonization Processes ® Arti-
ficial Substrates as Ecological Islands ® The Variety of Artificial Substrates Used for Microfauna e Substrate Angle and
Predation as Determinants in Fouling Community Structure ® The Use of Artificial Substrates in the Study of Freshwater
Benthic Macroinvertebrates © Types of Artificial Substrates Used for Sampling Freshwater Benthic Macroinverte-
brates ® Priorities for Marine Developments in Artificial Substrates Bioassays ® Index.

January 1982 300 est. pages 48 fig. 42 tables 543 ref.
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THE RECOVERY PROCESS IN DAMAGED ECOSYSTEMS

Edited by John Cairns, Jr., Distinguished Professor and Director, Biology Department and Center for
Environmental Studies, Virginia Polytechnic Institute and State University

This new book focuses attention on the ecological processes involved in the recovery of damaged ecosystems.
Offers encouragement in an era when environmental damage is severe because it shows that damaged ecosystems
can be restored to a more ecologically acceptable condition, although it is highly unlikely in most cases that
restoration to original condition will be possible. Lays the foundation for thinking about the components of the
recovery process. Relates the recovery process to well established ecological phenomena such as succession;
speculates about the nature of the recovery process and whether it will be possible to quantify it.

Poses these fundamental questions: 1) How is recovery defined? 2) What criteria are important in measuring
recovery? 3) Do societal perturbations (e.g.. strip mining) have a different effect upon natural communities than
natural perturbations (e.g., floods)? 4) How much restoration is possible, acceptable, and economically feasible?
5) How much disturbance should be permitted at any one time?

Useful to regulatory agencies, industrialists, developers and all persons required to cope with the aftermath of a
catastrophic spill of oil, toxic chemicals, or other hazardous materials. Gives an appreciation of the magnitude of
restoring a damaged ecosystem both in costs and time.

CONTENTS

Introduction  The Relationship Between Succession and the Recovery Process in Ecosystems e The Ecological
Factors That Produce Perturbation-Dependent Ecosystems e To Rehabilitate and Restore Great Lakes
Ecosystems e Recovery Patterns of Restored Major Plant Communities in the United States: High to Low
Altitude, Desert to Marine e Influence of Ecosystem Structure and Perturbation History on Recovery Processes e
Multivariate Quantifications of Community Recovery e The ‘Ohi’a Dieback Phenomenon in the Hawaiian
Rain Forest. 1980 167 pp. 28 fig. 5 tables 364 ref.

ORDER FORM

Please send me — copies of THE RECOVERY PROCESS IN DAMAGED ECOSYSTEMS, by John Cairns. Jr.,
(ISBN 0-250-40337-4) at $29.50 each.
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Citizens Against Toxic Waste Foundation

9 North Third Street, Warrenton, VA 22186
(202) 347-2936
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Dear Friend,

I don't want to alarm you, but our research tells us that at least one EPA-
listed toxic waste site is located right near your home!

To find out the toxic waste site name, location and other vital information
about the site, use the FREEDOM OF INFORMATION ACT Request Form I've enclosed.

As an American taxpayer, you have the right to know about health risks that
may affect you and your family because of contaminated drinking water and toxic
waste sites near your home.

When we receive your FREEDOM OF INFORMATION ACT Request to get the facts about
the very real threat to your family, Citizens Against Toxic Waste Foundation will
immediately transmit your Request to the Environmental Protection Agency (EPA). By
law, the EPA must respond to your request.

So please sign and mail us your specially prepared form today. Your family's
health and the fate of this whole toxic waste crisis could depend on it.

This is incredible: here we are in 1987 -- approximately 10 years since the
discovery of the "Love Canal" toxic waste site disaster; 7 years and $1.6 BILLION
after the "Superfund" was created by the EPA to supposedly clean up waste sites
like the one near your home.

Practically nothing has been done about it, and I'll bet that before reading

my letter, you never even knew there was an environmental time-bomb ticking near
your home.

Well, don't feel like you're all alone. The sad fact is that there are
millions of Americans, like you, who don't know (more importantly, who were never
told) they live near official EPA-listed toxic waste sites.

And the horror is that the list of sites is growing larger every day. At last
count there were more than 26,000 toxic waste sites in the country on the official
EPA list!

Experts now estimate that drinking water for half the American population is
contaminated by toxic waste dumping. Every state, nearly every county in the nation
is in danger!

(Over, please)
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That's why Citizens Against Toxic Waste Foundation has mounted this unprece-
dented FREEDOM OF INFORMATION campaign -- for your protection and for that of your
family.

So please -- in order to file your FREEDOM OF INFORMATION ACT Request at the
EPA offices in Washington, D.C., send your signed Request to Citizens Against Toxic
Waste Foundation right away.

Citizens Against Toxic Waste Foundation is a non-profit research and education
organization. We sponsor research and other information programs like this one to
alert you and others to the urgent dangers of toxic chemicals and nuclear wastes.

And in the past several months, our attention has focused more and more on the
relationships between our drinking water, toxic waste contamination and deadly disease
rates among men, women and children right here in the United States.

Report after report indicates a strong link between the water you drink and your
chances of being exposed to harmful contamination.

In fact, on September 22, 1986 the families of eight leukemia victims in Woburn,
Massachusetts were awarded $1 million each in an out-of-court settlement with the
W.R. Grace Company who was accused of polluting their water supply with potentially
cancer-causing chemicals.

There is now no doubt that toxic wastes present a potentially irreversible
threat to our groundwater (drinking water) supplies and our personal health.

Toxic waste contamination is shutting down thousands of wells and local water
supplies throughout our country and pollution is spreading like a stain:

*%* In its 1982 survey of large public water systems served by groundwater,
the EPA found 45% of them were contaminated with organic chemicals.

*%* In New Jersey, for example, every major groundwater supply is affected
by chemical contaminants.

** A 1980 study of 350 hazardous waste sites found they had caused 168 cases
of groundwater contamination in 32 states, forcing the closing of nearly
500 wells.

So what is the EPA doing about it? Unfortunately, simply not enough.

There are more than 26,000 toxic waste sites. But so far, the EPA has put
only 951 of them on their "priority list". And of these 951, they have only
cleaned up 13! After 7 years and billions of dollars, that's all that's been done!

But the worst news is that after the EPA used $34 MILLION to clean up the
Stringfellow Acid Pits near Los Angeles (the nation's most serious site), the clean-
up effort so far has failed, and a giant plume of deadly poison still moves toward
the Los Angeles underground water supply at an unstoppable rate of 3 feet per day!

Pretty scary, isn't it?

