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Preface

Problems of the environment have received considerable atten-
tion over the past decade. Concern over pollution of the marine
environment has been particularly strong and has been the focus of
innumerable conferences and publications. Unfortunately, the
strategies and techniques used to measure marine pollution and its
effects have not always been based on solid scientific methods, and
many studies have thereby cast some doubt on the results of pollu-
tion effects measurements in general.

A workshop on "Meaningful Measures of Marine Pollution Ei-
fects" was convened in Pensacola, Florida, on April 26-29, 1982,
The purpose of the workshop was to discuss which attributes of pol-
lution measurements contribute to their credibility and signifi-
cance, and which detract. Contributed papers were solicited from
several dozen scientists with longstanding experience both in the
techniques of marine pollution and the strategies those techniques
fit into. Authors were asked not to dwell on the details of method-
ology, but rather to comment on the strong as well as the debilitat-
ing features of whole categories of techniques. This was a chal-
lenging experience for most of the contributors, but the reader will
be gratified to find that many authors successfully transcended the
narrow confines of their own work.

The papers were subjected to a rigorous peer review, which was
deemed essential despite the resulting delay in publication. The
papers are organized into chapters which loosely move from con-
trolled, laboratory assessment strategies to field strategies.
Between these two lie chapters on several categories of pollution
measurements that typically form the backbone of laboratory and
field work. Most common measurement techniques are discusseds



unfortunately this attempt at completeness has rendered the
volume's organization almost as undisciplined as the field of envi-
ronmental science itself.

Authors were encouraged to be penetrating and critical, rather
than merely to "review" some body of literature. Conclusions
drawn by several authors are shocking, if not downright heretical.
Yet most of the papers include hopeful suggestions for remedying
present weaknesses, The authors of the final chapter not only sum-
marize the many critical views presented in this volume, but they
also present their own roadmap for righting the dimly conceived
strategies that have ruled the fiejd,

It is hoped that this effort will spawn others just like it, not
only with respect to marine pollution, but also for the whole of
environmental science. Present frustrations, confusion and back-
tracking simply cry for a renewed atmosphere of critical thought
and scientific rigor. Serious environmental protection demands as
much, and honest science allows nothing less.

Harris H. White,
Editor

xii



Chapter 1. Toxicity Tests
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Thomas W. Duke

United States Environmental Protechon Agency
Ervironmenta’ Research Laboratory

Gu!f Breeze. Flonda 32561

Toxicity tests have provided, and will continue to provide, valu-
able information on the impact and potential impact of pollutants
on the marine environment. The manner in which these tests are
conducted and interpreted continues to evolve. Many of the tests
described in this chapter did not exist five years ago and have been
changed drastically within the last ten years. Toxicity tests can be
used to compare toxicity of compounds and sensitivity of species
and to determine mechanisms of effect, thus providing the corner-
stones of a hazard assessment process.

A hazard assessment may be defined as "a process whose objec-
tive is to provide information regarding the safety or risk of a pol-
luta.it in the environment" (Cairns et al. 1978). In this context,
safety is a value judgment of the acceptability of risk, risk being
defined as the scientific judgment regarding probability of harm to
the aquatic environment resulting from known or predicted envi-
ronmenta! concentrations. According to this approach, a hazard
assessment is made 1o determine risk to the environment, and is an
objective but probabilistic measure requiring both empirical fac-
tors and scientific judgment. A value judgment concerning risk is
then made.

It is important to realize that at least two types of hazard as-
sessments exist. Although the processes are not mutually exclu-
sive, they require different data inputs and are conducted with dif-
ferent objectives in mind. A "prospective” hazard assessment is
exploratory, conducted before a substance is released in the envi-
ronment, and is chiefly predictive in nature, whereas a "retrospec-
tive™ hazard assessment is conducted after a substance is in the en-
vironment, and is often employed to describe present impact as
well as to predict effects. Prospective assessments are used In
pre-market testing activities, pesticide registration and National
Pollution Discharge Elimination System permits and in establishing
ecological baselines. Retrospective assessments are especially
useful in assessing impact of pollutants on a living resource, such
as the impact of a spill on specific fisheries. Both kinds of assess-
ments are necessary, and both are only as good as the measure-
ments of effects and environmental concentrations that compose
them (J. Couch, personal communication). Each of the above con-
ceptual approaches may combine data from laboratory tests and
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assessments.
ield measurements for more complete :
field her tests that constitute a hazard assessment

w4 t -y .
are Tgfxtl:;tyﬁucoted under controlled laboratory c:ondltu:}ns,l but
there is an overwhelming need to coordinate laboratory tests ciose-
ly with field data. For example, over 600 contaminants were iden-
tified in a hazard assessment of Puget Sound (D. Malins, personal
communication). Obviously, it is unlikely that laboratory single-
species toxicity tests with individual contaminants could be inte-
grated to predict the simultaneious effect of .the 600 contaminants
to organisms. A second and equally confounding factor is that lab-
oratory tests are unlikely to simulate the complex envlironmental
factors that affect toxicity and bioavailability in the field. Also,
measurements of effects of simultancous exposures 1o Organisms in
the polluted environment would not necessarily yield precise infor-
mation on mechanisms of effects of individual chemicals. How-
ever, a combination of laboratory and field experiments could yield
the necessary framework for the hazard assessment.

Unfortunately, predictive (and therefore prospective) hazard
assessments must often be conducted with a paucity of laboratory-
devejoped data and without any field data. Verification and pre-
dicted environmental effects and concentrations can occur only
after the material is released into the environment. Nevertheless,
the biological responses used to determine effects in the laboratory
should be related to biological responses that occur and can be
measured In the environment. Thus, there is a need for combining
;::zlgr :“a‘:sta::::;:? studies in both prospective and retrospective

Laboratory and field comparisons can also be used to overcome
a warranted criticism of toxicity tests conducted in the past—
doubt that a toxicity value determined in the laboratery lies within
a certain range of what occurs in the field. Such uncertain analy-
ses lead one to consider the subject of field validation. It is
through validation exercises, such as the Shaler Run Study (report-
ed in this chapter), that the limits of applicability of labor
data to field situations can be determined and ; ot.fa Soct
studies are already under way as part of a few quantified. Such
wat:i hazard assessment activities, marine and fresh-

so at issue is the m i - .

pollutants in the laborato?;? eéogp:rh;dchw?ﬁ‘gi t'hels'."s are exposed to
natural environment. Most flowing-water toxicity wass i
continual additions of the pollutant in order Xicity tests involve
concentration level in the wat Ho to maintain a desired
added in discontinuous "pulses™ in the ars ) FOLUTANtS are often
regime of the lahoratory test should genVlrmmgnt.

' : € as similar as possible to

potential error resulting from discrepancy between laboratory- and
y—
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field-exposure regimes.

The necessity for more effort in relating laboratory and field
tests has already been discussed. The correct balance of studies in
the laboratory and field is more difficult to establish, but this bal-
ance must be evaluated on a case-by-case basis. Toxicity tests are
designed only to characterize the wastes, and ecologists should
provide the toxicologists with criteria for effects in the field be-
fore more meaningful laboratory and field studies can be accom-
plished. Obviously, in some instances, field tests are a waste of re-
sources; in others, understanding mandates their use. Concern
about proper balance of laboratory and field tests may be some-
what alleviated if the uncertain analyses discussed previously are
applied to the laboratory tests. Balance would then be defined by
users.

The diversity of types of toxicity tests available for hazard as-
sessments and other purposes is represented by the variety of pa-
pers in this chapter. State-of-the-art toxicity tests evaluate or-
ganism responses from the cellular to muitispecies and system lev-
els of biological and ecological organization. Although the various
tests discussed have different levels of precision and significance,
it is often necessary to have such diversity to assess impact or
potential impact of a pollutant on the environment.

The {first paper (Hinton and Couch) presents pathobiological ap-
proaches to measuring the effects of marine pollution. The disci-
pline of pathobiology includes such techniques as structure/func-
tion analyses of organ, tissues, cells and subcellular components
(organelles, cytosol, enzymes and other macromolecules). These
components are subjected to morphologic examination, marker-en-
zyme tests, and cellular and organ dysfunction tests. By using
morphometry, the volume, surface area, and a number of structural
features can be objectively and reproducibly determined. Enzyme
activity can be measured quantitatively and accurately in a given
fraction of biological sample, but often spatial relationships be-
tween organelles and cells are lost. Organ dysfunction tests in-
clude measurements of substances circulating in the blood which
depend upon a specific organ for production or removal, assay of
serum constituents and plasma disappearance rates. The overall
objective of pathobiologic studies is to correlate pollutant exposure
with altered structure and function in the various levels of biologi-
cal organization. It provides the tools most likely to link cause and
effect through understanding mechanisms of effects and injury.
Although most pathobiologic studies have been conducted under
controlled conditions in the laboratory, it is frequently possible to
apply existing laboratory methodologies to the field. In addition,
since cells and their organelles are fundamental units of all living
species, data at this level of organization are important because
the similar level of organization exists in organisms from unicellu-
lar to humans. :
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. usses the utility of toxicity tests in

The next paper (Hansen) dlicntial Cfects of marine poliution.
measuring the effects or pote : Itispecies tests and
Acute and chronic tests with single species, v he desi
biclogical accumulation of pollutants are presen-te;. tT g th?lgg :
uses, species most commonly tested and results In 1c1a mgre ‘“as_
vantages and disadvantages of each type of test aiso are ilius-
trated. Acute tests are standardized through the American Society
of Testing and Materials, Standard Methods and other publica-
tions. These tests are used as measures of the comparative
toxicity of chemicals, in prioritizing tests 'and as a scale for
comparison of longer duration tests. Chronic test uses inciude
estimates of Maximum Accepiable Toxicant Concentration,
development of most sensitive "end-points” in a hazard evaluation
and estimates of population effects. Disadvantages to this
approach include the time and cost of the research. Multispecies
tests can yield valuable information regarding the impact of
pollutants on structure and function of test communities and
provide a valuable link for jaboratory-to-field extrapolations. The
paper concludes by suggesting the need for prioritization of poliu-
tant testing so that the cost of obtaining information through ef-
fects assessment is proportional to the level of environmental
hazard.

A closely related paper that foliows (Gentile and Schimmel) il-
lustrates the manner in which toxicological data are applied to reg-
ulatory decisions. A brief historical perspective is given to relate
state-oi-the-art toxicity testing and legislative mandates of the
Clean Water Act. Development of water quality criteria and sub-
sequent use of the criteria in site-specific regulatory actions are
prese'nted. Thg regulatory strategy for site-specific criteria not
only involves biological-effects data but also includes data on envi-
ronmental concentrations of pollutants for protection of fish and
wildlife that consume contaminated organisms. The strategy is de-
signed to prevent commercially and recreationally important or-
2;‘:52‘:’“ gom£CM1ng Food and Drug Administration action lev-

g the assumptions underlying such strategies are these:
laboratory exposure conditions cl i :
in terms of bicavaiabi 1005 osely‘ reflect those of environment
biological foiity of toxicant or toxic components;
and Tield; and. sensitivity of aborsiony ey lar in laboratory
sentative’of similar Pgl;uil’agiom ?:lt:ry ironnt aons i repre-
can be used to protect untested speci enVl;Onmen‘t z‘md, therefore,
sumptions is discussed. Several caseﬁiu P aealidity of such as-
which criteria effects and othe Snts aeresented In
utilized to give a hazard assessmr atissessments components are
need for current and future straten‘. The author reiterates the
posure conditions in laboratory stt::igil °s o Integrate realistic ex-
relevant hypotheses. es and to verify, in the field,

" The final - i i
paper (Cairns and Buikema) deals with system-leve}
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toxicity tests and suggests that regulation based on toxicity tests
must be scientifically justified and subject to validation. The dif-
ference between statistical significance and biological significance
of toxiCity tests and the necessity for both in a hazard assessment
are discussed. Biological assessments shouid include a determina-
tion of the relationship between sublethal effects in organisms and
effects of the toxicant on survival, growth and reproduction of the
organisms in their natural habitat. The need for single-species
tests 1s put .n perspective with the need for validating or verifying
predictions of harm and safety for the "real"” world. Case studies
of toxicity tests with single species, multispecies and natural com-
mun:ties are presented. In community tests, functional change can
be predicted from structure and vice versa {e.g., ATP used to esti-
mate biomass). Research is presented in which perturbation of
community structure and function are measured by utilizing the
ratto of ATP-estimated biomass/chlorophyll or estimated biomass
(heterotrophic index) and colonization rates. Both indices of per-
turbation were applied to laboratory and field communities and in-
dicated a similar response in both settings. This is cited as evi-
dence that some laboratory tests may be good predictors of field
responses when the tests and predictions are made at the same ley.
el of bioiogical organization. Furthermore, it supports the concept
that field validity of laboratory tests can, indeed, be determined
and that common failure to do so 15 not always due to technical
difficuity.

In summary, discussions and presentations in the toxicCity chap-
ter 1ndicate that measurements of toxicity at the single, multispe-
cies, community and system levels are useful in ranking chemicals
by their toxicity and in hazard evajuations. However, relating the
results of those tests directly to the environment is especially risky
under these circumstances:

. The manner in which laboratory organisms are exposed to
pollutants differs from exposure in the environment.

2. Laboratory tests deal with single chemicals, and organisms
are exposed to complex mixtures in the environment.

3. Criteria for effects in the laboratory are not important
functional end points in population and system dynamics.

The dominant theme of this chapter is the necessity for an ap-

propriate balance between laboratory and field studies. The need
for this balance is easily articulated, but will require concerted ef-

fort to achieve.
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INTRODUCTION

The class of techniques embodied in the term “pathobiology" in-
cludes structure/function analyses of organs, tissues, cells and sub-
cellular components {organelles, cytosol, enzymes and other mac-
romolecules) derived—in experimental toxicology--from control
and diseased* organisms. Since the cell is the functional unit of all
plant and animal organization, pathobiologic mechanisms apply to
all phyletic systems. Rationale and methodology of pathobiology
are found in extensive reviews (Forbus 1952; Majno et al. 1960; Hill
1975; Trump and Arstila 1975; Scarpelli and Trump 1971). A few
basic principles are particularly relevant in this workshop. Disease
is not associated with new, different structure and function; rath-
er, quantitative alterations (increase or decrease) of existing struc-
ture and function occur (Forbus 1952). To understand disease, we
must understand alterations in structure/function occurring in re-
sponse to various injuries. Although the number of etiologic agents

*In this paper, disease includes all reactions to injury associated
with pollutants in the aquatic environment and may incorporate in-
fectious disease.
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ants and pathogenic organisms, we can be

ong list of etiologic agents of di-
encour;iesdng)tr lfﬁeiic;tggzjl; logng list of path.OSEHE.th mgchan-
?se:::(ﬂill 1975). An organism's genetic qom?ohsgnox:’ 1rs ?rflelr:j;;;\ri:
tance relative to initial susceptibility to injury; ROWEVEl, he man
festation of disease reflec;sd di‘stt;:rst:;nc?taisc lgrg?ngi‘;:t;i : e(.':lls a);-.

i associated wi o
fcl::gj Z?lzzzﬁ? :gfivity is often reflected as structural al;irla)mon
(Hill 1975; Trump and Arstila 1975; Scarpelli and Trump 1 un-

derscoring the need for correlated structure/function studies.

Since experimental procedures In pathobiology include morpholog-

' i :cal and physiological tests, it is impossible in one re-
::;:: tt):)of:'il;m;ﬁ work ;cgampaised by this term. Rather, the intent
is to review major categories of pathobiological research and to
present strengths and weaknesses of each. Where appropriate, ex-
amples from the aquatic toxicology literature are cited. Finally,
the application of the pathobiologic approach to field studies and
the importance of findings in aquatic species to other species in-
cluding man are discussed.

may include many pollut

GENERAL METHODOLOGY OF
PATHOBIOLOGICAL ASSESSMENT

Table | presents some of the laboratory pathobiological tests
used in determining pollutant effect. Hypotheses, assumptions,
controls and the type data are given for each test with some infor-
mation on statistical evaluation.

ic Examination

This includes gross inspection of fresh or fixed individuals to
yield information on weight, size, shape, number, coloration and
surface texture. Microscopic inspection uses magnification to dis-
play structures in greater detail. The underlying assumption of
morphological approaches in toxicity studies is that the investiga-
tor can distinguish between "normal” and altered structure and,
among the latter, premortem (i.e., toxicant induced) from postmor-
tem (autolytic) change. Although ail fixed tissues have been re-
;:9:;(; f:ﬂ? their bloqd supply.and can be considered irreversibly
relv e imorppologlc analysis of adequately fixed material may
: . ollqwmg general' populations of cells: those not altered
y toxicant prior to somatic death and maintained in a norma'

death, in which certain features associa i

- t . |
(stvel.lmg, .fat vacuolation, or accumulati::id o:lstmshgt;mlg
Eir ?:lll::tlt?anﬁ) would be seen (Trump and Arstila 1975); and shose
)y red letha y {before somatic death), in which autolysis (necros-
| ve occurred (Scarpelli and Trump 1971) prior to fixa-
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responded to chemotac tic

. {ion ‘ e
;m:.orsl:"e?::slgio l;y dead and dying cells (Ward 19?5) in the living
o:ganism may be found as accumulations in tissue sites not normal-

] these cells. _ ' ‘
Y tl’ll'ﬁtelﬁofpc:- of this conference does not permit detailed descrip-
tion of techniques used in the morphologic phase of pathobiologic

ias. Therefore, only brief mention will be made of procedures
:tslslg:\et?al ¥2r validit’y ofymorphqlogic .exam%nan.on. Sultablg proce-
dures of necropsy, fixation, dissection/trimming, Processing and
light microscopic analysis of aquatic animals including zooplanlg
ton, sponges, hydroids, anemones, corals, worms, barnacles, bi-
valves, gastropods, cephalopods, crustaceans, echinoderms and fish
have been compiled (Galigher and Kozloff 1971; Couch et al. 1974;
Yevich and Barszcz 198%; Hinton et al. 1973). Fixatives suitable
for both routine light and electron microscopy are available (Ito
and Karnovsky 1968; McDowell and Trump 1976) and use of these is
recommended unless decalcification is considered essential, In
which case use of alternative fixatives may be necessary (Yevich
and Barszcz 1982). In addition to fixation, orientation of organs
prior to embedment in paraffin or plastic is important to ensure
comparison between identical regions of organs and tissues in con-
trol and exposed animals. Distinguishing premortem from postmor-
tem change is also important, Studies of controlled in vitro autol-
ysis (Majno et al. 1960; Trump and Arstila 1975; Trump et al. 1971)
have shown that lethally injured cells undergo a recognizabie series
of morphologic changes during the necrotic phase (degradative re-
actions occurring after cell death—collectively termed autolysis
(Trump and Arstila 1975)). Direct chemical fixation of cells causes
death W}thout necrosis (Trump and Arstila 1975). However, in the
case of improperly fixed tissue, distinguishing lethally injured cells
produced by toxicant from those which underwent autolysis be-
tween necropsy (at which time tissue was removed from blood sup-
ply) and actual time of chemical fixation, becomes difficult. Data
& ccf)ptrolled in vitro autolysis include invertebrates (Sparks 1972)
ishes {unpublished data of Gardner discussed in Couch et al.
1974). An understanding of these processes in tissues of test or-
gangly'ns helps a;:tueve meaningful morphologic data.
means of a routine light microscopic morphologic approach
the target organ of a given pollutant can be determ?r?led. pS!;ecifié
regions of tissue response within the target
tablished. When marine shri get organ can also be es-
- rine shrimp Penaeus duorarum were exposed t
cadmium dissolved in seawater, gross and i : (posed 10
ination revealed gill alteration gwrmscsh ght microscopic exam-
gions (Couch 1977). More detail appeared as blackened re-
tion brimarile i ; ed analysis revealed foci of altera-
n primarily in terminal filaments. When ! ra
croscopy was performed, or ) analysis by electron mi-
sis. mi . d, organelle alteration includi { -
y Mitochondrial swelling and myelin-li ng nuclear ly
Y Ne membrane accumulation

certain cells which
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was consistent with cellular necrosis. Hawkes (1980) reviewed
literature on effects of xenobiotics on marine fish tissues after ex-
posure to chlorobiphenyls or crude oil. Morphologic analysis after
laboratory exposure shows oifactory epithelium as a target tissue
in Menidia menidia exposed to crude oil. Other sites showing
structural evidence of toxicity after exposure to crude oil included
lens and intestine. When juvenile Chinook saimon, Oncorhynchus
tshawytscha, were fed a diet containing a model mixture of petro-
leum hydrocarbons, chlorinated biphenyls or both (Hawkes et al.
1980), cellular change, primarily in columnar cells of intestinal mu-
cosa, indicated toxicity in this organ. When the estuarine fish, the
sheepshead minnow, Cyprinodon variegatus, was exposed to Ke-
pene, an organochlorine, scoliosis resulted (Couch et al. 1977). In
addition, light microscopic and x-ray analysis revealed breaking of
centra of vertebrae at the epicenter of the spinal flexure.

All the above relate to laboratory exposures of organisms to
specific pollutants. Sindermann (1979) reviewed lesions which have
been found in feral marine organisms after gross and microscopic
examination. These included fin erosion, ulcers, shejl disease of
Crustacea, lymphocystis, stress provoked latent infections, neo-
plasms, skeletal anomalies and genetic abnormalities.

Data derived from routine morphologic analysis are valuable in
determining which experimental probes should follow (t.e., ultra-
structural study, analysis of organ homogenates or analysis of cel-
lular and/or subcellular fractions from specific cell types after
their separation). 1f the number of affected individuals can be de-
termined and expressed for each toxicant concentration, data are
amenable to statistical evaluation by tests such as the chi-square.
Another application of a routine morphologic approach is in chem-
ical carcinogenesis research using teleost species, where the end
point, a clearly defined structural entity with specific characteris-
tics, s usually detected by routine light microscopic techniques
and the incidence data for tumors in each experimental group are
listed (Ishikawa et al. 1975; Aoki and Matsudairo 1977; Pliss and
Khudoley 1975; Hendricks et al. 1980 a,b). The routine morpholog-
ic approach is of additional importance when one considers that it
provides a relatively quick initial screen to gain information from a
variety of organ systems simultaneously.

Morphometry

Since the overall objective of the pathobiologic approach to
toxicity studies is correlation of altered structure and function, it
becomes necessary to employ tests which may provide for integra-
tion of morphological, biochemical and physiological studies. The
non-quantitative appearance of morphologic data (i.e., micro-
graphs) has seriously hampered full integration of studies incorpor-
ating cellular fractionation on one hand and electron microscopy on
the other (Reide and Reith 1980). However, methods to extract
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opic images have evolved (Reide and
i ; Hoff and
i . Bolender 1980, 1981; Elias et al. 1971; De ;

gﬁlt\gslfggi, Underwood 19’70; W,eibel and Bolandef 197_3; Weibel
1979, 1980). Based upon fundamental principles defined in mathe-
mati::al terms (Elias et al. 1971; Weibel 1979, 1980), morphometry
permits the quantitative study of tissue and cell structkures.
ith computer assisted technology quantitative work can

o med in re ohr et’a.l. 1976). Thus, mor-

be performed in reasonable time (R 197 hus, |
phometry is regarded as a necessary element in interdisciplinary
ch involve morphologists, biochem-

studies such as toxicology whi .
macologists (Bolender 1980). By using

ists, physiologists or phar
morphometry, the volume, surface area and number of structural
features can be objectively and reproducibly determined.

For the determination of volume, a point network (lattice} with
total points = P, is superimposed over the micrograph or the pro-
jected image of the glass slide and point counts within a given pro-
file (P;) are determined. This requires a judgment call by the ob-
server at each point and is recorded for each. The volume density
of the structure i (V) is proportional to P;/P, which is proportion-
al to Pp;. The total number of test points that must be applied to
one representative sample unit depends on V, and on the relative
error considered acceptable. Formulae (Weibel 1979) exist for de-
termining the number of test points needed per representative
sample. In practice, one roughly estimates the order of magnitude
of V., on a few micrographs and then decides upon the total points
(Py).” Table 2 illustrates the multistage morphometric analysis. At
stage 1, the weight and volume of the organ or possibly organism
{some invertebrates) is determined. The second stage of investiga-
tion, using light microscopic observation of fixed material, is con-
:xu?me:l at the :srglapltissue level of organization. At this level, for

mpie, points lying over parenchyma, str bl
ducts would be determined. The su){:s;m{smt;:’ge m::mssientt;nnd
at the level of individual cells, requries high resolution light mi-
Croscopy (EPO'\ or methacrylate sections) or, more commonly, low
magnification electron microscopy. Analysis of these ions
termines the i e v sections de-

i total number of points lying over nuclei and cvyt
plasm of all individual cell types. In addition, the o of
points over extracellular s determ » total pumber of
. Space ined. Linear intercepts

: mumerical data from microsc
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Table 2.  The multistage morphometric analysis®.

Stage Level of Structural Organization Data
1 Organ or organism Weight, volume
2 Organ/Tissue P. parenchyma,
stlroma, blood
vessels, ducts,
etc.
3 Cell P. nuclei and cy-

toplasm of all
individual cell
types

Pi extracellular
space

Pi mitochondria
I, nuclei

4 Organelle P; mitochondria
[, endoplasmic
reticulum

2 For complete details see Rohr et al. (1976)
P; = total points over tissue component

I, = linear intercepts with structure

al procedures used in routine morphologic examination. In addi-
tion, the investigator, using the multistage morphometric analysis
(Table 2) controls the final level of organization from which infor-
mation is sought. It may not be necessary in all instances to pro-
ceed to the electron microscope. Once the material has been col-
lected for such analysis, the option is there, should such investiga-
tion prove necessary.

Hughes {1972) applied morphometric examination in studies of
gas exchange regions of gill in tench, trout, dogfish, icefish and
catfish. Expressing gill area per body weight, he found no good
correlation among species. When distribution of gill area was ana-
lyzed, filament lengths varied as a function of their number. Shape
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various sites along filaments. On

indi nded analysis of

i the above findings, Hu_gt!es recornn:lc '
e ?alslloswﬁg parameters in gill toxicity studies: fela_twe propor-
f;:n gf specific cell types and extracelh_xlar material in secondary
Jamellae; surface area of blood channels in secondary lamellae; and

- t of the water/blood barrier.
effect of pollutants of dﬂtfle;?s epal't alts. (1979) used morphometric

bsequent study, Hug '9) used
ir;c;nii:ues to determin:e 0, diffusion capacities in gills of control,

S jum- and cadmium-treated trout. Based on measure-
| 22:2 ::;: ht:g‘d/water barrier, nickel exposure produced a marked
harmful effect in diffusion capacity. Recovery to normal values
was seen in trout 21 days alter exposure. These wprkers concluded
that morphometric methods can be combined with physiological
data to have a quantitative, and possibly a predictive value, for as-
sessing the effects of pollution on gills and on other organ systems.

7uchelkowski et al. (1980) studied the effects of acid water
(4,50, addition, pH 5.7-6.15) on alcian blue-periodic acid Schiff's
stainable mucosubstances of epidermis in brown bullhead catfish,
Ictalurus nebulosus. Standard morphometric techniques were used
to determine mucous cell volume density and number density. Mu-
cous cell volume density was significantly increased in fish exposed
to acid stress for 5 days. Since the number of mucous ceils was
nearly twice that of controls while the volume of individual cells
~ was the same, these workers concluded that acid stress results in
mci:eased number (hyperplasia) but not volume of individual mucous
cells.
Subsequently, Zuchelkowski and Lantz (1981) reported sexual
dimorphism in brown bullhead skin with respect to mucous cells.

Control female bullheads had more mucous cells per volume of epi-
dermis than did males, After acid stress, the sex differences were
l::: pz:i:s Iff male fishes gi'sedominate in assay populations, greater

of mucous cells to acid '

(Zuchelkowski and Lantz 1981), stress will be encountered
leviiﬁmﬁﬂdgﬁ rences in epidermis may be due to hormonal
rie methodology 10 comtient e Heger (1975a,b) used morphomet-
Poecilia reticonte, S iiatively examine epidermis of the guppy,
ad testost ata, following treatment with prolactin, thyroxine,
with prolactin, 1 ;;mrph’“om;o;-r.:m water adapted guppies were treated

increased included mumbet of mucous eells, aumber of coll Luyere
and the number of € of mucous cells, number of cell layers

of secondary lamellae differed at
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In ‘addition to the above, morphometry has been applied to
analysis of changes during carcinogenesis in liver of Japanese med-
aka, Oryzias latipes (Hinton et al. 1982a).

Marker Enzyme Tests

This third category of laboratory pathobiological tests (Table 1)
measures "marker” enzyme activity in cells of target tissues. Be-
fore this type of biochemical data can be collected, an organ must
be homogenized and fractionated. Unfortunately, spatial relation-
ships of organelles in a single cell and/or organelles from several
different types of cells are lost (Bolender 1980). The strength of
the biochemical approach resides in the accuracy with which an en-
zyme activity can be measured in a given fraction. Within the
framework of analytical fractionation, the amount of activity in
the various fractions can be compared with that in the original ho-
mogenate by calculating recoveries (DeDuve and Berthet 1954).
Subcellular fractionation of rainbow trout liver homogenates has
been studied to assess homogeneity of fractions (Statham et al.
1977), and a refined fractionation protocoi has been developed.
While such methods can be used to identify membrane marker het-
erogeneities, the initial homogenization procedure resulted in a
mixture of membranes from a variety of cell types. Therefore, the
cellular origin of the heterogeneities remains obscured (Bolender
1980). If we consider teleost liver in general, abundant morpholog-
ic heterogeneity is present, and the following cell types are seen:
hepatocytes, endothelial cells, Kupffer cells, fat-storing celis, bile
ductuiar epithelial cells, fibroblasts, macrophages, circulating
blood cells and exocrine pancreatic cells (Hinton and Pool 1976).
From this the need for "coupled” morphologic and biochemical as-
says (Bolender 1980) is readily apparent.

Organ Dysfunction Tests

These may be grouped into four broad categories. The first in-
cludes measurement of substances circulating in the blood, which
depend upon a specific organ for their production or removal. The
second group of tests assays substances in the serum which indicate
abnormal function. In the third, plasma disappearance rates are
determined using dyes and other substances which, following ad-
ministration, are removed by a specific organ, Last, tests can be
administered to determine the capacity of an organ to synthesize a
given product when an essential precursor is furnished. Organ dys-
function tests are reviewed in standard texts on clinical laboratory
diagnosis (Davidsohn and Henry 1974) or in monographs on specific
organs such as the liver {Levy 1965). Some substances released
from damaged cells are useful in the diagnosis of cell damage. De-
tectable in very low concentrations, enzymes reach a peak in the
plasma following release from damaged cells. All cells have simi-
lar intracellular enzymes with similar organelle localization. How-
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. f organ-specific isoenzymes (Zimmer-
man m:g:lnemilm;gh isoenzymes of phosphoglucomutase, isocit-

e dehydrog , and gluc(,5‘1_-.45.p|-n-:s|:'ha,te deh_ydrogenase spe-

e known to exist (Allendorf et
cific for t?lefﬂ 1e\;:rt2:?c:£;§°a;rays has been forthcoming.
al. :97;7‘3, el;;:::tuts: determine the response of rainbow trout (Salmo
2 Fliver 1o a proven hepatotoxic compound, carbon Te R
éﬁ?iae_(CCl,'), studies were performed using serum enzymes
(Statham et al. 1978; Pfeifer et al. 1980) and the dye, suifobromo-
phthalein (BSP) (Gingerich et al. 1978), which is selectively cleared
from plasma by the liver and excreted in the bile, Exposure caused
elevation of serum enzymes (Statham et al. 1978; Pfeifer et al.
1980) and induced retention of BSP (Gingerich et al. 1978). Chem-
ical assay of liver revealed '*C residue of CCl, in hepatic homo-
genate and showed increased diene conjugation indicating mem-
brane toxicity (Statham et al. 1978). Recently, Gingerich (1982)
reviewed literature on hepatic toxicology and covered the plasma
enzymes and clearance studies in detail.

Urine, another body fluid available for assay (Table 1), has been
studied in trout before and after CCl, exposure {Pfeifer and Weber
1980). Decreased urine flow, increased urine osmolality and prote-
inuria characterized trout exposed to CCl,.

In a study of the effects of chiorine produced oxidants (CPO) on
juveniles of the marine fish, Leiostomus xanthurus, Middaugh et al.
(1980) used analysis of blood pH, oxygen uptake and gill morphology
to establish toxicity. At sublethal concentrations of CPO, blood
pH was decreased, oxygen uptake was depressed and gill morphol-
ogy was altered. The latter included lesions of oxygen exchange
portions of the gill and included sloughing of respiratory epithelium
from underlying vasculature. These workers felt that the gill al-
terations could easily account for the change in blood pH and oxy-
gen uptake. :

- Although relatively little application of serum and other body
ﬂmd assays is evident in aquatic toxocologic investigations, the
above studies clearly indicate thei i
' careful cons: tiaZf : u:ment. ltslyocudbenoted-that

when consideration of microchemical assays will have to be given

n specimens of species with small body size are used.

‘This technique Table 1) represents a powerful tool for lo-
. products, ilﬂmmm other cellular components (secretion

~ sues and, when applied at the s and carbohydrates) within tis-
" though not directly mcytodmmf:al. level, within cells. Al-
" ometric reat onca;m dable, except in instances where stc?ichj_
~ method for in situ character ¢ °.'in"“m"’.‘“‘:;“'.“’° techniques provide a

 Studies of mucosubstances. in skin mi}tﬁs of enzyme alteration.

TR intestinal tract of tejeosts
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commonly employ these techniques (Reifel and Travill 1979;
Zuchelkowski et al. 1980; Hinton et al, 1982b). Although as yet
rarely employed in aquatic carcinogenesis studies (Scarpelli et al.
1963), enzyme histochemistry has been a valuable tool in charac-
terization of small foci and other putative precursor lesions for
epithelial tumors in mammalian carcinogen bicassay (Kalengayi and
Desmet 1975; Lipsky et al. 1981).

Structure/Function Correlation

As was stated in the introduction, this is the goal of pathobio-
logic investigation. This objective, pursued in vitro using teleost
kidney preparations (Forster 1948; Trump and Bulger 1971; Trump
et al. 1975; Trump and Jones 1977), involved a variety of inhibitors
and conditions to definitively modify functional parameters (trans-
port of dye). Identical preparations, functionally defined, were
then processed for ultrastructural analysis. In these correlated
studies membranes of various organelles, especially plasma and mi-
tochondrial membranes, revealed alterations concomitant with re-
duced transport function. A pattern of morphologic reaction is
emerging in transporting epithelium which can be linked to func-
tional impairment (Pritchard and Miller 1980},

The studies by Hughes et al. (1979) are particularly encourag-
ing. Gill structure/function alteration was produced by laboratory
exposure, and, under conditions of recovery, values were obtained
which indicated a return to the control state.

One response, common across phyla including both aquatic and
terrestrial organisms, has been the morphologic alteration of
hepatic and/or hepatopancreatic endoplasmic reticulum after expo-
sure to certain xenobiotics, specifically petroleum hydrocarbons
and chiorobiphenyls (Couch and Nimmo 1974; Sabo and Stegeman
1977; Hinton et al. 1978; Lipsky et al. 1978; Klaunig et al. 1978;
Schoor and Couch 1979; Hawkes 1980). Structure/function correla-
tion has been shown in biochemical and coupled morphologic (quan-
titative) studies of rat liver endoplasmic reticulum after pheno-
barbital exposure (Bolender 1980). In fish exposed to polychlorinat-
ed biphenyls or aflatoxin (Klaunig et al. 1978; Scarpelli 1976) bio-
chemical induction correlated with an apparent increase in endo-
plasmic reticulum. Clearly morphometric analysis of this altera-
tion is needed to correlate with functional data.

Bolender (1980) emphasizes the necessity for a common unit of
reference if correlation between biochemical and morphologic data
are to be obtained. Where some workers failed to demonstrate
correlation of morphologic and chemical (serum enzyme) data, a
lack of common reference unit is apparent. For example, light mi-
croscopic subjective morphologic evaluation of liver (Pfeifer et al.
1980) and of kidney (Pfeifer and Weber 1980) toxicity following
CCl , failed to show correlation with elevated serum enzyme leyels
and urine parameters respectively. Both serum enzyme elevations
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alteration, yet routine histologic

inuria i cellular
and proteinuria imply information at the cellular lev-

rechniques, which yield little if any . i
:l wergfs::d in the companion morphologic studies. For a common

unit of reference to exist, morphologic probes at the cellula_ar
andfor subcellular level would be necessary and morphometric
studies would be needed to provide objective numerical data for

comparison.

Application of Pathobiologic Tests to Field Studies
Provided a power source and equipment are available for frac-
tionation, freezing, and fixation of tissues, no apparently insur-
mountable difficulty exists in on-site collection of field samples
for subsequent laboratory pathobiologic examination. It is clear
that the tests can be performed in a reproducible manner, are sCi-
entifically valid and, when administered properly, yield data amen-
able to statistical evaluation. The central problem in the applica-
tion of pathobiologic as well as other forms of tests to field studies
is illustrated in Figure 1 which was modified from a figure in the
elegant paper by Snieszko (1974) which describes many of these in-
teractions in detail. Conditions affecting the field test can change
with respect to the animal (host), the environment and the patho-
genic agent(s). A partial listing of host factors {circle at top left)
includes age, sex, genetic strain, nutritional status and the history
of prior exposure to xenobiotics which might influence the rate of
metabolism of potentially pathogenic chemicals (Lech and Bend
1980). Environment is represented in the bottom circle of Figure
l. Environmental factors and the physiologic adaptations of fishes
have been the subject of an in depth and recent review (Love 1980).
In that review, specific factors in addition to those given in Figure
1 include stress other than crowding; geographical influence; and
depth, including pressure and illumination. The overlapping of the
circles (host and environment) in Figure 1 signifies interaction
Since even minor variations in the external environment re 'r(-;
adju.?tment by the cell or organism, any major variations of cgf,",
require major adjustments. The inherent dynamic nature of the o
vironment and the host adds additional complexity to experi e&
deﬂsn_since factors may change acutely or remain alpttzr ":c?n
some time (chronic interaction). The circle at the top ri her’ o
ure | has been labeled "pathogenic agent" to signi O o B
gl_l as infectious disease organisms. Exaemﬂﬁyi:;mtilncihés
edf“? since work by Smith and Piper (1975) has clearly dem -
metabolic ammonia as one cause of pathologic alturation in wal
eost 81“- ‘The concentration of Pathg;aﬁ o ente: aon y e
given site is clearly subject to change r lative o the souree and
~ extent of pollution or to fac.ors overnine muvg o e Source and
Sasceptibility) ang 1t ios are present n the hoot (oo o O
usceptibility) and j . -8+ genetic
y 1 pathogenic agent(s) are present in su:[gﬁcient

d ’ m = e . - -
concentration in an altered environment {viz., elevated in tempera-



ENVIRONMENT

LaMmMpearNture
salinity
pH

SeasOn
crowding

O N

Figure 1. Interactions of environment, host and pathogenic agent(s).
(Modified from Snieszko 1974.)
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ture (Roberts l975h disease may occur {Snieszko 1974). Thus it is
ata on host factors, environmental quality

jmportant to pOSSESS d
and concentration of pathogenic agents.