You bet it is. This is why all of us here at Citizens Against Toxic Waste
Foundation are doing everything humanly possible to get the EPA to speed the clean-up.

Now I'm not going to tell you that we are going to solve this catastrophe over-

(More)
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night. To really change things, we're going to need the participation of a lot of
Americans, including you.

It's very important that everyone I'm writing to participates in our FREEDOM
OF INFORMATION campaign. Not nearly enough is being done to safeguard our health
-~ federal, state, and local agencies have proven by their snail's pace that not
until we can rally tens of thousands, even hundreds of thousands of Americans around
our efforts, will we finally succeed in keeping society's wastes out of our drinking
water and our backyards.

By filing your FREEDOM OF INFORMATION ACT Request with us, you are taking an
important first step in tackling a problem that could well be affecting you per-
sonally.

I also urge you to take a second and equally vital step.

Citizens Against Toxic Waste Foundation needs your help to continue this and
other projects. A tax-deductible gift of $12, $15 or $25 or more would be a big
help to us. : - =

There is no other group like us working on a national scale exclusively on
this issue. And it's easily going to take as much money as friends like you can
afford to give.

So -- please -- send a contribution today.

We do not accept government subsidy or support. So it's very important that
you help.

Because, quite frankly, the alternatives are terrifying.

You and I are facing a problem that is well on its way to becoming the next great
crisis in America. Unless all of us get involved now, I'm concerned that as bad as
it is today, it could get a whole lot worse.

The EPA, other government agencies, and private industry have already shown
that without a massive public outcry, they will do little or nothing at all.

Our most pressing need right now is to build this massive groundswell of citizen
support from people like yourself who live near a toxic waste site, and who obviously
have & wvery personal stake in the outcome of our efforts. —— —

If you won't help support us, I frankly don't know who will. So can we count
on your help now? Please be as generous as you can.

Sincerley,

/@@%y/m

John V. Albertella
Executive Director
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st /?eizzasf' prck Fo 45 7PARY. THe LA /5 fefx/rzd é}/é
fedbra) Jaw 70 RISWEr VoLr /?74(&52‘. Stous A you 1ot )W
Lowm rhem within B0 days, please drop pe & oTE. T#%s
irrportant you faz‘ AhIS [Forrnalion .

TCA, 1087



ConiamaT™=—

Rule Would Ao

Chemical contamination of our drinking water and ground water supplies has become
the most serious ctisis of our time. Industry is producing 270 zillion tons every year of

toxic waste containing chemicals such as dioxin, vinyl chloride, PBB’s, PCB’s, lead,
mercury and arsenic—and 80% of them are dumped into the ground and ultimately

endanger our water.

36,000 before it's over.

groundwater.

‘e 'e ‘e 'w 'w

The EPA has already inventoried 26,457 toxic waste sites—dumps and sources. The
Congressional Office of Technology Assessment estimates that the number will reach

87% of the 24,000 pits and ponds used to store toxic industrial chemicals lie directly
atop vulnerable underground drinking water supplies.

In a 1982 survey of large public water systems served by groundwater, the EPA found
45% of them were contaminated with chemicals. Forty-nine percent of Americans drink

According to the Council on Economic Priorities 8 out of 10 Americans live near a toxic
waste dump or source. These toxic sites can and do contaminate ground water.

Cleanup has been slow and ineffective. After 6 years and $1.6 Billion the EPA Aas
completed work on only 13 sites. The $9.6 Billion passed in 1986 is for 5 years. Mean-

while, the Office of Technology Assessment estimates the cleanup may eventually cost

more than $100 Billion.

OXIC WASTES AND
YOUR HEALTH

Although it is extremely difficult
to predict the harm of long-term ex-
posure to low levels of toxic chemicals
in drinking water, some effects have
been observed in humans and animals.
Some people are more susceptible than
others. Children for example, are often
more vulnerable because of their lower
body weight, growing body organs,
and faster respiratory rate. Genetic fac-
tors, general health, and lifestyle
(including smoking and diet) can also
affect susceptibility.

Arsenic: liver, kidney, blood and nervous system damage and cancer. f

Benzene: chromosomal damage in both humans and laboratory animals. Benzene affects
blood and immune sysems to cause anemia, blood disorders, and leukemia.

Cadmium: kidney damage, anemia, pulmonary problems, high blood pressure, possible
fetal damage and cancer. ' :

Carbon tetrachloride: liver, kidney, lung, and nervous system damage and cancer.

Chloroform: liver and kidney damage and suspected cancer.

Chromium: suspected cancer from some forms.

Dioxin: skin disarders, cancer, and mutations. Dioxin is extremely toxic.

Ethylene dibromide (EDB): male sterility and cancer. ; i [l S, 2

Lead; headaches, anemia, nerve problems, mental retardation and learning disabilities in
children, birth defects, and possibly cancer. :

Mercury: nervous system and kidney damage.

Polychlorinated biphenyls (PCBs): liver damage, skin disorders, gastrointestinal problems,

- and suspected cancer and mutations. ' _

Trichloroethylene : in high concentracions, liver and kidney damage, skin problems
dcp'n:ssit:lrzr of tl'lgrcocft!mctibdlgtl;of the hearr, and suspected cancegr MUALons. - !

Vinyl chloride: lung, liver. and kidney damage; pulmonary and cardiovascular effects;
gastro-intestinal problems; cancer. ) :




Issued by Citizens Against Toxic Waste Foundation
(Pursuant to 5 U.S.C. 552)

FREEDOM OF INFORMATION ACT REQUEST

TO: Freedom of Information Office SRR
United States Environmental Protection Agency 2 b7
Washington, D.C. 20460 SR NN

RE: OFFICIAL EPA LISTED TOXIC WASTE SITE OR
SITES LOCATED WITHIN THE ZIP CODE AREA
OF THIS ADDRESS:
O FROM:

Name

Address

City/State/Zip

Please PRINT clearly.
DESCRIPTION OF RECORDS REQUESTED

In accordance with federal law. the Freedom of Information Act of 1966, I. the undersigned, wish to know any and all information
you pres_endy have fegardmg the toxic waste site-{and-all other sites} located near my home. Please include information regarding
the possible health risks to myself and my family, what precisely is contained in this waste site, and how and when | can expect it to

be cleaned up.
DO NOT COMPLETE Respectuly.
Request No:
Received at CATW/Date: Signed
Transmitted to EPA/Date:
"By: Date

=SPONSE REQUESITED

[MPORANT DOCUMIENT o IIMMIEDRIAITE [R

—Please Do Not Detach—

Citizens Against Toxic Waste Foundation
9 North Third Street, Warrenton, Virginia 22186

202-347-2936
CONTRIBUTION REPLY
. (Please make your tax-deductible check payable to
TO: john V. Albertella CITIZENS AGAINST TOXIC WASTE FOUNDATION.)
Citizens Against Toxic Waste Foundation

9 North Third Street
Warrenton, VA 22186

Dear John,
[ ] YES, please forward my FREEDOM OF INFORMATION ACT REQUEST to the EPA.

D To help CITIZENS AGAINST TOXIC WASTE FOUNDATION continue this vitally important FREEDOM OF
INFORMATION campaign and help speed the cleanup of our nation’s toxic wastes, I am enclosing my check for:

15100 L1850 [1825 L1815 LS

| understand for my contribution of at least $25 | can expect to receive a summary report of this FREEDOM OF INFORMA-
TION campaign, plus a quarterly newsletter detailing our efforts to protect our groundwater and our health from toxic

waste contamination.

Obviously, since you live nearan offseial £/ [red #2X¢ waste. S/e, you have a4 very
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Multispecies Toxicity Testing

Edited by John Cairns, Jr., University Center for Environmental Studies, Virginia
Polytechnic Institute and State University, Blacksburg, VA

“The editor has done much to
illuminate the dark and murky
field of the behavior of natural
species under stress. His ap-
proaches, conceptually, to
understanding of behavior are
deep and are gradually revealing
practicable surrogate parameters
—long sought in the important
understanding of the universe of
ambient water flora and fauna.”

Abel Wolman,

Emeritus Professor

Department of Sanitary
Engineering & Water Resources,
The Johns Hopkins University

The purpose of this volume is to
discuss in detail the scientific,
regulatory and industrial use and
problems associated with the
development of multi-species
toxicity tests. Some case histories
are included to provide the
reader with examples of how
multispecies toxicity tests work.
Also included are sections on
such problems as quality
assurance and replication, as well
as the variability and complexity
of river ecosystems as an illustra-
tion of the kinds of systems
currently being protected by
multispecies tests.

CONTENTS

Multispecies Toxicity Tests in the Safety Assessment of Chemicals: Necessity or
Curiosity?

Scientific Problems in Using Multispecies Toxicity Tests for Regulatory Purposes.
"Technical Considerations Related to the Regulatory Use of Multispecies Toxicity Tests.
What Ecologists Expect from Industry,

What Should Be the Rationale for Bioassays?

The Role of Multispecies Testing in Aquatic Toxicology.

Population Responses to Chemical Exposure in Aquatic Multispecies Systems.
Correspondence of Laboratory and Field Results: What are the Criteria for Verification?

Environmental Assessments from Simple Test Systems and a Microcosm: Comparisons
of Monetary Cost.

The Monticello Experiment: A Case Study.

Terrestrial Microcosms: Applications, Validation and Cost-Benefit Analysis.
Toxicity at Population Level.

Toward Interlaboratory (Round-Robin) Testing of a Standardized Aquatic Microcosm.
Replicability of Aquatic Multispecies Test Systems.

A Synopsis: Workshop on Multispecies Toxicity Tests.

1985 031936 X hardcover 288 pp. $37.50*

P
*$28.15 with a subscription to ENVIRONMENTAL TOXICOLOGY &
CHEMISTRY.

Environmental Hazard Assessment of Effluents

Edited by Harold L. Bergman, Department of Zoology and Physiology, The University
of Wyoming, Laramie, WY; Richard A. Kimerle, Monsanto Industrial Chemicals
Co., St. Louis, MO; Alan W. Maki, Research and Environmental Health Division,
Exxon Corporation, East Millstone, NJ

“This outstanding volume,
which is the result of the con-
tributions of 41 professionals
from government, industry and
academia, presents, for the first
time, a complete overview of the
complex water quality problems
presented by effluents. . . . The
wealth of information in this
book makes it a valuable addition
to the library of anyone involved
in water quality work, and its well
rounded presentation makes it an
excellent source book for
students.”

—Robert E. Reinert

Professor of Fisheries
The University of Georgia

This volume has been prepared
to meet the need for improved
methods to assess the hazards of
chemicals in the aquatic environ-
ment. The subject deals with ef-
fluents, that is, the complex mix-
tures of chemicals that can in-
clude liquid wastes, dredged
materials, sewage and industrial
sludges, solid waste leachates,
and other complex materials that
may enter aquatic ecosystems.

CONTENTS

BACKGROUND AND PERSPECTIVES:

Effluent Monitoring: Historical Perspective.

Perspectives on the Application of Hazard Evaluation to Effluents.
The Toxicity of Mixtures of Chemicals to Fish.

Discussion Synopsis: Background and Perspectives.

BIOLOGICAL EFFECTS TESTING:

Principles and Concepts of Effluent Testing.

Evaluation of Effluent Biomonitoring Systems.

Effluent Sampling for Biological Effects Testing.

The Role of Fractionation in Hazard Assessments of Complex Materials,
Solubility of Mixtures and its Application to Toxicity.

Predicting the Effects of Complex Mixtures on Marine Invertebrates by Use
of a Toxicity Index.

Discussion Synopsis: Biological Effects Testing of Effluents.

EXPOSURE ASSESSMENT:

Exposure Assessment for Complex Effluents: Principles and Possibilitics.

Spatial and Temporal Distribution Assessment of Biota and its Role in Exposure
Assessment.

Microbial Degradation of Organic Gompounds Within Complex Effluents.
Predictive Models and Field Studies of the Fate of Complex Mixtures.

Discussion Synopsis: Exposure Assessment for Effluents.

HAZARD ASSESSMENT CASE HISTORIES:

Assessing the Hazards of Effluents in the Aquatic Environment.

Impact of an Industrial Effluent on Aquatic Organisms: Region IV EPA Case History.
Water Quality Hazard Assessment for Domestic Wastewaters.

A Tiered Approach to Aquatic Safety Assessment of Effluents.

Use of Effluent Toxicity Tests in Predicting the Effect of Metals on Receiving Stream
Invertebrate Communities.

Environmental Safety Assessment of Qil Refinery Effluents.

Power Plant Toxicity Monitoring: California’s Experience.

Research Strategy for Ocean Disposal: Conceptual Framework and Case Study.
Discussion Synopsis: Hazard Assessment Case Histories.