~ Examples of important host factors, in addition to those re-
viewed by Love (1980), are seen in recent studies with the microso-

mal mixed-function oxidase system of teleost liver. This multien-
zyme system, induced by specific chemical compounds, plays a
central role in xenobiotic biotransformation including activation
and detoxification (Lech and Bend 1980; Stegeman 1981; Lech et
al. 1982). Stegeman and Chevion (1980) demonstrated sex differ-
ences in mixed function oxidase activity in gonadally mature rain-
bow trout. Stegeman (1981) cites other studies indicating variation
in response with age and sex of exposed fish. Pedersen et al. (1976)
studied mixed function oxidase activity in six strains of rainbow
trout and found differences in constitutive enzyme activity be-
tween strains. Following exposure to an inducing agent, differ-
ences in response of various genetic strains were evident
Gingerich (1982) reviewed literature on hepatic toxicology of fishe.
and c1ted_studies indicating that the nutritional status was one o;
the most important factors in determining the ultimate response of
liver tissue to toxicants. In these studies with proven hepatotoxi
agents, diet formulations given fish prior to and duri D esure 1o
e rant areats uring exposure to
greatly affected the extent of toxicity. Followi
lgborator)t exposure to certain polycyclic hydrocarbor;s | c"t.;llng
mﬁ biphenyis, palybrominated biphenyls o dioxins, several
pecies of freshwater marine fish exhibited inducti
hepatic microsomal mixed function oxic e tov of the
Lech and Bend 1980; Stegeman 1981;).nm;l: ‘:nnv(see e
_ll.!non has not been conclusively linked to this vl
higher levels of mixed function oxidase Components were seen in
killifish (Fundulus heteroclitus), from the site of el & years
carlier, fhan were seon in Kiliifish from " of an oil spill 8 years
marshes (Stegeman (978). The high level nonpolluted” reference
f.iase activity in scup (Stenot eve of‘ mixed-function oxi-
in Stegeman 19815.’I and mﬁon:ummp yersioolor; sce discussion
probatocephalus) (James and Bend y in sheepshead (Archosargus
may Indicate prior exposure to in 1980) collected from the field,
duction can exert dramatic l:ﬁec:‘ir:jsm:ms e o rit enzyme in-
10xiC and nontoxic metabolites, car upon the rate of formation of
may_be affected in mﬁm ‘?tl;‘oger_tesns and other endpoints
(Lei} mméi”o).pnp"h ith prior history of induction
studies has centered Jnor hosm of laboratory tic toxicology
| _ . pathogenic agent(s), recent studies

‘the most attention

e m « The i

| o Lo exarf;ples cited here rela

| olm:n . _xenoblot;m by ﬁl;ml::rosomal and m:r-c::d}few::,:t?c: ::ue:::
system ._Oﬂ'ﬂ_ .mp ve been reviewed recently (Love
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1980). Under controlled laboratory conditions, temperature has
been shown to modify interaction between a xenobiotic compound
and the host. James and Bend (1980) collected sheepshead for
studies in summer when the water temperature was 26°C and in
winter when the water temperature was 14°C. Under summer
temperature conditions, exposure to the induci g agent 3-methyl-
cholanthrene caused maximum activity in one microsomal enzyme
at 3 days with a return to control values by 14 days after a single
dose. Under winter conditions, maximum activity was not seen un-
til 8 days after treatment but elevated activities were still ob-
served at 28 days. The effect of environmental temperature on
naphthalene metabolism was studied in the starry flounder
(Platichthys stellatus) under controlied laboratory conditions
(Varanasi et al. 1981). Flounder, maintained at ejther 4° or 12°C,
were force fed isotopically labeled naphthalene. Analysis of both
groups at 24 h post exposure indicated a higher level of metabolites
and parent compound in tissues of fish maintained at the lower
water temperature. Stegeman (1981) discusses seasonal variations
in polycyclic hydrocarbon (benzo-a-pyrene) content in mussels; the
highest levels are seen in winter. Since laboratory experimentation
has been carried out with oysters (Couch et al. 1979) and shrimp
(Couch 1977) the possibility exists for determination of effects of
temperature and other environmental factors on toxicity in other
marine organisms. Review of the literature on aquatic toxicology
serves to underscore further the need for continued effort to
define environmental factors and to determine, under controlled
laboratory conditions, the extent to which these factors modify the
host/pathogenic agent interaction. It is obvious that the work has
only begun and that more complex designs for laboratory experi-
ments are necessary to evaluate simultaneously interactions among
host, pathogenic agent(s) and environment.

Figure 2 illustrates the role that pathobiology plays in environ-
mental risk assessment. Pathobiologic techniques analyze damage
at the various levels of structural organization seen within an or-
ganism. Once the extent of the damage has been determined and
the number of affected individuals established versus the dose of
the toxicant delivered, attempts can be made to predict effects
upon populations and species. In addition feral populations can be
sampled and alterations described using pathobiologic approaches.
The review by Sindermann (1979) cites numerous examples of such
studies. When an effect (end point) is seen, retrospective analysis
attempts by means of mechanistic connection to link cause and ef-
fect (Figure 2). The requirements for construction of a firm asso-
ciation between a disease end point and environmental poliution
have been defined in detail (Sindermann 1979). General agreement
exists concerning the approach necessary to reach such an impor-
tant objective. Carefully controlled experimental conditions are
necessary to characterize thoroughly the etiology of the process
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and to determine the chemicals which can cause the toxic response
(Lech and Bend 1980; and Bend and Weber 1980).

Application of Data from Pathobiology to Other Species Including
Humans

Since cells and their organelles are the fundamental units in all
living species, data at this leve! of organization, whether obtained
in an aquatic or in a terrestrial species, are important since the
identical level of organization is shown in humans. Transphyletic
simnilarity exists in enzyme systems which convert pollutants to
biologically active (toxic) or inactive metabolites (Bend and Weber
1980). Pathobiology brings together the disciplines of anatomy,
biochemistry, pharmacology, physiology and pathology. When
coupled with a comparative approach, building upon simpler organi-
zation of structure/function and proceeding to more complex sys-
tems these tools can lead to an understanding of basic biological
mechanisms important in understanding marine pollution effects.
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INTRODUCTION

Toxicity tests using single species, microcosms and communi-
ties are the foundation for laboratory evaluations of marine (estua-
rine and oceanic) pollution effects. Hazard evaluation techniques
use toxicity tests to predict the need for environmental concern on
new and old chemicals. Interpretation of the results of field in-
vestigations can be aided through the use of laboratory tests,
where variables can be controlled and effects quantified. Although
not a panacea, laboratory toxicity tests are generally accepted by
industry, university and government scientists as a useful technique
for measuring the effects of marine pollution.

Discussions in this paper will emphasize acute, early life stage,
life cycle and community toxicity tests with marine {estuarine or
oceanic) species as conducted at the U.S. EPA Environmental Re-
search Laboratory at Guif Breeze, Florida. These tests are empha-
sized because of their importance in the hazard evaluation process,
as discussed in workshop proceedings by Cairns et al. (1978) and
Dickson et al. (1979). Individual papers in these two publications
detail hazard evaluation techniques used by the American Institute
of Biological Science, American Society for Testing and Materials,
Monsanto Company, U.S. Environmental Protection Agency and
Japanese and French scientists. In addition, testing requirements
for effects assessments have been recently identified for develop-
ment of water quality criteria by the U.S. EPA (1980a) and the U.S.
Army (Pearson and Glennon 1979). Although the applications of
these hazard evaluation procedures differ considerably, the princi-



pal effects testing requirements include those discussed herein.
Laboratory effects tests have been pivotal in most evaluations of
hazard because the evaluation processes occur before chemical im-
pact on the environment, and they are use_d only rarely 10 measure
the impact in an already contaminated environment.

Acute, early life stage, life cycle and community toxicCity tests
will be discussed separately. As a part of each discussion, the de-
sign of the test, uses of the data, sources of variability, species
amenable to testing, availability of standardized methocs and rela-
tionships to data from other test types will be discussed where ap-
propriate. Much of the summary information was assembled as a
result of developing water quality criteria for the consent decree
chemicals or from the data used in the criteria documents (LS.
EPA 1980a,b).

ACUTE TOXICITY TESTS

Resuits from acute toxicity tests are extrermely useful, but
have probably been more maligned than resuits frormn any other type
of toxicity test. Because acute toxiCity tests are completed in a
short time, they are relatively inexpensive and usually provide the
first data on the toxicity of individual chemicals or complex mix-
tures. Standardized methods {for conducting acute toxicCity tests
are available (ASTM [980; APHA-AWYA-WPCF 1980), and infor-
mation useful in design or interpretation of results 15 also available
(Sprague 1969, 1970, 1971; Buikema et al. 1982). Unfortunately
there are no standards for using or evaluatling the results (n envi-
ronmental situations where concentrations and bioavailability
change over time; herein lies the problem. Acute toxicity test
data can be particularly useful in the first stages of product devei-
opment. Data from acute toxicity tests are used to select expo-
sure concentrations for chronic toxicCity, bioconcentration and
other tests used in the evaluation process. The comparative acute
sensitivities of species and life stages of marine organisms to a
particular chemical can aid in identif ying populations at risk.

Acute toxicity tests can be used 1o measure the bioavailability/
toxicity of complex wastes. Chemical fractionation of wastes fol-
lowed by toxicity tests can aid in identification of the toxic frac-
tion (Walsh and Garnas, 1983). Conversely, data from tests of indi-
vidual chemicals rarely can be used to predict the overall effect of
complex wastes or contaminated sediments that contain mixtures
of a great many chemicals.

The most appropriate use of acute toxicity tests is to measure
the toxicity of substances or sensitivity of species to substances,
not to predict environmental hazard directly. In some instances,
however, results from acute toxicity tests may be directly appli-
cable to situations in which environmental and acutely lethal con-
centrations and availability are similar.



Relatively few marine species have been used in acute toxicity
tests, and most species tested have been fishes or arthropods. For
example, the 64 water quality criteria documents concerning the
consent decree chemicals, which include many of the intensively
studied metals and pesticides, report acute toxicity test data on
only 76 species of marine animals (Table 1). Arthropods and fishes
account for 75% of the animal species tested. Only 10% of the
species used were tested on more than 10 of the chemicails. Eieven
species of mollusks were tested; four were gastropods, accounting
for only 11% of the data on mollusks. Thirty percent of the 76 ani-
mal species were tested with only one chemical. The lack of data
on comparative sensitivities of species of phytoplankton and mac-
roalgae is even greater for consent decree chemicals than that for
tests on animals. Because most of the acute toxicity test data are
concentrated on a small number of species in a few phyla, our
knowledge of the relative sensitivities of untested or little tested
taxa is minimal.

Table 1. Number of species from various phyla of animals, phyto-
plankton and macroalgae tested acutely against greater than 10,
from & to 10 or from | to 5 consent decree chemicals, Of the 64
water quality criteria documents developed for the consent decree
chemicals, 51 contained acute toxiCity data on one or more animal
species and 38 contained toxicity data on phytoplankton and
macroalgae.

Number of Species

1-5 610 > 10 Total
Phylum Chemicals Chemicals Chemicals Species
Arthropoda 22 7 2 31
Chordata 17 5 4 26
Mollusca 8 2 1 11
Annelida 6 - 1 7
Echinodermata 1 - - 1
Total Species 54 14 8 76
Phytoplankton 31 | l 33

Macroalgae 7 1 - 3
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Variation in the relative acute sensitivity of animal species to
chemicals is considerable. For those pesticioes o metais for which
marine water quality criteria are availabie, the ratios of LC vai-
ues for the species least sensitive to the species most sensitive 10 a
given chemical ranged from 20 to 18,570, averaging €5% for metals
and 3800 for pesticides (Table 2). The varialion in sensitivity
among species is far greater than the variation that oCcurs »i1thin a
species as a function of the acute toxicity tesi method. The de-
gree of variation in acute sensitivity of species perhaps is a toxico-
logical property of individual chemicals that is important in deter-
mining the adequacy of data for decCision-maxing.

A second factor important to the adequacy of cata is the need
for information on the sensitivity of a variety of phyiogenetiC
groups to identify the most sensitive taxa and (o optimize tesung.
Certain types of organisms such as arthropads, including penaeid
shrimp, mysids and copepods, have heen generally recognized as
extremely sensitive. Water quality criteria documents ind.cate
that these taxa {requently are extremely sensitive, but can aiso be
relatively insensitive (Table 2). Therefore, assessments of acute
hazard or specific substances may requre a reasonable spread n
the kinds of species tested 1o identify phylogenetic groups that are
more sensitive.

Measurement of the variability of data {rom standardized acute
toxicity tests is important if results are 10 be used in deCision-
making. Schimmel (1981) reports on an inter [aboratory comparison
of the results of acute toxiCity tests that used the method de-
scribed in ASTM (1977). The six participating laboratories con-
ducted static 96-h toxicity tests on sheepshead minnows (C yprino-
don variegatus), the bay mysid (Mysidopsis hahia) and the cope
{(Acartia tonsa), using the pesticide endosulfan and silver (AgNO ).
Flow-through tests were also conucted on the first two or ganisms
and these chemicals. An analysis of the results reported by
Schimmel (1981) indicated that, except for the copepod tests where
biological problems existed, the variability of the resuits was ac-
ceptable (Table 3). The coefficient of variation for the fish and
mysid data ranged from 0.27 to 0.62 (average 0.43), depending on
the test type or chemical. Results are similar, even though labora-
tories had varied experience with the test and the test species,
laboratories failed to follow compietely all requirements of the
test, some fish were feral and some lab-raised, and the source of
dilution water and organisms varied, being from estuaries along the
Gulf of Mexico to New England.




Table 2. Variation in acute sensitivities of marine species to chilor-
dane, DDT, dieldrin, endosulfan, endrin, heptachlor, cadmium,
chromium, copper, mercury, nickel, selenium, silver and zinc. Val-
ues are grand averages across substances; ranges for each sub-
stance are in parentheses.

Item Pesticides Metals

Number of species tested 16 (8-21) 20 (10-26)

LC50 least sensitive/LC50 3800 (70-18,000) 600 (20-2,300)
most sensitive

Sensitive phyla? Arthropoda Arthropoda
Chordata Mollusca
Chordata
Annelida

Percentile Rank Qf

Acartia spp. 33 28 (8-50)
Mysids 46 (29-67) 27 (3-70)
Penaeids 7 (5-12) 46 (38-61)

2 Listed when a species from the phylum was one of the two most
sensitive to the substances.
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Table 3. Interlaboratory comparison of the results from static or

flow-through acute toxici
in pg/L for six laboratori
(s/x) was calculated fro

ty tests. Results are mean 96-hour LC50s
es; coefficient of variation in parentheses
m LCS50s reported by Schimmel (19381).

LCS0s were calculated from nominal concentrations in exposure

water in static te

sts and measured concentrations in fiow-through

tests.
Species Chemical Static Flow-
through

C. variegatus Endosulfan 2.406(6.37) G.82(5.38)
Silver 1,122(0.34) 1,216(0.46)

M. bahia Endosulfan 6.3G(0.62) %.95(%.40)
Silver 210(G.27) 192(5.58)

A. tonsa Endosulfan 0.22(5.82) -
Silver 38.5(0.62) -

CHRONIC TOXICITY TESTS

Life Cycle and Early Life Stage Toxicity Tests
Entire life cycle toxicity tests begin with fish embryos (Figure
1) or newly released invertebrate larvae, and partial life cycie tox-
icity tests begin with juveniies; both continue through development
to mature individuals and production of progeny. Test duration
ranges from a few weeks for invertebrates to 5 to 8 months {for
fish. Toxicologists who wish to conduct life cycle tests with ma-
rine organisms must use pcocedures in published literature because
standard methods are not available. Use of procedures in APHA-
AWWA-WPCF (1980) should not generally be attempted without
consulting original references.
~ The primary end points include determination of effects on sur-
vival, growth and reproduction. Secondarily, pathological, behav-
ioral and physiological effects and bioconcentration of the chemi-
cal may be measured. The iowest concentration that causes statis-
tically significant effects on the primary end points and the highest
concentration at which statistical effects were not detected are
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used to set limits termed the maximum acceptable toxicant con-
centration (MATC). The primary end points can also be used with

ation dynamics models 10 measure the effect of substances on
the intrinsic rate of population increase (Allen and Daniels 1930;
Daniels and Allen 1981; 7. Gentile et al. 1982)., The MATC or in-
trinsic rate of increase is used to estimate the "sate" concentration
of a chemical for a given species.

Only a few marine species have been successfully used in life-
cycle toxicity tests, and only two have been tested with enough
chemicals to provide comparative toxicological intormation (Table
4). Life cycle tests with the bay mysid (Nimmo et al. 1978) and the
sheepshead minnow (Hansen et al. 1978) probably provide more
than 75% of all available data on the life cycle effects of substanc-
es on marine organisms. More than 30 tests have been conducted
on these two species. In contrast, only one or two life cycle tests
have been completed with species such as the mollusk Crepidula
fornicata (Nelson et al. in press), the copepods Acartia tonsa iward
et al. 1979) and Eurytemora affinis {Daniels and Allen 198]), the
grass shrimp Palaemonetes bugio (Tyler-Schroeder 1979) and the
mysid Mysidopsis bigelowi UJ. Gentite et al. 1982; 5. Gentile et al.
1982).

Early life stage toxicity tests with marine fish begin with em-
bryos and continue through embryonic development, hatching and
growth to the juvenile state. Duration is typically & to 8 weeks,
depending upon species of the need to extend the exposure because
effects continue beyond the usual test duration. Consensus early
life stage toxicity test methods for marine and freshwater fishes
are being developed (ASTM 1982). Few marine species have been
used in early life stage toxicity 1ests; these inciude the sheepshead
minow Cyprinodon variegatus (Goodman et al. 1978), the silver-
sides Menidia peninsuiae man et al. 1983) and M. menudia, the
California grunion Leuresthes tenius and the Gulf toadfish Opsanus
beta (Table &). Sheepshead minnow is the only species that has
been tested with several chemicals. The primary end points of ear-
ly life stage tests include determination of effects on embryonic
development, hatching success, survival of hatched fish and
growth. Secondarily, pathological, behavioral and physiological ef-
fects and bioconcentration of the chemical can be measured.

Results from early life stage toxicity tests with freshwater
fishes have demonstrated that MATCs from life cycle toxicity
tests can usually be estimated within a factor of 2, using estimated
MATCs derived from survival or growth data from early life stage
tests (McKim 1977; Macek and Sleight i977). The only data base
for marine fishes is that from life cycle and early life stage tests
with sheepshead minnows. Slightly more than 70% of the life cycle
MATCs were estimated within a factor of 2 from estimated
MATCs derived from early life stage tests within life cycle tests
on this species (Table 5). This relationship between early life stage
and life cycle MATCs is notas clear if data are used from early




Table 4. Species of marine fishes and invertebrates that have been
tested in life cycle or early life stage toxicity tests, and approxi-
mate number of tests completed.

Test Species Number of Tests
Partial or entire Cyprinodon variegatus >10
life cycle
Mysidopsis bahia >25
M. bigelowi 2
Palaemonetes pugio 2
Acartia tonsa 1
Crepidula fornicata I
Early life stage Cyprinodon variegatus >25
Menidia menidia 2
M. peninsulae 1

Leuresthes tenius

S

Opsanus beta
Fundulus similis

o

Table 5. Summary of the chemicals where the MATCs from life
cycle toxicity tests were predicted within a factor of 2 by esti-
mated MATCs from early life stage portions of life cycles tests.
The estimated MATCs used were from the progeny portions of par-
tial life cycle tests or from the progeny or parental portions of en-
tire life cycle tests.

MATCs Predicted MATCs Not Predicted
Carbofuran, Chlordane, - Diazinon, EPN,
Endrin, Heptachlor, Trifluralin

Kepone, Malathion,
Methoxychlor, Pentachlorophenol




life stage tests that began with embryos from unexposed parents.
Only seven chemicals have been so tested; four (57%) predicted life
cycle MATCs poorly. Overall, however, the early life stages of
both marine and freshwater fishes are as sensitive, of more sensi-
tive, than later life stages including reproduction. Therefore, early
life stage tests acceptably predict tife cycle MATCs.,

Examination of the frequency of occurrence of survival, growth
or reproduction as the most sensitive end point in chronic toxicity
tests with marine fish and invertebrates (Table 6) 15 especially in-
teresting relative to the conclusions reached in the comparisons
made above. For early life stage toxiCity tests, survival and
growth were equally sensitive; in some instances, both were re-
duced at the lowest effect concentration. In Life cycle toxicity
tests with sheepshead minnows, grass shrimp and bay mysids, re-
production (the number of embryos or young released per female,
or the percentage fertility) was usually the most sensitive end
point. Reproductive impairment was the most sensitive end point
in sheepshead minnow life cycle tests, and this may seem o Con-
tradict the conclusion that early life stage tests can be useful in
estimating life cycle test results. However, there is no contradic-
tion, because reproductive effects frequently occur at the same
concentration, oc at a concentration within a factor of 2 of the
concentration that affected survival or growth of early life stages.
In those instances where early life stage tests are poor predictors
of life cycle MATCs because the reproductive process was particu-
larly sensitive, no clues may be evident in the early lile stage
test. However, signs of poisoning, including physiological or behav-
ioral effects, at concentrations that do not affect survival or
growth, may indicate that reproductive effects could occur and
that life cycle tests may be desirable. This is particularly true
when environmental concentrations are close to those that affect
the early life stages of fishes.

Table 6. Frequency of occurrence of survival, growth or reproduc-
tion (eggs/female or fertility) as end points in early life stage or
life cycle toxicity tests with the fish {Cyprinodon variegatus), grass
shrimp (Palaemonetes pugio) and bay mysid (Mysidopsis bahia).

Number Most Sensitive End Point

Test of Tests Sarvival Growth Reproduction
Early life stage (fish) 23 52% 52% —
Life cycle (fish) 11 55% 27% 77%
Life cycle (grass shrimp) 2 0% 0% 100%

Life cycle (bay mysid) 21 579% 19% 57%



Chronic toxicity tests provide data useful in predicting "safe”
concentrations. Mount and Stephan (1967), Eaton (1973) and
Buikema et al. (1982) discuss the use and limitations of empirically
derived application factors, the ratio of the MATC to the LC50, in
predicting "safe” concentrations when only acute toxicity data are
available for other more sensitive species. Mount (1977) summar-
ized data on freshwater fishes to determine whether the applica-
tion factor for any one chemical was similar for different fishes
tested 1n life cycle tests. For the ten chemicals with tests on two
to six freshwater fishes, the spread of application factors across
species was reasonably narrow, from 2.4 to 5.8, but for the remain-
ing five chemicals the spread was large, from 13 to 206. Mount
concluded that the spread in numerical values was unacceptable
and that a better method than the application factor concept was
needed to predict concentrations that will not affect survival,
growth or reproduction,

An examination of the application factor concept using data
from life cycie tests with sheepshead minnows and data on fresh-
water fishes and the same chemicals may be useful. Of the eleven
pesticides tested in life cycle exposures using sheepshead minnows,
six have also been tested with one to four species of freshwater
fish (Table 7). These data support the application factor concept
because, within a factor of &, the application factors are similar
between species for the same chemical; the effect of diazinon on
flagfish is the lone exception. Therefore, extrapolation of applica-
tion factors that have been experimentally determined for a
particular chemical to other fishes and that chemical may be
justified, particularly in instances where data on more than one
species support their applicability. However, because application
factors for freshwater fishes are quite variable or may be
completely inappropriate, and data on the chronic sensitivity of
additional marine fishes are unavailable, additional research is
needed to identify new techniques for predicting safe
concentrations in aguatic environments.

The interlaboratory variability of chronic toxicity tests, includ-
ing the life cycle toxicity test using Mysidopsis bahia (Nimmo et al.
1978) and the early life stage toxicity test using Cyprinodon varie-
gatus (ASTM 1982), is being determined. Six lJaboratories conduct-
ed the mysid test with both silver (AgNO,) and endosulfan
(McKenney 1982). Only three laboratories completed acceptable
tests with silver and four laboratories with endosuifan. Tests were
judged unacceptable if critical requirements in the method were
violated. The average of the geometric means of the MATC limits
of the three tests using silver was 82 ug/L; coefficient of variation
was 0.57. The average of the geometric means of the MATC limits
of the four tests with endosulfan was 0.34 ug/L; coefficient of
variation was 0.38. The average of the two coefficients of varia-
tion was 0.88, a value similar to the overall coefficient of variation
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Table 7. Application factors (no-etfect concentration in a partial
or entire life cycle toxicity test divided by the 96-hour LC 50) for
the sheepshead minnow (an estuarine fish) and freshwater fishes.

Application Factor

Chemical Sheepshead Minnow Freshwater Fishes
Diazinon <0.0003 0.03%, <0.6006°,
<0.0007¢

Endrin 0.35 n.26°

Heptachlor 0.09 0.12°

Kepone 0.001 5.004°

Matathion 0.08 6.02°, 0.03¢,
6.06°

Trifiuralin 0.007 6.617°

2 jordaneila floridae € salvelinus fontinalis

b Pimephales promeias d Lepomis macrochirus

(0.43) of acute toxicity tests, Seven {aboratories have completed
duplicate early life stage toxiCity test with C. variegatus, using
endosulfan and pentachlorobenzene. Although final analyses of
data and test acceptability have not been completed, variability
appears similar to that seen in the acute toxicity tests and the my-
sid life cycle toxicity tests.

Community Toxicity Test

A common criticism of toxicity tests in which species are ex-
posed separately is that extrapolation of results to protect com-
munities which consist of a large number of interacting species is
not justified. In an attempt to examine species interactions, a
toxicity test has been developed at the Guif Breeze Laboratory.



Use of Toxicity Tests / 45

The effects of substances on development and structure of estua-
rine communities in sand-filled aquaria can be assessed by compar-
ing numbers, species and phyla of benthic animals that grow from
pianktoniC larvae entering replicated control aguaria and aquaria
contaminated with different concentrations of a substance (Hansen
and Tagatz 1980). This approach has advantages over single spe-
cies toxiCity tests, microcosms and field studies in obtaining in-
sight 1nto community impacts. In singie species tests and micro-
cosms, an adequate number of species may not have been tested,
methods used may be inappropriate, species interactions may be
absent, and species composition may be artificial; field studies usu-
ally lack adequate controls and replication.

The apparatuses used in these experiments were variations of
two primary designs. In the first type, raw seawater with its nat-
ural component of plankton was pumped into head boxes and then
flowed by gravity into four apparatuses; one served as a control
and three received different concentrations of the substance to be
tested. Each apparatus consisted of 6, 8 or 10 replicate aquaria
(Hansen 1974; Tagatz and Ivey 1981; Tagatz et al. 1982a). The sur-
face area of aquaria averaged approximately 400 cm? each con-
tained 5 c¢m of sand as a substrate for colonization, covered by 3
cm of water. Flow to each aquarium was maintained at 200
mL/min. In these tests, the larvae, settling stages, juveniles and
adults were exposed in the laboratory to the test substance for 2 to
&4 months.

The second type, used in field studies, consisted of individual
aquaria 32 cm? and 6 cm deep which were filled with sand and
placed in the estuary. After about 8 weeks of colonization, the 32
aquaria were removed and placed in the laboratory for | to 2
weeks. Eight received seawater only and served as controls, and
three groups of eight received three different concentrations of
the test substance, Communities colonized in the field and placed
in the laboratory for the exposure generally contain the more resis-
tant juvenile and adult life stages. Following both types of expo-
sure, the animals were collected (by siphoning the contents of each
aquarium into a | mm mesh sieve), preserved and identified. Data
were then analyzed, and effects on community structure, including
numbers of individuals, number of species, species diversity in-
dices, and occasionally effects on community function, were deter-
mined.

Results from 18 community tests conducted over the last dec-
ade (Table 8) demonstrate that a variety of species of marine or-
ganisms will settle and grow in this system (Hansen 1974; Hansen
and Tagatz 1980; Tagatz and Tobia 1978; Tagatz and Ivey 198l;
Tagatz et al. 1977; 1978 a,b; 1979 a,b; 1981; 1982a, b, un;?ublished
data on carbophenothion and pentachiorophenol and di-n-butyl
phthalate). A total of 34,000 individuals representing 223 species
from il phyla have been identified from these 13 experiments.
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Table 8. Numbers of individuals, species and phyla in eighteen jab-
oratory- and field-colonized estuarine benthic community toxicity
tests (range in parentheses).

Individuals Species Phyla

Number per test (n=18) 3,000(180-12,000) 44(26-81)  7(5-9)

Average per laboratory-

colonized test (n=14) 3,600(270-12,006) 42(24-81)  7(5-9)
Average per field-

colonized test (n=4) 1,000(180-2,300) $G(32-65)  7{6-9)
Total all tests 54,000 223 1l

The numbers of individuals, species and phyla diftered considerably
among tests, probably as a function of the seasonal variations in
reproductive patterns of species and water quality., The test-10-
test differences were greatest in the number of individual organ-
isms, 180 to 12,000 (average 3,000); differences were less {or the
number of species per test, 24 to 81 (average 44); and phyla per
test, 5 to 9 (average 7). Of the 223 species in the L8 tests, 43%
were annelids, 23% moliusks, and 18% arthropods (Table 9); species
from the remaining eight phyla constituted only 12% of the total.
Thus, the test was generally most eftective in detecting effects on
species in the three dominant phyla.

A comparison of communities that developed in laboratory and
field experiments (Table 8) shows that test-to-test variations are
greatest in the number of individuals and smallest in the number of
species and phyla. Tagatz and Deans (1983) discuss the structural
similarity of benthic communities in the field and those that de-
velop in experimental aquaria in the field and laboratory, and the
relative merits of toxicity tests using laboratory- and {ield-devel-
oped communities. They conclude that, although each test has
merit, the laboratory test is operationally simpler and can be more
sensitive because early life stages of settling organisms are ex-

posed.
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Table 9. Numbers of species, by phylum, from eighteen laboratory-
and field-colonized estuarine benthic community toxicity tests.

Phylum Number of Species
Annelida 100
Mollusca 55
Arthropoda 40
Echinodermata -4
Chordata 5
Nemertinea 5
Coelenterata 4
Platyhelminthes 2
Sipunculoidea 2
Hemichordata l
Phoronida 1
Total - 11 Phyla 223 Species

The data from the 18 community tests with pesticides, formu-
lated products, organic chemicals, and muds used in drilling oil
wells provide insight into the sensitivity of phylogenetic groups not
possible from toxicity tests in which species are exposed individu-
ally (Table 10). As would be expected, arthropods were particular-
ly sensitive to the five pesticides tested. Arthropods were not par-
ticularly sensitive to the other substances, except Dowicide G-ST
which contains 79% sodium pentachlorophenate. Mollusca was the
most frequently sensitive phylum. Its sensitivity to pesticides ri-
valed that of the arthropods and probably would not have been de-
tected from acute mollusk larval toxicity tests or oyster sheli de-
position tests. Annelids, chordates (tunicates), echinoderms and
coelenterates, phyla rarely tested as individual species in acute and
chronic toxicity tests (Tables | and 4), were also identified as par-
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Table 10. Phyia whose numbers of individuals or species were re-
duced in estuarine benthic community toxicity tests wath individual
pesticides (chlorpyrifos, fenvalerate, pemachloropt_w_ejnol, sevin or
toxaphene); with formulated products (Dowicide-GST or Surtlo-
883); with non-pesticide organics {Arocior 125¢ or di-n-buty! phtha-
late) or insoluble energy-related products (barite, drilling muds
incorporated in sand or muds delivered in suspension}. Two tests
were conducted with chiorpyrifos, fenvalerate and di-n-butyl
phthalate and four tests with pentachlorophenol.

Number of tests in which phylum was reduced

Phylum Pesticides Formulations  Organics Muds Total
Arthropoda 6 0 1 G 7
Moliusca 5(1%) 2 2 0 9(12)
Annelida 1 0 ] 2 5
Chordata 1 0 11 | 3(19)
Echinodermata 0 0 I ¥ l
Coelenterata 0 G 0 } l
Total tests 1O 2 3 3 18

2 numbers were increased in the presence of specific chemicais.

ticularly sensitive to certain organic chemicals and drilling muds.
Surprisingly, decreases in numbers of individuals or species were
compensated for by increases in other taxa only twice, with toxa-
phene and Aroclor 1254,

A comparison with results from single species tests demon-
strates that community tests (1) provide information on the sensi-
tivity of species that cannot be determined from tests of species
separately; (2) can be as sensitive as, or more sensitive than,
chronic exposures of individual species because the often most sen-
sitive early life stages of a wide variety of species are exposed; (3)
provide insight into the limits of applicability of single species
tests to predict impacts on communities consisting of many inter-
acting species, some of which are phylogenetically related to
species that are sensitive in single species tests. The test in which
communities develop in the laboratory as they are exposed is the
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rmost sensitive. However, caution must be used in extrapolation of
the results from both of these community tests to environmental
effects. Test communities are not exact replicates of field com-
munities, because larger benthic and water column species are ab-
sent and exposure conditions vary between the laboratory and the
field.

UTILITY OF TOXICITY TESTS

The ultimate purpose of toxicity tests is to determine the
toxicity of substances and the sensitivity of species, 10 use these
data, along with data on environmental concentration, to predict
with known accuracy the potential for environmental hazard, and
to do so at minimum cost (Figure 2). For the tests to be cost ef-
fective, those substances with minimum or no likelihood for envir-
onmental harm must be rapidly identified with minimal expenditure
of resources. It is essential that the majority of resources be
available to study those substances that possess the greatest poten-
tial for hazard. Single species toxicity tests, or structure-activity
relationships derived from these tests and from physical-chemical
properties of classes of substances, are likely to be the most cost-
effective technique of identifying substances that have a low de-
gree of hazard.

Accurate predictions when hazard is likely to be high (i.e.,
where effect and environmental concentrations are similar) require
a maximum of resources and testing beyond that of single species
toxicity tests in which species and water differ from that of the
specific site of concern (Figure 3). Even in such instances, testing
will generally begin with standardized single species toxiCily tests
that have the high degree of control and replicability needed to de-
termine the toxicity of the substance, the species most sensitive,
the stages of the life cycle susceptible to sublethal exposure, the
effect of site water quality on toxicity and the biocavailability of
the substance. These results are then used to select exposure con-
centrations and appropriate test design in the latter stages of the
evaluation, where toxicity tests are conducted that measure ef-
fects on systems of interacting species, such as those found in mi-
crocosms, and in tests to measure impacts on community structure
and function. Finally, in those instances where the substance is al-
ready in the marine environment, field studies may be conducted.
Few fieid studies have attempted to provide data linking all as-
pects of this evaluative process. This is probably because of the
expense and the fact that, except in engineered systems, the con-
trofs and replication so important in experimental design are lack-
ing. Effective assessment of substances when the hazard is high
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requires integration of critical laboratory and field studies. Envi-
ronmental scientists should emphasize the overall process of haz-
ard evaluation and how it can be more efficacious, rather than de-
bating over who has the best test this week.
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Strategies for Utilizing Laboratory
Toxicological Information in Regulatory
Decisions

Jack H. Gentile and Steven C. Schimmel
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Narragansett, Rhode island 02882

INTRODUCTION

Five major pieces of federal legislation define the role of the
Environmental Protection Agency (EPA) with regard to marine and
estuarine pollution: the Federal Water Pollution Control Act
(1965)% the Marine Protection, Research and Sanctuaries Act
(1972); the Resource Conservation and Recovery Act ( 1976); the
Toxic Substances Control Act (1976); and the Federal Insecticide,
Fungicide and Rodenticide Act (1975). Each of these acts charges
the administrator of EPA with a variety of responsibilities that are
generally summarized as follows: develop comprehensive programs
to conserve waters for the propagation and protection of fish,
aquatic life and wildlife; regulate the dumping of all types of ma-
terials into ocean waters, and prevent or strictly limit the dumping
into ocean waters of any material that would adversely affect
human heaith, the marine environment, ecological systems or eco-
nomic potentialities; and develop adequate data with respect to the
effect of chemical substances and mixtures on health and the envi-
ronment.

Implicit in the implementation of the goals of these regulatory
programs is the use of laboratory test data to determine the toxi-
cological properties of the chemical substances being regulated.
This information is then used to predict the potential impact of a
material on the environment. Since the implementation of the
acts, considerable research effort has been devoted to developing a
wide variety of laboratory toxicity tests designed to define the ef-
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i a variety of biological processes. A detailed
i?\calt;s‘:: z?e t!"::eal:e?ts, their ?xpected variances, and the degree of
confidence in the types of data generated from these tests has
been reviewed in this volume by Hansen. '

The purpose of this paper is to discuss how various types of tox-
icological data are organized, interpyeted and utilized in making
regulatory decisions. To iljustrate this, two approaches wil! be ex-
amined in detail: first, the strategy used f_cr developing water
quality criteria for the protection of aquatic life; second, the con-
cept of hazard assessment is examined and compared with the cri-
teria strategy in terms of both similarities and differences. Final-
ly, a retrospective case study is presented for each strategy to il-
lustrate the relationship between the predictions derived from lab-
oratory toxicity tests and field observations.

WATER QUALITY CRITERIA

A water quality criterion is a numerical value that identifies
the highest water concentration of a compound that will produce a
water quality generally suited to the maintenance of aquatic life
and its uses. Publication of water quality criteria has been an evo-
lution and ongoing process involving EPA and its predecessor
agency, the Federal Water Pollution Control Administration, since
the publication of the first compilation of water quality criteria,
the "Green Book" in 1968 (U.S. Department of the Interior 1968).
Since then, water quality criteria have been revised and expanded
with the publication of the "Blue Book™ (U.S. EPA 1972} and the
"Red Book" (US. EPA 1976). Criteria published within this time
period were characteristically derived by a panel of experts from
very limited and non-quality-assured data bases. In addition to
combining criteria for fresh- and saltwaters, the derivations often
reflected an inconsistent use of data and a large measure of sub-
jectivity. Furthermore, there was no consistent rationale for de-
fining appropriate data and their use in deriving a criterion.

The general approach that characterizes the period (prior to
1976) is summarized in Figure 1. For pollutants whose bicavailabil-
ity was known to be influenced by water quality (e.g., hardness),
the aquatic life criterion was derived by multiplying the LC50
(gqnceptratxm lethal to 50% of the exposed population) of the sen-
stlive important species tested in site water by a compound-spe-
cific, lab-derived application factor. The application factor is de-
fined as the Maximum Acceptable Toxicant Concentration (MATC)
from a chronic test, divided by the 96-h LC50. In the case of non-
water quality related chemicals (e.g., most pesticides) two proce-
dures were available. First, the lowest LC50 from the most sensi-
live species was multiplied by a general application factor of 0.01
or the lowest concentration not affecting survival, growth or re-
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ion in a chronic test was utilized. The §econd procedure for
zﬁﬁiﬁg lcriteria was applied to those chemicals known to bioac-
cumulate extensively and for which either FDA action levels for
humans or wiidlife effects studies were available. In this approach,
the maximum permissible tissue concentration (FDA action level)
is divided by the highest bioconcentration factor (BCF iled:ble tis-
sue concentration (mg kg™’ )/water concentration (mg L™!)) to give
an ambient water concentration that cannot be exceeded. These
procedures were used to calculate the maximum poliutant concen-
tration that was deemed protective of aquatic life, and In the case
of tissue residues, assured the marketability of fish and shellfish.

As mentioned previously these procedures suffered from the
lack of an internally consistent rationale for selecting and inter-
preting data to eliminate subjectivity. Recognition of the need fqr
scientific guidelines was reinforced when EPA was directed in
1977, by court order (NRDC et al., v. Train 1976) to publish criteri-
on documents for 65 chemicals or groups of chemicals that Con-
gress designated as toxic. To satisfy this legal mandate a system-
atic toxicological testing program was instituted to develop com-
prehensive data bases on freshwater and saitwater species, and a
task force of EPA scientists was constituted to develop the scien-
tific rationale that forms the basis for developing water quality
criteria. The Guidelines for the Development of Water Quality
Criteria (U.S. EPA 1980) represent a rationale that describes the
collection, review, selection and categorizing of toxicological in-
formation. The categories include information on acute and chron-
ic toxicity to animals and plants, bicaccumulation data, and other
data such as those derived from studies on physiology, biochemis-
try, community structure and function, and bicaccumulation. The
guidelines also define minimum data requirements in the various
categories that are necessary to formulate criteria and prescribe
methods for using the data in the formulation of criteria. Conse-
quently, the guidelines provide an internally consistent rationale
and well-defined procedures for deriving criteria that eliminate the
problems of subjectivity inherent in the earlier process. This,
coupled with a systematic and quality-assured data base, repre-
sents a major advancement in the application of toxicological in-
formation to the regulatory process. The intent of this rationale
and the resulting criteria is the protection of most of the species
most of the time but not all the species all of the time. Further, it
assumes that if most species are protected, maintenance of com-
munity function will be assured.

Numerical criteria derived using the current guidelines are ex-
pressed as two num‘bers: a maximum concentration, and a 30-day
average concentration (Figure 2). The two-number criterion is in-
t%‘"ﬁegh;" identify the highest average concentration consistent
::i g maintenance .oi aquatic life while restricting the extent

wd duration of excursions over the average so that the total expo-
will not cause unacceptable adverse effects.
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The maximum component of the criterion i; designed to l}mit
acute lethality and is based upon the compilation and analysis of
acute toxicity data from a minimum of eight taxonomic saltwater
families. Specifically, for a saltwater criterion, acute toxicity
data from the following taxa are required: two different families
in the phylum Chordata, a family in a phylum ther than .Chordata
and Arthropoda, either the Mysidae or Penaeidae family, three
other families not in the phylum Chordata, and any pther famﬂ)’-
The species acute toxicity data are arranged in fam 1_hes whnch‘ are
then ranked from most to least sensitive. Regression analysis is
employed to determine the Final Acute Value (Erickson and
Stephan 1982).

The Final Acute Vajue, which is an estimated LC 50, is multi-
plied by 0.5 to give the MATC which is an estimated LCO or nonie-
thal concentration. This value is intended to protect 95% of a
group of families with the same sensitivity as those tested, when
the cumulative deviation of excursions above the specified 30-day
average concentration is limited to 96 hours in any 30 consecutive
days. Inherent in the rationale for determining the MATC are the
following assumptions: (1) the range of species sensitivity from
laboratory tests is an unbiased estimator of the range of sensitivity
of species in natural communities; (2) the variability of species
within families is less than that between species across higher tax-
onomic groups; (3) the ranking of family sensitivities of laboratory
populations is not different from that of field populations; (4) lab-
oratory test data are not intrinsically biased, though never OCigin-
ally chosen to provide a random reflection of the species in the en-
vironment; (5) the maximum concentration is designed to protect
most of the species most of the time; (6) by protecting species
composition, community function is protected.

Derivation of the 30-day average component of a critecion in-
volves the interpretation of data bases on chronic toxicity to ani-
mals, toxicity to plants, bioaccumulation and other biologically sig-
nificant effects on ecologically or economically important resource
populations (Figure 2).

There are two methods for determining chronic toxicity to ani-
q\als. The first is to perform a regression analysis on eight fami-
lies of chronic tests. Usually, this option is not practical because
of the limited number of chronically testable saitwater species and
the prohibitive cost of such testing. The second method uses the
acute-chronic ratio concept. To determine an acute-chronic ratio
for a given species, a measure of acute toxicity, defined as a 96-h
LC50, is divided by a measure of chronic toxicity, defined as the
geometric mean of the highest no effect and lowest effect concen-
tration. Effect and no effect are defined as being statistically dif-
ferent or indistinguishable from appropriate controls. The guide-
lines recommend that acute-chronic ratios represent a minimum of
three families—one must be saltwater and must have a fish and an
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invertebrate--to be a satisfactory estimator of the relationship be-
tween acute and chronic effects. The geometric mean of these
acute-chronic ratios is divided into the Final Acute Value in order
to provide a chronic exposure concentration protective of untested
species. The assumptions inherent in this approach are that acute-
chronic ratios from laboratory tests are unbiased estimators of
those expected from natural populations. Further, for certain
compounds the acute-chronic ratio is similar across species and
consequentiy can be used to extrapolate to untested species. In
contrast, the acute-chronic ratio for some compounds decreases
with increasing species sensitivity, and this relationship has been
used to predict chronic sensitivities for untested species. Since the
range of acute toxicity is often two or more orders of magnitude it
is more important to have a good estimate of the range of species
acute sensitivities, to which the acute-chronic ratio can be applied
(Hansen, this volume) than to have a large number of acute-chronic
ratios.

The Final Residue Value (Figure 2) is utilized in developing cri-
teria to protect marketability by preventing commercially or rec-
reationally important aquatic organisms from containing amounts
of chemicals exceeding relevant FDA action levels (maximum per-
missible tissue concentrations) and 1o protect wildlife, including
tishes and birds that eat aquatic organisms. This concept is not
unique tn the current guidelines and, in fact, has been utilized in
limited cases in previous criterion documents. The quality assur-
ance and minimum data requirements are what is different. In ad-
dition, for lipophilic material the bioconcentration factor (BCF)
(the quotient of the concentration of a substance in all or part of
an aquatic organism divided by the concentration in water to which
the organism has been exposed) is normalized to 1% lipid. This ad-
justment seeks to make all the measured BCFs comparable regard-
less of the species or tissue for which the BCF was measured. The
final residue value is derived by dividing the maximum permissible
tissue concentration by an appropriate BCF and multiplying this by
the greatest percentage of lipid in a marketable species. The final
residue, adjusted for highest lipid, defines the pollutant concentra-
tion in the water that cannot be exceeded to protect marketability
or wildlife consumers of aquatic life.

The remaining categories of data that can contribute to esti-
mating the chronic 30-day average component of the criteria are
plant data and other data, including physiological, biochemical, and
behavioral data on ecologically or commercially important species
and data on impacts on community structure and function. Infor-
mation in these two categories is generally supportive of criteria
derived from chronic animai tests and residue values but has not
been the basis for criteria derivation.

The derivation of the 30-day average criterion is based upon
systematic comparison of data from all four categories of chronic
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tion of the lowest value. This value is deemed pro-
::sctt?vzn:fs::;caﬂc life from chronic effects, and when coupled with
the MATC to protect for acute effects, provides the S‘C.llentlflC in-
formation necessary for this specific management decision. Thus,
recommendations of chemically specific water quality criteria de-
rived by using the current guidelines are based upon (l) a defined
and consistent rationale for utilizing all available pertinent data,
(2) quality-assured data bases; (3} minimum data requirements for
all information categories; (4) analysis of data using staustical pro-
cedures. _

The guidelines procedure is utilized to predict the water con-
centration of a chemical that is suited to the maintenance of
aquatic life. Another way of viewing the guidelines then is as a
predictive method based on the synthesis and interpretation of tox-
icological data. Prediction is the key to the regulatory process
since EPA is mandated to make decisions on the registration and
disposal of chemicals prior to their use (TSCA Section 4, Premanu-
facture Notice/Pesticide Registration). After development of a
predictive rationale such as the guidelines, the next step is to
evaluate the accuracy of its predictions. This involves a field
applicability or verification study. Unfortunately, we do not have
a direct field verification study in marine waters for the current
guidelines. However, we do have a freshwater fieid case study,
Shayler Run, that tested the principles of the current guidelines
and provides insights into the limits of applicability of laboratory
studies for predicting responses in the field.

Shayier Run
The purpose of the Shayler Run study, 1967-1972 (Geckler et al.

1976), was to determine the usefulness of laboratory toxicity tests
in predicting water quality criteria for protection of freshwater
aquatic life. The study was designed so that the results from
standard laboratory and streamside acute and chronic toxicity tests
could be compared with the results of long-term stream exposure,
The field verification portion of this study lasted & years and 9
m9nthS. The exposure concentration in the stream was selected by
using acute toxicity data for 10 fish species and chronic toxicity
data for fathead minnows so that the most resistant fish species
would be protected from chronic effects and the most sensitive
would not be protected. Since this study predates the current
guidelines it is not intended as a direct verification of the latter.
It does, however, provide insight into the appropriateness of many
of the concepts.and assumptions in the current guidelines and is
useful therefore in assessing their validity.

The regulatory climate prevailing at the time of the study re-
fle_cted the 1965 Federal Water Pollution Control Act, which re-
quired water quality standards to protect designated uses. Uses
could be defined, for example, as maintenance of a salmonid, a
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warmwater sport or a roughfish fishery, maintenance for recrea-
tional uses or merely for navigation. Within this context, broader
ecological concepts such as community structure and function and
species diversity were not specifically studied. The objectives and
hypotheses implicit within the Shayler Run study are these: {1) the
conditions acceptable for the designated use also provide satisfac-
tory conditions for the support of ecosystem components (e.g., food
species); (2) the exposure-response refationships determined for in-
dividual species using laboratory effect measurements are not dif-
ferent from responses determined in the field for the same species;
(3) the relative sensitivity of the same species is not different in
lab tests and in the field; (4) indirect effects due to the toxicant on
other components of the field system are not significant in altering
the responses of the test species; (5) the laboratory-derived acute-
chronic ratio can be used to protect fishes in the field.

The experimental design for the Shayler Run studies consisted
of three components: (i) acute and chronic toxicity tests in stan-
dard laboratory water; {2) streamside acute and chronic tests with
stream species; and (3) field studies. Acute toxicity tests were
conducted to determine the effect of changes in the water quality
of Shayler Run on toxicity and the relative sensitivity of 10 fish
species common in the stream. Chronic toxicity studies were used
to define the copper concentrations affecting survival, growth and
reproduction in fathead minnows and to measure the ratio of acute
+0 chronic toxicity. This ratio was then applied to the acute tests
for the other 10 fish species in Shayler Run water, to predict safe
concentrations for untested species. These values were used 10 se-
lect the copper fieid exposure concentration of 120 ug L-!. Field
studies included eight biannual (spring and fall) samplings of fish
populations using electric seining techniques, daily coliections of
vertebrates and invertebrates from weir screens, and fish feeding
patterns from analysis of stomach contents. Reproduction and
growth rates were estimated from fry collection traps and weirs
and from direct spawning observations. Nonfish studies included
the examination of benthic macroinvertebrates and periphyton
communities.

The results of the field study indicated that, as predicted, the
most sensitive fish species in Shayler Run were adversely affected
by copper. However, with one exception, copper adversely affect-
ed almost every common species of fish that spawned in the expo-
sure and recovery areas by restricting spawning locations. Gener-
ally, spawning occurred within reaches of the exposure portion of
the stream where copper concentrations were 60-90 pg L™ (a gra-
dient of copper concentrations commonly existed in the 900-meter
exposure area). Four of the five most abundant macroinvertebrate
populations in the exposure area were eliminated by copper. Al-
though dietary shifts were observed in two of the fish species, indi-
rect effects on growth of the fish populations through effects on
the aquatic food chain could not be demonstrated.
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discussed this study because it is an indirect field verj-
ficafiznhzeseveral of the concepts and hypotheses implicit in the
current guidelines for developing water quality criteria. The con-
clusions that can be drawn from this study are totally consistent
with our original hypothesis. First, the dose-response relationships
and sensitivity ranking of resident fish species in laboratory tests
were within a factor of 2 of those determined in the field for the
same species. The greater sensitivity in the field was due to fieid-
observed avoidance of concentrations of copper between 90 and
120 pg L=}, a behavior not accounted for during standard toxicity
tests. Second, indirect ecological effects {e.g., dietary shifts) did
not alter the field responses. The fact that results of laboratory
toxicity tests, within the context of the experimental design, were
within a factor of 2 of the field observations Is both remarkable
and yet totally consistent with the expected variability in toxico-
logical tests conducted under the most rigid laboratory-controlled
conditions {(Hansen, this volume). Regarding the second hypothesis,
concentrations of copper determined to be protective of the organ-
isms of interest (e.g., bluegill and other sunfish) were not protec-
tive of many species of macroinvertebrate or other ecosystem
characteristics. Because the experimental design did not include
toxicity information on other ecosystem components (e.g., inverte-
brates, plants) their sensitivities were not accounted for and thus
the degree of protection afforded to these groups was not deter-
mined. This study also provides a first-order estimate of the confi-
dence of our laboratory predictions and identifies a series of issues
that would further enhance the credibility of laboratory data. Re-
cently, Hansen and Garton (1982) assessed the ability of a standard
set of freshwater, single species toxicity tests to predict accurate-
ly the effects of an insecticide on complex laboratory stream com-
munities. In this study, the single species tests adequately predict-
ed the concentrations of the insecticide diflubenzuron that affect-
ed the stream communities, but they were less successful in pre-
dicting the exact nature of the effects at the community level.
Those effects resulting from direct lethality to component species
were clearly predicted; indirect effects due to altered species in-
teractions could be predicted only with an a priori knowledge of
the system's trophic dynamics. What is important is that the strat-
egy of defining a wide range of species sensitivities from acute
tests and coupling them with acute-chronic ratios can be a highly
accurate predictive tool when properly applied. Within the context
of the needs of the regulatory process, we would offer that the
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HAZARD ASSESSMENT

The Toxic Substances Control Act (TSCA), enacted in 1976,
provides that no person may manufacture a new chemical sub-
stance or manufacture or process a chemical substance for a new
use without obtaining clearance from the EPA. TSCA represents
an attempt to establish a mechanism whereby the hazard to human
health and the environment of a chemical substance is assessed be-
fore it is introduced into the environment (Cairns et al. 1978). The
enactment of TSCA provided the stimulus for both government and
industry to develop testing and decision-making procedures that
represent a systematic and comprehensive approach to the problem
of predicting chemical hazard to the environment. The initial
premise of aquatic hazard evaluation procedures is that toxicologi-
cal data are interpreted in relation to the expected or measured
exposure concentration of the material in the aquatic environment
(Kimerle et al. 1978). This leads to a description of the relation-
ship between the generic types of information that form the basis
for a hazard assessment. It is important to point out at this time
that the Water Quality Criteria and the Hazard Assessment Strate-
gies both utilize laboratory data on aquatic toxicity. Hazard as-
sessment, however, requires additional laboratory information to
predict chemical concentrations in the environment. This require-
ment is one of the principal differences between the two approach-
es and determines how they are applied in the regulatory process.
The other difference relates to the amount of information required
to make a decision. The criteria rationale requires very compre-
hensive minimum data requirements to derive a prediction because
these chemicals have been identified as hazardous. Hazard assess-
ment does not require as structured a data set; instead the testing
is designed to be sequential. Moving between each level or hier-
archy of testing is controlled by specific criteria. Decisions can be
made at each level on the basis of varying amounts and complexi-
ties of information. The details of hazard assessment are available
in an excellent review by Cairns et al. (1978). For the purposes of
this paper we will focus on the types of bioiogical test data used in
hazard assessment and illustrate how this is coupled with predicted
or measured exposure to determine potential hazard. Two case
studies representing major environmental probiems will be retro-
spectively analyzed to illustrate the applicability of this approach
as a meaningful measure and predictor of marine pollution.

CASE HISTORIES
Few case histories exist that describe (1) the release of a chem-

ical contaminant from a point source into an estuarine environ-
ment; (2) the subsequent monitoring of the poilutant; and (3) the
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correlation of the field data with a substantial toxicity data base
Two such case histories concern the presence of polychjormated p,_
phenyl (PCB) Aroclor 1254 in Pensacola Bay, Florida, and the in-
secticide Kepone in the James River, Yirginia, estuary.

Aroclor 1254 .
In the case of Aroclor 1254, an industrial plant released a quan-

tity of the chemical into the Escambia River (Duke et al. 1970).
Residues of Aroclor 1254 contaminated the biota and sediment of
the bay system. Because they are toxic, persistent and biocaccumu-
fative, and because they are present in some aquatic habitats
worldwide, Aroclors were added to the U.S. Environmental Protec-
tion Agency's (EPA) Consent Decree Chemical list (U.S. EPA
1980a) and provided the data for generating a water quality criteri-
on for PCBs (U.S. EPA 1980b).

Figure 3 illustrates much of the available marine toxicity data
base on PCBs. Data for the acute toxicity screening tests encom-
pass the Aroclors 1016, 1248, 1254 and 1260. The acute toxicity
data base should be interpreted with caution, however, because the
solubility of PCBs is frequently exceeded in these tests. Of the six
data points, only one {36-h EC50 as shell deposition in the eastern
oyster, Crassostrea virginica, 14 wg L™') was for Aroclor 1254
{personal communication, JI. Lowe, U.S. FPA, Environmental Re-
search Laboratory, Gulf Breeze, Florida). Oyster shell deposition
studies with other PCBs provided EC50 values that were within a
factor of 6 of the Aroclor 1254 value (10.2 ug L™ ', Hansen et al.
1974, 10 60 ug L™ ', personal communication, J.I. Lowe). The 96-h
LC50 values for brown shrimp, Penaeus aztecus, and grass shrimp,
Palaemonetes pugio, exposed to Aroclor 1016 were also within the
range observed with the oysters (10.5 and 12.5 ug L}, respective-
ly, Hansen et al. 1974).

Several long-term exposures of juvenile or adult marine animals
to PCBs were conducted. Hansen et al. (1971) exposed juvenile
spot, Leiostomus xanthurus, and pinfish, Lagodon rhomboides, to 5
ug L™ of the PCB for 14 to 45 days. They reported significant in-
cidence of hemorrhagic lesions and death in both species. Nimmo
et al. (1971) exposed pink shrimp, Penaeus duorarum, to Aroclor
1254 for 15 daYS; they reported 519% mortality in animals exposed
to 0.9 ug L™° of the chemical. A second study by Nimmo and
Bahner (1976) reported a comparable value (1.0 ug L~ ') as the 15-
day LC50 of pink shrimp.

_ Only two early life stage toxicity tests were conducted on ma-
rine aéumals ;;ith Aroclor 1254; both invoived the sheepshead min-
now, Inodon variegatus. Schimmel et al. (1974) reported a 21-
day Lthlrﬁsf‘_for embryos and larvae )of g species;
MATC was 0.098 ug L™'. Hansen et al. (1973) exposed adult
sheepshead minnows to Aroclor 1254 for & weeks, injected the fe-
males for egg production, and held the subsequent embryos and lar-




iOOr ®

PCB-AROCLGR “- 1254

ACUTE TOXICITY

LY
]

COMMUNITY STUDY
4 (120 DAYS)

CONCENTRATION - wg /|

CHRCNIC TOXICITY

MPTC

ISOPLETH -~
orb ~ . —_—
sy e =
”gg/gsas_un‘en c_oqcs/ummons/; e % %////7/’//
D
Q.0 F
L [
0 5 0 15 20 25 30 35 40 45 50  s5
TIME — DAYS

Figure 3. Laboratory-derived toxicity (closed data points) and bio-
concentration (open triangles) of the polychlorinated biphenyl
Aroclor 1254, compared with measured water concentrations of the
chemical in Escambia Bay, Florida. MPTC is the maximum permis-
sible tissue concentration (5 mg kg ~!) allowed in fish and shellfish.
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or an additional ¢ weeks. They reported
life stage was significantly reduced when
a measured PCB concentration of 0.14

; were observed in progeny from
adults exposed to 0.09 ug L": In this instance mortalities we_rle
caused by PCB within the eggs in amounts greater than 7 mg kg .
This body burden-related effect is seidom observed and would have
been overlooked in this test had not the animals been placed in
clean seawater, _

The last data point on Figure 3 refers to a settling community
study by Hansen (1974). In that study, unfiltered seawater received
three concentrations of Aroclor 1254 and flowed over clean sand in
several aquaria. Planktonic larval stages of estuarine arimals in
the seawater settled and grew in the aquaria for a 4-month per-
od. Significant differences in community composition were
observed in aquaria receiving PCB concentrations > 0.6 yg L™t

As illustrated in Figure 3, the increasing complexity of testing,
the longer periods of exposure, and the testing of the more sensi-
tive portions of the life cycle provide lower effect concentrations.
it is evident that the acute toxicity tests would not predict the ad-
verse chronic effects such as those observed in fish early life stage
toxicity tests. Indeed, the acute toxicity of Aroctor 1254 is more
than two orders of magnitude greater than its chronic toxicCity
(Figure 3). The similarity of the concentrations of PCBs measured
in Escambia Bay, Florida (<0.05 to 0.07 yg L™!; Schimmel et al.
1974 and Nimmo et al. 1971) to those producing adverse chronic ef-
fects in the laboratory (0.098 g L™}; Schimmel et al. 1974) was
close enough to cause concern.

For those chemicals that have been assigned an FDA action
limit, one can also establish an isopleth based on the maximum per-
missible tissue concentration (MPTC) (U.S. EPA 1980a). An MPTC
isopleth for Aroclor 1254 (5.0 mg kg *) is illustrated in Figure 3.
The amount of any chemical taken up from water into tissues of
aquatic animals is dependent upon factors such as the chemical's
concentration in water, its octanol/water partition coefficient, the
duration of exposure, gill ventilation rates of the exposed animal,
etc. Bioconcentration studies with Aroclor 1254 using various es-
tuarine species, exposure concentrations, and durations of expo-
sure indicate that the FDA action level can be exceeded in spot ex-
posed to 1.0 ;g L™! of the PCB in 7 days (Hansen et al. 1971). The
longer- the exposure, the more PCBs are accumulated until steady
st_alte is reached. Female sheepshead minnows exposed to 0.09 g
]61 for eztsalda{;? mulated PC(B:s to one-half the action level

ansen . e oysters, C. virgini exposed for 56 days
t0_0‘-005 ug L™! {measured concentratimi accumulated to 1.65 nzg
kg o& 33% of the action level (Parrish et al. 1974). In another
itzu;y owe et al. 1972), oysters exposed to 10 yg L' Aroclor
for 24 weeks concentrated the chemical in their tissues

vae in PCB-free water {
that survival of the early

adult fish were exposed in
g L™} no significant effects
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101,000 X the exposure concentration (20 X the action levei). It is
obvious from the MPTC isopleth that exposure concentrations
measured in Escambia Bay, Florida, could result in residues ap-
proaching or exceeding the action level, and in fact they did
(Nimmo et al. 1971).

Kepone

Release of the chlorinated insecticide Kepone (chlordecone) in-
to the James River, Virginia, in the 1960s and 70s, and the subse-
quent contamination of estuarine water, sediment and biota are
well documented (Onishi and Ecker 1978; Bender et al. 1977;
Huggett et al. 1980). Kepone concentrations in James River oys-
ters varied by season, averaging 0.16 mg kg™! at eight locations;
amounts in finfish averaged from 2.7 mg kg~! for white perch, a
long-term resident, to 0.81 mg kg™! for spot, a short-term resident
(Bender et al. 1977). Kepone concentrations in sediment varied
considerably but were related to the proximity from the source of
the release (Hopewell, Virginia), and correlated with sediment or-
ganic content (Nichols and Trotman 1979). Dissolved Kepone in
water samples collected from the estuarine portion of the James
River averaged 0.01 pgL™! (Onishi and Ecker 1978).

A substantial laboratory data base exists on the acute toxicity
of Kepone to estuarine animals (Figure 4). The 96-h LC50 for My-
sidopsis bahia was 10.1 g L™! (Nimmo et al. 1977), and that for
the blue crab Callinectes sapidus was >210 ug L™ (Schimmel and
Wilson 1977). “Estuarine finfish 96-h LC50 values for six species
ranged from 6.6 ug L™* for the spot t0 69.5 ug L™} for sheepshead
minnows (Butler 1963; Schimmel and Wilson 1977; Roberts and
Bendl 1982).

Three studies were conducted involving the sensitive life stages
of estuarine animals (Nimmo et al. 1977; Hansen et al. 1977;
Goodman et al. 1982). Nimmo et al. {1977) conducted a full life
Cycle toxicity test with M. bahia and reported that the MATC
(based on reproductive impairment) was less than 0.39 ug L™}, the
lowest concentration tested. In a separate test, juvenile M. bahia
were exposed to five concentrations of Kepone for 14 days. They
reported that growth was affected at 0.075 ug L™ but not at 0.026
ug L™*, giving an MATC of 0.043 (Figure 4). Hansen et al. {1977)
conducted toxicity tests using various life stages of the sheepshead
minnow. Results of their studies indicated that the 28-day LC50
for adult fish was 1.3 ug | However, growth of juvenile prog-
eny in that study was significantly reduced by exposure to 0.08 ug
L™ Kepone, the lowest concentration tested. Therefore, the cal-
culated MATC would be less than 0.08 ug L ? (Figure 4). Goodman
et al. (1982) conducted an entire life cycle toxicity test with
sheepshead minnow. The most sensitiv? end point in the study was
growth of the progeny at 0.12 g L™ Kepone. The calculated
MATC was 0.094 (geometric mean of 0.074 and 0.12 ugL™").
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Figure 5. Laboratory-derived toxicity (closed data points) and bio-
concentration (open triangles) of the insecticide Kepone, compared
with measured water concentrations of the chemical in the James
River Estuary, Virginia. MPTC is the maximum permissible tissue
concentration (0.3 mg kg "3} aliowed in fish and sheiifish.
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As with the data shown with PCBs, it is evident that by increas-
ing the duration of exposure to Kepone, by using more sensitive life
stages and more discriminatory end points, the chronic toxicity is
revealed. In doing so, we can better define the ultimate risks to
estuarine species. In the case of Kepone, we see that growth for
both mysid shrimp and sheepshead minnows was affected at Kepone
concentrations between 0.04 and 0.08 kg L™}; the best estimate of
Kepone concentrations in the James River is 0.01 Hg L™!. The
small difference between the two values suggests a relatively high
probability of adverse biological effects associated with Kepone in
the James River.

As tor PCBs, the U.S. Food and Drug Administration (FDA) has
assigned an action level (MPTC) for Kepone in fish and shellfish
(0.3 mg kg"l). Laboratory studies and chemical analysis of aquatic
life in the James River prove the significant bioaccumulative prop-
erties of Kepone. In laboratory studies, sheepshead minnows sur-
viving 96-h exposures bioconcentrated Kepone as much as 1548
times the concentration measured in the exposure water (Schimmel
et al. 1977). Given an MPTC of 0.3 mg kg~*, the maximum acute
exposure of Kepone allowed to this fish would be 0.00019% mg L™
or 0.194 g L™ (0.3 # 1548). Results of longer term bioconcentra-
tion studies at or near steady state indicate higher bioconcentra-
tion factors (BCF). Bahner et al. (1977) exposed C. virginica to
Kepone and reported BCF values of approximately 9300 X in 19
days, while the crustaceans M. bahia and P. pugio, bioconcentrated
13,473 and 11,425 in 21 and 28 days, respectively. The BCF of Ke-
pone in fish at steady state was lower than that shown by inverte-
brate species (7100 X for C. variegatus after a 30-day exposure;
Bahner et al. 1977). Using the highest BCF generated, (13,473 X
for mysids) and the 0.3 mg kg™ action level, we calculate that a
maximum, steady state exposure of 0.02 H g L7 could produce
tissue concentrations exceeding the MPTC. This water concentra-
tion is only a factor of 2 greater than that measured in the James
River (Onishi and Ecker 1978), and certain species contained Ke-
pone concentrations in excess of the MPTC.

DISCUSSION

Implicit in hazard assessment are several concepts: (1) there is
a coupling of the biological effects observed and the environmental
exposure expected; (2) the procedure is predictive in its intent, not
post facto monitoring; and (3) the monitoring aspect is a feedback
procedure to verify or compare the results with the prediction.

The two estuarine case histories are obviously post facto obser-
vations of environmental contamination. The purpose of their de-
scription here is to illustrate that within the context of a thorough
hazard assessment and strict adherence to the recommendations
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- neither episode would probably have
denvrerde;rOE tfi:tcfseses:im lf(';tE;s, several pproperties of the chemical
O have provided clues to its ultimate hazard. First, the higher
ohiorinated PCBs, including Aroclor 1254, have very high
octanol/water partition coefficients and as such would be expected
to concentrate in biological tissues _(8-8-,_ lipids). This singie test
{octanol/water partition determination) is a valuable fxrst ievel
test in identifying chemical hazard through bicaccumulation poten-
tial. Second, simple hydrolysis and photolysis studies would indi-
cate negligible degradation through those pathways. Results of
Aroclor 1254 laboratory bioconcentration studies Indicated a
steady state BCF of more than 100,000 X (Lowe et al. 1972), When
combined with the FDA action limit of 5.0 mg kg™ !, the maximum
allowable PCBs in seawater should not exceed 0.05 ugL™'. Re-
suits of field-derived BCFs indicate that the field BCF is greater
than 670,000 X for spotted seatrout, Cynoscion nebulosus (Nimmo
et al. 1971). This difference between the laboratory and field-
derived values may be due to inaccurate estimates of PCBs in Es-
cambia Bay waters or possibly an underestimation of the impor-
tance of aquatic food chains in the accumulation of PCBs. The in-
ability to differentiate those chemicals that bioconcentrate from
those that bioconcentrate and accumulate substantially within food
chains (or the lack of appreciation of some chemical to do so) may
be the weakest aspect of hazard assessment, and deserve more
thorough evaluations.

On the effects side of hazard assessment, PCBs have moderate-
ly high acute toxicity ranging between (0 and 100 ug L™'. More
important are the effects on biota in tests of longer duration, spe-
cifically, the effects on energetics, growth and reproduction. We
can see from Figure 3 that the lowest value producing adverse bio-
logical effects (0.098 ug Lt-'ina C. variegatus early life stage
test; Schimmel et al. 1979) was close to the range of environmental
water concentrations in Escambia Bay, and that there probably ex-
isted no margin of safety. Indeed, on the basis of their known in-
sensitivity to other poliutants it would be naive to assume that the
she-epshead minnow would be the most sensitive of all the species
resident in the bay. Had PCBs been subjected to the rigors of a
hazard assessment process, responsibie decision-makers would have
concluded that PCBs should not be allowed to approach environ-
mental concentrations that would be expected to produce tissue
concentrations exceeding the MATC (0.05 ug L.-}) or adversely ai-
fecting fishes (0.098 ug L™'). The amount of safety margin (risk)
they would apply to PCBs before manufacture would depend upon
theseda‘tqandm-emytiadoisocialandecmicismrelaﬁngm
the mc chemical hﬁh evaluation, and the resources at risk.

epone case history contains many of the same clues that
:ti:;uld allow the hazard assessment process to identify the poten-
threats of this insecticide to estuarine systems, and in fact
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that is why this chemical was not registered for use in this
country. Careful exposure assessment through laboratory studies
would identify several characteristics of Kepone including (1)
Kepone's extreme refractory nature (Bourquin et al. 1978; Garnas
et al. 1977) (2) its strong affinity for sediments, particularly the
organic constituents (Nichols and Trotman 1978; Huggett and
Bender 1980; Garnas et al. 1978); (3) low volatility (Dawson et al.
1978); and (4) high bicaccumulative capacity as determined by the
log of the octanoi/water partition coefficient, 5.7 (personal
communication, R.L. Garnas, U.S. EPA National Enforcement
Investigations Center, Denver, Colorado) and laboratory BCF
studies (Bahner et al. 1977; Schimmel and Wilson 1977; Hansen et
al. 1977). Resuits of these data predict that Kepone's release into
an estuarine system would contaminate water, sediment and biota
of all trophic levels. Degradation of the material would be
negligible as would loss due to volatilization. Therefore, loss of
the chemical from the aquatic system could be extremely slow,
possibly taking decades.

Like the exposure assessment, the effects assessment scheme
should predict the hazard of Kepone in estuarine environments.
Kepone was toxic to a wide variety of organisms including plants,
crustaceans, molluscs, and finfish (Walsh 1977; Schimmel and
Wilson 1977; Butler 1963; Hansen et al. 1977; Nimmo et al. 1977;
Roberts and Bendl 1980). The ratio of the acute effect concentra.
tions to the chronic effect concentrations ranged from 235 X
(Nimmo et al. 1977) to greater than 862 X (Hansen et al. 1977).
The necessity for conducting chronic tests in hazard assessment
using environmental fate triggers is obvious.

One unexpected result of the exposure assessment procedure
was the accumulation of Kepone in James River bjue crabs. Schim-
mel and Wilson (1977) exposed blue crabs to Kepone in acute tests
and reported that the BCF in that period was approximately 8 com-
pared with a high of 1,548 for sheepshead minnows. However, male
blue crabs collected from the James River contained an average of
0.81 mg kg™"; females contained an average of 0.19 mg kg ~
(Bender et al. 1977). One hypothesis for explaining the difference
between low laboratory residues and significant Kepone residues in
field-collected blue crabs was that the crab's food may be a major
source of Kepone. Schimmel et al. (1979) tested this hypothesis
and reported that indeed food (oysters) was the major contributing
factor for Kepone residuesl. In addition, crabs that accumulated
approximately 0.07 mg kg~  Kepone suffered significant mortality
and molted less frequently than those fed Kepone-free oysters.
Others attempted to reproduce these effects, but were unsuccess-
ful, and their studies were not reported in the peer-reviewed liter-
ature. The adverse effects due to body burden and the contribution
of food to that body burden were not expected and most likely
would be overlooked in the hazard assessment protocol.
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It is clear in the case histories illustrated here ‘that the hazard
assessment scheme identifies many of the properties that are po-
tentially deleterious to the aquatic environment. One hazard that
was not identified in either case history Is tl_wat related to probabl_e
importance of food chain transfer and resulting body burdens. [t is
likely that only a few chemicals {like PCBs and Kepone) would pro-
duce such a hazard. However, we must learn from post { acto expo-
sures such as those illustrated here and should dgvelop definitive
predictive tests, or adapt existing tests to identify hazards that

may not be predicted.
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INTRODUCTION

Regulations based on toxicity tests and other estimates of haz-
ard should be scientifically justifiable- Determining scientific va-
lidity should include validation or verification of these predictions
either in "the real world" or in a demonstrably suitable surrogate of
the real world. Such predictions rarely have been verified, presum-
ably because discharges or uses of chemicals based on these predic-
tions were not known to have adverse environmental consequences.
However, in absence of an organized study of the environment re-
ceiving the chemicals, the so-called verification is really based on
an absence of evidence (that is, no fish kills were seen, etc.) rather
than on a body of evidence gathered to test the hypothesis that a
particular concentration of a chemical would not prove harmiful.
Several important questions that should be answered follow.

1. Are single species laboratory tests accurate predictors of

the response of the particular species in natural systems?

Z. Can single species tests be used to predict responses at
other levels of biological organization, such as populations,
communities, and ecosystems?

3. To what degree is environmental realism, including vari-
ability and complexity, important in establishing accurate
estimates of environmental hazard?

4. Can complex systems be used for toxicity tests in such a

way that replication is possible?
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5. To what degree can one extrapolate results from one com-

munity or complex ecosystem 1o another?

6. How much information redundancy exists at levels of bjo-

logical organization above single species? ‘
Few substantive data exist that bear on these extremely important
questions, and this paper could not poss:ply address ail of them_ in
detail. This paper describes a series of _neld and laboratory studijes
designed to validate predictions of environmental response begin-
ning with the single species level and progressing to higher jevels
of biological organization.

Renewed interest has surfaced recently in the well-recognized,
but regularly ignored, distinction between statistical significance
and biological significance of toxicity testing or hazard evaluation
results {e.g., Stephan 1982). Of course, both are essential to the
process of hazard evaluation. Statistical significance must be de-
termined if the soundness of the science is to be explicitly stated,
and biological significance must be determined in order to evaluate
suitability of information generated for a specifiC purpose. Infor-
mation content and quality are dependent not only on method of
data acquisition and analysis, but also on how effectively informa-
tion is used in decision making and, of course, how suitable it is for
the intended purpose.

Biological assessment (including toxicity testing) of potentiaily
harmful chemicals is for determining conditions of exposure that
are biologically harmful. However, determination of harm to the
biota includes alteration of biological processes, inciuding, but not
limited to, mortality, reproductive success, growth, behavior, com-
petitive interactions, predator-prey relationships, energy cycling,
nutrient transfer, alteration in autotrophic/heterotrophic ratios,
diversity and species richness, rate of colonization and succession
and a variety of other characteristics for different levels of biolog-
ical organization from subcell to ecosystem. Biological assess-
ments are rarely explicitly stated in these terms, but the general
public almost certainly has the impression that they are designed
to protect living organisms at all levels of biological organization
such that both normal structure and function are maintained. This
Paper examines that general impression with site-specific evi-
dence. Ours is by no means a new viewpoint (e.g., see Wilson et al.
1974; Doudorotf 1976; Cowell 1978; Heath 1980). Doudoroff (1976)
stated the problem:

sed plckl_e jar by any other name, or having any other shape
Or purpose intended by its manufacturer, and with or without
crmsc.ar]t-ﬂow renewal of its contents, is still essentially a
plc!cle Jar- When narrowly confined within jts walis, the fish is
mhkf:ly.to entertain the illusion that this new, in vitro or
Plastic-lined environment of his is the real worid, and to behave
accordingly....
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Few...investigators have demonstrated much awareness of,
or interest in, the essentjal differences between the experi-
mental conditions created by them in the laboratory and the na-
tural conditions of existence of their test subjects....They may
never have even wondered whether or not there is any correla-
tion between the intensity of a measured response of their test
organisms to sublethal levels of different toxicants and the
ability of these different toxicants to interfere with the survi-
val, growth, and reproduction of the organisms in their natural
environments.*

Reflection on present capabilities for evaluating hazard of
chemicals to aquatic life brings to mind the story about an inebri-
ated gentleman frantically searching around the base of a street
light. "What are you doing?" asked a policeman. "Searching for a
key I lost up the street in the dark," was the reply. "Why are you
searching here?" asked the policeman. "Because the light is bet-
ter," responded the inebriated gentleman. Is the situation in haz-
ard evaluation much different? Pickle jar ecology is almost cer-
tainly used even with a full awareness that Doudoroff was right!
Pickle jar tests with single species do shed some light on the prob-
lem, but the key to scientifically sound hazard evaluations probably
lies, at least partly, up the street in the dark area of complex sys-
tem response to stress. No guilt should be associated with use of
single species toxicity tests, not because of their extensive use, but
because single species testing was a rational way to begin when
biological tests were poorly accepted in pollution assessment.
Concern should be apparent, however, because few attempts have
been made to validate or verify in any scientifically justifiable way
the predictions of harm and safety made, presumably for the real
world, from single species test data. Perhaps going beyond single
species testing is not needed, but the decision should be based on
scientifically sound evidence.

The single species toxicity test has also provided a degree of
protection far beyond that existing before these tests were fre-
quently used. However, even scientists most knowledgeable about
single species toxicity tests (e.g., Mount 1979) acknowledge that
more complex multispecies systems may respond differently than
single species. The present situation in estimating the hazard of
chemical and other anthropogenic stresses Upon aquatic ecosystems
is clearly in a state of marked transition because of two factors.

*The Doudoroff quotations appear in Biological Monitoring of
Water and Effluent Quality and are reproduced through the kind
permission of Robert Meltzer, Americar, Society for Testing and
Materials, Philadelphia, Pa.
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First, technology based standards (Best Available Technology rBzﬂn')
and Best Practical Technology (BPT)) still appeacr to be scientifi-
cally unjustifiable (Cairns 1982; Loehr 1981). Second, no compel-
ling evidence exists that natural systems are or are not protected
by these standards. On a case-by-case basis, protection depends on
size of the receiving system, type of material being treated, and a
number of other factors. Unquestionably, both BAT and BPT af.
ford some measure of protection to the environment, but, in the
absence of biological information regarding their impact, precision
in estimating hazard is not possible. Mount (1979) identified the
difficulties of going beyond present methods quite Clearly: (1) taij-
ure of the public to grasp complex issues of ecosystem siress and
response, and (2) difficulty in separating normal community vari-
ability from stress responses. Odum et aj. (1979) discuss the prob-
lem of ecological enhancement caused by waste discharges that
may be ecological subsidies, which simultaneously might impair
other desirable ecological qualities. Elsewhere, Odum (1981} calls
attention to the reemergence of noniaboratory science just des-
cribed.

Predictions of hazard required by Toxic Substances Controt Act
(TSCA) cannot be made with any degree of precision. \any indus-
trial managers are conducting single species tests required by law,
but the qQuestion is whether tests conducted at lower levels of bio-
logical organization are sufficient for a scientifically defensible
hazard evaluation. Many managers are not convinced that the risks
involved by not regularly generating information at levels of organ-
ization above single species are sufficient to justify the additional
expense of providing this information. Wrenn and Forsythe (1978)
demonstrated that laboratory data overestimated thermal effects
in experimental ecosystems that presumably are more environ-
mentally realistic than laboratory tests. Geckler et al. (1976)
showed that copper produced an effect in a natural stream at a
concentration approximately 30% of that predicted to have no ef-
fect, on the basis of laboratory data. However, the effect detect-
ed in the field was behavioral avoidance that unfortunately had not
been measured in laboratory tests.