WORKSHOP SUMMARY AND CONCLUSIONS:

Hazard Assessment of Effluents

1985 030165 7 hardcover 390 pp. $40.00*
*$30.00 with a subscription to ENVIRONMENTAL TOXICOLOGY &
CHEMISTRY,

Environmental Toxicology and Chemistry

An International Journal

A bimonthly publication of the Society of Environmental Toxicology and Chemistry (SETAC).
Editor-in-Chief: Dr. C.H. Ward, Department of Environmental Science and Engineering,
Rice University, Houston, TX 77251

ET &C is dedicated to further-
ing scientific knowledge and
disseminating information on
environmental toxicology and
chemistry including the applica-
tion of these sciences to hazard
assessment. It provides a forum
for professionals in education, in-
dustry, government and other
segments of society involved in
the use, protection and manage-
ment of the environment and the
welfare of the general public.

E T & Cisdivided into three sec-
tions, each with its own Editor:
Environmental Chemistry, Environ-
mental Toxicology and Hazard
Assessment. Interdisciplinary in
scope, the Journal includes in-
tegrative studies involving com-
ponents of classical toxicology,
physiology, biology, micro-
biology, organic and analytical
chemistry, environmental chem-
istry, anatomy, genetics, ecology,
economics and soil, water and at-
mospheric sciences. The Journal
reports studies of concepts and
the implementation of programs
that can be used for the develop-
ment of ecologically acceptable
practices and principles.
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MICROPOLLUTANTS IN THE ENVIRONMENT
Edited by 8.H. Jenkins, IAWPRC, London, UK
This is a special issue of Water Science and Technology, Volume 14, Number

12: Proceedings of the Specialized Conference of the IAWPRC held in Brussels,
Belgium, November 1981.

The Proceedings cover a wide range of problems arising from organic and
mnorganic micropollutants present in the aqueous environment.
1983 029091 4 softbound 118 illus 180 pp. $36.00

ECOTOXICOLOGY AND THE AQUATIC
ENVIRONMENT

Edited by P.M. Stokes

Proceedings of a Pre-Conference Symposium in conjunction with the 10th
IAWPR Conference held in Toronto, Canada, June 1980. General topics in-
clude: toxicity and bioassays, biotransformations of toxic material, transport

of toxic materials, standards and decision making, and ecosystem responses
to toxic substances.

1981 029092 2 softbound 97pp $22.00

DIFFERENTIAL TOXICITIES OF INSECTICIDES
AND HALOGENATED AROMATICS

Edited by F. Matsumura, Michigan State University

The aim of this volume is to summarize the vast knowledge accumulated dur-
ing thelast decade on the subject of toxic actions of insecticides and halogenated
aromatics. Emphasis is placed on differential toxicities; why certain chemicals
are more toxic than others and why some organisms are sensitive to compounds
which are not toxic to others.

1983 029826 5 hardbound 88 illus 560 pp. $155.00

Related Journals

CHEMOSPHERE: Chemistry, Biology and Toxicity as
Related to Environmental Problems

Executive Editor: T. Stephen, 8 Lewis Close, Risinghurst, Headington, Oxford
0X3 8]D, UK

Chemosphere is an international journal designed for the rapid publication
of original communications. It offers maximum dissemination of investiga-
tions related to the health and safety of every aspect of life. Environmental
protection encompasses a very wide field and relies on scientific research in
chemistry, biology, physics, toxicology and inter-related disciplines.
Published monthly

Institutional rate (1985): $250.00

Individual rate* (1985): $75.00

*Available to those whose institution subscribes.

Two-year rate (1985/86): $475.00

ENVIRONMENT INTERNATIONAL: A Journal of
Science, Technology, Health, Monitoring and Policy

Editor-in-Chief: A.A. Moghissi, PO. Box 7166, Alexandria, VA 22307

The Journal is a multidisciplinary forum for the publication of original en-
vironmental literature. Vital data, causes of pollution, and methods for pro-
tection are all covered. The Journal also incorporates national and international
recommendations and practices to help bring about a lasting improvement
in environmental protection. Includes Software Survey Section.

Published monthly

Institutional rate (1985): $150.00

Individual rate* (1985): $§60.00

*Available to those whose institution subscribes.

Two-year rate (1985/86): $285.00

Marine Pollution Bulletin
Editor: R.B. Clark, The University, Newcastle-upon-Tyne, NE1 7RU, UK

The Journal sets out to cover all aspects of the fight for life of the lakes, estuaries,
seas and oceans. It includes news, comment, reviews and research reports,
not only on the threat of noxious substances to marine life, but also on the
management and productivity of the marine environment in general. It
publishes accounts of new and proposed research programs as well as the results
of those in progress. Includes Soffware Survey Section.
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ARE SINGLE SPECIES TOXICITY TESTS ALONE ADEQUATE
FOR ESTIMATING ENVIRONMENTAL HAZARD?*

JOHN CAIRNS, JR.

Biology Department and University Center for Environmental Studies,
Virginia Polytechnic Institute and State University, Blacksburg, Virginia, U.S.A.

(Received 23 February, 1983)

Abstract. Most biologists agree that at each succeeding level of biological organization new properties
appear that would not have been evident by even the most intense and careful examination cf lower levels
of organization. These levels might be crudely characterized as subcellular, cellular, organ, organism,
population, multispecies, community, and ecosystem. The field of ecology developed because even the most
meticulous study of single species could not accurately predict how several such species might interact
competlitively or in predator-prey interactions and the like. Moreover, interactions of biotic and abiotic
materials at the level of organization called ecosystem are so complex that they could not be predicted from
a detailed examination of isolated component parts. This preamble may seem platitudinous to most
biologists who have heard this many times before. This makes it all the more remarkable that in the field
of toxicity testing an assumption is made that responses at levels of biological organization above single
species can be reliably predicted with single species toxicity tests. Unfortunately, this assumption is rarely
cxplicitly stated and, therefore, often passes unchallenged. When the assumption is challenged, a response
is that single specics tests have been used for years and no adverse ccosystem or multispecies effects were
noted. This could be because single species tests are overly protective when coupled with an enormous
application factor or that such effects were simply not detected because there were no systematic, scientifi-
cally sound studies carried out to detect them. Probably both of these possibilities occur. However, the
important factor is that no scientifically justifiable evidence exists to indicate the degree of reliability with
which onc may use single species tests to predict responses at higher levels of biological organization. One
might speculate that the absence of such information is due to the paucity of reliable tests at higher levels
of organization. This situation certainly exists but does not explain the lack of pressure to develop such tests.
The most pressing need in the field of toxicity testing is not further perfection of single species tests, but
rather the development of parallel tests at higher levels of organization. These need not be inordinately
expensive, time consuming, or require any more skilled professionals than single species tests. Higher level
t. “ts merely require a different type of biological background. Theoretical ecologists have been notoriously
r actant to contribute to this effort, and, as a consequence, such tests must be developed by this and other
;anizations with similar interests.

1. lntroductiqn

Although this discussion may appear hostile to single species toxicity testing efforts, it
is not intended to be. Single species tests are exceedingly useful and are presently the
major and only reliable means of estimating probable damage from anthropogenic
stress. Furthermore, a substantial majority, perhaps everyone at this meeting, is certainly
aware of the need for community and system level toxicity testing. How then does one
account for the difference between awareness and performance? As an illustration of
why such a difference exists, consider this scenario from a hypothetical workshop
entitled ‘The Contributions of Theoretical Ecology to Pollution Assessment’. On the first
day of this workshop, reassuring exchange occurs among participants on ideas of energy
flow, ecosystem dynamics, multiple aggregate variables, niche packing, and the like. On
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the second day, the group who must make use of this information confronts the
theoretical ecologist with one or more site-specific problems and asks specifically how
theoretical ecology can be used in a particular situation. It usually becomes abundantly
clear that no system level measurements exist on which a concensus occurs among
theoretical ecologists on use, interpretation, validity, and predictive value! Following
this exercise, a retreat ensues to measurements associated with single species or at least
those that are clearly not ecosystem level parameters. This is usually accompanied by
a call for more research. Probably well over half the participants at this present
symposium have attended such workshops; many have probably attended a number of
such meetings with roughly similar scenarios.

The call for more research before specific recommendations can be made usually falls
on deaf ears. This is a pity because truly more research is needed. I greatly fear that
ecologists will lose credibility among practioners of pollution assessment because they
have correctly called attention to rather vast and significant problems without following
through with a professional concensus on which system level tests to carry out, measure-
ments to make, methods to formally approve, and so on. There is even danger in calling
attention to deficiencies in single species tests in predicting system level effects because
it may cause some practitioners and regulators to doubt the efficacy of any biological
measurements. In fact, single species tests have proven remarkably effective to estimate
responses at high levels of biological organization despite considerable theoretical
deficiencies in using them. Nevertheless, if the field of environmental toxicology and
chemistry is to continue to evolve, these deficiencies must be identified and corrective
measures taken.

Another problem is the inescapable conclusion that research (to provide system level
responses of the type just described) is not sufficiently theoretical for some funding
agencies and too theoretical for others. There is some evidence that this problem has
been recognized and has been addressed in a minor way. Other blocks to development
of adequate ecosystem level tests include difficulties in getting specialists in necessary
disciplines to collaborate when their salary increases, and/or tenure and promotion may
be judged by specialists with an uncharitable view toward group research.

A fundamental problem with present toxicity testing protocols is that they often
estimate effects on an ecosystem as if the ecosystem were merely a collection of species
exposed to a single pure compound under constant conditions. The need to go beyond
single species testing to evaluate hazard to the environment posed by toxic chemicals
is gaining momentum. A parallel thrust involving the study of increasingly complex
systems for evaluating environmental fate of chemicals is also in progress. Although the
outcome of these developments is not evident, it is abundantly clear that the need to
examine both toxicity and environmental fate of chemicals in a more environmentally
realistic way is now a sine qua non. As is the case with most developing fields, it would
be unfortunate if these new approaches and new methods were used for regulation
before a substantial and sound data base vaiidating their efficacy has been produced.
It would be equally foolish to retard development of such methods because they are not
of immediate practical benefit. Both society and industry have much to gain from the
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production of more accurate means of estimating hazard of chemicals in the environ-
ment. While single species tests are far from perfect, their development has far out-
stripped development of determination of toxicological responses at higher levels of
biological organization. Although this article addresses higher levels of biological organi-
zation than single species, it is not intended to denigrate the research at lower levels (e.g.,
enzyme) which might enable predictive capabilities for mechanisms of toxicity to be
disclosed.

Robert MacArthur (1975) said ‘Scientists are perennially aware that it is best not to
trust theory until it is confirmed by evidence. It is equally true, as Eddington pointed
out, that it is best not to put too much faith in facts until they have been confirmed by
theory’. Since Hart et al. (1945) produced a method for toxicity testing that was soon
endorsed by a committee of the Water Pollution Control Federation Doudoroff (1951),
quite a large number of facts have been generated in the field of aquatic toxicology: water
quality often may markedly mediate the expression of toxicity, some chemicals will
interact synergistically or antagonistically, life history stages of a single species may not
be comparably sensitive to different toxicants, and different species may alter their
relationships to each other in terms of sensitivity to toxicants so that knowing response
relationships to chemical A does not ensure prediction of relative sensitivity to chemical
B. As a consequence, predictive value of toxicity tests has remained low, and transfera-
bility of information from one species to another and from one level of biological
organization to another has not been satisfactory. Use of application factors to compen-
sate for areas of ignorance or absence of data has not reached a stage of development
where substantive scientific justification is available for the efficacy of the factors
presently used. A certain degree of safety can be achieved by making the figures as large
as the worse possible case demands, but sanitary engineers attempting to achieve these
levels have found them technologically or economically impossible. In short, the period
since 1945 might be characterized as an era where much evidence accumulated but little
integrating theory surfaced. No integrating hypothesis was produced to pull these facts
together or explain their relationship to each other.

Over the 30-yr period from 1945 to 1975, an enormous toxicological data base for
aquatic organisms had been generated. This data base was so large that it was beyond
the capability of any individual to fully comprehend all details, even when the infor-
mation was subdivided into a single group of organisms such as fish. However, an event
occurred that showed that this very substantial data base was inadequate in several
notable aspects: (1) the amount of information on a particular chemical was probably
inadequate, (2) the kinds of information generated on a particular chemical were
generally inadequate for making a scientifically justifiable estimate of hazard, and (3)
the transfer of information on one chemical to estimate with precision the hazard of
another did not appear feasible.

Under the provisions of the June 7, 1976, consent decree, the U.S. Environmental
Protection Agency (USEPA) was directed to issue Federal Water Pollution Control Act
effluent limitations and guidelines, new source standards of performance, and three
treatment standards for 65 identified toxic pollutants. Implementation of the directives
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of this decree began when the USEPA drafted Water Quality Criteria Documents for
each of the individual 65 pollutants. These criterion documents reviewed all pertinent
literature available on the particular chemical and attempted to determine acceptable
limits not to be exceeded for the protection of aquatic life and human drinking water
supplies. The Water Quality Committee of the USEPA Science Advisory Board was
charged with evaluating the 65 criteria documents. The report of this committee to the
Science Advisory Board stated that no documents had conclusions that were scientifi-
cally justifiable. This report was accepted by the Executive Committee of the Science
Advisory Board and transmitted to the Administrator of USEPA (then Douglas
Costel). It is worth emphasizing ihat the court issuing the consent decree did not allow
sufficient time for the USEPA to generate its own data base, and, therefore, USEPA
was forced to prepare the criterion documents with data already available in the
literature or documents in the open literature that generally were prepared for some other
purpose. This event provided unmistakable proof that data to be used for the hazard
evaluation must be systematically generated for that purpose.