. A large number of professionals who depend almost entirely on
single species toxicity tests for hazard evaluation agree that a
more ecological approach is preferred but feel it is limited by our
Primitive understanding of ecosystem function and the processes
that control community structure. We agree that our general un-
derstaqdmg of these factors is not adequate for immediate large
scalf: implementation of multispecies and system-levei toxicity
testing. However, the parallels to single species toxicity testing in
the mid-1940s are striking. When Hart et al. (1945) proposed one
of the ﬁrst. standard methods for acute toxicity testing of fish, our
ms;andmg of such tests was equally primitive. Progress in the

years Is partly a consequence of calling attention to the
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need for such tests, which was then not widely recognized or ac-
cepted. Even today our ability to predict the response of one spe-
cies from the response of another is severely limited, and our un-
derstanding of the mechanisms that produce the toxic response is
nearly as primitive as our understanding of ecological processes.
This paper does not resolve the problem but merely calis attention
to it and offers some suggestions for exploratory approaches that
show some promise. It is important to emphasize that we do not
believe that present understanding of ecological systems permits
routine use of complex tests. There is no question that this ap-
proach is still in the developmental stage, but the rate of develop-
ment will be minuscule if more emphasis is not placed on the need
for such tests.

The cost of multispecies, community and ecosystem level test-
ing should not inhijbit acquisition of the type of data needed to de-
termine the hazard of chemicals to ecosystems. When the kind of
evidence needed to make a scientifically sound decision is Known,
then a cost/benefit analysis can be carried out. It is worth remem-
bering, however, that not al} tests at levels of biological organiza-
tion higher than the single species are expensjve. Some studies in-
Cluded in this paper demonstrate that they are not expensive. Pro-
fessional ecologists, unfortunately, have not firmly established a
single standard method based on multispecies, communijty or eco-
system analyses. Until ecologists agree on parameters to be meas-
ured and methods for measuring, the amount of testing needed to
determine the relationship between single species testing and test-
ing at higher levels of biological organization will not be adequate.
Since a single paper cannot address all problems and possible solu-
tions in detail, this paper describes some field and laboratory
studies designed to validate predictions of environmental response
starting with the single species level and progressing to higher
levels of biological organization (i.e., community and ecosystems).

CASE STUDIES

Many types of toxicological studies have been conducted and
can be divided basicaliy into single species tests, multiple species
tests, and natural community tests. Multiple species tests can be
subdivided further into (a) tests conducted independently on an ar-
ray of single specijes (e.g., hazard evajuation protocol), (b) an arti-
ticial collection of species presumed to interact with each other in
a meaningtul way or (c) a community acquired from a natural sys-
tem. The remainder of this paper addresses selected research
within these areas.
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ﬁtsl; mi” studies are of limited value in predicting eCosys-
tem effects of toxicants (Baker 1976; Buikema et al. 198Z; Cairng
1980, 1981; Wilson et al. 1974). Properly conducted single species
tests may be useful in understanding short-tgrm responses of popuy-
Jations exposed to toxic stress {e.g., mortality) but rarely are they
useful in predicting effects due 1o long-term exposure le.g., im-
pairment of growth or reproduc_uoq). Acute toxicity tests may be
most useful in ecological investigations after an episodic spili. Be-
fore toxicity tests can be used to assess ecological effects, four
critical properties of toxicity tests must be addres;ed (Baker and
Crapp 1974); (1} each test must be designed for making predictions
about a particular kind of community or habitat, and shouijd be
based upon field studies in that community or habitat; (2) the test
must be capable of predicting mortalities among the key species of
the community; (3) the effects upon mortalities of such factors as
seasonal and behavioral variations must be appreciated; (4) the
ecological consequences of these mortalities must be understood.
In this way, single species tests can be used post facto to under-
stand in a general way the observed responses of field popuiations
to perturbation (Baker and Crapp 1976; Wilson et al. 1974).
Behavioral studies in the laboratory can be used to predict field
effects (e.g., Cairns et al. 1981; Cherry and Cairns 1982), and such
studies have been useful in obtaining temperature variances from
Section 316 of Public Law 92.500 and in the analysis of mixing
Zones and safe passage of aquatic organisms {e.g., Cherry et al.
1975, 1977, 1979; Cairns et al. 1981). The Gien Lyn power plant is
a fossil-fueled plant located in southwestern Virginia and was se-
lected as a study site for comparing laboratory and field data on
preference-avoidance responses to temperature and chiorine
(Cairns et al. 1981). Research included laboratory thermal prefer-
ence studies using a temperature gradient, and temperature and
chlorine avoidance studies using a two-chambered device, in which
two streams of water at different temperatures enter at opposite
ends of the chamber and exit at a center drain (Cherry et ai. 1975).
:lleld stu:l;es in;:ll::;dfsampling of fish within and outside a thermal
ume and sampling of fish within a thermal plume in the presence
and _?bsence of chiorine. P al
. remperature preference and avoidance data for four species of
fish (Cam toma anomalum (stonerolier), Ictaturus punctatus
(channel  catfish}, Notropis rubellus (rosyface shiner), and Pime-
phales notatus (fathead minnow)) were studied. Differences be-
twemjgreferred temperatures in the field and laboratory were less
?Ai(l:n. Fg;fg thel.: dml'%otﬁsh, the difference was less than
ed i the acclimated to 0°C, the highest temperatures avoid-
¢t te‘a"“a::v ranged from 33°C to 35°C. In the fieid, the
mperatures at which the fish were co ed ed from
34.4°C to 35°C. Close similarities observed in mam and field
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studies indicate that fish can select optimal temperatures and
avoid potentially letha] or damaging high temperatures. More im-~
portant, these laboratory studies accurately predicted what wouid
happen under natural conditions.

Data for avoidance to chiorine were obtained in the laboratory
and field for two species of fish. Between 24°C and 30°C, field
populations of the spotfin shiner (Notropis siplopterus) and white-
tail shiner (N. galacturus) avoided a total residual chlorine concen-
tration (TRC) of 0.18 mg L™}. In the laboratory, they avoided a
TRC of 0.11 to 0.22 mg L7'. The total fish community overall
avoided TRCs »0.15 mg L™!. When these data were compared with
individual data for 12 species studied in the laboratory, the TRC
that was avoided by most laboratory populations was within the
95% confidence limits for summer populations of fish in the river
system.

The correlation between single species Jaboratory and field data
was quite good, indicating that if laboratory and field studies are
properly carried out laboratory studies can be useful in predicting
responses of single species in the field. Note that these data were
measurements of behavioral responses, and no attempt was made
to predict letha!l or sublethal effects. The proxXimity of the labora-
tory to the field site that permitted use of natural river water di-
rectly from the river and reduced transport time for fish used in
the laboratory was probably a major factor in producing a good
correlation.

Microcosm Studies

Many types of microcosms have been proposed and used in at-
tempts to measure and predict effects of contaminants to ecosys-
tems. Basically, the two types of microcosms are model food
chains and model ecosystems. Model food chains are simpler and
easy to analyze in terms of population dynamics, competition,
predator-prey interactions, trophic dynamics and so forth, but they
are not ecologically realistic (Giddings 1980). Mode! ecosystems
have been used to study such concCepts as diversity, stabijlity, nutrj-
ent cycling and energy flow under controlled conditions. Micro-
cosm, especially model ecosystem, studies have used artificial and
simplistic assemblages of presumably interactive populations (e.g.,
Metcalf et al. 1971), complex associates that are partially defined
(e-g-, Marshall and Mellinger 1980; Harte et al. 1980) and gnotobi-
otic microcosms (e.g., Taub and Crow 1978, 1980). In addition, mi-
Crocosms have been allowed to reach their own equilibrium (e-g.,
Taub and Crow 1978), or species have been periodically introduced
to simulate natural replacement of species (e.g.» Taub and Crow
1978, 1980). Despite attempts to simulate natural systems so that
effects of perturbation can be examined, microcosm studies have
had many problems (e.g., Giesy 1980; Cooke 1977; Cairns 1981).
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Meltinger (1980) used small volume (8 and 25 1) jn
muM::‘r;':’?:r ::dof natufai freshwater plankton communities to de-
termine effects of metal stress on community composition. The
data were also compared with those for large in situ enclosures (1.5
« 105L) in another lake of similar physical and chemical features.
In the first experiments, smali volume carboys were {ilied with am-
bjent water containing patural populations of 9iankton inoculated
with different concentrations of cadmium and incubated for vary-
ing lengths of time. The effect of cadmium addition was evaluated
by comparing zooplankton abundance, community composition af-
ter three weeks as measured by two similarity indices, and changes
in dissolved oxygen concentration. Zooplankton abundance was not
significantly affected by cadmium concentrations below 1.6 gL,
but reductions in dissolved oxygen and similarity indices among
zooplankton communities occurred at concentrations > 6.2 §,gL™}
cadmium. From these studies, the authors predicted the concen-
tration of cadmium that would affect community composition in
large volume enclosures. After three weeks of exposure, effects of
cadmium on the percent similarity index in the large volume enclo-
sures were within the 95% confidence limits predicted {rom the
small volume enclosures. Whether this type of study can be used to
predict an ecosystem effect remains to be seen because only water
column effects were studied.

Microcosm studies as now conducted are most useful for
screening contaminants for possible effects at levels of organiza-
tion above the population, but their usefulness in predicting ecosys-
tem effects is limited (King 1980; Heath 1979, 1980). The reason is
that microcosms, as constructed, are not structurally and function-
ally similar to ecosystems; that is, they are not ecologically real-
istic (Blanck and Gustafsson 1978; Heath 1980). Further, commun-
ity or ecosystem response cannot be characterized by measuring
the response of a few component parts (Heath et al. 1969). Micro-
cosms are not miniature ecosystems but fragments of an ecosystem
dgsigned to simulate sejected characteristics. Microcosms are
either dissimilar, analogous, or, at best, homnomorphic, that is, pre-
sumed to be complex but lacking a one-to-one correspondence with
reality (Heath 1980). Nature may be simulated by adding trophic
levels (e.g., producers, consumers and decomposers) to an aquari-
um, but the behavioral interaction may not be similar to natural in-
teractions. For a microcosm to have predictive capability, it must
be zsomon_-pl-nic to natural ecosystems. That is, the two systems
must exhibit identical dynamic behavioral responses to external
stimuli or perturbation (Ashby 1956); how this behavior occurs is of
§eoondary concern. Further, an identical response can occur even
if the two systems are not identical in composition; that is, similar
changes in community structure or function may occur even though
mmﬂ mg;mpoﬁiﬁon di:cl:ot exacﬂpg'r‘o the same. For example, pes-

cause a ease in tosynthetic activity in both
pond (phytoplankton) and stream (periphyton) algal communities-
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Perhaps the frustration at not being able to predict ecosystem
effects has caused ecologists to ignore the concept of redundancy
within biotic communities. In the transition from lower to higher
levels of biological organization, some attributes become more
complex and variable, while others become jess complex and vari-
able (Odum 1971). Functional measures (e.g-» photosynthetic rate)
of a community may be less variable than the rates of some of the
component parts- Perhaps selection of key functional parameters,
such as nutrient spiraling, might produce good evaluations of haz-
ard in systemns of modest complexity. If these parameters had high
information redundancy with other critical parameters, the task
would be further simplified.

Redundancy of components in natural, undisturbed communities
has been well established (e.g., Kaesler et al. 1974) and miid per-
turbation may cause changes in component parts, among them de-
letions, additions and numerical changes, without a noticeable
change in such functions as photosynthesis and fish production.
Redundancy also exists in another dimension-—-the microbial "com-
munity” has many structural and functional similarities to the pro-
tozoan "community," benthic "community," planktonic
"community," etc. All these "communities" have trophic structure,
energy flow, etc. Each subset of the biotic community may
respond behaviorally in a similar manner to external stimuli. If the
idea of redundancy is accepted, then one “"community" can be used
to predict responses of other "communities” and, as a result, the
response of one "community" can be useful in predicting responses
of the entire biotic community.

Structure and Function Studies

Structure and function are both important in aquatic ecosys-
tems, and biomonitoring studies should include a combined struc-
ture-function strategy (Cairns 1977; Matthews et al. 1982). The
primary reason for this combined strategy is that structural or
functional changes may occur without a concomitant change in the
other, or, because of intimate links, one may change because the
other changes. In the first instance, low levels of perturbation may
cause changes in community composition or structure (i-e., Joss of
one or two species) without a change in function, assuming that the
surviving members of the community can carry out similar func-
tions (e.g., energy transfer). Alternatively, a rate process {(func-
tion such as respiration or photosynthesis) may be reduced under
sublethal stress but the community structure is left intact-

Prediction of functional changes from structural changes, or
vice versa, is based on the assumption that a change in species
numbers results in a concurrent change in functional complexity,
for example, decrease in number of energy pathways (Cairns 1974).
Some measurements of structure are intimately related to function
(Matthews et al. 1982). For example, ATP can be used to estimate
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_ :omass (e-g., Holm-Hansen 1970) and can also be correlated
;liat;le blomes in gmetabolism (e.a:' Spencer and Rams.ay 1973)-
Other examples of structure-function relationships include chlorg-
phyll concentrations that can be compared with photosynthetic
rates of communities, and nucleotide concentrations that can be
related to microbial growth rates. The following compares the re-
sponses of different ncommunities” or subsets_ of the biotic com-
munity to perturbation, using structural, functional and structural-

functional measures.

COMMUNITY RESPONSES TO STRESS

The research described here used measures of community struc-
ture and function in response to perturbation. Measures used were
the ratio of ATP estimated biomass/chiorophyll a estimated bjo-
mass (zheterotrophic index = HI) (Matthews et al. 1980, 1982), ma-
crobenthic invertebrate diversity and changes in proportion of
functional groups (Matthews et al. 1980, 1982; Kontradieff et al.,
unpubjished), and protozoan colonization rates {Cairns et al. 1980;
Bujkema et al. 1983).

The HI {(previously called an autotrophic index) and protozoan
colonization rates were measured from analyses of organisms that
colonize a 6 x 5 x 5 cm polyurethane foam unit (PFU) substrate.
Organisms that colonize these PFUs include representative dia-
toms, protozoans (both chiorophyllous and achlorophylious forms),
rotifers, bacteria and fungi. Analyses of the protozoan community
inhabiting the sponge indicate that the PFU is colonized by the
same interactive genera and species found in the interstices of al-
gal and hyphal mats (Picken 1931; personal observation), and 53%
of diatom species found in the sediments are found on the PFUs
(Matthews 1981). For certain studies, the HI was measured simui-
taneously with protozoan colonization rates; in others, the Hl was
measured at the time macroinvertebrate communities were sam-
pled. Macroinvertebrates were sampled using Surber and portable
box samplers (Matthews et al. 1980). In other experiments, only in-
vasion rates were compared under different conditions. In a sepa-
rate set of experiments, simultaneous studies measuring coloniza-
tion rates and His were conducted in the laboratory and fieid using

natural waters containing dilutions of sewage treatment plant and
electroplating plant effluent.

Field Experiments

Data were collected from Cedar Run, a small stream near
Blacksbur& Va. that receives shopping center and apartment com-
plex par.kmg lot runoff, chiorinated sewage effluent and electro-
plating industrial effluent. Sampling stations (Figure 1) were se-
lected near riffle zones. On Cedar Run, Station | was an upstream
reference station, and Stations 2 through 10 were stressed stations
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at increasing distances downstream of tl)e effluent outfalis and af.
ter confluence with two other major bodies of water.

Uniformly sized PFU substrates (6 x 5 x 5 cm) were used 1o
sample the microbial community. Preliminary experiments In
Cedar Run showed that these substrates were CoioniZed rapidly in
streams and contained many of the same numbers and kinds of or-
ganisms as did natural organic and sediment substrates (Matthews
1981). The PFU substrates were used rather than other natural or
artificial substrates because they produced a large volume of ex-
tract. This volume aliowed several samples to be taken from the
same PFU community, permitted statistical analysis and improved
replicability.

Substrates were allowed to colonize in the stream for one or
more days. They were collected in self-sealing plastic bags and re-
turned to the laboratory on ice within 3 h of coliection. The mi-
crobial community was squeezed from the PFUs into clean beakers.
This extract was sampled for protozoans and the Hl. Protozoans
were counted on two slides for each substrate. A time limit for
examination was not set because densities never reached the level
where time became a problem. Organisms were identified to spe-
cies whenever possible, using standard protozoan keys, and the
number of individuals of each species was also recorded. The Hi
was determined by the method described below.

Duplicate benthic macroinvertebrate collections were made on
eight occasions in one of the experiments. A portable box sampler
was used in most cases; when the water was too shallow, a Surber
sampler was used. Substrate was scoured and agitated to a depth
of 10 cm or untii bedrock was reached. Invertebrates were floated
in a saturated calcium chloride sojution and skimmed from the sur-
face (Hynes 1970), and the sediment was examined for specimens
that did not float. The invertebrates were preserved in 70% etha-
nol, identified taxonomically and categorized into functional

%;%1)35 based on how food was acquired (Merritt and Cummins

Experiments were conducted using PFUs as artificial sub-
strates. Many PFUs (6 x 5 x 5 ¢m) were tied firmly around the
middle with nylon string, attached to a long nylon rope supported
by floats, and anchored along the shore of Pandapas Pond in ap-
proximately 1 m of water or in flowing water of Cedar Run. Both
habitats were located in Montgomery County, Va. The PFUs were
Squeezed when placed in the aquatic ecosystem to achieve satura-
;mn with ambient water. Pond PFUs were allowed to colonize for

1 days before they were used; stream PFUs were allowed to colo-
mzeAi to 3 days before use.

epicenter (colonized substrate} and uncojonized substrates

were placed in plastic plant trays (5% x 26 x 3.3 cm). Two trays
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were set up as controls, each containing 5 L of water from either
Pandapas Pond or Cedar Run that had been pasteurized for 20 min
at a temperature of 60°C. Other trays contained pasteurized pond
Or stream water with copper, sewage treatment effluent, or elec-
troplating effluent or both effluents. One fluorescent bulb was po-
sitioned above each tray so that migration of phototrophic species
would not be biased. Light was a 16L; 8D photoperiod at an inten-
sity of about 1750 Jux. A clear Plastic hood covered the trays and
reduced the chance of outside colonjzation by any airborne proto-
zoans and reduced currents induced by wind. A sketch of one ex-
perimental system is provided in Figure 2. On days 1 and longer,
one or two islands were examined for protozoans using the method
outlined for field experiments. On day 15, sponges were also ana-
lyzed for the HI.

Heterotrophic Index

The ATP was extracted by injecting 1.0 L of the microbial com-
munity extract into 9 L of boiling tris buffer (Tris-(Hydroxymethyl)
aminomethane, 0.02 M, pH 7.75), heating for 15 min, freezing at
-20°C, and assaying within 7 days. Assays used standard biolumin-
escence techniques with firefly enzyme on a Labline #9i40 ATP
Photometer (APHA 1976).

Chiorophyll a levels were measured by injecting 1.0 mL of the
microbial community into 9 mL of 100% spectrograde acetone
(which produced a 90% acetone extraction medium) and extracting
for 24 h at 4°C in the dark (Holm-Hansen and Riemann 1973).
Chlorophyll a determinations were made using a calibrated Turner
Designs fluorometer.

Replicate measurements of chlorophyli a and ATP using direct
injection techniques for individual PFUs were low; coeeficients of
variation were 1 and 12% (Matthews 1981). For duplicate PFUs at
each site, chlorophyil a measurements varied more; coefficients of
variation ranged from 14 to 23% and increased as pollution stress
increased. Matthews (1981) determined that the coefficients of
variation for ATP duplicates ranged from 30 to 72%; the highest
coefficients occurred when the samples were contaminated with
early instar macroinvertebrates or filaments of algae and were
measured with a less sensitive JRB photometer. Subsequent mea-
surements of ATP were made with a more sensitive photometer
and purified luciferin-luciferase, and the coefficients of variation
were much Jower.

An HI similar to the autotrophic index proposed by APHA et al.
(1976) was used to test whether the balance between autotrophy
and heterotrophy was upset; however, the index was adapted to use
ATP-based biomass estimates rather than ash-free dry weight
(Equations ! and 2):



Figure 2. (a) Arrangement of epicenter (E) and PFU islands in tray.
(b) Plant tray with a fluorescent light and clear plastic hood.
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HI B total (mg/L) (1)
chlorophyil a (mg/L)
where
- _ _ estimated total
B totat = ATP (ng/L) = living biomass (2)
2,400

ATP has frequently been used to estimate total living biomass, al-
though its use has been restricted predominantly to lentic habjtats
(e-g-, Holm-Hansen and Booth 1966). Because a considerable por-
tion of the organic matter in streams is nonliving and often alloch-
thonous, ATP-based biomass estimates should provide a better ap-
proximation of the active microbijal com munity than the traditional
gravimetric measurements of ash-free dry weight.

RESULTS AND DISCUSSION

Comparison of components of field data revealed a good corre-
lation between the mean HI and mean macroinvertebrate diversity
and proportion of the macroinvertebrate community comprising
those organisms that feed on aufwuchs (scrapers) (Figure 3). Be-
fore the effluents entered Cedar Run, the HI was low (indicating a
large autotrophic component), and macroinvertebrate diversity was
high. Further, the proportion of scrapers in the community was
also high. Significant changes in both communities occurred down-
stream of the point of discharge of the effluents, and the stream in
the area studied did not recover.

In laboratory experiments with copper, the mean number of
species after 4 days exposure in previously uncolonized sponges was
9 (Figure 4), and after 15 days there were 12 species. After ¥ days,
there were % and ! species, respectively, in sponges exposed to 0.1
and 0.5 mg L™! copper. In the control, species equilibrium oc-
curred in about 7 days, and for both concentrations of copper
equilibrium was not reached after 15 days. After 15 days, the HI
was lowest where copper concentration was highest, and vice
versa.

In separate laboratory experiments with electroplating plant ef-
fluent, colonization occurred most rapidly in the controls, and inhi-
bition of colonization rate was greater as the concentration of the
effluent increased (e.g., Figure 5). The HI increased as proportion
of electroplating effiuent increased.

In the last experiment, sponges were placed at 10 stations in
Cedar Run upstream and downstream of the sewage treatment and
electroplating plant effluents. Several days later, water samples
from each station were brought to the campus for laboratory colo-
nization experiments. All water samples were analyzed for cadmi-
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um, copper, lead, nickel and zinc, and these data were expressed as
total heavy metal concentrations. When the total metal concen-
trations were high, the number of species colonjzing the substrate
was similar to that found at the reference station (Station 1). At
the polluted stations, the HI increased. The low HI at Station 2
was attributed to a combination of a toxic effect and wash-in of
upstream organisms.

The day the water was brought into the laboratory, the distribu-
tion and concentration of total metals varied, but in general con-
centrations {(except for Station 9) decreased as the effluent moved
downstream (Figure 6). The reference station (Station 1) also had
metal concentrations higher than the downstream Station 10 and
higher than that usually measured in the field (Figure 7). The
cause of this difference is attributed to rain runoff from parking
lots and the like. In spite of these variations, a pattern similar to
that observed in the field was observed. As metal concentrations
increased, the number of species colonizing substrates after 3 days
decreased. The results of this research, which need additional con-
firmation in varied situations, indicate that the use of a microbial
community, a subset of the bjotic community, may be useful in as-
sessing pollution effects and predicting ecosystem effects. By us-
ing substrates colonized by representative indigenous fiora and
fauna and using water from the receiving system in gquestion, the
isomorphic state proposed by Heath (1980) and others was ap-
proached. In the process, the potential for more accurate predic-
tion of ecosystem effects increased. In both the laboratory and
field, colonization rates and HIs responded in the same manner to
perturbation and, therefore, not only corroborated each other but
satisfied the need for a predictive system that exhibits the same
behavioral responses that are observed in nature.

Identical behavior can occur even though the composition of the
two systems is not identical (Heath 1980). This research and others
support this statement. For example, when pond and stream com-
munities are used to study the impact of sewage treatment efflu-
ent on colonization rates, the rates are highest in the control and
progressively reduced as the proportion of effluent increases.
Cairns et al. (1980) found that immature and mature communities,
which differ substantially in species composition, respond in a
similar manner to stress (Figure 8). However, the colonjzation rate
from a mature community was not affected as dramatically as the
rate from an immature community. The differences between rates
were sufficient to suggest that community maturity can be an im-
portant factor in the sensitivity of ecosystems to chemical stress.
The results for two tests were similar even though the species
composition was different in each test. The test was not repeated
" in other ecosystems or with other concentrations of copper so it is
not known if the response is general or limited. Last, as HIs in-
creased, macroinvertebrate diversity and shifts in proportions of
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Figure 7. Effect of heavy metal concentrations on colonization
rates of microbial communities observed in the field.
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functional groups of the macroinvertebrate community decreased
(Figure 3; Matthews et al. 1980; Kondratieff et al., unpublished).

The advantages of using PFUs to monitor stress are simplicity
and low cost/test. Taxonomic expertise is not important for count-
ing species (although it is helpful) because only the number of dif-
ferent kinds of organisms is important for estimating invasjon rate.
Even though chlorophyll a and ATP measurements can vary among
PFUs, the range between mean absolute values as a function of
"healthy" versus "polluted" conditions was great, and the Hls at any
one site rarely, if ever, indicated both a healthy and polluted ef-
fect. Carrying out valid toXicity tests at the community ecosys-
tem level is beset with many pitfalls largely because of our inade-
quate knowledge of processes controlling ecological systems. Faijl-
ure to begin to utilize tests because of an apprehension about the
degree of understanding of the Processes involved is reminiscent of
the objections to using single species tests in the 1340s and early
50s. Despite the many conceptual obstacles, the tests proved to be
useful, and we are convinced that beginning now even the most
Primitive multispecies tests will enhance our ability to estimate
hazard to complex systems in a more scientifically justifiable
way. Those who object to the use of multispecies tests because of
our lack of understanding forget that the ultimate goal of all tests
is to estimate hazard to the environment. Because we are now not
doing this well, the real question is this: Will we be doing it any
worse if we begin multispecies testing without a total and com-
plete understanding of the complex processes involved?

CONCLUSIONS

The basic question is whether good science is being used to pro-
tect the environment. Technology based standards (BAT, BPT) are
not science, but rather an attempt to substitute technology for sci-
ence. Neither is the science sound when the majn hypothesis is not
verified or validated. In attempts to protect the environment
against hazardous chemicals, the hypothesis (rarely explicitly stat-
ed) appears to have been that water quality criteria based on single
species tests are adequate to protect higher levels of biological or-
ganization including communities and ecosystems. The limited evi-
dence available to support this hypothesis is primarily circumstan-
tial, and even the most charitable scientists do not feel that this
hypothesis has been confirmed in a scientifically justifiable way.
Mount (1979) is probably correct in his estimate that the probabil-
ity of predicting community effects with laboratory data is quite
high when the effects are gross and practically nonexistent when
the effects are refined. The steepness of the curve in Figure 9 was
probably deliberate to suggest that the ability to predict commun-
ity response with single species tests declines markedly when one
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departs from gross effects. Even if the cost of measuring com-
munity response is high, investigators should, in the name of sound
science, more carefully evaluate single species tests as predictors
so that their strengths and limitations are better understood.

This paper has illustrated some important points:

I. Communities can be collected from natural systems on
artificial substrates and brought into the laboratory. These
communities, aithough not as easily replicated in terms of
the kinds of species present as the assembled species fre-
quently used in microcosms, do offer the opportunity to
achieve a greater degree of environmental realism at low
cost.

2. Although the communities collected in natural systerns on
artificial substrates rarely contain precisely the same
species, there is evidence that the responses of two com-
munities collected in the same way (artificial substrates)
but composed of different species may be quite similar.
Presumably this is because the range of sensitivity to the
test chemical found in these communities is not as great as
the differences in kinds of species present.

3. Good evidence exists that some types of laboratory tests
may be good predictors of field responses when these are
made at _the same levei of biological organization.

4. Considerable information redundancy in natural systems
theoretically makes it possible to predict one quality of a
system if another is known (in this instance, colonization
rate and heterotrophic index correlated with each other as
a function of stress).
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Microcosms, whether derived from natural communities or syn-
thesized from laboratory cuitures, are intermediate in complexity
among the array of techniques for determining the effects of
chemical pollutants in a marine environment. Microcosms jend
themselves to valid experimenta designs, but are open to question
regarding claims that the responses are natural, or that the param-
eters measured are ecologically or economically important. The
naturalness of the response is compromised whenever large scale
processes are omitted, as they are in virtually all studies except
tull scale, open, natural communities (which by virtue of their
scale and openness do not lend themselves to valid experimental
design at reasonable costs). Most microcosm studies are limited to
primary, secondary and detrital trophic levels, and do not include
species of economic importance, such as tuna or salmon; rather, jt
is often argued that the higher trophic levels depend on lower
trophic level success.

It must be noted that the term "microcosm" js defined in differ-
ent ways in each of the three following papers. Each paper must
be read in the context of the author's definition. The differences
are important and the definitions represent important assumptions
concerning the properties of ecosystems.

Pritchard and Bourquin define a microcosm as "a calibrated lab-
oratory simulation of a portion of an ecosystem in which intact en-
vironmental components, in as undisturbed a condition as possible,
are enclosed within definable physical and chemical boundaries, un-
der a standard set of laboratory conditions (controlled lighting, hu-
midity, aeration, mixing, temperature, etc)." They strive for a lev~
el of complexity that cannot be readily duplicated in the laboratory
by assembling component parts or by making composites of individ-
uals. By so defining a microcosm as an excised portion of a natural
community, they exclude the other two papers from consideration
as examples of microcosm research. Many researchers believe that
natural ecosystems have unknown but important properties which
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were acquired during coevolution of the component arganisms over
geological time periods. They may not be willing to accept that
assemblages of organisms that have not evolved together can fully
exhibit ecosystem properties. Studies of naturally excised commu-
nities are best used as subsystems to study the properties of the
parent communitye Pritchard and Bourquin's purpose is very simi-
lar to that of mesocosm studies: they attempt to scale for water
flow, temperature and other local parameters, and they attempt to
relate their measurements back to the parent environment. Ex.
cised natural communities are generaily too complex taxonomically
to provide much of a simplification from the parent system. [f the
concern is with the fate of a chemical, it may be argued that the
taxonomy is unimportant as long as it is typical of the parent envi-
ronment-

Leffler considers his microcosms to be "naturally derived, ge-
neric aguatic microcosms” because the organisms have accommo-
dated to the demands of being a self-sustaining community in his
laboratory for several months. He views his microcosms as distinct
ecosystems in their own right rather than site-specific simulations
of particular natural systems. He considers them to function as
generalized simulations of a large class of ecosystems. Although
his organisms are seeded from a large and variable number of
naturaj sources, and the medium is a chemically defined solution,
he considers the mixture to exhibit ecosystem level properties if
the microcosms function as homeostatic, self-sustamning ecosys-
tems capable of existing through time periods of at least a year.
For a microcosm to be generic, he suggests, a minimum jevel of
taxonomic or functional groups must be present. Leffler hypothe-
sizes that the exact species composition is unimportant for detect-
ing ecosystem level impacts as jong as certain key functional
groups are represented. His systems allow the measurement of
species level variables, but most of his effort has been on variables
that represent an integration of processes and reflect the state of
the ecosystem such as pH, eH and community metabolism.

Taub’s paper presents yet a different microcosm approach, that
of synthesizing or assembling a mode] ecosystem from organisms
that represent important ecological roles in aquatic microcosms.
She hypothesizes that the commumity structure, including the or-
ganisms and their injtial densities, will be important determinants
of the responses to pollution or other stresses; a mathematical
model and experimental data support the hypothesis, which is in di-
rect conflict with Leffler's hypothesis. The ability to determine
the species composition of the microcosm allows the taxonomic
complexity to be an experimental variable, and, given its simplicity
relative to natural ecosystems, allows the species levei properties
to be monitored more easily. The untested hypothesis in this work
Is that by controlling the species assemblage and chemical proper-
ties of the medium, different researchers could obtain similar re-
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sponses if they tested the same concentration of test chemical.
The ability to reproduce ecological results would increase confi-
dence in the use of ecological properties to evaluate the safety of
new chemicals in the environment.

In discussions with other researchers, several brought up issues
that had not been covered in these papers, for example, what ef-
fect would the source of microcosm material have on the resuits in
a site-specific microcosm. Would material excised from a heavily
polluted ecosystem degrade a pollutant faster or to a different de-
gree than material excised from a pristine community? Dr. Leffler
was asked if microcosms initiated in the summer would give the
same results as those initiated in the winter; he thought that
season would have little effect because his stock community was
adapted to laboratory conditions.

There was considerable interest in the relationship between
mesocosms and microcosms.  Specifically, several researchers
questioned whether the same information could be obtained less
expensively in microcosms. Pritchard and Bourquin, Leffier and
Taub all agreed that mesocosm research and microcosm research
served different purposes, and that researchers were usualiy asking
different questions. If a researcher wanted to have maximum con-
fidence in extrapolating back to a specific, large scale environ-
ment, the mesocosm served to provide greater realism in that it al-
lowed more large scale processes to be included in the system. If
simplification was the goal, either to semi-isolate certain compo-
nents to determine their importance in degradation (Pritchard and
Bourquin), or to provide more easily analyzed ecosystems for test
purposes (Leffler and Taub), then microcosms were more appropri-
ate. In many cases, to formulate and test hypotheses, researchers
would be likely to search for information in the natural ecosystem,
in mesocosms and in microcosms of varying complexity.

While there is no absolute separation between a mesocosm and
a microcosm, in practice most mesocosms are outdoors where tem-
perature and light intensity are ambient for the parent community,
and most mesocosm researchers have tried to realistically scale for
the factors they think are most important in controlling ecological
relationships, for example, mixing and settling rates in MERL (see
mesocosm papers). Most microcosms are incubated in the labora-
tory and are subject to greater environmental control. Microcosms
are generally smaller, and more replicates are used. However,
there is considerable overlap; for example, the microcosms of
Pritchard and Bourquin were scaled for several natural parameters,
and they do not mention replicates. Indeed the parent community
of their microcosm is an artificial stream at Monticello, Minn.,
which might be considered by some to be a natural community and
by others a mesocosm.

There was great interest in the ability of microcosm resuits to
predict natural ecosystem responses. Dr. Pritchard mentioned that



116 / Laboratory Microcosms

the microcosms were not used to predict the natural environment
as much as to explain and provide quantitative estimates of pro-
cesses that had first been observed in the natural ecosystem. Dr.
Leffler responded that he had developed his microcosms to rank
the relative toxicity of test chemicals, and not to predict specific
natural ecosystems. Dr. Taub stated that the responses of some
natural communities corresponded to the micCrocosm results, but
that different communities would respond differently to the same
stress, as in the case of the CEPEX spring and summer communi-
ties (cited in her paper)-

The authors were asked why microcosm researchers were so
conservative in their claims for what their research could accom-
plish. Why did they set criteria for their efforts such as field vali-
dation or interlaboratory calibration that were not standard in
other environmental techniques? What kinds of microcosms could
be recommended for use in the near future for pollution studies?
Answers varied. There was some discussion on potential disagree-
ment as to the best type of microcosm to use. Dr. Leffler stated
that this is becoming less of a problem since there seems to be a
convergence in techniques. The very process of designing micro-
cosms, it was pointed out, makes the researcher aware of the re-
strictions and limitations of the microcosms. The differences be-
tween a beaker in the laboratory and the bay outside were very ob-
vious. Each of the microcosms presented had been designed to
answer a different type of question, and each speaker believed that
the specific question had been addressed rather well by the system
used- However, none of the microcosms would have been suitable
to answer all questions. As to the types of microcosms that are
available for immediate use, suitability would depend on the ques-
tions being asked.
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INTRODUCTION

Comprehensive environmental risk analysis for chemical pollu-
tion in aquatic ecosystems must eventually attempt to character-
ize the waste assimilative capacity of any particular environment;
that is, the potential of any environment, from a quantitative
standpoint, to accept a certain level of pollution without adverse
effects. (The definition of waste assimilative capacity differs
slightly depending on the application: Cairns 1981; Campbell 1981;
Goldberg 1979). A characterization of this type, of course, re-
quires accurate measurements of the rates and dynamics of both
fate and effects processes, including their complex interactions. It
also requires determinations of how toxic materials will alter these
processes quantitatively. This is a significantly separate approach
from the current bank of qualitative tests which lead to risk as-
sessments based primarily on relative comparisons of fate and ef-
fects test results. Relative fate and effects testing, of which the
single-species biocassays and routine biodegradability testing are
exampies, uses "worst-case” and "ranking" criteria to provide con-
sensus measurements of potential adverse environmental effects.
Despite the evident success in applying relative fate and effects
testing to pollution probiems, more attention needs to be directed
toward the measurement of waste assimilative capacity.

This emphasis is clearly evident in the risk assessment approach
EPA has taken (i.e., determination of "unreasonabie risk") in order
to meet various responsibilities under TSCA (Federal Register
1979). Although current toxicological methodologies concentrate
on the effects of chemicals on a few test species or isolated popu-
lations, the realistic environmental concern is the effect of these
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chemicals on natural communities and ecosystems, par‘ticularly as
they relate to disruptions of the delicate network of u_'xteractions
that characterize the function, structure and homeos;asm qf natur-
al ecosystems. Acknowledging this concern, EPA, in_conjunction
with the Ecosystems Research Center at Ct_)rnell Unn{ersity, has
recently produced a strategy document for 1mplemengmg a more
quantitative research program in ecosystem-level toxicology and
environmental fate (Levin 1982).

A similar concern in the area of environmental fate of chemij-
cals has focused attention on biodegradation studies- Since stand-
ard biodegradability or persistence testing procedures do not pro-
duce the environmentally relevant information necessary for many
current types of risk analysis, strategies concerned with the deter-
mination of biodegradation rate constants and examination of the
site-specific environmental factors that control biodegradation
rates have to be developed and implemented (Haque 1980; Bourquin
and Pritchard 1979; Maki et a). 1980).

Given this established need for a more quantitative approach to
risk assessment in aquatic environments, our paper attempts to il-
lustrate how microcosm studies interface with both waste assimila-
tive capacity determinations (regardiess of the approach taken or
endpoints selected) and other less quantitative types of assess-
ments. Problems and inconsistencies observed in the interpretation
and application of microcosm results are discussed.

A microcosm study is defined here as an attemnpt to bring an in-
tact, minimally disturbed piece of an ecosystem into the jaboratory
for study in its natura! state. The confinement of that piece of the
ecosystem within definable physical and chemical boundaries under
a standard set of experimental conditions (controlled lighting, hu-
midity, aeration, mixing temperature, etc.) constitutes the micro-
cosm system itself. The microcosm is theoretically meant to har-
bor a level of complexity that (1) is representative of that portion
of the ecosystem from which it was sampled and (2) cannot be
readily duplicated in the laboratory by assembling component parts
or by making composites of individuajs. It is considered an analog
to the field, therefore, studies with a microcosm are surrogates for
actual fieid studies. The simulation capacity of a microcosm is de-
termined by calibration with the field, using criteria established
through experimentation and the question 1o be addressed by re-
search. [deally this should be done by using measurements that re-
flect macroscopic, system-jevel properties that result from the in-
tegrative coupling among the bijological, chemical and physical
Properties of an ecosystem. Some success has been apparent in
this regard with the measurements of integrative biochemical
properties, such as total CO, flux (Ausmus et al. 19783 Van Voris et
al. 1980), nutrient cycling (Jacksan et al. 1978; Jassby et al. 1977),
pH-Eh or dissolved oxygen relationship (Waide et al, 1980; Giddings
and Eddlemon 1978). A more extensive discussion of field calibra-
tion is given by Pritchard (1981). .
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THE ROLE OF MICROCOSMS IN
ENVIRONMENTAL RISK ANALYSIS

The role of microcosm studies in environmental risk analysis js
quite explicit, given the definition described above. A schematic
representation of this role is shown in Figure l. Risk analysis is
divided into two categories: qualitative assessments and quantita-
tive assessments. Quantitative assessments are synonymous with
determinations of waste assimilative capacity. Qualitative assess-
ments establish risk by comparing test information (fate or effects)
for a chemical that is ranked within a data base against a large ar-
ray of previously tested chemicals using the same, often highly
standardized test method. The emphasis, in this latter case, is on
screening large numbers of chemicals for information on their fate
and effects. This approach requires consistency in test results and
expediency in test method implementation.