Another event that had a major influence on toxicity testing and hazard evaluation
was the passage of the Toxic Substances Control Act (TSCA) that became law with
President Ford’s signature on October 11, 1976. This act represents an attempt to
establish a mechanism whereby the hazard of a chemical substance to human health
and the environment can be assessed before the substance is introduced into the
environment. The enactment of TSCA served as a powerful new stimulant to develop-
ment of testing procedures to evaluate hazard associated with potentially toxic
substances to human health and the environment.

These events and others clearly indicated the need for the development of a strategy
for hazard evaluation that led to the production of a series of books now commonly
referred to in the profession as Pellston I, I1, III, and IV. Pellston I (Cairns et al., 1978)
advocated linkage of the environmental concentration of a chemical (the term is meant
to include such things as partitioning, transformation processes, persistance, etc.) with
the concentration producing no adverse biological effects. The degree of uncertainty or
lack of confidence in estimating these two concentrations was a function of their
proximity to each other. This view is summarized graphically in Figure 1. Pellston 1I
(Dickson et al., 1979) examined protocols used in various industrialized countries for
systematically generating the data base necessary for a scientifically justifiable hazard
evaluation. Pellston III (Maki et al., 1980) examined biotransformation processes and
their role in estimating environmental concentration of a chemical. Pellston IV (Dickson
et al., 1982) dealt with modeling the fate of chemicals in the environment.

These and other publications had as a primary goal the development of an underlying
strategy for estimating hazard. This strategy must be based on sound science and
professional judgement and should be as cost-effective as possible. The most important
consequence of these events just described has been to direct attention to the information
content of data being generated (i.e., the facts) and ways in which data will be used! This
will, in turn, add the additional requirement that data not only be precise, reliable,
reproducible, and so on, but also be suitable for the use of estimates proposed! If the
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Fig. 1. Diagrammatic representation of a sequential hazard-assessment procedure demonstrating increas-

ingly narrow confidence limits of estimates of no-biological-effect concentration and actual-expected-

environmental concentration. (Reprint with permission from ASTM STP 657, Estimating the Hazard of
Chemical Substances to Aquatic Life, Copyright ASTM, 1916 Race St., Philadelphia, Pa., 19103).

problem is viewed in this fashion, it becomes abundantly clear that the types of toxicity
data now being generated are qualitatively deficient for their intended purpose! Toxicity
tests should provide information that will facilitate predictions of the concentrations that
will not harm living things in the environment at all levels of biological organization! The
purpose of this manuscript is to present the view that single species tests alone are
inadequate for this purpose.

2. Discussion

Some very important questions are related to testing at different levels of biological
organization that deserve serious attention:

(1) Can single species tests be used to predict responses reliably at other levels of
biological organization?

(2) In estimating the effects of chemicals on populations, multispecies assemblages,
communities, and ecosystems, what are the limitations of laboratory science? In other
words, are different degrees of environmental realism possible in the laboratory or under
laboratory conditions at different levels of biological organization?

(3) What should be the balance of toxicity tests at different levels of biological
organization in order to make a valid estimate of hazard?



264 J. CAIRNS, JR.

(4) How should tests at different levels of biological organization be sequenced?

(5) What criteria should be used to validate laboratory predictions in ‘real world’ field
situations? The complexity and uniqueness of each ecosystem has mitigated against
ready transfer in general information from one site to another. Thus, many field studies
are situation bound and highly site specific. Can the transferability of information from
one site to another be enhanced by the development of mathematical models?

2.1. CAN SINGLE SPECIES TESTS BE USED TO PREDICT RESPONSES RELIABLY AT
OTHER LEVELS OF BIOLOGICAL ORGANIZATION?

One primary justification for using single species tests as a basis for estimating concen-
trations that will not prove harmful to communities and ecosystems is that if the most
sensitive species is selected and concentration standards are set on that basis, then all
other species will be protected. Since only a small percentage (probably less than 1%,)
of all freshwater species can be maintained in the laboratory sufficiently well to satisfy
the requirement that no more than 109, of the control organisms expire during the
course of tests, it seems quite likely that the most sensitive species will be selected for
testing. In virtually every instance, the most sensitive species is being selected from a
limited array of test species and extrapolating is being done from those results. Lest the
discussion that follows be misunderstood, it is not intended to be an attack on single
species toxicity testing. Such tests are essential for obtaining information on concentra-
tions and durations of exposures to chemicals that result in changes in survival,
reproduction, physiology, biochemistry, and behavior of individuals within particular
species. One can question the scientific justification of using single species tests to
predict changes in competition, predation, community function, ecosystem energy flow,
and nutrient cycling. These are only a few of the many characteristics of ecosystems that
either cannot be predicted from single species tests or for which there is insufficient
evidence that the prediction is scientifically justifiable. Although practitioners of single
species toxicity testing may not state that the results of these tests can be used to protect
biological systems of greater complexity than single species, the implication is definitely
present. The public believes that when a concentration is proported to produce no
adverse biological effects, then the effects so designed go beyond the kinds of effects
that are characteristic of single species responses. If the field of environmental toxicology
and chemistry is to prosper, ‘truth in packaging’ is mandatory in terms of the limitations,
as well as the strengths, of single species toxicity tests now so widely used.

One common argument advanced by people who favor continuation of primary
reliance on single species testing is that no significant ecological disasters have occurred
when carefully carried out single species tests were used. Of course, this could be merely
due to the fact that single species tests are rarely validated by extensive, carefully carried
out ecological investigations. It is not surprising that no adverse effects were noted
because no extensive investigations were carricd out to support this statement. In short,
itis a statement based more on absence of information than on supporting information.
It is quite likely that no dramatic events, such as a major fish kill, would be associated
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with waste discharge practices based on carefully carried out single species tests
because, if the species were carefully selected and the test conducted by experienced
professionals and a large application factor used, this should certainly not occur. On
the other hand, changes in the ecosystem that might reduce fish population by impaired
spawning rather than lethality would be less likely to be noticed by casual observers
because no dramatic, highly visible evidence would be present to suggest major changes
were occurring. It would be extremely helpful if predictions made with single species
tests were validated by extensive field studies that would show whether or nor both
ecosystem structure and function were impaired at concentrations considered to have
no adverse biological effects based on single species evidence alone.

There is also another intriguing possibility — single species tests are vastly overprotec-
tive. Ecologists have made statements for years that ecosystems are fragile because of
their extraordinary complexity. The intuitively reasonable argument that such highly
complex systems may be put into disequilibrium by disturbing any component of the
system has been quite prevalent. The reasoning is that such an interdependent,
interlocking system is fragile because of these abundant linkages. This complexity and
multitudinous first, second, third, etc. order interactions are so well accepted by
ecologists that any statement along these lines would be regarded as platitudinous.
However, very little substantive evidence exists that supports the statement that
complexity is necessarily associated with fragility. Some of the most complex ecosystems
known to man are periodically subjected to major natural disturbances that they are

PERTURBATION-INDEPENDENT SYSTEMS

DISTURBANCE

PERTURBATION-DEPENDENT SYSTEMS

GROWTH-VIGOR —
PRODUCTIVITY-SPECIES DIVERSITY

FIRE-FLOOD
HURRICANE ETC.
TIME —
Fig. 2. Disturbances in general ecosystems create vegetational setbacks and complete recovery is slow,

whereas disturbances in perturbation-dependent ecosystems usually stimulate pulses of growth which
rapidly decline unless disturbed again.
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either able to resist or, if displacement occurs, recover. In fact, Vogl (1979) and others
have pointed out that some ecosystems actually deteriorate if striking disturbances do
not occur at periodic intervals. The difference between disturbance-dependent and
disturbance-independent ecosystems is given in Figure 2. An alternative hypothesis
equally tenable is that ecosystems are tough because they are complex and that damage
to one of several similar pathways may result in shunting to alternative pathways of
nearly comparable function. In this case, complexity would increase rather than decrease
resistance to disturbance. Functional redundancy in ecosystems has been recognized
for years. There may by several predators on a single prey species. The river continuum
hypothesis (Vannote et al., 1980) indicates that certain processes, such as leaf degra-
dation, may be carried out by different taxonomic groups in the upper and lower reaches
of a stream. The end functional result, namely increased availability of nutrients and
energy in the leaf, is unchanged.

In addition, the low environmental realism of the very simple, common toxicity test
(where organisms are tested in a container with water but with no mud, rocks, vege-
tation, etc.) means that transformation of hazardous chemicals might occur less rapidly
than in the ‘real world’. Rapid transformation in the latter might produce secondary
products less harmful than the original and result in decreased ecosystem vulnerability.
Similarly, various types of environmental sinks for chemicals are not incorporated into
most commonly used single species tests.

A final argument given by those who accept the need for going beyond single species
testing will be that these are sufficient in instances when the estimated environmental
concentration of the chemical is so far below the estimated no adverse effects concen-
tration that it would be ridiculous to go beyond simple and inexpensive single species
screening tests. Kimmerle (1979) has noted, however, that the actual environmental
concentration might be far higher than was estimated from simple laboratory screening
tests and that the no adverse biological effects concentration might be far lower in the
‘real world’ than was estimated from simple screening laboratory tests (Figures 3-4).
In short, the screening tests did not accurately predict ‘real world’ events! In one case,
the concentration was vastly increased and in the other (the environmental concen-
tration) vastly decreased (Figure 3). The end result in two concentrations that appeared
comfortably separated in the laboratory were in the ‘real world’ quite close together. Of
course, the errors could be in the opposite direction in both cases and end up with two
concentrations that appeared quite close together from laboratory evidence being quite
distant from each other in the real world (Figure 4). These possibilities provide support
for doing toxicity testing at more than one level of biological organization even for
screening purposes.

From an economic standpoint, the soundest possible evidence on which to base
management and regulatory decisions must be demanded. At the present time, sufficient
evidence is not available to determine how accurately predictions can be done of
toxicological response from one level of biological organization to another, but both
theoretical biology and the rapidly accumulating data base on this subject seem to
indicate that such predictions are relatively weak.
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Fig. 3. Hypothetical situation of an apparent small margin of safety from clean water laboratory toxicity
data actually being much greater because of mitigating effects of natural waters. (From Kimerle, 1979, in
Workshop on Hazard Assessment.)
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2.2. IN ESTIMATING THE EFFECTS OF CHEMICALS ON POPULATIONS,
MULTISPECIES ASSEMBLAGES, COMMUNITIES, AND ECOSYSTEMS, WHAT ARE
THE LIMITATIONS OF LABORATORY SCIENCE?

Are there different degrees of environmental realism possible under laboratory condi-
tions at different levels of biological organization? In a visiting scholar address given
at the Mountain Lake Biological Station, Virginia, Odum (1981) gave an address entitled
‘The Limitations of Laboratory Science’ that beautifully illustrates some areas in which
laboratory investigations, however skillfully carried out, will not suffice. It seems
intuitively reasonable that environmental realism is more easily achieved in the labora-
tory at lower levels of biological organization (e.g., species) than at highcr levels or
organization (e.g., community or ecosystem). The report of the National Research
Council Committee on Ecotoxicology (Cairns et al., 1981) takes note of the fact that
situations occur where laboratory evidence will not be adequate and field testing will
be mandatory. The report even makes a distinction between field situations in which
the exposure is contained and those in which it is not. This merely recognizes that both
effects of scale and time as well as degree of complexity must be considered that are
not amenable to laboratory study. If this hypothesis is correct, then predictions of
toxicological effects from one level of biological organization to another are not scientifi-
cally justifiable. In this event, an array of toxicity tests at different levels of biological
organization are necessary for scientifically justifiable estimates of hazard. If the hypo-
thesis is accepted that the limitations of laboratory science become greater as the
complexity or level of biological organization increases, then both microcosms and field
tests will become more common than they are now. Of course, both these hypotheses
need careful and detailed testing so that the decision that the judgment of their
soundness can be based on solid evidence. In addition, evidence must be obtained on
the limitations of laboratory science in making predictions at different levels of biological
organization. In other words, to what degree can more complex biological systems be
simulated in the laboratory?

2.3. WHAT SHOULD BE THE BALANCE OF TOXICITY TESTS AT DIFFERENT LEVELS
OF BIOLOGICAL ORGANIZATION IN ORDER TO MAKE A VALID ESTIMATE OF
HAZARD?

A rigid or specific balance of tests at each level of biological organization would not serve
equally well for all situations and all categories of chemical substances. Therefore,
protocols need to incorporate procedures for adjusting the balance of tests at different
levels of biological organization as information on the level of complexity most likely
to be affected is determined. Presumably, the most even distribution would be at the
outset and become less and less even as critical sensitive components are identified.