The test methods are further divided into three levels of organ-
ization: (1) single species tests, such as those used in bioassays and
certain biodegradation studies; (2) multispecies tests which use in-
ocula (generally isolated populations) from the field in an experi-
mentally convenient manner and generally ignore controlling fac-
tors associated with the physical integrity (intactness) of the field
samples, natural population interactions, system homeostasis and
trophic and biological structure; (3) microcosm studies (tests)
which encompass all of the controlling factors not considered in
the multispecies test.

The focus of Figure 1 is the flow of information (indicated by
arrows). Single species tests and many multispecies tests support
the qualitative or screening assessment, as would be expected.
Many biodegradation studies are examples of multispecies tests in
that they use inocula of natural water or sediment in a shake flask
system. Since little regard is given to the natural physical integri-
ty of these microbial communities, the results can be used only for
qualitative assessments.

The community settling test of Hansen and Tagatz (1980) is a
good example of a multispecies test used for effect studies. In this
Case, azoic sand exposed to a particular concentration of toxicant
is colonized by invertebrate Jarvae in unfiltered sea water flowing
over the sand. Adverse effects are indicated by statistically sig-
nificant changes in population size and diversity relative to the un-
exposed controls. Only a qualitative assessment of toxic effects
can be made; very little can be deduced about effects on popula-
tion dynamics or on the permanent or long term damage to natural
benthic communities. '

Conceptually, multispecies tests are also the basis for quantita-
tive assessments and predictions when used in conjuction with
microcosm studies or actual field studies (depicted by the converg-
ing arrows in Figure 1). The microcosm serves as the interpreta-
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, or integrating information from multispecies test sys.
:Lo‘::li;:gl ;rediaggm ;;g environmental fate and effects. It, in
fact, provides the basis for extrapolating mUItxspecws_ test results
to the field. Once this basis is estabhs_hed, the multispecies test
for the particular application being considered becomes the princi-
pal source of information needed for all subsequent quantitative
assessments. The microcosm results then are of little predictive
value by themselves. Their usefulness in quantitative assessments
is a direct function of the availability and experimental design of

good multispecies tests.

THE ROLE OF MICROCOSMS IN QUALITATIVE ASSESSMENTS

To discuss the role of microcosms in qualitative assessments, it
is necessary to ask how the data from a microcosm study can be
used for screening purposes? The term 'screening microcosms"
originated from the fear that simplified fate tests, such as the
BOD or river die-away methods and single species effects tests,
were not comprehensively revealing all potentiai problems brought
on by contamination of an ecosystem with a particular pollutant
(Harris 1980). Undoubtedly, these tests lacked complexity. Micro-
cosms seemed superficially capable of filling that void. Two as-
sumptions are crucial to the screening microcosm approach. First,
ecosystems as biogeochemical units have measurable properties
{Schindler et al. 1980). These properties or ecosystem-leve] behav-
iors reflect the integration of many internal processes and compo-
nents and their interactions. The ecosystem-ievel behaviors cannot
be inferred or predicted from measurements on isolated compo-
nents in the laboratory (Weiss 1971). Since microcosms are essefi-
tially analogs to certain pieces or parts of an ecosystem, they
should also have measurable ecosystem-level properties.

Second, measurements of these integrative properties of natur-
al ecosystems or microcosms possess a degree of consistency and
reproducibility which allows toxic effects of a chemical to be dis-
tinguished from background noise and allows the effect of these
properties on the fate of the chemical to be investigated.

Given these assumptions, a screening program can be set up in
which the same type of microcosm is dosed with an array of chemi-
cals and the resulting fate and effects information compared on a
relative basis much like the assessment procedures used for toxic-
ity and bjodegradability information. Standardization of the mi-
crocosm study eventually will be required under this type of pro-
gram. There is no need to extrapolate quantitatively the results to
the field; in fact, it is not expedient in light of screening objectives
because at_:iditi:onal information will be required for extrapolation.

Undeniably, there would appear to be a roje for screening mi-
crocosms because of the current interest in ecosystem-level fate
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and effects studies (Levin 1982). However, the microcosms must
be used correctly and with good foresight. Two criteria are pro-
posed for the development and use of screening microcosms:

l.

Care should be taken to assure that the conclusions or risk
assessments obtained from a screening microcosm study
cannot be obtained in some simpler way. For example, if a
chemical is found to biodegrade more readily in a micro-
cosm containing sediment, it may be because the system
contains such a large amount of bacteria-laden sediment.
The simpler shake flask studies with sediment-water slur-
ries at different sediment concentrations, therefore, may
provide the same information as the microcosm. Likewise,
if 1n a microcosm effects study a toxic response by a
community can be attributed to the response of a single
species, then potentially a bicassay can be developed with
that species and the same protective effect on the com-
munity realized through the single-species test. In both
cases, the microcosm test becomes superfluous. The ap-
plicability of synthetic communities studies, pioneered by
Metcalf et al. (1971), Gillette and Gile (1976) and Isensee
et al. (1973), as potential screening microcosms has been
criticized {Pritchard 1981; Branson 1978) because, in many
cases, much of the same fate and effects information could
be obtained in a clearer form with simpler tests.

To be useful, the screening microcosm must provide in-
sight into phenomena or events which are not readily ex-
amined or demonstrated in other previously established
tests. It must be unique enough, for example, to be includ-
ed in the "minimum ecological data set" of the water qual-
ity criteria program (Federal Register 1980). The soil core
microcosms developed by Van Voris et al. (1980} and
Jackson et al. {1977) represent a unique screening micro-
cosm. These systems permit the screening of chemicais
for their interference with the leaching of inorganic nutri-
ent from the soil- It is not clear exactly which biotic com-
ponents in soil control the leaching process, but their sensi-
tivity to toxicants is readily demonstrable. No other exist-
ing tests provide information on leaching and there are few
other good tests for examining soil processes. At some fu-
ture time however, the sensitive factor(s) that controis the
leaching process may be identified, thus providing the basis
for a new bjoassay which could then supplant the micro-
cosin study.

Part of the concept of water quality criteria and its use of
screening data is to establish MATC (maximum acceptable

toxicant concentration) values based on the assumption

that if the most sensitive species are protected, all other



122 / Laboratory Microcosms

species will be protected. If the results from a screening
microcosm, therefore, are not unique relatwg to existing
simpler tests (i.e., not routinely part of the minimum eco-
logical data set) and if they are evaluated in the same
qualitative manner as single-species test mforma_tnon, they
then must indicate a greater sensitivity to a toxicant than
results from other well established tests. For example, if a
toxicant interferes with the metabolism of a special alga}
community in a microcosm at L0 times the concentration
at which it reduces fish growth, then, from a regulatory
point of view, an MATC to protect the fish (the assumed
critical species in the environment) would also protect the
algae. Thus, for relative ranking and worst-case analyses,
a screening microcosm must demonstrate the existence of
a more sensitive component of the ecosystem.

LIMIT TO THE DEGREE OF ENVIRONMENTAL
SIMULATION IN MICROCOSMS

The means by which microcosms can aid in the extrapoiation of
laboratory data to the field or in determinations of waste assimila-
tive capacity should be considered. Figure 1 indicates that micro-
cosm results do not feed directly into waste assimilative capacity
determinations; that is, extrapolation to field situations occurs in a
more indirect manner. The reason for this approach lies in the fact
that there are specific limits to the degree of environmental simu-
lation possible in a microcosm and consequently, limitations on the
extrapolation of microcosm data. Qur focus is on simulation of the
field in a microcosm, rather than duplication, and there are conse-
quently certain limits to the exactness that can be expected. Thus,
the deviation from the norm and the degree of the acceptable di-
version will be a function of the experimental question posed and
the intended applications. Because of these limits, it is very diffi-
cult to make quantitative or one-on-one extrapolations of a micro-
cosm result to the field. It is entirely unreasonable to assume, for
example, that one can multiply a microcosm result by some type of
"expansion® factor and then equate it with a field situation. At
best, the microcosm is a qualitative indicator of phenomena, rates
and interactions that could occur in nature. The simulation capa-
bility of a microcosm merely enhances our confidence in the fact
that the phenomena and reactions observed in the microcosm will
more than likely occur in nature. Microcosm results alone disclose
very little about how to predict quantitatively the dynamics of
these phenomena and interactions in nature, particularly when con-
sidering the temporal and spatial variations in environmental pa-
rameters typical of many ecosystems. Predictions of dynamic
events In nature will undoubtedly come from mathematica! model-
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ing efforts in which data from the analysis of processes and compo-
nent interactions (multispecies test) are used. The key considera-
tion is that a microcosm study provides the conceptual and experi-
mental framework for developing a testable hypothesis and for rec-
ognizing and investigating the frequency distribution of the proces-
ses and component interactions operating within an ecosystem.

Several important factors can be cited in support of this ap-
proach. First, a microcosm, by design, isolates a community of
some level of complexity that is representative of a portion of an
ecosystem. Since the fundamental thermodynamic basis of ecosys-
tems involves the generation of energy from the oxidation of de-
gradable organic materials to immobilize inorganic nutrients pro-
duced from geochemical events external to the ecosystem, ecosys-
tems are viewed as biogeochemical units that reflect the integra-
tion of a large variety of metabolic networks. A microcosm,
therefore, will house a certain proportion of these networks but not
all. This is shown diagrammatically in Figure 2. The microcosm
design and the assumptions applied to its operation will determine
the extent of the biogeochemistry of an ecosystem that is captured
in a microcosm. Thus, a particular microcosm may or may not har-
bor a great deal of the biogeochemistry of an ecosystem (size of
the microcosm circles), and it may or may not reflect the true dy-
namics and interactions of an ecosystem {overlap into the ecosys-
tern circle). In most microcosm studies, the circles will be large,
indicating the presence of many metabolic networks found in na-
ture, but will have lesser degrees of overlap, indicating limitations
or exaggeration of the dynamics of the networks in the microcosm.

Rarely, if ever, would a situation occur as shown in Figure 2B,
in which a single community or microcosm would account qualita-
tively and quantitatively for all the biogeochemistry of the ecosys-
tem. By establishing arbitrary boundary conditions of an environ-
mentai sample, as often effected in a microcosm, the biogeochem-
istry becomes uncoupled from the ecosystem. Although this un-
coupling may not eliminate any critical components or change the
number and types of interactions, it could greatly upset the rates
at which these interactions occur. The usefuiness of a microcosm
is not impaired but if the controlling variables for the rates of
these interactions are not understood, no attempt should be made
to extrapolate the microcosm result quantitatively to the field.

A common example of the almost unavoidable uncoupling
brought on by a microcosm study is the exclusion of higher trophic
levels, such as herbivores and carnivores, from a microcosm- Sev-
eral studies have shown that the effects of grazing on primary pro-
ductivity may be substantial. Reductions in producer standing
crops by a herbivore have caused increases in primary productivity
(Cooper 1973), and deposit-feeding amphipods have been shown to
affect the productivity of sediment microflora significantly
(Hargrave 1970). Primary productivity of diatom communities is
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Figure 1. Schematic diagram of possible information flow from
laboratory test systems to risk assessments. Differences between
tests are explained in the text. Thickness of the arrows indicates
amount of information flow. Cross hatched areas represent cur-
rent fiow of information.

Sys! logeoct Overlap of the circles
indicates similarities in rates of biogeochemical processes in mi-
Crososms; the ecosystems A and B represent possible examples of
these interrelationships. repr P
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known to be increased by craytish grazing (Flint and Goldman
1975). With these types of potential uncouplings, it is precarious to
extrapolate a microcosm resuilt to the field.

Further evidence that a microcosm js unlikely to represent
100% of the ecosystem's biochemistry can be found in the spatial,
and sometimes the temporal, assumption made in physically model-
ing a particular ecosystem (for example, the cross section of an es-
tuarine ecosystem as shown in Figure 3). An assumption in model-
ing part of the ecosystem in a microcosm may be to establish a
sediment/water system representing the average sediment surface
area to water volume ratio of the bay (dotted line in figure). This
assumption may be tenable for some studies. However, from the
standpoint of exposure assessment in which a chemical may biode-
grade much more rapidly in sediment than in water, it is not ten-
able. This is because the chemical will disappear at a faster rate
in shallower waters where its encounter with sediment will be more
frequent. It is a hydrodynamic problem in assessing fate under
these conditions; that is, what is the expected distribution of the
chemical among compartments with varying degrees of biodegrada-
tion potential? The microcosm should not provide information on
overall distribution; this is the predictive job of a mathematical
model. Instead, the microcosm should provide a broad view of the
biodegradation potential of each component and the possible inter-
actions contained thereijn.

Further, biodegradation may be more rapid in and around rooted
macrophytes such as those found in grass bed areas and adjoining
salt marshes. Higher concentrations and activities of bacteria on
the plant leaf surfaces, in the root rhizosphere and in the associ-
ated detrital material may contribute significantly to the biodegra-
dation of certain chemicals. The exposure of the chemical to these
areas would again be dependent on the hydrodynamics of the estua-
rine system, and the exposure can be substantial. A microcosm de-
signed to model just the more geographically dominant neritic
component of the estuarine system wouid ignore this contribution
from the plants. If this type of microcosm were used to study the
fate of a chemical in an estuary, an erroneous estirmation of the
chemical's fate could be obtained. Great caution, therefore, should
be exercised in extrapolating microcosm results directly to the
field. The same argument holds true in many cases for toxic effect
studies as well.

THE ROLE OF MICROCOSMS IN QUANTITATIVE ASSESSMENTS

Given these limitations on extrapolability, how, in fact, is the
microcosm effective infwaste assimilative capacity deterrina-
tions? The key may be found in studying a microcosm within the
same theoretical framework that has been formulated for studying



<UWISODOIDIL B Ul P2[SPOUI D PINOD JBYY WAISLSODI 9Y)
jo uonod sjuasaidaa xoq aul] Palo( *1I31SAS0DH aurien)ss [edtd4Al B JO uolinas ssoud dntewwieIBRIQ g 2anB1y

ININIQ3S
Ml | , Eﬁw.bl._rom

b e e e L

" AR
300N \ 5 d3IARY

WSOO0HIIN HSHVWLIVS




Microcosms in Fates and Effects Assessments / 127

a natural ecosystem, particularly in reference to the concept of
studying ecology by combining holism with reductionism {(Odum
1977). An ecosystem, according to Heath (1979) is an array of
components interacting cooperatively to form a complex unit
through which energy, matter and information may flow. The be-
haviors of the individual components of a system are constrained
and coordinated through the network design of the system. Some
of the properties of the system arise not from the components
themseives but from the specific set of interactions within the sys-
tem. Thus, it is not possible to characterize a system only from a
knowledge of the component parts. 3Since a reductionist approach
to ecology, Dy its very nature of analysis, causes a disruption of
this network design or set of interactions, it must be combined
with a study that preserves those interactions. As Schindler et al.
(1980) stated, the attempt to understand the "state-of-the-whole"
should thus be a central focus in all ecosystem studies. Only after
this state has been assessed or measured shouid we attempt to
fractionate the system into component subsystems. Indeed, the
state of the whole should guide our definition of subsystems, rather
than a priori definition of subsystems delimiting our recognition of
properties of the whole.

Microcosms are considered by many investigators (Schindler et
al. 1980; Hill and Weigert 1980; Heath 1979) to be a means of
studying the compiexities of natural ecosystems in the laboratory.
Although the microcosm is itself a component of the ecosystem be-
cause of its uncoupling from the field, as noted above, it is none-
theless a complex system that wiil contain much of the "network
design” and system-level interaction of a natural ecosystem.

For the purposes of extrapolation of laboratory data to the fieid
the concepts of holism and reductionism must be combined. The
state of the whole should be established in the laboratory, using a
microcosm; then, through a process of manipulation and disassem-
blage of that whole into subsystems, the interworkings of the eco-
system can be understood. The microcosm then becomes a founda-
tion around which to clarify the interactions and the rate-depend-
ent processes of the subsystems. The subsystems are basically syn-
onymous with the multispecies test represented in Figure 1. The
relation of these subsystems to the whole is the critical experi-
mental exercise because the subsystems most likely will: (a) gen-
erate new experimental questions and (b) produce insight into rates
and system dynamics. The rates are crucial to extrapolation
whether applied to toxic effects studies (rates of recruitment,
rates of growth, reproductive rates, rates of metabolism, rates of
grazing, rates of feeding, etc.) or to fate studies (rates of trans-
port, rates of biodegradation, rates of photolysis, rates of bioaccu-
mulation, rates of sorption, etc.). If rates can be studied, and the
factors that control them investigated relative to the complex
state of a microcosm state-of-the-whole, then predictive ecosys-
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tem mathematical models can be developed and risk analysis per-
formed. A specific fate study follows to illustrate how the micro-
cosms can be manipulated and disassembled into subsystems (mult;-
species tests) to provide quantitative 1nforrnf-1t10n on the factors
controlling the fate of a chemical in an aquatic system, and subse-
quently to provide data for a mathematical modeti.

EXAMPLES OF THE QUANTITATIVE USE OF MICROCOSMS

The dosing with the toxicant p-cresol of several man-made
stream channels (the channels are located in Monticello, Minn., and
are operated by the EPA Environmental Research Lab at Duluth,
Minn., and Michigan State University [ Cooper et al. 1981)) provided
the opportunity to determine how accurately the fate of pcresoj
could be predicted in the field streams- A microcosm study involv-
ing the fate of p—cresol was conducted to provide a picture of the
"state-of-the-whole.® The microcosm design is shown in Figure 4.
Intact portions of the riffle area and poo! area in the streams were
transported to the microcosms in trays (36 ¢cm diam, 10 ¢m high).
A recirculation device completely mixed the water column (80 L)
and produced turbulence similar to that in the stream. The stream
channel, which was dosed with 8 ppm p-cresol, was actually a
closed recirculating loop; consequently the microcosms, as a riffle-
pool pair, could be maintained as closed systems. Since the stream
was autotrophically based, diurnal dissolved oxygen profiles were
used to calibrate the microcosm with the field. Invertebrate popu-
lations in the rocks and sediment were also used as calibration
points. In both cases good simulation of the stream was obtained in
the microcosm (Pritchard, unpublished results).

The microcosms (riffle-pool pair) were spiked with 8 ppm p-cre-
sol, and the disappearance of the parent compound was followed,
using high pressure liquid chromatograph analysis. The result (Fig-
ure 5) is representative of the integration and interaction of fate
processes in the system; the rate of disappearance of p-cresol is
controlled by some unknown number of factors whose integration
produces the microcosm result. No loss of Pp-cresol occurred in
azoic microcosms.

It is important to point out that this microcosm result has little
predictive value of its own. Since the microcosm is not a duplicate
of the stream, the results have no quantijtative bearing on the rate
of dzsa?pearance of p-cresol in the stream channel; therefore, only
a Qualitative judgment can be made of its fate in the stream.
However, a quantitative extrapolation of Iaboratory data to the
field is possible if the controlling variables which affect the com-
pound's fate in the microcosm can be demonstrated. For this par-
ticular chemical, kinetic information about jts biodegradation
(specifically, rate constants) is needed.
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The manipulation of the microcosm to understand more clearly
the biological factors controlling the fate of p-—cresol were under-
taken. Our study compared the rate of degradation of p-cresol in
microcosms containing only riffles and only pools. Figure 6 shows
that the all-pool microcosm degraded p-cresol much slower than
the all-riffie microcosm. The degradation rate in the pool-riffle
microcosm was intermediate. Clearly, the manipulation indicated
that the stream riffle areas were quite important in the biodegra-
dation of p-cresol. Since respiking of the microcosms produced
similar degradation rates in all systems (Figure 6), it would appear
that the contribution from the riffles is important in initiating
degradation of p—cresol.

It was necessary to disassemble the state—of-the-whole into
subsystems or multispecies tests to obtain more quantitative de-
tails. In microbial systems, mixed microbial populations associated
with water, sediment, rock surfaces and plant surfaces can be
readily separated from the microcosm and studied in shake flasks
to determine their p-cresol biodegradation potential. Figure 7
shows the degradation rates of p-creso] in shake flasks containing
components from the stream. Bacteria associated with rock sur-
faces were the most active degraders, whereas bacteria associated
with the water were the least active.

The important consequence of these subsystem experiments is
that degradation per unit mass, or rate constants, can be obtaineds;
that is, rates per liter of water, rates per rock, rates per gram of
sediment, etc. The individual contribution of each of these rates
can be established by determining the combination and integration
required to simulate the microcosm results. If the approximate
mass is known for each component in the field stream, and this
rate information can be integrated, the rate of disappearance of p-
cresol in the streams can be predicted. A mathematical model
greatly facilitates this exercise. Preliminary efforts in this regard
for the p<cresol studies have shown that the subsystem or multispe-
cies test information is sufficient to predict results in the stream
(as verified by its sufficiency to predict fate in the microcosms),
and that the key controlling variables for the fate of p-creso! can
be dissected out by examination of subsystems.

It is interesting that knowledge of the activities of pure cul-
tures (single species) of p-cresol-degrading bacteria, although read-
ily isolated from the stream or microcosm, was insufficient to pre-
dict the rate of biodegradation of p-cresol in the stream. These
isolated organisms behave much differently when separated from
their natural assemblages. Invaluable qualitative insight into
microbial biodegradation mechanisms of p-cresol and the relation-
ship of chemical structure to biodegradability, however, has been
gained using pure cultures of bacteria {Dagley and Patel 1957;
Hopper and Taylor 1975; Buswell 1975).
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Single-species tests are exceu_ent _and invaluable qualitative
measures of toxic effects, but provide tnadequate sources of infor-
mation on which to predict dynamiC consequences of toxicant
stress, particularly at sublethal concentrations. An approach as
outlined for a fate assessment, that is, starting with the "state-of-
the-whole” and working toward simpler subsystems, shouid be yn-
dertaken to develop quantitative measures of toxic effects as re-
quired for determinations of waste assimilative capacity. The ease
of working with natural assemblages of microorganisms in the lab-
oratory obviously makes this approach useful. Although it is more
difficult to perform toxicological studies on naturai assemblages of
plants and animals in the laboratory, it is nonetheless an effort
that should be seriously considered in the future.

A potential example of this approach to effect studies can be
projected with the benthic community settling system described by
Hansen and Tagatz (1980). By working with field colonized sedi-
ment, the same experimental system can be developed as a micro-
cosm. Structural and functional aspects of the benthic community
can be measured and calibrated with the field. Good simulation in
community structure has been shown by Flint et al. (1982). This
jaboratory microcosm thus provides a "state-of-the-whole" which
can be perturbed with a toxicant. Manipulation of the microcosm
and the development of subsystems can be carried out to determine
the population dynamics of the benthic community and perhaps to
pinpoint the toxicant response both at the structural and functional
levels. Experiments that examine variations in organic loading, re-
cruitment, functional compensation, resilience to toxicant stress,
changes in dominance patterns, etc., can all be attempted to un-
derstand the dynamic aspects which lead to the 'state-of-the-
whole." Cores could also be taken from the microcosms to develop
subsystems for further testing, particularly functional measures
such as dissolved oxygen patterns and Eh profiles (Flint et al.
1982). Although the cost and the problem of trying to study com-
Plex ecosystem processes in small containers are tnitially greater
than single-species tests, the microcosm approach and acquisition
of kinetic information about fate and effect responses should ulti-

mately lead us to a more reliable determination of waste assimila-
tive capacity.
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The Use of Self-Selected, Generic
Aquatic Microcosms for Pollution
Effects Assessment

John W. Leffler
Ferrum College
Ferrum, Virginia 24088

INTRODUCTION

Microcosms have been the subject of much discussion, especial-
ly in terms of assessing ecosystem-level effects of toxic chemicals
(Giesy 1980; Hammons 1981b). Chemical induced alteration of
properties such as autotrophic and heterotrophic activity, biogeo-
chemical cycling and taxonomic composition generally have been
neglected in most chemical assessment tests. While such testing
could be done most realistically on intact natural ecosystems, it is
not economically and logistically feasible to field test even 10% of
the more than 45,000 chemicals currently produced in this country.
Microcosms offer advantages of short time scales, small physical
size, replicability, reproducibility and no contamination of the en-
vironment. They are relatively inexpensive to use and may be
standardized to produce qualitative predictions regarding potential
environmental impacts.

Microcosms have been defined as "small living models of eco-
system processes” (Leffler 1980). This definition is most applicable
1o "generic" microcosms. The major advantage of such microcasms
is not that they simulate any particular ecosystem, but that they
provide insights into general properties characteristic of many eco-
systems. It shouid be recognized that the concept of simulation re-
fers to a continuum from very general to highly site-specific situa-
tions. Because of the size constraints inherent in a laboratory sys-
tem, generic microcosms have been more successful as simulations
of ecosystem functiona! properties rather than ecosystem struc-
ture. This philosophical approach to generic microcosms is typical
of what has been termed "mixed flask cultures" (Hammons 1981b).
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is the most commonly used type of aquatic model ecosystem
&bﬁog’ 1966, 1967, 1969; Beyers 1962, 1963; Bryfogle and
McDiffett 1979; Cooke 1967, 1977; Cooper 1973; Crouthamel] 1977,
Fraleigh 1971; Fraleigh and Dibert 1980, Go_rdon et al. 1969; Heath
1979; Hendrix et al. 1981; Kelly 1971; Kurihara 19783, b; Leffler
1977, 1978, 1980, 1981; McConnell 1962, 1965; Neill 1972, 1975;
Ollason 1977; Reed 1976; Thomas 1978; Waide et al. 1980). In most
cases such microcosms are initiated by an inoculum derived from
an existing natural source either directly or through a period of
self-selection in the laboratory. Synthetic generic microcosms can
also be developed from individually cuitured species (Taub 1969;,
b, ¢, 1976, 1982; Taub and Crow 1980). This paper will describe
and evaluate seif-selected, mixed flask microcosms in terms of
their usefulness for assessing ecosystem-leve] poliution effects in
aquatic systems.

MICROCOSM DESCRIPTION

Since the main reason for using microcosms is to focus on eco-
system-level pollution effects, the major goal of microcosm design
is to develop a miniature ecosystem which responds quickly to per-
turbation. The emphasis is on ecosystem-level properties, although
species-level attributes such as fecundity and mortality can also be
monitored if desired. Generic microcosms are viewed as distinct
ecosystems in their own right, rather than site-specific simulations
of particular naturai systems. They thus function as very general-
ized simulations of a large class of ecosystems.

Generic microcosms for which ecosystem effects protocols
have been developed are small (I 1o & liters), static, open, fresh-
water ecosystems (Leffler 1981). Since each microcosm js consid-
ered a unique ecosystem, intra-experiment replication among mi-
crocosms is enhanced by using defined chemical media and stand-
ard physical conditions (light, temperature, day length). In order to
study ecosystem-level effects it is essential that the microcosms
function as homeostatic, self-sustaining ecosystems capable of ex-
isting through time periods of at jeast a year. They should be inde-
Pendent of outside subsidies except for light and replacement of
evaporated water. Well-developed interactive couplings of the or-
ganisms are essential to achieve these goals. In a self-selected
microcosm the inocula used to initiate the systems are gathered
from a variety of intact, existing communities where tightly cou-
pled interactions among populations are assumed to exist. Ponds,
old labqratory aquaria, hollow trees and cemetery urns are exam-
Ples of inoculum sources. In each case the organisms obtained are
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generally preselected to small bounded systems with a high ratio of
surface area to water volume. These field sources are combined in
a laboratory stock culture for 3 months prior to the inoculation of
the test microcosms. This pretest period in the laboratory permits
selection of organisms for the specific microcosm environment and
enhances interactive couplings among populations. In the generic
microcosm approach, the exact species composition is not impor-
tant. However, certain minimal functional groups should be repre-
sented to ensure a homeostatic, self-sustaining ecosystem.
Leffler's (1981) generic microcosm protocol suggests that the
inoculum contain at least the following groups:

l. Two species of edible, single-ceiled green algae. These
provide a food source for grazing invertebrates, and the
presence of two or more species permits selective preda-
tion and interspecific competition.

2. A filamentous green alga.

3. A blue-green, nitrogen-fixing alga.

4 A grazing, free-swimming macroinvertebrate; eg. Daphnia
spp-

5. A benthic, detritus-feeding macroinvertebrate; eg. ostra-
cod spp-

6. Assorted bacteria and protozoas.

Once the organisms are inoculated into the chemical medium of
the test microcosms, no test chemicals are added for 6 weeks.
This time period permits the biota to become well established and
a dominant factor in the functioning of the ecosystems. Replica-
tion among microcosms is enhanced by crossinoculation during this
period. This 6 week period also ensures that all microcosms to be
used in the pollutant testing are good replicates of each other. In-
dividual microcosms which deviate significantly from the majority
of replicates based on the standard parameters described below are
excluded from the assay-

The rationale of the self-selected inoculation method arises
from the desire to develop a self-sustaining, homeostatic micro-
ecosystem. Organisms are collected that are adapted or acclimat-
ed to interacting with each other. Many interactive pathways al-
ready exist, and whole communities are sampled to ensure that all
relationships necessary for a functional ecosystem are present.
The naturally derived inocula are placed in stock holding tanks to
allow the organisms to adjust to the physical-chemical conditions
of the laboratory environment. Some species may go extinct and
others will change in dominance. Generally a homeostatic, self-
perpetuating community will develop in about 90 days. A similar
adjustment is permitted when the test microcosms are inoculated
from the stock cultures. This procedure allows the establishment
of interactive pathways through natural processes. The experi-
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menter is relieved of concern over whether 'such pathwgys would
exist in systems created by combining organisms from single spe-
cies cultures for short periods of coexistence. Aithough the totaj
number of species from all taxonomic groups and the numbers of
individuals of each species can never be fully known, a diversity of
organisms is ensured by this inoculating procedure. The purpose of
these microcosms is to evaluate pollutant ef fec_ts on the functional
integrity of ecosystems, not on all of their individual components.

Boundaries

Most natural ecosystems lack sharp, closed boundaries. Dis-
tinctions between ecosystems generally take the form of gradients
which are open to the interchange of energy and matter. The
boundaries of a microcosm are very well defined and permit littje
or no movement of chemicals into or out of the immediate system.
In addition the walls of a microcosm vesse] create a high ratio of
surface area to water volume. For pelagic ecosystems this lessens
the realism of a microcosm simulation. In [ight of the '‘uniqQue eco-
system” philosophy associated with generic microcosms, this is of
little consequence. As in the case of lighting and temperature re-
gimes, the boundaries are considered unique environmental con-
straints associated with this particular type of ecosystem.

Since the boundaries of the microcosms permit very little
movement of organisms into or out of the systems, reinoculation
from stock cuitures is important. Effects of tested chemicals are
evaluated in terms of the microcosm’s resilience as well as resis-
tance (Leffler 1977; Webster 1975). In order to enhance a realistic
response to chemical stress, it is essential that biotic invasion be
possible. Microcosms are generally reinoculated from stock cul-
tures on a weekly basis as water evaporates. This procedure en-
sures that genetic diversity is maintained and adds to the realism
of the microcosm.

Parameters

The emphasis of microcosm studies is on ecosystem-level im-
Pacts rather than individual species effects. As a result, micro-
cosm behavior generally is monitored by integrative parameters
above the population level of organization. Other parameters such
as single species responses may also be measured with a slight in-
crease in expense. A workshop which studied methods for measur-
Ing effects of chemicals on aquatic ecosystem properties suggested
five major classes of properties which should be monitored in lentic
aquatic microcosms (Hammons 1981a):

1. Autotrophy--!'C uptake, diel oxygen changes, die! CO
changes, chlorophyii, £} . :
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2. Heterotrophy—'"CO, release from labeled substrate, diel
oxygen changes, microorganism enumeration-

3. Chemical-physical properties--pH, pE, turbidity.

4. Nutrient concentrations and fluxes--nitrogen fixation
rates, NO 3? NH ") Ortho-P, total C, DOCO

5. Taxonomic composition—-relative proportions of the domin-
ant species.

Advantages of Self-Selected Generic Microcosms

The generic microcosms described here permit general assess-
ment of pollutant induced ecosystem-level responses because they
are ecosystems in their own right. They are self perpetuating and
homeostatic. Because of the inoculation procedure of such micro-
cosms, established, interactive pathways among the species are as-
sumed to exist. Unlike many single species bioassays, microcosms
are self sustaining with a minimum of external subsidiaries. Self-
selected microcosms are relatively inexpensive to establish and
monitor since all the organisms come from a single self-maintain-
ing stock culture. There is no need to maintain cultures of individ-
ual species. This lowers the expense and lessens the technical ex-
pertise required. Because the microcosms are self-sustaining eco-
systems, both short-term and long-term (60 days or more), acute
and chronic (depending on dosing procedures) impacts of pollutants
can be assessed.

EXPERIMENTAL DESIGN

Physical Design

Replication among microcosms is attained through the initial
inoculation and several cross-seeding inoculations during the first 3
weeks of establishment. The degree of replication varies for dif-
ferent parameters. Coefficients of variation are generally less
than 30% for production and respiration measured by diel oxygen
changes, less than 30% for Eh measurements, and less than 10% for
pH measurements (Leffler 1981). A randomized block design is
used for placement of the microcosms within a growth chamber.
The microcosms are also moved among the shelves of the chambers
twice weekly. These procedures minimize the intrachamber gradi-
ents.

Replicate microcosms receiving a particular concentration of a
test chemical are compared against the behavior of undosed, con-
trol, replicate microcosms by means of a t-test. This procedure
accounts for normal variability among undosed microcosms and for
the precision of measurements possible for each parameter.
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The null hypothesis being tested is that a particular test chemi-
cal has no effect on a model ecosystem, the microcosm. The alter-
native hypothesis is that the test chemical does cause an effect on
the microcosm. The data gathered from the study can be analyzed
in several ways. The values for each parameter at each sampling
time could be plotted for both treatments and control and the re-
suiting graphs examined for general trends. While feasible, thjs
approach can be difficult to interpret becausg of the amount of
data generated from severa} parameters, a variety of exposure lev-
el treatments and a number of sampling periods.

As an alternative the data can be analyzed by stability analysis,
a statistically based method which compares confidence bounded
trajectories of treatment and control microcosms (Webster 1975;
Leffler 1977, 1978, 1981). Three forms of stability are illustrated
in Figure 1. Resistance stability is a measure of the maximum de-
flection of poliutant dosed microcosms from the nominal trajec-
tories of control microcosms. It can be used to calculate effective
concentration (EC20 for example) values for the test chemical.
Resilience stability measures the time required for dosed micro-
cosms to recover from the acute impact of the test chemical. It
can provide information about the removal of the test chemical
from a toxic condition, due either to physical processes such as ad-
sorption or to biological degradation. Total relative stability
analysis combines both resistance and resilience to yield a measure
of the total impact of the test chemical on a monitored property of
the microcosms. It is calculated by integrating the differences be-
tween the statistically defined trajectories of the dosed micro-
cosms and the control microcosms. Effective concentration values
can also be caiculated from total relative stability measures.

Each of these stability measures provides a single number for
the impact of the chemical on each of the monitored properties.
These numbers are most usefu) for ranking the impact of different
chemicals in terms of the same parameter. Effective concentra-
tion values calculated from either resistance or total relative sta-
bility measures can provide more definitive, quantitative measures
of impact and may be directly compared with results from single
species bioassays. Lethal concentration (LC20 or LC50) values are
not appropriate since ecosystem "death® is ili defined and because
most monitored ecosystem parameters are continuously rather than
discretely distributed. A Relative Effects Index can be used to
combine the total relative stability analyses of all measured pa-
rameters into a single number useful for ranking the impact of dif-
ferent treatments or test chemicals (Leffler 1981). While this ap-
Proach simplifies interpretation of a large amount of data, its
major disadvantage is the loss of information which results from
reducing the data to one number. One cannot determine what part
of the system is affected or at what time after introduction of the
chemical the greatest impact occurs.
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Difficulties arise if replicate ‘microcosms within the same
treatment display the same behavior but are temporally out of
phase. This time lag creates large variability within a treatment
and obscures any significant differences from controls. Waide et
al. (1980) tried to overcome this problem by plotting two parame-
ters against each other in a timeless phase space. Although out-of-
phase replicates will have identical trajectories in such a diagram,
quantitative analysis of the deviation from controf microcosms js
difficult. _ _

When the null hypothesis that a particular test chemical has no
effect on the microcosms is evaluated it is statistically possibie to
make two kinds of error- A Type I error occurs if one concludes
that a test chemical caused an ecosystem effect when in fact it did
not. A Type Il error occurs if one concludes that the test chemical
causes no ecosystem effects when it reatly does. Both types of er-
ror can be reduced by increasing the sampling size. This is a rea-
sonable option to consider when using microcosm assays. Altema-
tively, for the purpose of screening potentially hazardous chemi-
cals it may be reasonable to increase the probability of making a
Type 1 error in order to decrease the likejthood of a Type Il error.
As a result it might be reasonable to reduce the significance level
in microcosm screening test analyses to 80% instead of the tradi-
tional 95%. This would create a more conservative test, at least
from a regulator's viewpoint. It would increase the probability of
concluding that the test chemical has an effect when in fact it
does not and decrease the probability of conciuding no effect when
in fact the chemical does cause an impact. Decisions about such
matters must be made prior to testing.

Assumptions

It is assumed that a microcosm is either a general representa-
tion of a class of natural ecosystems or is a site-specific simulation
of a particular ecosystem. The logic of the generic microcosm ap-
proach assumes that by describing the impacts on the essential
functional properties of one ecosystem it is possible to suggest
qualitative descriptions of the response of similar properties in
other ecosystems. Such an assumption can be evaluated by com-
paring rpicrocosm results with those of field situations. Since ge-
neric microcosms are not designed to mimic any other specific nat-
ural ecosystems, this is the key assumption for this entire approach
to effects testing. The other critical assumption is that the exact
species composition of a generic microcosm is unimportant for
detecting ecosystem-leve! impacts as long as certain key function-
al groups are represented. This assumption can be tested by com-
paring how microcosms differing in species composition respond to
a series of test chemicals.
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The generic microcosms for which protocols currently exist are
freshwater, static systems. It is assumed that these chemical-
physical characteristics will not limit generality of their resuits.
In order to increase between-microcosm replication an artificially
constructed chemical medium is used. This medium was designed
originally to promote growth of algae and macroinvertebrates, not
to simulate naturally occurring water (Leffler 1981; Taub and
Dollar 1964). Because the fate and effects of a pollutant are influ-
enced by the chemical matrix of the water, use of a specific artifi-
cial medium might decrease the ease of extrapolating from a ge-
neric microcosm to a natural ecosystem. This limitation could be
evaluated through a series of experiments in which different media
are used in microcosms which are then compared with each other
and with a variety of field studies. A component of the artificial
medium, such as EDTA (which is required to hold micronutrient
iron in solution), may also unrealistically chelate the test pollutant.

Two major assumptions are that ecosystems really exist and
that they are worthy of concern in assessing pollution effects.
Engelberg and Boyarsky (1979) recently questioned whether ecosys-
tems are really functional units while Knight and Swaney (1981),
McNaughton and Coughenour (1981), and C.F. Jordan (unpublished
manuscript) argued in support of the ecosystem concept. The
findings of the National Academy of Sciences' Committee to Re-
view Methods for Ecotoxicology and a series of Environmental Pro-
tection Agency workshops held at Oak Ridge National Laboratory
affirmed the concern over ecosystem-level pollution effects (NAS
1981; Hammons 1981b).

Finally, it must be assumed that the monitored parameters ac-
curately and precisely reflect events or processes within the
microcosms. At present, methodology needs to be refined to in-
crease the sensitivity of detecting changes within the microcosms.