The determination of balance, particularly as one proceeds through a sequentiai
protocol at different levels of organization (i.e., a sequence for each of the major levels),
will pose some interesting problems. For example, suppose that a particular single
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species test shows that deleterious effects would occur with that species but that major
ecosystem functions would continue undisturbed. An additional condition, not explicity
stated but implied in the previous statement, could be made that alternative species were
available to carry out similar ecological functions if the species suffering the deleterious
effects represented a significant portion of the biomass. This would still pose a problem
requiring considerable professional judgment and analysis because the loss of functional
redundancy (i.e., reducing the number of species carrying out a particular function) is
a deleterious ecosystem effect. An even more interesting decision would be forced by
an effect on a transitory species that would soon be lost anyway because of normal
successional processes with nc other effects being discernible. A number of other
interesting arrays of mixed test results could be furnished that would illustrate the point
that by adding more levels of biological organization to the test system that the increased
complexity of the situation requires much more professional judgment than has ever
been necessary. However, this merely emphasizes the point that judgments were
probably being made on evidence that was far too simplistic.

2.4. HOW SHOULD TESTS AT DIFFERENT LEVELS OF BIOLOGICAL ORGANIZATION
BE SEQUENCED? »

Sequencing in a toxicity testing protocol can serve various purposes: (1) adding entirely
different information from that already gathered, (2) expanding on information shown
to be critical by earlier tests, (3) validating evidence gathered in previous tests. In many
of the existing toxicity testing protocols, multispecies and system level tests are carried
out only when the probability appears great that some deleterious effects might occur.
In cases where the no adverse biological effects concentration (based on single species
tests) was very markedly higher than the estimated environmental concentration of the
chemical, carrying out additional tests at higher levels of biological organization was
usually considered unnecessary.

If several levels of biological organization are tested at the outset of a toxicity testing
protocol, several alternative courses of action are possible: (1) if some or all the tests
at various levels in the first part of the sequence show a probability of adverse biological
effects or there is uncertainty about this probability, additional tests would be carried
out at all levels of biological organization in the early part of the sequence unless
compelling evidence exists for omission of one or more levels, (2) the most critical level
of biological organization could be selected for these tests and additional tests could be
conducted only in that sequence designed for that particular level (i.e., a sequence would
be designed for each level of biological organization), (3) the levels of biological organi-
zation likely to give the least useful information could be eliminated but several levels
each with its own sequence could be retained as a means of validating the presumed
relationship identified in earlier parts of the sequence.

Since so few tests are now routinely utilized for hazard evaluation at levels of
organization higher than the species, providing a detailed scenario on how they might
be used is difficult. Some factors that would influence sequencing in the alternative
system proposed would be the amount of information redundancy, the predictive
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capability within a particular level of organization from one function to another, and so
on. Since so little information exists now on these factors, speculation on details of
sequencing is difficult.

2.5. WHAT CRITERIA SHOULD BE USED TO VALIDATE LABORATORY PREDICTIONS
IN ‘REAL WORLD’ FIELD SITUATIONS?

If predictions from one level of biological organization to another are unsound, valid-
ations of predictions made using one level with a higher or lower level of biological
organization would not work well. On the other hand, if a prediction is being validated,
then it does not matter what level or biological organization was used in the test but
only what level of biological organization is being protected by the prediction. Thus, in
the first case the accuracy of a test in terms of the degree of environmental realism
incorporated into the laboratory test is being validated. In the second case, the accuracy
of the prediction based on the laboratory test in being validated. The prediction may
be that ecosystem integrity will not be impaired at or below a certain concentration of
a chemical. At the very least, putting this procedure into place would introduce a note
of caution into the predictions being made, particularly where the protection of ecosys-
tems is concerned. Furthermore, the basic assumptions underlying most present prac-
tices would be more rigorously examined. Finally, ecologists would be forced to play
a more active role as problem solvers and to endorse professionally those methods now
available for making realistic ecosystem measurements and predictions. If none are
immediately suitable for formal endorsement by professional ecologists, strenuous
efforts would be made to determine why this situation exists.

3. Concluding Remarks

When I entered the field of pollution assessment in 1948, the burning issue was whether
biological testing had any role to play in pollution assessment. Students in my classes
find it difficult to believe that anyone would doubt the value of biological evidence, but
an examination of the literature of the period from 1945 to 1950 will show this to be
true (Patrick, 1949). This was the period when the newly published simple batch toxicity
testing method (Hart et al.,, 1945) was being acknowledged by a committee of the
organization now called the Water Pollution Control Federation (Doudoroff et al.,
1951) and was eventually incorporated as an American Society for Testing and Materials
standard method. Had Hart et al. (1945) or the Doudoroff committee (Doudoroffet al.,
1951) called for the various toxicity tests now commonly used with continuous flow
requirements, embryo larvae tests, generational tests, tests at different trophic or
functional levels, etc., they would have been regarded as hopelessly visionary. This is
merely a consequence of the explosive and rapid development of a field that had only
a few practioners in the late 1940s. However, the last 10 yrs have shown remarkable
changes in both attitudes and methodology. Almost all the advances have occured in
single species toxicity testing. Testing at higher levels of biological organization has not
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kept pace with advances in single species testing, and an uncharitable person might say
that a practitioner using ecological methods of the late 1940s and early 1950s could still
get by today.

There is abundant evidence, however, that a period of explosive development is
already beginning in the use of laboratory microcosms, as well as in the use of artificial
streams and larger stimulation units which Odum has called mesocosms. Papers are
beginning to appear in the professional literature validating laboratory tests in natural
systems with a frequency that is in notable contrast to the virtual absence of such
publications only a few years ago.

I recognize the considerable temerity of calling attention to the need for going beyond
single species testing when such tests are just now being commonly used and no system
level tests have been formally endorsed as standard methods. However, precise predic-
tions of ecosystem effects will not be possible until methodologies and capabilities not
now available have been developed. It has been said that looking into the future is
equivalent to peering through a brick wall. Nevertheless, it seems intuitively reasonable
that the following will be landmarks in the development of toxicity tests at higher levels
of biological organization than single species:

(1) The first professionally endorsed ecosystem level method appearing as a standard
method in one of the presently recognized systems for doing so.

(2) The first protocol in which system structure and function are given equal atten-
tion.

(3) The first protocol in which tests at higher levels of biological organization than
single species play a major role in generating the initial information on which subsequent
testing is based.

(4) The first formally endorsed field method for validating laboratory tests of any
kind.

The November 1981 issue of Science announces as a matter of general interest the
development of a sealed microcosm which has stable characteristics and species
composition for over a year. Granted that this is a rather simple system, it nevertheless
displays characteristics long sought by those who wish to carry out chronic microcosm
tests under controlled conditions. Presumably now that this initial breakthrough has
led the way, additional methods will quickly appear as is often the case when a major
new field begins to open.
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