EXTRAPOLATION

The basic philosophy of the generic microcosm approach is that
a microcosm is an ecosystem in its own right and therefore ecosys-
tem-level impacts in a microcosm may be extrapolated to similar
impacts in other natural ecosystems. As discussed in Hammons
(1981b), however, extrapolation really has two components: real-
ism and generality. These form opposite extremes of a continuum,
and it is generally impossible to maximize both. Since the generic
microcosm approach is based entirely on the assumption of gener-
ality, these systems must be used for making general statements
about chemical impacts, not for direct prediction of site-specific
impacts. The microcosms are useful for screening chemicals and
indicating which ones require further testing to fully ascertain
their impacts on freshwater aquatic ecosystems.
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ifi of Monitored Properties
Siggim:t:T:i‘tjzerni(:rocc::tsms are primarily useful for evaluating ecosys-
tem-level impacts. How can such microc_osm properties be extrap-
olated to natural ecosystems? An alteration of the autotrophic and
heterotrophic components of an ecosystem could affect food chains
and result in impact on species important to human commerce and
recreation. According to the second law of thermodynamics
energy is lost at each step of a food chain. A Qecrease 1N auto-
trophy at the base of a grazing food chain may uitimately lead to a
reduction in game fish biomass several levels removed. Similarly
an increase in heterotrophy, most notably by bacteria and fungi,
may decrease the food supply passing to game fish at the top of a
detrital food chain. An increase in either autotrophy or hetero-
trophy may result in algal or bacterial biooms. Both may adversely
affect game fish by depleting the waters of dissoived oxygen. Bac-
terial and fungal metabolism is also closely related to the recycling
of nutrients, thus infiuencing the productivity of the water body.

Alteration of chemical and physical parameters such as pH and
pE may also have significant impacts on an aquatic ecosystem. Be-
cause of equilibrium phase state shifts in chemical speciation,
threshold effects may be encountered which are far greater than
small changes may indicate. The recent depletion of fish popula-
tions in certain Adirondack lakes due to acid precipitation is an ex-
ample. Changes in the equilibrium of chemical species may alter
the availability of nutrients to organisms or may directly affect
the metabolism of organisms. An excess of nutrients can lead to
algal blooms, resulting in lowered dissolved oxygen concentrations
which stress game fish. Deficiencies of nutrients in the water re-
duce primary productivity and in turn lower the productivity of all
higher tropic levels.

The relative abundance of the dominant species in a microcosm
can also be monitored. Taxonomic changes may indicate possible
changes in community structure, food chains, or key functional
groups. All of the information provided by many single species bio-
assays could be obtained from microcosms, but with increased reai-
ism and improved extrapolation. Most economically important spe-
cies cannot be included in a generic microcosm because of size
limitations. For these harvestable species a poliutant's impact can
only be inferred from microcosm resuits. These species should be
tested separately. Similarly, possible predictions about human
health effects are very limited. Some impacts to swimmers or hu-
man consumers of aquatic life might be inferred if bioconcentra-
tion were measured in various microcosm organisms- It should be
remembered, however, that generic microcosms were designed as
ecosystem-jevel effects tests, not as tests for harvestable species
or humans.
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Problems of Extrapolation

Because of the diversity and complexity of the environment it
is unlikely that any of the properties monitored in a microcosm will
show the same quantitative response in a given, site-specific, nat-
ural ecosystem. However, similar qualitative impacts may occur.
The more toxic a chemical is, the more confident one can feel
about extrapolating microcosm effects to the natural environment.
One of the problems involved in extrapolating microcosm results,
the effect of the chemical medium, has already been mentioned.
Additional physical conditions such as the absence of currents and
sediments, temperature cycles, wavelengths of light, light intensity
and seasonal variability may cause a chemical's fate and impact in
the naturai environment to differ from its fate and impact in a mi-
crocosm. Some of the determining conditions such as sediments
can be added to a simple microcosm for a particular assessment.

Extrapolation from microcosms directly to a site-specific field
situation is possible only if all of the limitations are assessed.
Microcosm results should be carefully interpreted in light of the
test pollutant's chemical-physical properties. Of course, none of
the problems encountered jis unique to generic microcosms. They
certainly apply even more strongly to single species bioassays.
Mathematical models and site-specific microcosms also fail to in-
corporate fully the complexity of natural systems. In fact, when
considering the economic costs involved in trying to simulate the
actual complexity of nature, one might conclude that a generalized
screening test is really the most practical assessment we can hope
to achieve.

Yalidation

Research is essential to define the degree to which microcosm-
derived generalizations are applicabje to large classes of ecosys-
tems. How can ecosystems be grouped into functionally different
types of systems? How can generalizations be formulated for each
of these ecosystem classes? A thorough literature review and
analysis might help to answer the question concerning the level of
generalization possible among different types of ecosystems.
Ponds and enclosure studies should be used to examine the impact
of chemicals and to evaluate the types of generalities which could
be drawn from microcosm studies. Case studies of chemicals
which have been purposefully or accidentally released into the en-
vironment should be evaluated, and effects should be compared
with effects that the same chemicals produce in microcosms.
Properties for which generalizations between field and microcosm
ecosystems are possible should be defined. At present this type of
validation effort is just starting on a small scale.
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PERSPECTIVE

If generic microcosms are to become effective pollution assess-
ment tools, their strengths and weaknesses must be evaluated with
respect to other forms of testing. Major reviews of this question
have recently been completed (Hammons 1981b; NAS 1981).

Single species tests have been the major form of environmental
effects assessment in wide use. Protocols are well developed for a
variety of species for both acute and chronic tests. Recently, how-
ever, the weaknesses of the single species approach have been dis-
cussed at length (NAS 1981). They have been criticized for their
lack of realism and the difficulty involved in extrapolating from
pure culture results to effects on the same species in nature.

Generic microcosms are subject to the same criticisms as single
species tests, but the criticisms are less harsh. Generic micro-
cosms are more realistic and probably more generalizable than are
single species tests. Much of their improved realism results from
their increased complexity and the fact that they are homeostatic
and seif sustaining. Microcosms can thus exist independently of
highly arbitrary and artificial externa} support. Microcosms permit
evaluation of poliutant effects on the functional properties of the
ecosystem level of organization. Effects due to species interac-
tions, trophic organization, and biogeochemical cycling can be as-
sessed. Generic microcosms and single species bjocassays are very
similar in their poliution assessment uses and in the ability to ex-
trapolate their results to field conditions. Both are most effective
as screening tests to indicate chemicals requiring further study.
Microcosms and single species tests are probably equivalent in ex-
pense over testing periods of equal length. Both are relatively in-
expensive.

Microcosms have been shown to provide data not predicted by
single species tests. Triethylene glycol is a chemical commonly
used as a carrier compound for introducing test chemicals into
single species bioassays. Leffier (1981) showed that triethylene
glyco! was severely deleterious in aquatic microcosms, probably by
being degraded to oxylic or formic acid. These results have been
confirmed independently in similar generic microcosms with differ-
ent species composition (F.B. Taub, personal communication). Sim-
ifarly Taub (1982) has reported malathion effects in microcosms
significantly different from those which would be predicted from
single species algal or Daphnia tests alone.

Single species tests do provide useful information which is not
available from microcosm tests. Such data relate to specific or-
ganisms, particularly those of economic significance. Because of
size limitations large organisms such as macrophytes and fish can-
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not be sustained in a generic microcosm. Commercially important
fish and shellfish should also be tested separately both because of
the size limitations and because of the detailed information desired
about these particular species.

Site-Specific Simulation Microcosms

An alternative approach to ecosystem effects testing has been
the development of site-specific simulation microcosms (Harte et
al- 1980; Perez 1981; Pilson et al. 1980; Tagatz 1976). These sys-
tems are designed to mimic the ecological behavior of a specific
body of water. They are generally far more complex than generic
microcosms, both in taxonomic structure and in their design and
maintenance procedures. Site-specific microcosms possess greater
ecological realism than generic microcosms. Both types of system
are capable of making general predictions, but site-specific predic-
tions can be derived only from simulation microcosms.

Generic microcosms are far less expensive than simulation mi-
crocosms, but also provide less specific information. Actually the
two systems were developed for different purposes. The simulation
microcosms are designed to predict the effects of a chemical in a
specific type of ecosystem. Generic microcosms are designed as
screening tools for rapidly evaluating the general environmental
effects of a variety of chemicals. The choice of which type of mi-
crocosm to employ depends on the kind of information required for
a particular situation. The two approaches are not contradictory,
but should complement each other. Because of their cost, generic
microcosms would usually be used first to screen chemicals which
require further testing in site-specific simulation microcosms.

Field Evaluation Studies

Field testing of a potential pollutant is of course ideal for ob-
taining realistic data which are easily extrapolated. Both generic
and site-specific microcosms possess far less ecological realism
than a field study. However, field studies are proportionately very
expensive and logistically difficult. In terms of evaluating large
numbers of chemicals for environmental hazard, field studies are
simply not possible from both the economic and habitat destruction
perspectives. Field studies are most useful on a small scale for
validating results obtained from laboratory microcosms.

CONCLUSION

OQur current ability to evaluate the ecojogical effects of poten-
tially polluting chemicals is still at an infant stage of develop-
ment. Seif-selected, generic microcosms may become an impor-
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tant assessment tool despite their limitations. The ba_sic assump-
tion that functional ecosystem-level effects observed in a generic
microcosm can be generalized to n?tur_al systems is testabje
through field validation studies. GeneriC miCrocosms are most use-
ful as a means of screening chemicals for potential ecological ef-
fects. Single species bioassays lack sufficient ecoiogical realism
for this purpose, while site-specific simulation microcosms are
generally too expensive. If justified, generic microcosms can be
made more site specific by the use of locally derived inocula, the
addition of local sediments, or alteration of chemical-physical
parameters. None of these variations woulid alter the system's cost
effectiveness.

At present it appears that the most feasible approach to
screening chemicals for environmental effects is to use generic mi-
crocosms. They should be supplemented by single species toxicity
tests for those organisms which are of particular commercial im-
portance or are ecologically important but are too large for the
microcosm- On the basis of generic microcosm results and eco-
nomic considerations, certain chemicals should then be tested in
site-specific simulation microcosms. All jaboratory-derived infor-
mation must be carefully evaluated in terms of baseline field vali-
dation studies, life histories of commercially important organisms,
and the peculiarities of specific localities.
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Measurement of Poliution in
Standardized Aquatic Microcosms

Frieda B. Taub

School of Fisheries
University of Washington
Seattle, Washington 98195

INTRODUCTION

The use of microcosms in pollution studies follows the use of
microcosms by ecologists to control extraneous variables as a
means of gaining a better understanding of ecological properties or
to pretest potential field studies; much of the early literature has
been reviewed by Cooke (1977). Microcosms were evaluated as
testing systems for the environmental transport of toxic substances
by Witherspoon et al. (1976), and as potential screening tools for
evaluating the effects and transport of toxic substances by Harris
(1980). Microcosms have also been compared with other test sys-
tems for deriving ecotoxicological evaluations (Hammons 1981). A
recent symposium provides a review of the diverse efforts that are
encompassed within the title "Microcosms," and most are pertinent
tlc; S%I;r understanding of the potential effects of pollution (Giesey

The microcosms discussed here are often termed "model eco-
systems" or “synthetic microcosms," and allow the investigator to
control variables such as the initial organism species assemblage
and relative abundances, the nature of the liquid medium, either a
chemicaliy defined solution or treated natural water, and the tem-
perature, light intensity and cycle. A test chemical is added, and
the systems are monitored for chemical fate and/or ecological ef-
fects. It should be noted that the investigator controls the initiai
conditions, but the biological components soon modify the system
in complex ways. Replicate systems can be established simultane-
ously, and randomly assigned to treatment groups.

Synthetic aquatic microcosms constitute moderately complex

assemblages of organisms that fulfill important ecological roles in
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aquatic communities. Although the first e;perirnent termed a
msynthetiC microcosm" was assembied from dnfferent species that
had been isolated from a single, naturally occurring community
(Nixon 1969), most synthetic microcosms have been synthesized
from convenient faboratory stocks of single species cultures. Some
synthetic microcosms have been gnotobiotic (i.e., the total species
assemblage including bacteria was defined), for example, Taub
(1969a, b, c); Nixon (1969); and Sugiura et al. (1982). However,
most synthetic microcosms have undefined microbial communities.

Many synthetic microcosms have been used to examine the
environmental fate of chemicals, with little or no documentation
of effects on the biota or ecosystem-ievel variables. The fine se-
ries of studies done at Robert Metcalf's laboratory to explore the
relative bjodegradability and bioaccumulation of chemicals and
their daughter products showed the utility of using eastly synthe-
sized ecological communities (Metcalf et al. 1971, 1972 and
1973). These studies proved useful in determining the fate of the
chemicals, and their findings appear to predict or confirm the
movement and transformations of chemicals in the natural
environment. One may argue that those studies do not predict the
rate or pathway of degradation of the chemical in a specific site,
but Metcalf's simple microcosm seems complex encugh to assure
that most of the ecologically important chemica) transformations
were incjuded. The communities were usuvally composed of the
terrestrial plant Sorghum halpense, the caterpillar Estigmene
acrea, the alga Oedogonium, unidentified diatoms and other phyto-
plankton, the snail Physa, the water fiea Daphnia, the mosquito
larva Culex pipiens quinquefasciatus, and the fish Gambusia
affinis. The entire community was contained in an aquarium 10 x
12 x 20 in. {ca. 25 x 30 x 50 cm). The terrestrial community was
supported by sand, and the liquid medium was 7 L of a standard
reference water (Freeman 1953). The experiments were run for 30
days before samples were taken and the fish introduced; the entire
experiment was sampled and terminated at day 33. If organisms
died during the course of the experiment, replacements were added
to assure the presence of the ecological and chemical functional
capabilities. Radioactively labeled treatment chemicals were add-
ed at field application rates, and the parent and daughter com-
pounds assessed (Metcalf et ai. 1971).

There are innumerable studies where e- ia and algae-
Daphnia-fish assemblages have been studi:st:o %% bicaccumu-
lation of chemicals. For chemical fate studies, researchers have
often used less than acutely toxic levels, and have not documented
ecological effects such as mortality, reduced growth rates or tro-
?t::‘ gtgractsizm. For example, the accumulation of (dieldrin was

1ed in a Scenedesmus, i and gu Poecilia re-
ticulata) system by Reinert%gﬂh’-% AR Sn BupPY T
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crocosm to isolate the autotrophic, herbivore and decomposer units
so that these components could be measured in semi-isolation
(Ringelberg and Kersting 1973; Ringelberg 1977). Although they
initiated their autotrophic community with Chlorella and Scenedes-
mus, they reported that other algal species became established
after a short time. The herbivore used was Daphnia magna. The
medium was filtered (0.45 ym)lake water. This microcosm design
was used to explore the effects and fate of the herbicide dichlo-
benil (Kersting 1978).

INSIGHTS INTO POLLUTION MEASUREMENTS
DURING THE DEVELOPMENT OF THE
AQUATIC MICROCOSM BIOASSAY

Our laboratory had been engaged in designing aquatic micro-
cosms that would allow us to analyze trophic interactions (Taub
and Dollar 1968; Taub 1969a, b, and c; Taub and McKenzie 1973;
Taub 1973; Taub 1977) and responses to toxic substances (Taub
1976). Since 1976, our laboratory has worked toward the develop-
ment of a multitrophic, ecosystem bioassay that could be standard-
ized between laboratories; that is, different researchers could ob-
tain similar results if they performed similar experiments indepen-
dent of the site or season of the biocassay. The research has not
only served to refine the Standardized Aquatic Microcosm Protocol
(Report to U.S. FDA on Contract No. 223-80-2352), but has also
served to indicate various ways that aquatic communities respond
to toxic substances. Although the data shown here are from fresh-
water microcosms, a similar marine microcosm was developed, but
never used by us to test responses to toxic chemicals (Taub 1976).
There are no reasons to think the principal findings would be dif-
ferent in marine ecosystems.

As a step toward developing a microcosm for displaying the
ecological effects of chemicals, a mathematical model was used to
explore the likely responses to mortality induced in a single species
(Crow and Taub 1979; Taub and Crow 1980). The model contained
three species of algae and either one or two grazers. In the ab-
sence of a second grazer, when we imposed an induced 20% mortal-
ity on Grazer #1 (who fed mostly on Alga #1, slightly on Alga #2
and hardly at all on Alga #3), the induced mortality had relatively
little effect other than to displace the abundance cycles of Grazer
#1 relative to the control ecosystem. However, when Grazer #2
(who fed mostly on Alga #2, slightly on Alga #1 and hardly at all on
Alga #3) was added to the model, the same 20% mortality induced
on Grazer #1 caused Grazer #! to become rare, Grazer #2 1o in-
crease, and Alga #2 to become rare. Thus in spite of relatively lit-
tle feeding overlap between the two grazers, the presence of a
competitor that did not suffer from the increased mortality
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changed the communities' responses to a stress. From this we con-
cluded that communities of different structure could be expected
to show different responses to a similar induced. mortality. There-
fore, we should not expect that a microcosrp bloasgay would yield
reproducible results between different experiments if the commun-
ity structure was not constant. It also suggests that different nat-
ural communities, even at the same site but at different seasons,
should be expected to respond differently to the same toxic
stress. Evidence for this is provided in the section titled "Effects
of Copper Sulfate.”

It will be necessary to briefly describe the aquatic microcosm
protocol and the control results so that the following data can be
interpreted. Although the technique has been modified slightly
over the course of the experiments, modifications are detailed only
if necessary for this discussion. The rationale and general tech-
niques have been described in other publications (Taub and Crow
1978; Taub et ai. 1981; Taub et al. 1982; Taub 1982; a formal pro-
tocol is in preparations. The algal community consists of il spe-
cies that have been selected to represent three different taxonom-
ic groups, and include many species that are traditionally used for
bioassays. The algae include a range of sizes from small to large
filamentous forms that would be suitable as food either for the
Dagl&ia or for amphipods. The animals inciude the grazers Daph-
nia (a commonly used bioassay organism), which feed on small and
moderate sized particies; protozoa and rotifers, which feed on
small algae and bacteria; amphipods, which feed on benthic detri-
tus and filamentous algae; and ostracods, which are detritivores.
The containers are | gallon glass jars containing a simple, repro-
ducible sediment and 3 L of medium. Thirty microcosms are initi-
ated, and 2% are used for the experiment; these can easily fit on a
laboratory table under a pair of 8 ft lights.

The concentration of chelate in the chemically defined medium
has an important effect on the responses of the bioassay to copper;
we have designed a variety of media and differing chelation poten-
tials. The pH buffering capacity couid also be varied, but we have
not yet done this. The protocol steps and the variables monitored
are summarized in Tables | and 2. A typical experimental design
might consist of six replicates in each of four treatment groups:
(1) control, (2) a single addition of a low concentration, {3) a single
addition of a high concentration and () a repeated addition of low
concentration. If a solvent is used, one of the treatment groups
should be a solvent control.

The microcosms have been designed to begin as a spring, or nu-
trient rich, aquatic environment where algae have an opportunity
to grow prior to heavy grazing and to devejop into a summer com-
munity in which the algae are heavily grazed and their growth de-
pends on nutrient recycling. The ecological interactions of nutri-
ent depletion (Figure 1), primary production and accumulation of
algal biomass (Figure 2), and secondary production with the estab-



Table 1. Summary of aquatic microcosm protocol.

PREPARATION

Purchase supplies, obtain cuitures.

Make master solutions, activate cultures,

Prepare bottles with sediment and medium (minus phosphate, sili-

cate, iron, trace minerals and vitamins), autoclave, cool.

Add sterile medium components not previously added.

Cap with clear Petri-dish lids; place on light table.

DAY

D Analyze initial chemical concentraticns.
Inoculate algae.

4 Analyze chemical concentrations.
Enumerate algae.
Inoculate animals.

7 Full variable measurements.

Cull 30 microcosms to 24.
Randomly assign to treatment groups.
ADD TEST CHEMICALS.

MEASUREMENTS TWICE WEEKLY TO DAY 63.

Enumerate each algai species.
Enumerate each animal species.
Oxygen concentrations day/night.
In-vivo fluorescence.

pH.

MEASUREMENTS TWICE WEEKLY FOR 3 OR 4 WEEKS, ONCE
WEEKLY THEREAFTER TO DAY 63.

Carbon uptake.

Total inorganic carbon.

Extracted chiorophyll and phaeopigments.
Algal nutrients.



Table 1. Continued

POST-EXPERIMENT ACTIVITIES

Keypunching of data*
Statistical analyses comparing each treatment with the control for

each variable (about 2 weeks).
Preparation of graphics (another 2 weeks).

interpretation of results.
Report completed 60 days after experiment completion.

*

Dh:::tﬂ?rf the 3:‘3 are keypunched as the experiment progresses.
determhu9u8h y 28 are analyzed statistically for the purpose of
age. mnémﬁhty ‘ofedme experiment and the data handling pack-
require g equired for each step represents the realistic time



Table 2. List of variables measured with units.

COMMUNITY VARIABLES UNITS
DO1 = Dissolved Oxygen, Morning ppm = mg L™
DO2 = Dissolved Oxygen, Night "
DO3 = Dissolved Oxygen, Morning "
DDOAM = Dissolved Oxygen Gain (AM) "
DDOPM = Dissolved Oxygen Loss (PM) "
DELDC = Dissolved Oxygen 24 Hour Change "
RATIO = Net Photosynthesis - Respiration Ratio "
pH
PO4 = Phosphate ugatl™hz uM
NQO3 = Nitrate "
NO2 = Nitrite "
NH3 =  Ammonia "
PRIMARY PRODUCTION VARIABLES UNITS
SELAN = Selenastrum cells ml™?
CHLAM = Chiamydomonas "
SCENE = 5cenedesmus "
ANKIS = Ankistrodesmus "
CHLOR = Chlorella "
D213 = Nitzschia (Diatom 213) "
D216 =  Gomphonema (Diatom 216) .
ANABE = Anabaena "
LYNGB = Lyngbya "
STIG = Stigeoclonium "
ULOTH = Ulothrix "
AVALG = Available Algae mg per 100 ml
ABIOM = Algal Biomass "
CHLAS = Chlorophyll-a, (spectrographic) pg L7!
CHLAFD = Chlorophyli-a, (fivor, dark filter) "
CHLAFL = Chlorophyil-a, (fluor, light filter) "
PHAEOS = Phaeopigments (spectrographic) "
PHAEOFD= Phaeopigments {fluor, dark filter) "
PHAEOFL= Phaeopigments (fiuor, light filter) "
Cl4L = Cl& Light Uptake ug CL™ hr!
Cl4D = Cl4 Dark Uptake "
Cls = Cl#4 Net Uptake "
ALK = Alkalinity (Estimate of )

no units

Inorganic Carbon)



Table 2. List of variables with units {(continued).

SECONDARY PRODUCTION VARIABLES UNITS

SDAPH = Small Daphnia md, ner 150 mj
MDAPH = Medium Daphnia o
LDAPH = Large Daphnia "
DAPHN = Daphnia, all sizes "
PSDAP - Ratio of Small to Total Daphnia 2
MDSIZ = Mean Daphnia Lengtn &
DBIOMA = Daphnia Biomass i
SAMPH = Small Amphipods 1
LAMPH = Large Amphipods "
AMPH = Amphipods "
OSTRA = Ostracods n
COPEP = Copepods (no longer added) "
EPHIP = Ephippia present’absent
PHILO = Philodina in¢. per 105 ml
ROTIF = Small Rotifers "
HYPO = Hypotrichs "
MISCEL = Miscellaneous Protozoans v
YORT = Vorticella "
NEMER = Nemertines "
BODO = Bodo n
AELOS = Aeolosoma (no Jonger added) "
CLARI = Water Clarity %




MEAN NITRARTE IN CONTROL GROUPS, BY EXPT

MEAN NITRATE. MICROGM-RT PER LITER
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Figure 1. Nitrate depletion in control microcosms. Each line and
symbol represents the mean of six replicates in the control group of
an experiment. The units are pg at L™ or uM. The separate ex-
periments can be identified by the ME number. For ME 40, the con-
trol group (NEW) represents the "new" species assemblage and
medium used in the other experiments shown in this graphic.
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lishment of grazer populations (Figure 3) are demonstrated. The
microcosm behavior is forced by the inoculation of small popula-
tions of 11 species of algae into a rich medium (0.5 mM NO_ is the
limiting nutrient) that meets all of their nutritional rg:;uiremems,
and the addition of grazers four days later. Because the initial me-
dium contains only trace amounts of organics, the algae must grow
if food is to be available for the grazers. The algal species com-
pete among themselves for the initial algal nutrients and later for
the recycled nutrients. The algae and grazers, especiaily the
Daphnia, strongly interact. The nature of the interaction clearly
shows the depletion of the initial nitrate supply concurrent with
the increase in algal biomass; the algal biomass is reduced by the
rapidly increasing Daphnia population. Eventually the Daphnia
overgraze the algae, and the Daphnia population decreases to a
more stable level; the algae may show a subsequent increase. Note
that the initial conditions of the experiment force the nature of
the responses. The community is structured to allow shifts in algal
dominance so that some of the algal species support a planktonic
grazer (Daphnia) while others support a benthic food chain (amphi-
pods). if the grazers are removed by a toxicant, the level of algal
nutrients allows an algal bloom to develop, as will be shown. If the
primary production is reduced, the effects of the lower food supply
can be reflected in eventually lowered grazer populations.

The protocol allows for the frequent sampling of 24 microcosms
for nutrients, organism abundances and metabolic properties at
high frequency (twice a week) and low cost (reiative to field
studies). For primary and secondary production, virtually all of the
ecological properties that can be measured on natural ecosystems
can be measured on miCrocosms.

The data illustrations and probability tables are generated from
the computerized data handling system. The computer also pro-
vides tables of data for each microcosm, inctuding means, standard
deviations and coefficients of variance. The computer output pro-
vides some data in multiple formats to allow the human user to
scan the data for different kinds of effect, for example, treatment
effects or interactions within a microcosm. The computer package
also includes a "comment sheet" on which all iaboratory problems
and extra observations are entered; this sheet is printed each time
data are received from the computer.

The computer also performs numerous calculations to convert
the organism counts (numbers and volume measured) into consis-
tent units, totals the small, medium and large Daphnia into total
Daphnia as well as estimates of Daphnia biomass, €tC., and con-
verts the three oxygen measurements into oxygen gain, loss, P/R
ratio and change over 24 h. Treating the microcosm as a research
system, we were able to explore a large number of alternate ex-
pressions of the data; treating it as a standard bioassay, we would
reduce the number of variables handled.
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MERN DAPHNIA IN CONTROL GROUPS. BY EXPERIMENT

180 +

120 +

MERAN TOTAL DAPHNIAR PER 100 ML

-0 4
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Figure 3. Daphnia density in control microcosms {symbols as in Fig-
ures 1 and 2). The units are the number of animals per 100 ml
Note the reduction in algal biomass (Figure 2), concurrent with the
increase in Daphnia.
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Automation of the data handling is possible only because the or-
ganisms are standardized between experiments; the data sheets ai-
low for the reporting of a limited number of organisms that may
result from contamination, but most of the organisms and all of the
chemical-physical variables are entirefy standard. It is the auto-
mation of the data handling that allows results to be interpreted
quickly during the experiment (we recommend that the data
through day 28 be examined and that the experiment be discon-
tinued if seriously flawed) and at the end of the experiment,

From studying such microcosm experiments, we have been able
to explore our ability to detect ecological responses to a variety of
environmental stresses. Most of the problems we encountered are
not unique to microcosms but are properties of natural ecosystems
as well, for example, data collection over time from the same sys-
tem, which compromises the statistical independence of the data;
behavior of replicate systems in a similar manner but slightly out
of phase with each other, which causes superficially large vari-
ances when the data are examined for a specific day; noisiness of
species enumeration data.

The only problems that seem unique to small, batch microcosms
are the depletion of microcosm volume by sample removal and the
increased chance of random extinction of a species. The latter
problem we meet by the weekly reinoculation of very small num-
bers of each species of alga and reinoculation of the animals if the
counts indicate that the species is extinct. The reinoculations are
made after the enumeration and are of such small numbers that the
reinoculated organisms are fewer than our limits of detectability
and do not influence our results unless they reproduce significant-
ly. This ensures against random extinctions causing replicates to
diverge or prevents extinctions caused by temporarily toxic condi-
tions from having a permanent effect. In earlier experiments when
we did not use reinoculation, any extinction was permanent. Ran-
dom extinction of Daphnia in microcosms was shown to influence
virtually all other properties, and to compromise our ability to
detect treatment effects (Taub and Crow 1978). The reinoculation
provides the ecological equivalent of immigration in natural eco-
systems.

Demonstrating known mortalities was more difficult than orig-
inally anticipated. The first induced mortality experiments in the
microcosms involved heat killing known proportions of the total
microcosms or of the algae and other microrganisms or of the large
grazers, and returning the killed material to the microcosms (Taub
et al. 1980). In spite of the large magnitude of the mortalities
(60% of the total, 45% of the algae and microorganisms, or 45% of
the large grazers) the damage was repaired surprisingly quickly,
usually within 10 days or fewer. If ali trophic levels were damaged
simultaneously, and early in the experiment when algal nutrients
were available, the reduced grazing pressure allowed the algal
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ations to recover rapidly. Effects on the Daphnia were
greater if the algae were killed than if the Daphnia population it-
self was impacted. .

It was surprisingly difficult to demonstrate statistical differ-
ences between control and treatment groups for many variables
even immediately after the induced mortalities because slight vari-
ations between replicates, combined with a small sample size (four
replicates per treatment in this experiment), created a wide accep-
tance region around the control mean. Upon examining the sources
of variation between replicates, it became obvious that the repli-
cates were behaving very similarly and sampling variations within
microcosms were small. Increasing the number of replicates was
therefore the most practical way to improve the power of the sta-
tistical test {Crow and Taub 1979).

The relationships between the variance among replicates, the
sarnple size, the probability level of the Type I error, and the prob-
ability of statistically detecting an effect of a given magnitude
have been described by Conquest (1983). Examination of the rela-
tionships shows that numbers of replicates less than five will rarely
show statistical differences unless the variances (expressed as co-
efficient of variation, the standard deviation/mean) are very small,
or differences between treatment groups very large. In some oli-
gotrophic communities, the biological abundances may not be able
to match the value needed to demonstrate a statistical difference.
These relationships are often overlooked in field experiments when
expenses dictate that only two or three replicates be used per
treatment.

The ability of these microcosms to yieid reproducible results
between experiments is shown by means of five different experi-
ments that were initiated at different times over 14 months (Fig-
ures 1, 2 and 3). Each line represents the mean of six replicate mi-
crocosms; only the controls are compared because each experiment
included different toxicant treatments. To obtain this degree of
reproducibility it was necessary to standardize the pre-inoculum
algal culture condition and the initial algal density because differ-
ences affected subsequent community development (Taub et al.
1983). The differences between the experiments indicate that each
experiment must have its own control group for statistical compar-
ison with the treatment group.

RESULTS OF TOXIC CHEMICAL
ADDITIONS TO AQUATIC MICROCOSMS

The real power of the aquatic microcosm bioassay is its ability
to demonstrate the ecological effects of chemicals by comparing a
treatment group with a control group within an experiment. Only a
few examples can be presented here for illustrative purposes, and
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the publications or contract reports (identified by ME numbers; see
note appended to Acknowledgments) must be consulted for support-
ing data. To display the agreement among replicates within treat-
ment groups, the six replicates for each of two treatment groups
are shown for experiment ME 40 in Figures 4-7. These data repre-
sent half of the treatments of ME 40 and are for a species assem-
blage and medium similar to those used in streptomycin experi-
ments ME 22 and ME 31. The other treatment groups in ME 40
used a slightly modified "new" species assembiage and medium that
was used in subsequent ME experiments. The means in Figures 1, 2
and 3 are from the "new" assemblage and are therefore not the
means of the treatment groups shown for Figures 4-7. The change
in the medium (higher silicate) and the "new" assemblage (two dia-
tom species added and a second blue-green species added, with the
deletion of algal species that did not grow successfully in competi-
tion) improved our ability to show the effects of the chemicals, and
did not alter any of the conclusions concerning the effects of
streptomycin. The replicate data for the effects of streptomycin
on "new" assemblages are in press (Taub et al. 1983). The arrow di-
agrams displaying the statistical differences (Figure 8) represent
the entire experiment of 24 replicates.

Effects of Streptomycin

Streptomycin, a naturally occurring antibiotic used in three ex-
periments (ME 22, 31 and 40) proved to be a selective algicide,
causing algal dominance changes and an alteration of the normal
successional sequence observed in controls. At 32 ppm, all varia-
bles associated with primary production were reduced temporarily,
for example, dissolved oxygen gain during the lighted period (an in-
dex of photosynthesis) (Figure 4). Other measures of primary pro-
duction, such as rates of carbon uptake and chiorophyll-a concen-
trations, were significantly depressed within 1 week of streptomy-
cin treatment and remained so for 5 weeks in ME 40. Nutrient de-
pletion was also delayed. An early elimination of the blue-green
species was observed, and Ankistrodesmus was significantly re-
duced and the more resistant alga Scenedesmus was increased. De-
spite the fact that active streptomycin concentrations as deter-
mined by Bacillus subtilis assay decreased to undetectable levels
within 3 weeks of addition, these shifts in algal species abundance
persisted throughout the experiments. In some cases, shifts in indi-
vidua! species abundances were not apparent untii after active
streptomycin concentrations became undetectable. The volume of
total algae (algal biomass) was reduced for a shorter period than
were species shifts (Figure 5).

Decreased Daphnia populations were associated with the reduc-
tion in measures of primary production and standing crop (Figure
6). Although streptomycin did not prevent the increase in Daphnia,
peak populations were smaller, presumably via a reduced food sup-
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. rinotus, an ostracod that most likely fills a detritivore
Ege i:%}tmh?ﬁigc’acosms, vastly increased in density, a result that
could not have been predicted from single species assay data (Fig-
ure 7). Some of these data have been published (Taub et al. 198})
and the complete data are in Reports ME 22, 31 and 40. The ef-
tects of treating microcosms with streptomycin early or late n
their development has been explored (Kindig 1982).

The graphical presentation of data in Figures 4-7 display the
agreement between replicate microcosms. The differences be-
tween control and treatment groups are obvious. As a means of
summarizing the differences between the controls and treatment
groups, the results of the analyses of variance are presented in ar-
row diagrams (Figure 8). These are linear contrasts between the
controls and a treatment group. The number of arrows indicates
the probability (one arrow is P<0.05 and two arrows indicate
P <0.01); the direction of the arrow indicates whether the mean was
greater than the control (up arrow), or lower than the control
(down arrow). The arrow diagrams provide an indication of the im-
portant effects, but the means must also be considered in the bio-
logical interpretation. We have been able to avoid the need to
transform discrete counts by using an inverse sampling technique.

We have not located literature on the effects of streptomycin
on natural aquatic ecosystems, but have initiated some studies of
our own. Samples taken from Green Lake {Seattle, Wash.)--a lake
notorious for its noxious blooms of biue-green algae--were incubat-
ed in the laboratory with streptomycin. These studies validated
the shifts in algal dominance with elimination of blue-greens (un-
published resuits, Univ. of Washington Graduate School Research
Fund). Outdoor tanks have been filled with water from Lake Wash-
ington (Seattle, Wash.) and treated with streptomycin; results are
still being analyzed. Visual observations confirmed a temporary
redu)ction in algal standing crop (F.J. Hardy personal communica-
tion).

Effects of Malathion

Malathion was directly toxic to the grazers but not to the algae
in single species tests. The main effect of a 10 ppb Malathion
treatment in the microcosms was to eliminate most of the Daphnia
for approximately 2 weeks, allowing a tremendous algal bloom to
develop. During the period of Daphnia extinction, all algal com-
munity parameters were significantly increased, including Ankis-
trodesmus, Scenedesmus, Selenastrum and Anabaena densities, O3
gain, chlorophyll-a concentration, rate of carbon uptake, algae
available (to the Daphnia) and algal biomass. Following hydrolysis
of the Malathion, Daphnia populations were reestabiished (by week-
ly reinoculation) and rose sharply to peak densities comparable
with those observed earlier in controls. The rapid increase in
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grazing eliminated the algal bloom and sharply reduced all algal
variables. Development of the filamentous algal community, which
is less vulnerable to Daphnia grazing than are smaller algal cells,
was delayed by Malathion treatment; significant reductions were
observed in the densities of Lyngbya, Stigiocionium and Ulothrix,
These may have been due to the persistence of the smalj green spe-
cies such as Selenastrum, Chiorella and Chlamydomonas in the un-
grazed, Malathion treated microcosms; these species could well be
superior competitors to the filamentous species in the absence of
grazing. Portions of these data have been published (Taub et al.
1981) and the complete data are in Report ME &4,

Although Malathion has been used extensively in aquatic envi-
ronments, few ecosystem-level studies have attempted to evaluate
its effects on all trophic levels. Muila and Mian (1981) recently
summarized much of the available information. They reported that
Malathion in single species bioassays was not toxic to algae at the
concentrations we used, and in the natural communities that were
treated, daphnids or other invertebrates were often reported as
killed, but no information was provided on the etfects on the algae,
either positive or negative. In pond studies the use of a similar in-
secticide, Dursban, was reported to cause algal blooms by the elim-
ination of grazers (Hurlbert et al. 1972). Hurlbert et al. document
other studies that have demonstrated algal blooms as the result of
insecticide induced elimination of grazers. They have also re-
ported Daphnia-rotifer competition interactions similar to those
observed in the microcosms. Field studies confirmed our findings
that Malathion did not remain active for long periods and that the
reduction in invertebrates was temporary.

Effects of Copper Sulfate

Copper sulfate, depending upon the concentration used, was
toxic to both the algal and animal components of the microcosms,
but the latter were far more sensitive. We have been exploring the
effects of chelation concentration on copper toxicity. With moder-
ate concentrations of EDTA (0.026 mM) the effect of 2.5 ppm cop-
per treatment (on day 21) was to eliminate the Daphnia populations
for periods of 18 or more days. As with Malathion, this resulted in
massive algal blooms, and the same species tended to increase in
the absence of grazing; these included Ankistrodesmus, Scenedes-
mus, Chlorella and Selenastrum. Nitzschia, normally a dominant
Species, decreased. Rates of carbon uptake, chlorophyll-a concen-
tration, and pH increased significantly during the period of active
copper toxicity to the Daphnia. Following reestablishment of the
Daphnia populations, Daphnia densities rose 1o peak values similar
to those observed earlier in controls, and the algal bloom condi-
tions were eliminated. Reduction of the EDTA concentration in
the medium has resulted in a more sensitive bicassay microcosm.
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These data, not yet published, are documented in Reports ME 53,
ME 57 and ME 58.

Applications of copper in ponds and lakes for algal control have
highly variable results. Applications for algal control may be at
levels as high as 3 ppm or greater (Mcintosh and Kevern 1974),
McKnight (1981) noted the major effect of complexation with
humic acids on copper speciation and suggested it was responsible
for some of the differences between single species and field tests
of algae. Ten days after treatment of a reservoir with 0.05 PPM
copper, algal biomass and primary productivity returned to pre-
treatment levels (McKnight 1981), although longer-lasting changes
in phyto- and zooplankton composition were noted. Crance (1963)
reported that addition of 0.05-0.08 ppm led to a reduction of the
target alga Microcystis in fish ponds for periods of at most 25
days. Sawyer {1970) found that changes in the zooplankton com-
munity of a New Hampshire lake were the most persistent result of
two applications of 0.035 ppm copper sulfate; primary production
increased, then decreased briefly, and finally increased again 4
days after treatment. MclIntosh and Kevern (1974) found that in
one pond, addition of 3 ppm copper sulfate caused depression of
cladoceran and rotifer populations, but the same treatment led to
no effects in a second pond. A third pond treated with 1 ppm also
showed no effects.

The efiects of copper in the CEPEX marine enclosures (Thomas
et al. 1977) depended upon the community structure. Copper added
to communities in September resulted in increases in algal standing
crop associated with the inhibition of zooplankton and reduced
grazing pressure on the algal crops. These responses are similar to
those observed in our microcosms. In contrast, when copper was
added to communities established in June-July, phytoplankton
crops, photosynthesis and growth rates were all initially inhibited.
By the end of the 27 day experiment, treated systems had recov-
ered to control conditions.

In spite of the reputation of copper sulfate as an algicide, it is
rarely effective for long. Although it often changes algal domi-
nance, it allows less sensitive species to achieve pre-treatment
levels of primary production, and often has a longer and more dra-
matic effect of reducing sensitive species of zooplankton. The
concentration of copper needed to be effective is related to the
chemical properties of the water, usually expressed as hardness.
Certainly, the microcosm results are consistent with at least some
of the field resuits; additional research with variable concentra-
tions of chelate may explain why different natural communities be-
have differently.
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Effects of Dimilin :
Dimilin was similar in effect to both Malathion and copper,

Treatment with 100 ppb Dimilin resulted in the extinction of D

nia for periods of up to 40 days. Amphipod and ostracod popula-
Tions were also reduced, but to a lesser extent. The release of
grazing pressure resulted in an algal bloom in which the same spe-
cies tended to predominate as in previous experiments during un-
grazed periods. As with Malathion treatment, Anabaena popula-
tions were significantly increased during the lengthy period of
_Dﬁmn_igextinction. Dimilin was eventually degraded, the Daphnia
populations reestablished, and the algal community parameters re-
duced.

Our findings that Dimilin eliminated grazers and thereby caused
algal blooms is similar to the finding in the microcosms treated
with Malathion, and may be verified by analogy to the Dursban ef-
fects reported above (Hurlbert et al. 1972). Field investigations
verify that Dimilin is more toxic to Daphnia than to amphipods and
ostracods (Apperson et al. 1978; Ali and Mulla 1978; Farlow et al.
1973).

Effects of Triethylene Glycol

Triethylene glycol (TEG) was not demonstrated to be actively
toxic to either algae or animals in single species tests, and initial
development of TEG treated microcosms was not appreciably dif-
ferent from controls. A gradual and persistent lowering pH did be-
come evident, however, in both TEG treatment groups, and was as-
sociated with reductions in primary production parameters, small
sized species of algae which are the food source for Daphnia, even-
tual extinction of Daphnia, and an increase in rotifer density. It
appears probable that the delay in response and observed effects
;g:(,; due to the accumulation of an acidic degradation product of

There is no a priori reason other laboratories cannot establish
similar microcosms, but the possibility of their doing so has not
been tested adequately. We are encouraged that our results with
TEG confirmed the earlier findings of John Leffler's laboratory
that TEG caused similar reductions in pH, with serious conse-
quences to the algal communities and elimination of the Daphnia.
ﬁ}lﬂ.\ough he was using different organisms, his medium was very
similar to the one we used; both have limited pH buffering capa-
city. Also, different variables were measured in the two systems,
with only a few overlaps.

Although we have found no field literature on TEG, the etfects
demonstrated in the microcosm after acidification occurred are
similar to those rmed in Jakes that have been acidified. Phyto-
plankton species inance is often altered, Daphnia populations
‘i’;‘;‘ﬁ.ed or eliminated, and acid tolerant rotifers increased (Haines
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COMPARISON OF HYPOTHESES BETWEEN
MICROCOSM RESEARCHERS

Specifically there are three hypotheses representing differences
between our approach and that of Leffler which can be experimen-
tally tested: (1) that the organisms in the community will not af-
fect the ecosystem-level responses, (2) that a single index of dam-
age can be calculated on the basis of ecosystem-ievel responses,
and (3) that microcosms should be allowed to reach stability before
the treatment is initiated. Many of the data are available to test
these hypotheses.

The results in our laboratory have shown that synthetic micro-
cosms are feasible to establish, that replicates show similar behav-
ior, and that it is possible to use simultaneous controls; that is, it is
not necessary to consider each microcosm a unique entity that
must serve as its own control. Rather, the use of simultaneous
controls allows standard statistical comparisons to be made with
acceptable rigor. The microcosm communities display interactions
within trophic levels (competition), and between trophic levels (pri-
mary and secondary production). They also display effects not pre-
dicted from single species bioassays, for example, increases in pop-
ulations from increased food supply and removal of competitors or
predators {grazers).

RELATIONSHIP BETWEEN MICROCOSMS
AND NATURAL COMMUNITIES

Caution must always be exercised in extrapolations between
different communities, even if different natural communities are
involved in the extrapolation. Water quality parameters such as
nutrient level, pH buffering and chelation capacity must be consid-
ered in extrapolation from one community to another. It is well
known that soft water communities have different vulnerabilities
than hard water communities.

Differences in community structure and controlling processes
can also be expected to limit the degree to which responses in one
natural system will be predictive of changes in another natural sys-
tem. For example, pond communities in which algal abundance is
controlled by herbivores showed algal blooms when treated with
the insecticide Dursban (Hurlbert et al. 1972); in contrast, 2 natu-
ral community whose grazer populations were at low density be-
cause of fish or invertebrate predation would not be likely to have
an algal bloom as a result of an insecticide application (Hurlbert
and Mulla 1931). The presence of competitors of differing sensitiv-
ities would also be expected to modify the responses of a specific
community to a toxicant as in the mathematical model cited in the
introduction. Also, the example was given of June and September
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communities having different responses to the same concentration
of copper: when the June community was dosec_l, the algal varia-
bles were reduced; when the September community was dosed, the
algal variables were increased concurrent with the; .reductlon in
grazers (Thomas et al. 1977). Thus natural communities, although
they share trophic level relationships, differ in their responses de-
pending on the controlling factors. -

Within the context of the papers in this volumne, it seermns most
appropriate to ask what insights the microcosm result; would sup-
ply for approaching the more difficult issue of measuring pollution
effects in natural communities. The aquatic microcosm protocol
had been designed to screen new chemicals and their degradation
products for the effects they might have on ecologically important
processes of primary and secondary production and nutrient recy-
cling; and it was not designed to simulate a specific natural com-
munity.

However, it is natural to ask to what extent the microcosm re-
sults can be extrapolated to predicting the eifects of a chemical on
an aquatic community. At least the same precautions must be ob-
served in extrapolating beiween microcosms and natural environ-
ments as between different natural environments. On the basis of
agreement between the microcosm results and published field
studies or our modest attempts at field validation, 1 hypothesize
the following:

I. 1f a test chemical decreases primary production and alters
algal species dominance, it is almost certain to have simi-
lar effects in a natural community, but it is unlikely that
the microcosm results will predict the species that will be-
come the new competitive dominant. The microcosm con-
tains only a small subset of ali possible species, and the
outcome of competitive dominance depends on the species
present and the balance of many complex relationships.
The microcosm results may be more predictive of the taxo-
nomic group of the species that will be most suppressed;
for example, streptomycin inhibits blue-green algae (Cya-
nophyta or Cyanobacteria) to a greater extent than green
algae in the microcosms and in samples from natural com-
munities.

2. If the test chemical has little direct effect on primary pro-
ductlon,‘ but is selectively toxic to grazers, it will probably
behaw_e in a similar manner in natural systems, but again,
the microcosms will not be able to predict which species
will dominate. They are more likely to indicate which tax-
onomic groups may be most sensitive and therefore most
reduced. Daphnia may be an adequate representative of
Cladocera, but a poor representative of Copepoda.
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3. Indirect effects that are observed in the microcosms, for
example, algal blooms if grazers are eliminated, are also
likely to occur in natural communities. However, given the
uncertainties of predicting the species dominance of the
direct effects of the chemical, the exact species involved
tn the indirect effects are not likely to be predicted.

Note that extrapclation is more complex than seeking a scaling
factor that would convert the microcosm results to predict the ef-
fects in various real environments.

It is often asked if microcosms are likely to be better predic-
tors than single species bioassays of natural ecosystem responses to
chemicals. Because single species bioassays can rarely indicate re-
sponses other than shortened life span and reduced reproductive
rate, they tend to predict reductions in population. Most single
species bioassays also test primarily for the effects of the parent
compound on the test organisms, and therefore are likely to miss
toxic properties of degradation compounds. Because acute or
chronic single species tests generally do not allow chelation or deg-
radation of the parent compound, or replacement of killed organ-
isms, they tend to predict permanent alterations of the biological
community.

In contrast, microcosm results can indicate either reductions
from direct toxicity or increases if the food supply Is increased,
competition reduced, or predators reduced. The potential for the
removal of the parent compound and the accumulation of degrada-
tion compounds allows temporary toxicity and recovery to be dem-
onstrated, or alternatively, more toxic conditions to become appar-
ent. Some of the changes that have been observed could not have
been predicted at all from the single species results.

In summary, these specialized types of microcosms (1) utilize a
valid experimental design, (2) represent natural responses which
could be validated by testing natural communities with similar
water quality and community organization, and (3) include the
measurement of significant parameters and processes in that they
include important ecosystem functions, although they do not in-
clude harvestable species or measure risks to human health.
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INTRODUCTION

Both theoretical and empirical results in ecology indicate that
community composition, as expressed in the abundance of individu-
als of different species, is strongly affected by the physical and
chemical properties of the area that the community occupies.
From this general result one might reasonably argue that the ef-
fect of marine pollutants could be measured by the change in com-
munity composition. This paper presents a systematic approach to
investigating the practical usefulness of pollution indicators based
on the community composition.

There is a large literature on the indices of community compo-
sition; Green's (1979) recent book presents a good review of the
literature. A series of volumes on statistical ecotogy (Patil 1979),
particularly volumes 6, 7, 10 and 11, contains many papers dealing
with community properties and poliution. Using community com-
position to indicate the effect of marine pollution is a common
strategy in environmental assessment. The best documented case
history of this kind of strategy is found in the literature evaluating
a small oil spill in West Falmouth, Mass. (Sanders et al. 1930). A
quick review of all this literature shows that making the connec-
tion in the real world between changes in community structure and
pollution is not as straightforward as one might hope.

Rather than review this literature again we will develop a gen-
eral setting in which community indicators of pollution effects are
ued, and a general method of evaluating the efficacy of these
Mmeasures. We then evaluate the effectiveness of two community
Mmeasures, similarity and diversity, as indicators of pollution.
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COMMUNITY INDICATORS

This section presents, in a formal setting, the problems of find-
ing effective community-based measures of marine pollution. This
should be thought of largely as a conceptual framework, rather
than as a starting point for the analysis of data from surveys.

We can think of the relationship between pollution and the com-
munity as a very complicated nonlinear regression problem. Lety
denote a k-dimensional vector that describes the properties of the
community at some point, t, in either time or space. The i-th com-
ponent of the vector y, ¥;» might denote the mean number of indi-
viduals of species i in a square meter of sediment. If we knew the
vector of pollutant concentrations at the point t, z,, and the vector
of natural physical and chemical parameters at the point t denoted
by x4, then we might be able to predict the mean community vec-
tor y:

¥y = & 20

The mean community vector, y, is not observed directly, but rather
is estimated by sampling the community. Let Y denote the ob-
served community vector:

Y =y+e.

The error term, e, incorporates the random effects of local varia-
tion and sampling error.

At this point we have defined an impossible problem. We have
both an unknown k-dimensional vector, y, and an unknown k-dimen-
sional function, f. [t is clear that the number of observations in
time and space will be too limited to estimate the functional rela-
tionship between x, z and y.

The key to the solution of this problem is to reduce the dimen-
sionality so that we can begin to investigate the relationship be-
tween the poliutant and the community. The dimension-reducing
prol?lem is carried out in two steps. The first step is to define an
environmental effect function, E, that measures the mean effect
of the pollutant on an important community parameter G. G could
reprt?sent productivity, biomass numbers or presence of important
species. Let us suppose that the important community parameter,
G, is a function of the community vector alone, G(y). The effect

function, E, is then the contrast between areas with pollutant at
zero and at 2.

E(z x) = G(f(z; x) ) - G(£( 05 x) ). (1)
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This is all very well if one can control for x, the natural variable.
In field studies and studies of natural events in the ocean the varia-
bility due to sampling and local variation in x may be large enough
to make estimation of E impossible from the?ypical set of environ-
mental field data.

Figure 1 illustrates the above equations for the case when there
is a single pollutant variable, for example, the concentration of
mercury, and a single natural variable, x, The contours of the
function G, for example, biomass, are plotted in the figure in solid
lines. The dashed lines parallel to the x axis are the effect con-
tours represented by eq. (1), -

Since the natural variation in x is often much larger than the
effects due to poliution, the second dimension-reducing step is to
find a community index that is a function of y, say I {y), that has
two properties. The first property is that it is relatively insensi-
tive to variation in the natural parameters. The second is that the
index is relatively sensitive to the pollutant effect, E. In other
words, we need an index that is highly correlated with the pollutant
effect, E, over a range of natural conditions, x. In terms of Figure
1, our index, I (y), should have the property that its centour lines,
indicated by the dotted lines in Figure 1, are more nearly paraliel
to the x-axis.

Figure 1 can be used to illustrate some of the problems with us-
ing field observation programs to detect effects of pollutants. For
example suppose only G and the pollutant level, z, are measured in
a line transect survey. The observed relationship between G and z
will depend on orientation of the line transect. If the transect is
parallel to the G contours then there will be no decrease in G as
the pollutant levels increase. On the other hand, if the transect
were perpendicular to the G contours the effect of the pollutant
would be overestimated. In both cases the hypothetical community
index, I (y), would give a more reliable indication of the pollutant's
effect.

Finding a good community based indicator of poilution is not
merely a statistical problem, but rather a theoretical and applied
ecological problem. From what is known about interaction within
communities and the effects of a pollutant on a community, ecolo-
gists should be able to devise a number of indices that at least in
theory have the properties outlined above.

The statistical problem is then relatively straightforward: to
design experiments to evaluate a relatively small number of com-
peting community indices. This could be done using controlled eco-
systems experiments, such as MERL (Marine Ecosystems Research
Laboratory at the University of Rhode Island) and CEPEX (Con-
trolled Ecosystem Pollution Experiment).
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EMPIRICAL EVALUATION OF COMMUNITY INDICES

The properties of a good community index of poliution may be
obvious. Constructing an index with these properties is more diffi-
cult. In this section we investigate diversity and similarity meas-
ures as possible indices of pollution.

Diversity Indices

A number of theoretical arguments indicate that community di-
versity will decrease with decreasing environmental predictability
(Dennis and Patil 1979; Sanders 1968). Thus, diversity indices ap-
pear to be natural candidates for community-based measures of
marine pollution,

How would we seek to evaluate a diversity index? A minimum
criterion is that a diversity index should be correlated with known
concentrations of pollutant under controlled experimental condi-
tions. The measure should also have good sampling or statistical
properties and should be relatively insensitive to changes over time
in the natural environment.

Figure 2 shows the results of such an evaluation using benthic
community data from MERL. Hurlbert's (1971) expected species
index of species diversity is used to compare MERL oiled and con-
trol tanks. While all tanks were experiencing considerable changes
with season, etc,, as well as changes in the community due to the
effects of the oil on the benthic community, there was little
change in the community diversity index. Our experience with
both MERL and CEPEX and the work of others seems to indicate
that these results are fairly common.

In summary, diversity measures, like all indices, provide a way
to reduce a complex multivariate time series of changes in species
abundance to a single univariate time series; that is, to changes in
diversity over time. The statistical properties of diversity indices
have been well studied (Smith and Grassle 1977; Good 1953;
Bowman et al. 1971) and present no particular difficulties. The re-
sults in the studies cited above seem to indicate that diversity is
not sensitive to short term fluctuations caused by either natural or
pollution events.

Similarity Indices

Another widely used approach is to compare communities in af-
fected and relatively unaffected areas by using a measure of simi-
larity that gives a numerical indicator of the difference between
the two communities’ species composition. All similarity measures
have a value of one if the proportion of individuals from each spe-
cies in both communities is the same, and the similarity measure is
zero if the two communities have no species in common. There ex-
ists a large literature on similarity measures (Goodman and Kruskal
1980; Orloci et al. 1979).
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The motivation for using similarity measures as indicators of
response to a pollutant is that the community species composition
should change, with sensitive species dropping out and more robust
species increasing their relative importance as poliution increases.
Thus, a community based indicator of pollution effect is the change
in community composition as measured by a simizarity index.

Before we discuss some of the difficulties with using this index
let us look at an example of its application in a controlled ecosys-
tem setting. Figure 3 summarizes the results of the 1978 MERL
experiment, which was almost identical to the 1977 experiment
described above except that the dosage level of No. 2 fuel oil was
about one-half that in the 1977 experiment. Here the similarity
measure used is information overlap (Horn 1966). Individuals in
each benthic community were classified to taxa rather than to spe-
cies. The six controlled tanks are compared with the three experi-
mental tanks at each date. Figure 3 plots the dissimilarity meas-
ure which can be thought of as one minus the similarity: 0 indi-
cates similar species composition, | indicates the communities
share no species in common. The three solid lines represent the
three experimental tanks compared with the pooled control. The
bars represent the range of the dissimilarity when the controls
were compared with a pooled community consisting of the remain-
ing five controls. The treatment time series is the total saturated
hydrocarbons in the sediment.

It would appear that similarity measures based on community
composition might be a meaningful way to assess impact of poliu-
tants. Sampling properties of similarity measures have been in-
vestigated (Smith et al. 1980; Goodman and Kruskal 1979). Both
theoretical and empirical results indicate that species or taxa mix
will change as communities are atfected by a pollutant. Also, over
a fairly broad range of natural variation the species mix changes
relatively slowly.

Unfortunately many of the applications of similarity measures
to environmental problems have been flawed by a lack of under-
standing of some important technical problems. The first problem
is that many of the most common similarity measures, percent
similarity, Canberra metric, and all presence/absence indices, have
large biases that are sample size dependent (Grassle and Smith
1976}, For fixed sample sizes this statistical bias increases as the
taxonomic classification becomes finer. Thus, similarity indices
based on taxa or other broad functional groups will have less bias
than those based on finer species categories.

The second problem is that the interpretation of changes in spe-
Cies composition as reflected in changes in similarity measures has
been made much more difficult by the indiscriminate use of clus-
tering programs, and the tree diagrams they produce, to present

similarity measures. There is a natural use for these cluster
diagrams in numerical taxonomy. Using cluster diagrams in envi-
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ronmental studies may only obscure the natural independent vari-
ables of time and space.

Analysis of environmental field data is part classical statistical
analysis of survey data and part careful presentation of mujtivari-
ate data. The former problem is wel! understood and for the most
part carefully handled in marine work. The presentation of multi-
variate data on community structure, pollutants and natural envi-
ronmental variables has received less attention from ecologists and
environmental regulators.
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THE PROBLEM

If the concerns of a State Department Conference on Biological
Diversity are true, one million species will become extinct by the
end of the century (Norman 1981). This is a staggering loss of ge-
netic diversity of the world's pool of biological resources, not to
mention the pathetic epitaph it symbolizes for environmental work
in general. We will not know where and how it was that insidious
effects eventually culminated in death. There were too many spe-
cies, and too much to be learned about each one, for us to have un-
derstood what was going on, even if research had increased a hun-
dred fold.

In a broader sense these problems emphasize the futility of en-
vironmental science. Examples abound. Habitat alteration in the
Middle Atlantic was widespread during the World War [ period. The
eminent malacologist Thurlow Nelson liked to tell a story about
driving a nail into a Raritan Bay oyster: a short time later he re-
moved it copper plated! Environmental insults to the New York
Bight have not resulted in widespread extinctions. The effect has
been more a matter of altered ranges and abundances (Jeffries and
Johnson 1976}, But even among commercially valuable species, no
one could tell you what any one suffered from, let alone offer a
prognosis on jts future.

Again it has been a problem of too many species with too many
sets of physiologicai attributes and behavioral patterns. Further-
more, no species acts alone in nature. Predictions have to incor-
porate interactions among populations and all the environmental
factors controlling distribution. Also we need to account for
changing abundances in time and space. The sum of all this ex-
Ceeds a reasonable level of support for any environmental strategy.
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We need to base decisions on something better than a compen-
diumn of cause-effect responses gleaned from organisms heid in a
laboratory jug, an outdoor tank, or as popglations dnstrnbgted aiqng
an environmental gradient. Current paradigms fall short in provid-
ing a comprehensive rationale. As Woodwell (1974) put it: "There
is no way of determining thresholds for the myriad of substances
that can be developed. . .no way of monitoring for the substances,
and littie basis for belief that thresholds for effect on natural eco-

systems exist."

A SOLUTION

Background

We must find new measures revealing dynamically the integrity
of natural systems. This is the substance of ecological stability
theory, a subject equally divided between fact and mystique. A co-
gent approach is outlined by Orians {1975) and May (1975), who de-
scribe stable domains of entire systems in parameter space. The
theory itself may defy practical application, but I believe the di-
rection indicated is the right one, if we can find sets of attributes
in nature that serve as convenient estimators of these domains.

To estimate stability in the classical manner, one determines
equilibrium populations by setting all growth rates equal to zero
and then analyzes the effects of perturbation around the equilibri-
um. The stable points of a system—to which it will return if per-
turbed—-are located within a {imited portion of parameter space
defined by interactions of species with one another and with envi-
ronmental factors. Outside this range of the stable domain, the
equations describe a collapsing ecosystem. Mapping the equations
is accomplished topologically. The resultant surface, drawn in two
or three dimensions, has important heuristic, if not practical, vaiue
at present.

Consider, for example, a dynamical landscape in parameter
space shaped like a volcano. The status of a system is represented
by a point. For parameter values near the center of the volcano,
the system returns to equilibrium after perturbation, but on the lip,
perturbation may have catastrophic consequences.

By passing a plane perpendicular to the volcano-shaped land-
scape, we obtain a section of the stable domain. May (1975) claims
that a simple community has a large, dynamically robust stable do-
main, whereas a complex community yields a small, dynamically
fragile domain.

Succes_sive points within the stable domain describe a trajectory
o-f normality, revealing most vitally the system's condition as a de-
finable yet ever-changing entity in nature. Moreover this trajec-
tory predicts the future. A trajectory drifting toward the limit

would be foreboding, a warning that something is wrong and close
inspection should be taken.
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We need to know where our coastal ecosystems are at any given
time and place in a mosaic of stable relations, but how would the
interaction coefficients be obtained? The task seems impractical
if not impossible. Furthermore present theory deals with varia-
tions in time, not space. "The analytical problems in dealing with
both time and space are formidable" (Orians 1975).

Example

I advanced an idea that the mathematically described stable do-
main has a correlate expressed by the monomeric composition of
entire communities (Jeffries 1979). The monomers selected were
fatty acids, because their structure is flexible, allowing modifica-
tions that are environmentally induced, perhaps to a degree that
for marine organisms is unique. The centrai importance of fatty
acids as indicators of ecological state is in part energetic. Storage
of nutritional reserves is a critical problem. The strategy devel-
oped by planktonic species seems to rely on modification and selec-
tive utilization of the all-important lipid fraction, rather than de-
pot storage in specialized organs. Thus as communities change, or
are about to change, so do their patterns of fatty acid composition.

Biochemical correlates are rooted in homeostasis, not at the in-
dividual organism ievel but at the community levei, which for some
critics requires a leap in faith. One objective of this paper is to
address that problem. I am not ready to point to a specific abnor-
mality brought about by specific cause. First it must be estab-
Jished that stress is an internal condition borne by homeostasis,
from which we can hypothesize that there exist generalized re-
sponses among monomers, an ever-changing state mediated natur-
ally but confounded by pollutants in systems ranging from cells to
communities. What emerges in patterns of monomeric composition
are clear signais on the health of the whole system. The actual
factors regulating distribution and abundance are left for the fu-
ture and the identification of specific syndromes. Here, however,
is holistic insight, not like the reductionist compartments of the
ecosystern modeler, nor the physiologist's so-called controlled ex-
periment; rather this is a glimpse of reality unencumbered by as-
sumption.

SOME RESULTS

Temporal Domains

Zooplankton were sampled over two annual cycles in '!:,hree
coastal habitats representing a sequence of increasing environ-
mental variability: Rhode Island Sound, Narragansett Bay, and
Green Hill Pond. 1 tested the hypothesis that environmental insta-
bilities culminated in seasonal succession of biogeographiC species
assemblages, and that these birth-to-death processes at the com-
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munity level were uniquely portrayed by fatty acid patterns in the
plankton of each habitat. If patterns changed due to natural (sea-
sonal) death, then there should be another pattern that accom-
panied abnormal (pollutant) death. The experiment, then, consisted
of comparisons along and between natural gradients.

The erratic pond habitat supported the most variable standing
crop, but Narragansett Bay, a midpoint in the range of physical
(temperature-salinity) variation, was the least variable biological-
ly. Moreover productivity appeared greatest in the bay, as species
populations waxed and waned seasonally in smooth succession.

Behavior of the ten major fatty acids in microzooplankton (73~
153 pm) and in macrozooplankton (& 240 pm) was examined as a
trajectory of sample change in multidimensional phase space de-
fined by the ten fatty acid variables. Thus for samples taken
monthly over two annual cycles, there were 24 sample points in 10-
dimensional space. By correspondence analysis, dimensionality was
reduced to two principal axes, from which each community's tra-
jectory in time was cast. Correspondence analysis also showed the
opposite relation: the arrangement of variables in sample space.
Interrelated variables clustered; nearness of a variable to a cluster
of sample points represented strength of association among these
samples and the variable (Jeffries and Lambert 1980).

In Figure |, annual sample patterns on the first two axes of cor-
respondence analysis are compared. These chemical domains were
drawn as areas encompassing general limits of annual cycles. Sta-
tistically they represented the parameter space within which each
habitat's planktonic community operated metabolically over an an-
nual cycle. Monounsaturated 16 and 18 carbon fatty acids (16:1
and 18:1) characterized winter-spring (boreal) plankton, whereas
the 14-18 carbon saturates (14:0, 16:0, 18:0) along with the long-
chain polyunsaturate 22:6, typified summer-fall (temperate) assem-
biages. Sample change from one biogeographic species group to
the next occurred around the pivotal position of 20:5. Thus the
patterns were seasonally distinct regardless of habitat type; this is
the first biochemical correlate.

Narragansett Bay had the largest sample domain in fatty acid
space. Change took place consistently here, not erratically as in
the sound, or in the pond. These comparatively small sampie do-
mains in the pond and sound meant that their macrozooplankton as-
semblages were spatially lacking in a biochemical sense. In a tem-
poral sense so were their respective species assemblages, particu-
larly in the unstable pond habitat, where the boreal {winter) com-
ponent was all but lacking. The pond's annual sample domain was
in the summer-fall portion of biochemical space. So was its plank-
ton production, led by the temperate copepod Acartia tonsa. In the
sound, a comparatively rich species complement occurred, but
crops were low and erratically produced. Population dynamics in-
dicated that this area supported admixtures from inner and ¢uter




CHEMICAL DOMAINS OF ZOOPLANKTON COMMUNITIES
IN THREE DISSIMILAR HAB/TATS

MICROZOOPL ANK TON

Principle Axes

4
Second

First

Figure 1. Correspondence analysis of fatty acids from plankton
taken monthly in sound, bay, and pond habitats; simplified repre-
sentation of sample domains on the first two principal axes, show-
ing relative areas; also indicated are locations of fatty acid vari-

ables {no. n-carbon atoms:no. double bonds) in relation to sample
domains.
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coastal areas rather than a consistently functioning fauna of its
own. Corresponding to its biochemical domain extending but weak-
ly into summer and winter realms, the sound's respective biogeo-
graphic components developed poorly. Thus the more stable as-
semblage, the larger was its chemical domain; this is the second
biochemical correlate.

Annual trajectories in the phytoplankton-microzooplankton
were more erratic than in the holoplankton. Because the former
was an ill-defined assortment of mixed taxonomic and ecological
representation, this pattern again suggested that consistency of
biochemical pattern was a direct correlate of productive organiza-
tion in plankton communities.

Spatial Domains

Plankton samples were taken biweekly during two summers, at
six stations extending from Rhode Island Sound, through Narragan-
sett Bay and into its polluted tributary, the Providence River. 1
tested the hypothesis that a planktonic assemblage could be locat-
ed accurately to position on this gradient from its fatty acid com-
position. The 10 major fatty acids (2% of total) at all six stations
were subjected to multiple discriminant analysis, which identified
each sample's habitat of origin (sound, bay or river) with 90-100%
accuracy (Jeffries and Lambert 1981). Thus each assemblage had a
biochemical identity mediated by the environment; this is the third
biochemical correlate.

A factor responsible for the relation between fatty acid compo-
sition and its habitat may be the amount of suspended detrital ma-
terial, both natural and from sewage, that is eventually incor-
porated into the tissues of grazing animals. Detritus is rich in
stearic acid (18:0) and other saturates relative to the character-
istically marine polyunsaturated fatty acids occurring abundantly
in living particulate organic matter. This detrital pattern is simply
passed on from food to consumer {(Jeffries 1972a). Since detrital
load increases in a landward direction, the more estuarine a
sample, the higher its stearic acid content.

For further comparison a discriminant scale was calibrated over
the range of biological conditions occurring during summer in
Rhode Island waters; upon this scale additional positions calculated
from published data were superimposed; also included were unpub-
lished results from an investigation of two rias on the Atlantic
coast of northwest Spain (Jefiries and Corral 1979). For simplicity
and for further examination of trophic factors, only stearic acid
and one polyunsaturate {docasahexaneoic acid, 22:6) were incorpo-
rated in the discriminant function. As shown in Figure 2, all Euro-
pean zooplankton came out on the estuarine side of R, the mid-
point between Rhode Island's river and sound conditions (Jeffries
and Lambert 1982). A sample from Newifoundland fell on the oppo-
site side of R o corresponding to the Rhode Isiand Sound condition.
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Several explanations seem plausible for the estuarine aftinity of
European zooplankton. On eithgr side gf the North Atlantic, rates
governing the production and dxggenesxs of organic matter differ
significantly, because residence times of f:oasta{ waters differ, as a
result of obvious differences in oceanic circulation, runoff patterns
and geomorphology. Nevertheless, certain cases do seem extreme,
for example, the North Sea (immediately outside the Wadden Sea)
and Villefranche Bay in the Mediterranean. However, samples are
few and the scope is broad, so the general pattern and its causes
require verification.

If spatial domains in fatty acid space do in fact portray ranges
of conditions over which a community is stable, there also should
be a relation between relative size of a community's domain and its
species diversity. Furthermore biochemical stability should be in-
versely related to taxonomic species diversity, because mathemat-
ically a simple community has a larger, more dynamically robust
stable domain than a diverse and complex community.

To test this idea, | compared biochemical stabilities along the
environmental gradient, from Rhode Island Sound to Providence
River {(during both summers of the investigation), with copepod
species diversity, which decreased in a landward direction. The ac-
companying fatty acid matrices defined volumes in n-dimensional
vector space representing stability of the community at each sta-
tion. Changes in volume along the environmental gradient were
described by the determinants of the respective matrices. The
natural logarithms of these determinants (arc sin transformed data
in radians) expressed chemical robustness at each station for the
period of the investigation (Jeffries and Lambert 1981).

A strong relation between chemical robustness and species di-
versity emerged from this analysis. The relation was negative, in
agreement with what would be predicted for mathematical stabili-
ties of communities representing a sequence ranging from relative-

ly complex (dynamically fragile, offshore) to simpie (dynamically
robust, riverine):

Sp = 4.11 - 0.93 E(1K)

where Sy, is biochemical stability and E(1K) is Hurlbert's (1971)
rarefaction index (no. copepod species expected per 1000 individu-
als). With the station at the mouth of the bay excluded (a geo-
graphic intermediate between bay and sound having features com-
mon to both depending on phase of the tide), species diversity sta-
tistically apcounted for 78% of the variation in chemical robust-
ness from inner estuarine to offshore communities. Thus stability
of monomeric composition was inversely related to species diver-
sity; this is the fourth biochemical correlate. Departure from this

relation might indicate environmental abnormality, simply and
early in the process.
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The fact that the polluted, Providence River plankton were
clearly part of the overall relation attested to high secondary pro-
ductivity here. Neither species representation, population dynam-
ics, nor predatory influences by the ctenophore Mnemiopsis leidyii
gave indication of adverse effect resulting from sewage inputs
ranging up to 60 mgd (227,100 m?® day ~!). It follows that energet-
ically rich compounds in poliution may exert a stabilizing effect on
production; this is the fifth biochemical correlate.

SYNTHESIS

Any number of factors essential for an organism's survival may
become lethal if supplied at too high a level. A factor or resource
that is a normal part of a pristine environment thereby emerges in
artificialities arising from man’s activities. Phosphate is essential
for algal growth, but in extraordinary concentrations due to heavy
poliution, an entirely different species assemblage from that usual-
ly expected may result. The organism's role shown in Figure 3 is to
integrate factors from both sources, natural and artificial. The
message going to homeostatic systems has a switch: what was nor-
mal environmental background in one instance flips over to the en-
vironmental stressor side if the intensity of application becomes
too high.

Mammalian physiologists have shown that the adrenal-pituitary
system produces stereotyped responses to all manner of external
factors. Although stressors differ, a mammal's pattern of homeo-
static response to any one is essentially the same. In Selye's (1949)
general adaptive syndrome, a non-specific action results in stimu-
lation of the hypothalamus, which increases production of ACTH.
This hormone stimulates the adrenal cortex, which in turn releases
glucocorticoids that mobilize glucose to meet demands imposed by
disruption of homeostasis.

Invertebrates lack the above form of endocrine regulation, but
a generalized response to external stress, taking an altogether dif-
terent form, is still a reasonable proposition. For example, the
hard clam (Mercenaria mercenaria ) maintains a free amino acid
pool in which the molar ratio of taurine to glycine is usually less
than 3.0. In response to disease or to laboratory conditions, the
Clam's taurine:glycine ratio may go as high as 6.6 (Jeffries 1972b).
Further indication that this response is general can be found in the
edible mussel (Mytilus edulis). Mussels high in the intertidal zone,
near the landward edge of their distribution, have a higher tau-
rine:glycine ratio than those in deeper waters (Bannister 1974).

Success and failure of homeostatic responses affect population
growth rates, but at the community level, represented in Figure 3
as benthos-plankton-nekton, a prediction based on lower levels of
organization has virtually no chance of being correct. "The seli-
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TURBULENCE
DEPTH
SUBSTRATE
SPACE
SHELTER

TT2TIT

_[—NAT’JRAL
ARTIFICIAL

(eFFecT]

TITETTELLELLE

TPYTRYY

ENVIRGNMENTAL
TRESSOR

L
-
I
m

GENERAL RESPONSE
TO VARIQUS
EXTERNAL FACTORS

INTERMAL CONDITIOMING:
GENETIC HISTORTY

2. AT THE

POPULATION aN N (N )
LEVEL .. ... o dt K
3. AT THE BENTHOS PLANKTON NEKTON
v SUSCEFTIOLE wOT AFFLCTED CLIMATICAL LY
LEVEL 10 RaPID RECOVET ENDUCED
1 HYDROCARBONS AFTER VARIATIONS
PC.SOMING
4. AT THE
SOQ 'Al i POMMENT R
LEVEL HedL iy

Figure 3. A flow chart for response, starting with environmental
factor and eng!mg with society. Figured at the individual level is a
general qdaptive syndrome adapted heavily from Selye (1978). For
each envu'qnmental stressor there is a nonspecific action that may
have opposite effects depending on intensity and the other factors
represented. Aspects may be found in the hard clam's syndrome of
responses along a gradient of pollutants (Jeffries 1972b). The target
area in tms‘case is the amoebocytes, which are mobitized greatly,
presumably in response to a dissolved, hydrocarbon irritant. At the

ff’;?g;unity level examples of response are from Jeffries and Johnson
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limiting, self-regulating properties of such a collection of species
when they happen to constitute a biotic community must therefore
be properties of the community itself and characteristic of that
level of organization. Any characteristic pattern of change found
in such a coliection, whether evolutionary or cyclical, is quite un-
predictable on the basis of the characteristics of the individual
species alone. In this sense, therefore, the existence of biotic
communities as entities with a new level of organization is indis-
putable” (MacFadyen 1963).

Thus we must be concerned with the theory of community
structure if prediction is our goal. Despite practical problems with
a mathematically based theory of stability, this is really what we
are after, no matter what the particular investigator's approach
may be. More directly, I advance the idea that monomeric re-
sponses, as revealed here by statistical patterns of fatty acid com-
position, are generalized, in the sense of a modified "stress con-
cept.”

No one physiological measure or set of ecological measures on a
single species would suffice as a predictor for an entire communi-
ty. But when ecological state is set dynamically in a statistical
framework, it represents a slice through the totality of processes
responsible for the group's existence. The cut taken here goes
through the whole, through common sets of properties behaving in
shared ways, by a multitude of organisms, each affected by a com-
plex of environmental stressors interacting with natural factors.
Holistic insight from biochemical correlates is now but a glimpse,
yet it is the approach to an ideal, if not the ideal itself, that we
should seek.

In measuring biochemical responses to changing environments,
one attempts 1o perceive by way of trajectories in time and space
the world's topological shape and size. Numbers alone do not suf-
fice: "Anyone who thinks that numbers constitute the real worid. . .
is under an illusion. . . . It could be argued, indeed, that quantifi-
cation is simply the result of certain defects in the human nervous
system that do not permit us to form compiex images of topologi-
cal structures” (Boulding 1980).

In this paper 1 have tried to map numbers that allow us to view
metabolic responses that appear to be part of the real world's topo-
logical structure. Five biochemical correlates emerged. The test
will come when the properties of species assemblages are predicted
over conditions ranging from normal change to mass mortality.
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BACKGROUND

An ecological study of diversity is a study of the variation in
the numbers of different groups (usualily taxa) under different eco-
togical circumstances. It is well known, for exampie, that there
generally are more species present in tropical than in temperate
latitudes. Thus, the total number of species present is a simple
measure of diversity; however, total numbers do not take into ac-
count any evenness component of the species. Many measures (di-
versity and related indices) have been developed in an attempt to
account for relative abundance and the number of species.

It is now generally recognized that any index number involves
an inevitable loss of information compared with data from which it
has been derived. Ecologists therefore suggest that diversity in-
dices should be used in conjunction with careful sampling designs
and multivariate or other population analyses. This is sound and
reasonable advice for comprehensive studies.

On the other hand, we suggest that diversity indices alone may
have utility for certain applied ecological studies. Some of the
current criticism of diversity indices stems from uncritical appli-
cations without regard for the assumptions implicit in the formulae
and/or the bias in their estimation. Our application of diversity in-
dices is not intended to replace more comprehensive studies if time
and funds permit. Instead, we demonstrate that careful choice and
use of diversity indices can be a valid preliminary guide for further
critical work.
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There seems 1o be a substantial recent commitment toward
monitoring, assessing and ultimately rr)inimizir]g man'; impact on
living communities. One outcome of this commitment is the devel-
opment of a science of biomonitoring and assessment (Qairns et al,
1979). In this newly developing science, some investigators at-
tempt to evaluate changes in organism state variables caused by
pollutants or environmental disturbances. One of these state vari-
ables is the joint abundances of collections of species or identifi-
able groups from communities (not necessarily at a species level).

The statistical tools for studying joint abundances of species
without regard to identity are: (a) probability distributions fitted
to abundance data by species, and (b) diversity indices which con-
dense data on abundance into a single number. Many measures of
diversity have been developed and applied, resulting in a rich liter-
ature on this subject. See, for example, Dennis and Patil (1977,
1979), Dennis et al. (1979), May (1975), Patil and Taillie (1979),
Smith et al. (1979) and the entire review volume edited by Grassle
et al. (1979) describing recent progress and reviews of this subject.

We recognize at the outset that the use of a single number to
represent data on a community results in some loss of information
about the community. Hamilton (1975), Hurlbert (197 1), Whittaker
(1972) and others have clearly enunciated some of the limitations
of diversity indices. They suggest that diversity indices confound
the number of species and the evenness within which organisms are
distributed among species, as well as not permitting valid regional
comparisons. However, not ali of the above criticisins are neces-
sarily disadvantageous, and we further suggest that some of the de-
precation of diversity indices may be the result of a fack of a full
appreciation of the properties and limitations of the indices. Con-
tinued use of diversity indices seems justified because they are
easily used, explicit techniques for the condensation of long taxo-
nomic lists. In many areas of applied ecology, when results of en-
vironmental surveys are to be utilized by non-ecologists, it seems
highly desirable to make such summaries in a generally comprehen-
sible manner.

_ The theoretical basis for several indices of diversity has been
discussed in detail by Pielou (1975) and she has demonstrated that
the index proposed by Brillouin (1962) seems the most acceptable
for applied ecological problems. Laxton (1578) has reached a simi-

lar conclusion based on set theoretic arguments. Brillouin's index
(H), where

H= in N

1
— )
N NLN L NG

is considered useful and does not require unrealistic assumptions
about the sampled populations. Kaesler et al. {1978) have also
demonstrated the practical value of this index by showing that
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srall replicated samples provide better discrimination than a
single large sample, that diversities at a generic level are almost
as effective as those at a species level and save time and money,
and that hierarchical diversities of classifications based on
functional morphology and trophic group analysis using this index
seem very promisyg. Finally, Smith et al. {1979) have modifjed
Brillouin's index to enhance its statistical properties which permit
simple estimation of the sampling variance of the index.

We conclude from the above that Brillouin's index has desirable
properties for applied ecology. However, it has been fairly com-
mon to utilize more than one index of diversity or similarity, but it
has become increasingly apparent (Solomon 1979) that the use of
two or more such indices may result in contradictory statements
about evenness or diversity. In order to help reconcile this problem
Solomon (1979) has developed, on theoretical grounds, the concept
of partial ordering (majorization) for sets of species abundance
vectors. The use of partial ordering admits the possibility that a
pair of communities may have different species abundance patterns
but may not be comparable with respect to diversity.

This application and investigation of joint abundances without
regard to identity is directed toward demonstrating more effective
but simple tools, while pointing out limitations so that the user and
the decision maker can utilize summary data effectively. Specifi-
cally, we apply the concept of majorization and an equitability in-
dex to species abundance vectors from two sets of samples of mac-
roinvertebrates from Narragansett Bay and compare the results
with the conventional Brillouin diversity index.

The data sets come from a single survey of the Quonset Point
area where it was proposed to extend existing dredged channels and
piers (CRC 1977, Figure 1). One grab sample was taken at each
station (0.1 m? Smith-Mclntyre), and a relatively coarse 1.0 mm
sieve was used to remove organisms. An assumption was made that
the results from this small number of samples could be extended to
subareas of known bottom type. Although there had been dis-
charges of metal-plating wastes, sewage treatment plant effluents,
spilled oil, and vessel wastes in the general area, the most notice-
able impacts were those associated with the dredging of channels
and turning basins. The natural bottoms are 3-7 m deep and range
from fine sand to silty sand. The dredged areas are L0 m deep and
contain 95% silt/clay sediments and are potential depositional
areas for poliutants. For this analysis 14 samples from undredged
bottoms are compared with 8 samples from dredged areas. Recon-
naissance cruise samples (CRC 1977) and samples from a study of
the Davisville area (Pratt 1980) aid in the biological interpretation
of 22 samples considered here. Species counts are given in Table 1.
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METHODOLOGY

The material which follows is largely taken from Solomon
(1979) and is designed to help the reader understand the concept of

majorization. o _
The species abundance characteristics of an s-species commun-

ity can be described by a probability vector P=(,p . p)
where p; is the relative abundance of the i™" species.’ We?now de-
fine a partial order on the set of ordered probability vectors of dj-
mension s. Let

PE{PERsl 1 2P12_.-.p5_>_0;zpi= 13.

Suppose thatp = (p , p, - pPJandq=1(q,q ..q.) are two vectors
which belong to P. This can be denoted by p?l G B. If

j j
L pp> ¢ q; for eachj = 1,2 ..., s-1,
i=l i=1

then we can state that P majorizes q, which is written as
P>

It can be shown that if $ > and q >T, then p>T. As Solomon
(1979) points out, p > can be interpreted as follows: "An s-species
community with species abundance vector P is more dominated
than one with vector gq."

Accepting majorization as a common basis for the conventional
diversity indices, Solomon suggested that if P > q, a diversity
distance might be measured by:

o ) j
H3-3 1= ¢ ( £ p- £q;)=...
]:1 i:l i=

o~

S
iqi - Z ipl
1 i=}

s
This suggests that R = z ipi is a numerica! diversity index.
i=]

That is, for a highly dominated community, the numerical value of
R should be small whereas for an even community the value of R

will be Iar ger. Thus, R is an evenness index. The range of this
Index for givens is

S
1< Zip; <(+1))2,
1=1
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and this index can be standardized for s by forming

sothat 0 <1 < | for alls.

Solomon (1979) has shown that all of the common diversity in-
dices are S-concave, For example, Brillouin's index and many
others are an important sub-class of S-concave functions which in-
clude all functions of the form

S
f(p; -.- pg) = L g(py),
=1

where g is a concave (in the usual sense) function of a single vari-
s
able. It should be noted that % 1p; 1s S5-concave (as is I}, but not of
i=]

[ )

the form & g (p;) for some concave function # as are the commonly

i=]

used diversity indices, such as the Brillouin index.

A computer program (Fortran IV) was written to compute rela-
tive measures of diversity and to partially order (majorize) the
species lists from the 22 stations. The listing of this is provided in
the appendix.

RESULTS

Calculated values of the Brillouin diversity index with confi-
dence limits for the 14 stations from natural sediments, compared
with those found for the & disturbed stations, are shown in Table
2. Also shown in Table 2 is similar information on Solomon's even-
ness index. The two environments (natural versus disturbed) were
compared using all data by means of the "t" test. Using this test
we could not reject at @ = 0.10 the hypothesis that no differences
exist between the natural and disturbed communities using both
indices. For both cases the Behrens-Fisher test was calculated ac-
cording to Snedecor and Cochran (1978).
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Table 2. Calculated values for the Brillouin diversity index and the

evenness index of Solomon from all Quonset and Davisville survey
data.

Sample Sample 95% 90%
Index Size Location Conf. Int. Conf. Int. x a

H

Brillouin 14 Natural 1.6998-2.0463 1.733-2.0156 1.8734 0.3010
Brillouin &  Disturbed 1.3462-1.9874 1.4099-1.9237 1.6668 0.3830

Solomon 14 Natural 0.0548-0.0779 0.0568-0.0758 0.0663 0.0200
Solomon 8  Disturbed 0.0352-0.0749 0.0392-0.0709 0.0550 0.0237

It is clear from the above that neither the Brillouin index nor
Solomon's evenness index was able to discriminate between the two
sets of samples even at an 0.10 probability level. Let us now apply
the concept of majorization to both indices and compare the re-
sults with those obtained above.

By using the technique of Solomon described above, which in-
volves an evenness index and the majorization technique, it is pos-
sible to distinguish four stations within each of the environments
(perturbed and unperturbed) which are comparable. The basis for
this selection is as follows. The technique of majorization requires
that the species abundances within each station be sorted in de-
scending order of numerical abundance. The abundance vectors de-
veloped in this manner for each station are then standardized by
dividing each abundance by the total number of organisms within
the station. Station pairs are then compared by creating two new
vectors, q, and q,, which contain the running sums of the probabil-
ities within vectors p;, and p,. Thus, for example, the third ele-
ment of q, is the sum of the first three probabilities in vector p;.
Station No. | is said to majorize station No. 2 if all of the elements
of q, are greater than or equal to the corresponding elements of
q,. fhe two stations-are not comparable if majorization is not pre-
sent (i.e., 9,79, and q, < ﬁ'z“).

The four stations in each environment, the calculated index val-
ues and the rank order of the indices are shown in Table 3. Note
that the ranking procedure used for both the Solomon and Brillouin
indices orders the data in an identical way. With these rank or-
dered data it is now possible to use the Wilcoxon sum procedure for
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a non-parametric test of the hypothesis of no difference between
the two environments (Hollander and Wolfe 1973), as follows:

R: =26

W = i

LU v B

j=1
where R; refers to the rank of Y in an ordering from least to
greatest ‘of N observations where N = m + n observations X,, ...,
Xpnand Y , .., Y. Wis the sum of the ranks assigned to the Y's,
We reject H_ if W> w (@, m, m), if 26> w (@, 4, ). We find that
w (0.01%4, 4,4,) = 26 and we reject the hypothesis of no difference
ata = 0.014,

Clearly, both the Brillouin index and the evenness index of
Solomon provide identical results. These results indicate statisti-
cally significant differences between areas in spite of the fact that
sample sizes were relatively small, that is, four samples per envi-
ronment.

Table 3. Station types, station numbers, the calculated evenness
index, Brillouin's diversity index, and rank order for O between
survey sampling stations.

Environment Station Solomon's Rank Briliouin's Rank

No. Index Index
Natural 10 0.106795 8 2.413034 8
Natural 22 0.092461 7 2.263429 7
Natural 31 0.081229 6 2.213370 6
Natural 32 0.069067 5 2.052837 5
Disturbed 19 0.035145 2 1.318216 2
Disturbed 24 0.050687 4 1.733086 4
Disturbed 25 0.029247 1 1.064712 !

Disturbed 28 0.043058 3 1.530373 3




226 / Community Parameters and Measures

In an assessment of the Quonset area (CRC 1977), it was noted
that samples from the dredged areas generally had low numbers of
species and individuals compared with samples from gncﬁredged bot-
toms. The dominant species in dredged areas were similar to those
in natural deep, soft-bottomed parts of Narrangar)sett Bay. The
four stations selected by majorization had benthic communities
very similar to these natural areas. The excluded samples included
two (11, 20) with very low numbers of individuals and species from
areas near pollutant sources. These impoverished stations did not
have populations of disturbance-indicating species, with the possi-
bie exception of Mulinia Jateralis at station 11. The other excluded
samples were from more cohesive sediments where species richness
was increased by the presence of bivalves adapted for soft bottom
(M. lateralis, Pitar morrhuana) and of deposit feeding polychaetes
requiring some substrate stability, such as Pectinaria gouldii.

Samples from the undredged areas contained larger numbers of
species, individuals, crustacean species, suspension feeders, and
tube and burrow dwellers than did samples from the dredged areas.
Gradients in depth, wave exposure, sediment grain size, organic de-
tritus load and biogenic modifications were reflected by changes in
indicator species. The four samples selected by majorization are
typical of silty sands in Narragansett Bay. Samples with relatively
high densities dominated by a single species are excluded. Many
excluded samples had species in common with selected samples at
abundances within the expected large range in variation. It was
not possible to see the difference between these and selected sam-
ples by inspection.

The lack of a larger number of comparable samples from "nat-
ural" bottoms illustrates the inadequacy of 14 samples to resolve
the gradients within the study area. Even within depth-grain size
strata there is significant patchiness of density. Two key tube-
building species (the amphipod Ampelisca and the polychaete Spio-
chaetopterus) have the ability to form very dense colonies which
result in log normal patterns of relative species abundance.

There are many cases where less than the desired resources are
available for an environmental survey program. The small effort
expended on the benthos survey at Quonset Point was a result of its
being only one part of a complex impact assessment study. For the
Quonset Point data base, species identifications were important in
determining the distribution of species with known substrate re-
quirement, of those important to man and of those indicating dis-
turbance. Selection of samples by majorization made it possible to
show th.at the diversity index values of two subareas were statisti-
cally dxffer.ent. This difference helps to justify predictions of
changes which would take place if additional natural bottom were
deepened. Five samples taken in 1980 (Pratt 1980) in the northern

dredged area yielded only one to five species per sample, confirm-
ing the identification of an area under stress.
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This attempt to select comparable samples from Quonset Point
survey data has illustrated the uniformity in community makeup
imposed by sedimentation in the deepened areas and the great vari-
ation elsewhere. Attempts are often made to judge environmental
impact by deviations from an expected species number, diversity
value or canonical distribution of relative abundance. In this study
area, groups selected by majorization provided useful starting
places for examining trends within preselected strata.
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Appendix l: Fortran IV Computer Program

Cc
C The first 2 data points of the dmath file should be the aumber
[+ of revs and oclumnm (s.g. # of apecies and stationa)
c
c ABUB == MATRIX OF SPECIES ABONDANCES
c BIMDEI -- VECTOR OF VALUES FOR BRILLOUIN'S INDEX OF DIVEIRSITY
c iYDEX -- YECTOR OF VALUES PCR NEW DIVERSITY IRDEX
[ad PROY ~= MATRIX OF SPECIES ABUMDANCE PROBABILITITES BY STATION
c PSTN «= MATRIX OF RUNNING SUM OF SPECIES PROBADILIES
c SPEC -« FBOMBER OF SPECIES (ROWS LN ABUNDANCE MATRII 'ABUNT"}
[ STAT -- FONBER OF STATIONS (COLUMNS IN ABUNDANCE MAT. *4BUN')
C
INTEQER SPEC, 3TAT
REAL*A ABUK(1006,25), PROB(100,25), PSUM(100,25)
KEALYD REALI, SUHM, SMITCH
REAL®E INDEX(25), BIKDEX{2%)
LOGICAL TEST, COMP1, COMPZ
C
COMMON BINDEX, ABUN, SPEC, STAT
r
REaD (5,%) SPEC, STAT
c
DO 10 I=1,3PEC
READ (5, %) (ABUN{TI,J}, J=1,3TAT)
t0 COMTINTE
c
c Sort esch colump of the wmatrix ABUN 3o that each column i
< in decraasing order (e.g. highest abundance first) .
c
00 20 Tal,ATAT
WD . SPEC
¥M = SPEL - 1
PO 30 Ial, NN
A0 = ND = 1
PO 40 Je1, KD
IF (ABOUN(J, X} .GE. ABUN{J«t,K)) GO TO 40
SWITCH « ABUN{J,I)
ABUN({J,L) = ABON{J+1,K)
ABUN{ J+1,X}) = SWITCH
40 CORTINUE
b CONTINDS
20 CORTINOE
o
¢ ¥RITE OUT SORTED SPECIES ABUNDANCE MATRIX tABON!
¢
WXITE {6,1006) SPEC, STAT
DO 44 Ia1,APEC
WALTE (6,1000) (ABUN{I.J),J=1,3TAT)
4% CONTINODE
¢
00 50 Jat,5TAT
SUM « 0.0D0
DO S0 Is1,SPREC
30M = 3UM » ABTN(I,J)
L) cosriNgE
¢

DO 70 Z.1, 5P2C

FROB(L,J) = ABUN{I,J) / 3UM
70 CONTINUIE
20 CONTINDE

nac.

WRITE OUY MATAIX OF SPECIES ABUNDANCE PROBABILITIE3 "PROB?

WRITR (6,1007)
DO 75 Iat, SPEC



0

0N

aon

nnoao

WRITE (5,100%) (PROB{I,J),d=s1,3T4AT)
75 SORTINUE

20 TE J=1,STAT
30M = 0.0
D¢ 77 I=1,S8PEC
SUM = 50M « PROB(I,J)
PSUM(I,J! = S0M
T CONTINUE
T6 CONTINUE

WRITE OUT RUNNING SUMS CF PYOBABILITIES FRCM *PRCB" AS 'PSUM'

WRITE (641008)
bo T8 1=1,3PEC
WRITE (6,1005! (PSUM(I,J),J=1,5TAT)
784 CONTINUE
WRITE (6,10089]}

LIMSTT = STAT - 1
LIMSPC = SPEC - 1
DO B0 I=1,LIMSTT
IPLUSYT = I « °
DO 90 J=IPLES1,STAT
TEST = .FALSE.
DY 95 K=1,LIMSPC
17 (PSUM(K,I} .EQ. PSUM{K,J}) GO TO g2
I? (TEST) GOQ TQ 23
TEST = . TROE.
COMP1 = {PSUM(EK,I} .GE. PSUH(E,J}}

GO TO 9%
91 COMPZ = (PSUM{EK,I) .GE. PSUM(K,J))
IF ({COMP1.OR.COHP2) .AND. (.XOT.COMP1, OR, NOT.COHP2))
1 Go TO 97
52 IF {PSOUM(E,I).GT.0.9999999) GO TO 9%
IF (PSUM(K,J).CT.N.5699999) GO TO 34
95 CONTINUE
94 IF [ .NQT.COMP1) GO TO 9§
WALTE (6,1000) L, J
g3 10 90
96 WRITE (6,100t} I, d
GO TO 90
g7 WRITE (§,1002) I, J
WRITE (6,1010) €, PSUM{L,I), PSUM(X,J)
30 CONTINDE

80 CONTINDE
CALLCULATE SOLOMONtS DIVERSITY INDEI

WRITE (6,1009)
DO 100 J=1,5TAT
INDEX(J) » 0.
DO 110 Is1,SPEC
REALL a I
INDEX{J) = INDEX{J) + REALI % PRCB(I.J)
110 CONTINUE
INDEX{J)} = (INDBEX(J} = 1} / ({{SPECe1}/2.)-1}
WRITE {6,1003) J, INDEXI(J)
100 CONTINJE

CALL SUBRCUTINE BRILL TO CALCULATE THE BRILLOOIX INDEX
FOR THE MATRII ABUN AND STORE THE VALUES IN BINDEX

CALL BRILL
PG 320 Is1,STAT



120

1060
1001
1002
1063
1004
100%
1006
1607
1008
1209
Mo
1011

20
1g

50
45

o

1%

30

1001
1002

100%

WRITE (5,1011) I, BINDEX(I)

CONTINUE

STOP

FORMAT (2X,'STATION ',I2,' IS MORE DIVERSE THAN STATION *,I2)
FORMAT (2X,’STATION ',I2,' IS LESS DIVERSE TMAN STATION *,I12}
FORMAT (2X,'STAJION ',I2,' AND STATION r,I2,' ARE NQ? COMPARABLE')
FORMAT (2X,'3TATION ',I2,' HAS A DIVERSITY IRDEX OF ',F10.6)

PORMAT (8(2X,7B.2))

FORMAT (A(2I,F8.5))

FORMAT {(2X,*THEERE ARE ',I2,' SPECIES AND *',IZ,' STATIINS',/)
PORMAT (/,2X, "MATRIXI OF SPECIES ABUNDANCE PROBABILITIZS',/)

FORMAT (/,2X,'RUNNING 3OM OF SPECIES ABUNDANCE PROBABILITIES',/)
FORMAT (r/)

FORMAT (2X,I3,2{2I,F14,9))

FORMAT (2X,'THE BRILLODIN INDEX FCR STATION ',I2," IS ',F10.6)
END

SUBRODTINE BRILL

REAL®R ABUN( 300,25, BINDEX(25), FREQ(25), FACT(25)
REAL*E AFAC, BFAC, CPAC, IERC, CNE

INTEQER IABUR{ 100,25}, SPEC, STAT, LOW, HIGH, KFaC
COMMON BINDEX, A3UMN, SPEC, STAT

ZBRO = 0.0D0
ONE = 1.0D0

DO 10 Je1,5TAT
FREQ{IJ) = Z2EIRO
DO 20 Iat,SPEC
IABUN(I, J) « ABON(IX,J)
FREGQ{J)} e« PREQ(J) + ABUN(I, )
COMTINOE
CONTINGE

RO 30 Jetl, 8TaAY
FACT{J) » ZERC
AFAE 2 QMK
BFAC = QNE
LOd = 1
BIGHE = %
D3 4G Ia1,5PEC
I » SPEC - I » 1
IF (IABDHN{K,J) .EQ. 0} GO TO 40
IF (IABON{L,J) .EQ. HIGH) GO TO i3
HIGH s« ABIUNIK,!)
DG %0 L=LOW, RIOH
ATAC = APAC & |
CONTINVE
FACT(J) = PACT(J) « DLOG(AFAC)
LOW o ARON(K,J) « 1
CONTINUE
HIGH » FREQ{J)
D0 3% L=1,KI0N
BFAC = BF)C & [
COMTINUE
BFAC = DLOG{AFAC)
CPAC = BFAC - FACT(J}
BINDEXI(J) = CFAC / HIGH
COMTINDR
AETCERM
FORNAT (2X,71%.5,21I,F18.5,2X,F15.5%)
FORMAT (2X,I10)
FORMAY (2X,#16.8)
IND
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Assess Impact in Marine Environments

Kenneth L. Heck, Jr. and Richard J. Horwitz
Academy of Natural Sciences of Philadelphia
Philadelphia, Pennsylvania 19103

INTRODUCTION

Field sampling studies have been and will continue to be empha-
sized as a proper and reasonable means of evaluating environmen-
tal impacts. Whether these studies are "before and after" or "re-
ference area vs. impact area” studies, the goals are the same: to
determine if significant changes in community structure have oc-
curred as a result of some suspected source of impact. Since these
studies are correlative, one can expect only indirect proof that an
impact has or has not taken place.

The most commonly used measure of environmental impact has
been the diversity index in one of its various forms. Its practical
shortcomings are by now well documented (e.g., Livingston 1975;
Logan and Maurer 1975; Smith et al. 1979) and the original theoret-
ical basis for using diversity as a meaningful measure of communi-
ty organization is questionable (May 1973; Goodman 1975). Never-
theless, diversity will most often decrease in cases of severe stress
from pollution, although one can demonstrate negative impacts in
other ways as well. Diversity indices can provide valuable infor-
mation on the effects of pollution, but it is clear that they do not
provide easy answers to many questions about pollution effects.

In cases where the effects of a suspected source of pollution
may be subtle or when other confounding factors make the resolu-
tion of individual effects difficult, other methods of analyzing
community data will usually be more valuable than calculating di-
versity indices. The following discussion considers some common
sense methods of assessing impact and discusses their strengths and
weaknesses. They differ most from earlier work in the emphasis
placed on study design and interpretation of results, although our
general approach relies on well-known analytical procedures.
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METHODS

An effective sampling program must match the particular im-
pacts and taxa of interest because no one design can detect all pos-
sible modes of impact. Our premise is that changes in the abun-
dances or species composition of the taxa would represent the ma-
jor biological impacts of a suspected pollutant. In order to detect
such changes, sampling programs must take place in all seasons at
both impact and reference stations, and the sampling frequency
should be less than the mean generation time of the target organ-
isms so0 that taxa cannot colonize and become extinct between
sampling dates. Physiological and behavioral changes--movement
out of affected areas, changes in feeding rates, etc.--represent a
type of impact that is best studied by sampling designs that con-
centrate on the most stressful periods.

Change in Abundance or Biomass

Given a biologically meaningful frequency, a rationale for
assessing potential changes in abundance between reference and
impact stations can be established. The analysis is methodological-
ly similar to the standard use of ANOVA (analysis of variance) in
experimental settings. However, since the comparison of fieid
sites is not a true experiment, our approach uses ANOVA in an
exploratory technique that measures variation between sites in
abundance (or biomnass) of the target species. If proximity to the
potential source of impact explains little variability in the ANOVA,
this would suggest that the potentia! impact had little to do with
patterns of abundance. Finding that significant variation is attrib-
utable to location would suggest that significant impact had oc-
curred. It would not, however, in and of itseif prove anything
about impact, since we do not allocate treatments independently of
other sources of variation. It would indicate that impact is one
likely cause of differences in abundance of biomass among stations,
and it would also invite further analysis of the factors responsible
for location differences. Such analyses should attempt to evaluate
the relative importance of natural and impact-related variation in
physical and chemical factors among locations because they may
explain differences in abundance or biomass.

By recognizing the differences between this approach and the
standard use of ANOVA, we can avoid misinterpretation and can
improve our sampling designs and analyses. The primary difference
is that our approcach cannot randomly aliocate “treatments" (pres-
ence or absence of pollutant) to experimenta! units (Eberhardt
1976; Green 1979; Small et al. 1979). Thus, we can never single out
the poliutant as the cause of the pattern of abundance; any other
location related factor could be responsible.

A second difference is our inability to control variation among
experimental units in field studies; different sites within the im-
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pact and reference areas will have large natural environmental
heterogeneity. Because of these differences, analysis of environ-
mental variation becomes as important as the impact-reference
comparison in interpreting the observed patterns.

A third consideration in using ANOVA in field comparisons is
temporal and spatial correlation between samples. This creates
dependence between closely spaced samples (in time or space) and
is especially critical in defining replicates. In practice, the lack of
independence among samples means that most repeated samples
cannot be treated as replicates. The correlation may be due to the
exogenous influence of other factors; for example, seascnal varia-
tion forces temporal correlation and substrate variation may force
spatial correlation. These influences can be analyzed as independ-
ent variables or covariates. For example, seasonality can be treat-
ed as a discrete, class variable (if only a few dates are sampled) or
as a sinusoid covariate. Depending on the application, different
frequencies may be modeled (e.g., annual, diel or tidal). However,
the correlation may be due to exogenous factors that cannot be
modeled or to endogenous correlation. For example, patches of
benthic organisms may be depleted by schools of fish, so that den-
sities of samples within the patches are dependent. Local growth
and division of phytoplankton may create patches for short periods
of time; chlorophyll measurements taken in several places within
the patch or at several times within the life of the patch would be
dependent. In these cases, knowledge of the natural history of the
organisms or autocorrelation analysis may indicate the temporal
and spatial scales of correlation. Samples taken much farther
apart than these scales may be considered independent, while more
closely spaced samples should be combined.

A number of techniques can be used to analyze environmental
variation. Multiple regression can be used to correlate abundance
with environmental variation. ANOVA modeling of the environ-
mental variables and other multivariate techniques can be used to
analyze the spatial and correlation structure of the variation. For
any such analysis, the sampling sites should include the natural
range of variability within the impact and reference areas. Re-
striction of sampling sites to reduce the observed variation within
the impact and reference areas prevents the analysis of the varia-
tion and the comparison of impact and reference areas; any re-
maining environmental differences between the impact and control
areas are confounded with the main comparison. Furthermore, the
reduction of within-area variation will decrease the power of tech-
niques like ANOVA to detect correlation between the environment-
al factors and abundances.

Even when the ANOVA maodel is used in this exploratory role,
its assumptions should be met as nearly as possible. Data transfor-
mations can stabilize variances and normalize the distributions of
abundances. In designing a sampling strategy one may rely on
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classical sampling theory (Cochran 1977) to determine a desired
sampling effort, and this approach has received increasing atten-
tion in impact analysis (Saila et al. 1976; Cuif and Coleman 1979;
Downing 1979). Although this approach may be useful for defining
minimum detectable differences, the interpretation of these calcu-
lations is subject to the same caveats expressed for the ANOVA
model.

The following discussion explores the use of the techniques dis-
cussed above in evaluating the effects of several potential sources
of impact on the benthos in a mesohaline subestuary of the Chesa-
peake Bay. The objective of the study was to investigate impacts
on fish and benthos of the effluents from a once-through cooling
system of a power plant. In addition to baving typical estuarine
gradients in temperature and salinity, the area had been dredged
and it received a number of industrial effluents. Thus, the study
addresses several of the problems mentioned above, including con-
founding factors and tremendous natural heterogeneity.

Monthly or twice-monthly samples of fish (one trawl sample)
and benthos (three grab samples per station) were taken from a
grid of five transects with three stations each (Figure 1). By sam-
pling over a large part of the subestuary, we were able to detect
significant environmental variability and relate it to the distribu-
tion of organisms. Salinity, dissolved oxygen and temperature were
recorded for all samples. Sediment core samples were taken with
the benthic samples, and the particle size distribution, erganic
fraction and concentrations of six metals were measured in these
cores. ANOVA of the In-transformed catch per unit effort for the
major species and higher taxonomic groups indicated very strong
data and iocation effects for the benthos, and strong date and oc-
casional location effects for the fishes (location-date interactions
were significant for some groups). The abundances of the benthic
groups showed clear longitudinal gradients; most species were most
common down-estuary, and a few polychaetes were more common
up-estuary. In addition, most groups and species were more abun-
dant at the main impact station than the model predicted, as evi-
denced by the fact that the largest cell deviations were those at
the impact station. Fish abundances were more variable; despite
this, the stations nearest the discharge often had high abundances.
These results display the strengths and weaknesses of the ANOVA
approach--location effects are clearly indicated, but the relation-
ships between these effects and the impact and other sources of
environmental variability are unclear.

These patterns were clarified by analyses of environmental
variation, which suggested that the spatial patterns of benthic
abundance were primarily related to sediment characteristics not
related to the power plant, while the more mobile fish were re-

sponding to more transient environmental conditions, including
thermal effects of the plant.
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The large number of sediment variables was unwieidy for de-
tailed analysis; since many of these were expected to be corre-
lated, principal components analysis was used to describe patterns
of covariance. Two components accounted for 0.66 of the total
variation (Table 1). The first was clearly related to a gradient in
sediment characteristics ranging from "polluted” (high silt-clay
fraction, high proportion of organics, high concentrations of
metals) to "unpoliuted" (high sand fraction, low organic fraction
and low metal concentrations). The second component clearly re-
lated to seasonal effects and was highly correlated with tempera-
ture, salinity and dissolved oxygen. Plots of these components and
ANOVA of the components with transect, station and season
showed the strong geographical patterning of the sediments, with
the “polluted” sediments occurring up-estuary, near the dredging
and industrial outfalls. The down-estuary sites, as well as the
impact stations, had cleaner sediments. The influence of this gra-
dient on benthic abundance was indicated by multiple regression of
the abundances against the two principal components: all higher
taxonomic groups and most dominant single species were highly
correlated with the first (sediment) component. This pattern of
correlation was consistent with the ecology of the groups: bi-
valves, amphipods and some polychaetes were most abundant in the
sandier sediments, while a few polychaetes were most abundant in
finer sediments. No relationship was found between abundance and
thermal foading.

Fish abundances showed a very different relationship to envi-
ronmental variation. Use of temperature, salinity, depth and dis-
solved oxygen as covariates in ANOVA indicated frequent positive
associations between temperature and abundance at each site.
Thermal! loading was a major component in the temperature varia-
tion, although natural longitudinal and depth gradients were also
present. Other factors were not consistently correlated with abun-
dances. No relationship was found between fish abundance and the
benthic principal components (sediment or season) or between fish
and benthic abundance,

Thus, the sampling program emphasized direct measurement of
environmental factors and extensive sampling over a large area to
include the full range of environmental variation. By analyzing
spatial and temporal patterns of abundance and environmental
variation, covariance between environmental factors, correlation
of abundance with environmental factors, and by considering the
biology of the study organisms, a strong argument was made for
plant-related and plant-independent factors as significant deter-
minants of fish and benthic abundances, respectively.



Table 1. Unrotated factor loadings for first three principal com-
ponents.,

Factor Factor Factor
Components 1 2 3
Water temperature -0.019 0.971 0.057
Bottom DO -0.013 -0.793 0.405
Bottom salinity 0.141 -0.904 -0.146
Silt-clay fraction 0.689 0.041 0.018
Sediment temperature -0.010 0.961 0.040
Mean temperature deviation 0.050 0.035 0.913
Volatile solids 0.881 ~0.192 0.101
As 0.472 -0.340 -0.375
Cd 0.671 0.212 -0.123
Cu 0.934 0.048 0.078
Cr 0.867 0.009 0.228
Pb 0.902 0.121 -0.626
Zn 0.807 0.174 -0.133

Cumulative proportion of
variance explained .39 66 J6
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Similarity in Species Compasition

In many cases, impacts on communities may be most easily de-
tected by changes in the abundances of the most common species.
However, since rare species may be of special interest or because
changes in species composition may occur without major changes in
abundance, it is desirable to evaluate similarity in species composi-
tion quantitatively in studies of impacts on communities.

Many measures of similarity have been applied to species abun-
dance data, and several reviews of the properties of these indices
exist {e.g., Cheetham and Hazel 1969; Sneath and Sokal 1973;
Baroni-Urbani and Buser 1976). Unfortunately, measures of simi-
larity between samples depend on sample size and are biased esti-
mates of the similarity between parent populations; the sampling
theory depends on the total number of species in the communities
or the distribution of species abundances, which are unknown in
practice. As a result, similarity has been used most often for
descriptive purposes, rather than for testing hypotheses of similar-
ity of species composition. Recently, Hendrickson (1978) has dis-
cussed the use of Cochran's Q and M statistics to test for heteroge-
neity in species occurrence (presence or absence) among a set of
sites and has developed a more exact distributional theory and as-
sociated test statistic for this sitvation (J.A. Hendrickson, Jr. per-
sonal communication). Using simulations, Baroni-Urbani and Buser
(1976) have developed a similarity index with associated probabili-
ties to test for dissimilarity between a pair of samples, although
there are questions concerning the generality of their results
(Simberloff and Connor 1979; 1.A. Hendrickson, Jr. personal com-
munication).

Accepting the problem of sample-size dependence, Smith and
Grassle (1977) and Connor and Simberloff (1978) have developed in-
dices that incorporate the sample size dependency: the expected
species similarity (ESS) between two communities for samples of m
individuals is estimated as the expected number of species in com-
mon between samples of m individuals from each of the two com-
munity samples. This is normalized (producing the index NESS) to
the average of the expected species similarities within two pairs of
two samples of m individuals from the parent populations. Smith
and Grassle (1977) derive the measure for relative abundance data;
Connor and Simberloff (1978) define the analog for presence-
absence data. The variance in number of shared species can be
used to determine a confidence interval for similarity; although
this is an underestimate of the true length of the confidence inter-
val, it can be used to suggest lack of difference in simifarity be-
tween pairs of samples. Use of these indices requires the assump-
tion that the distribution of species abundances is multinomial,
and, of course, it assumes random sampling. To the extent that

these assumptions are violated, the meaning of the estimates of
similarity will be unclear.
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These techniques may be illustrated by an analysis of the spe-
cles compositions of the benthic samples described above. For
each date, the normalized expected species similarities between all
pairs of stations were calculated. The basic patterns were similar
for a wide range of sample sizes; for convenience, we will discuss
the results for a subsample size of 10 individuals although results
for up to 50 individuals (the minimum number in any of the sam-
ples) were all quite similar, These similarities followed the basic
pattern of individual species abundances. There was a pronounced
up-estuary--down-estuary gradient in similarities, and secondary
clustering by depth. However, for several dates these indices sug-
gest spatial patterns not revealed by the analyses of abundance.
Data for the stations near the plant discharge clustered together,
and tended to be very dissimilar from data for almost all other sta-
tions except, occasionatly, for some of the stations farthest up-es-
tuary (Figure 2a). This similarity between species composition of
discharge and up-estuary stations is not seen in abundance or sub-
strate similarity: the up-estuary stations have very low abun-
dances while the abundances at the discharge are moderately high,
and the discharge substrate is mixed siit/sand while up-estuary
sediment is silty. The similarity could reflect temperature ef-
fects--the discharge and up-estuary stations are the warmest. Fur-
ther investigations of this pattern are under way.

For comparison, the similarities between sites were calculated
using the Jacard coefficient and the vectors of relative species
abundance. Although these indices showed the basic longitudinal
gradient of community structure, they did not identify the clusters
of discharge sites as clearly as the NESS {Figure 2b). Because of
its sample size dependence, the Jacard index performed erratically
for stations with low diversities and sample sizes.

DISCUSSION

The techniques considered here have been used by us to esti-
mate environmental impact in a number of studies over the past
few years. We believe that the applications as described contain a
proper mix of analytical rigor and healthy skepticism. The use of
statistical methods has, in our opinion, swung from underutilization
in the early years of impact studies to uncritical overutilization in
the past decade; we hope that increased understanding of the limits
of the techniques will lead to more proper use.

It is important to remember that most aquatic field impact
studies are observational and not experimental in the classical
sense. Therefore, the goal of a field impact study is to establish
correlation, and not causation as is the goal of a properly executed
experimental study. To apply ANOVA to sampling data as a defini-
tive way of testing for impact is only to fool oneself with superfi-
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cial sophistication. The use of ANOVA as an exploratory technique
to identify variables for further investigation, however, is useful
and proper, especially when followed by regression, principal com-
ponents analysis, or discriminant analysis designed to identify con-
sistency of association rather than causality.

The conclusions of a study of community structure will also
typically depend on the indices of diversity and similarity that are
used, The development of a sampling theory for similarity and di-
versity has led to more informative indices. We think that indices
based on rarefaction are very promising, especially for comparing
samples of very different sizes. As with any statistic, interpreta-
tion depends on the validity of the underlying assumptions. In par-
ticular, the dispersion of individuals in the community may create
dependence between the identities of individuals within samples; a
sampling design based on the spatial pattern of the community
must be designed to minimize this problem.

In summary, we believe that future studies must rely on quanti-
tative methods of assessing impact, but also suggest that only by
using statistical techniques with a proper understanding of their
Jimitations will significant progress be made in improving the qual-
ity of environmental science.
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Chapter 4.
Bioaccumulation Tests



Introduction

Sam R. Petrocelii

EG & G Bionomics

Aquatic Toxicology Laboratory
Wareham, Massachusetts 02571

Efforts to evaluate the potential impact of a chemical in the
marine environment invariably include an estimate of the chemi-
cal's propensity for bioaccumulation in the tissues of resident or
representative marine species, most commonly fish or bivalves.
This estimate can be made under experimental conditions in the
laboratory or by the descriptive technique involving analysis of
field-coliected samples.

In the laboratory, bioaccumulation is assessed by directly ex-
posing a group of organisms to the chemical mixed in saltwater of
the appropriate salinity and then measuring the concentration of
the chemical in the tissues of the exposed organisms (body burden)
as a function of the duration of the exposure period. The results of
this laboratory test may be expressed as a bicaccumulation rate-—
the rate at which the body burden increases—or a bioconcentration
factor--the unitless quotient of the equilibrium body burden divided
by the average aqueous exposure concentration. In some cases, ex-
posure may be to chemical-containing food or sediments rather
than water.

Field survey or monitoring programs involve the collection of
samples of indigenous populations and the measurement of chemi-
cal residues in the tissues of these organisms. Measurements of
the body burdens detected in samples collected from different
areas or from the same area during some prolonged sampling period
are compared in an attempt to elucidate the trends in chemical
contarnination of the environment.

Unfortunately, a consideration conspicuously absent from many
of these studies is an evaluation of the consequence of the chemi-
cal body burden to the individual organism, the population of which
it is a part, the ecological community in which it resides and the
higher trophic level consumer that feeds on it. That is, mere pres-
ence of a chemical, be it a naturally occurring one such as a trace
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element, or an anthropogenic one such as a plasticizer, does not
necessarily indicate imminent harmful effects. Since few studies
have attempted to correlate body burden with adverse effects on
the organism, conclusions of the biological significance of measur-
able chemical residues in tissues are based on cornparisons of ret-
rospective data, which have generally indicated that chemicals
with a great propensity for bicaccumulation tend to be implicated
in damage to organisms and general environmental degradation. In
addition, relatively few bioaccumulation studies have attempted to
determine the elimination rates of accumulated chemicals from
tissues upon cessation of exposure. Therefore, the longevity of the
body burden and any associated harmful effects are unknown.

The papers in this chapter were solicited from individuals in
several different environmental arenas. These included federal and
state government regulatory agencies, academic institutions a}nd
industrial consulting companies. Each individual has had extensive
and intensive experience in the collection, analysis and interpreta-
tion of data relating to the bioaccumulation of chemicals by ma-
rine organisms.

Collectively the chapter discusses:

1. Ceonceptual concerns in the development, interpretation
and use of bjoaccumulation data for hazard evatuations and
other regulatory purposes. )

2. Significance of chemical residues in the tissues of marine
organisms.

3. Importance of specific sites of chemical bicaccumulation
on the physiological processes of detoxification and subse-
quent elimination of residues from the body.

4. Utility of laboratory bioaccumulation data to predict body
burdens in field-collected organisms and to indicate the
significance of these residues.

5. Utility of sentinel organisms and field monitoring programs
in describing temporal and spatial trends of chemical fates
in the marine environment.

The papers that follow provide important information, pose

thoughtful questions and suggest various approaches for evaluating
the effects of chemicals in the marine environment.



What Is the Meaning of
Bioacculumlation as a Measure of
Marine Pollution Effects?

Richard K. Peddicord

United States Army Corps of Engineers
Waterways Experiment Station
Vicksburg, Mississippi 39180

INTRODUCTION

This paper is presented to stimulate discussion of the role of
bicaccumulation as a meaningful measure of effects of marine pol-
lution. The term "bioaccumulation" is used in a very general sense
to include all measurements of contaminants in tissues of organ-
isms, without regard to source or mechanism of introduction to the
organism. The paper is argumentative in that its aims are to stim-
ulate active discussion of bioaccumulation as a meaningful measure
of demonstrably adverse effects of marine pollution.

MOTIVATION FOR MEASURING BIOACCUMULATION

When ecological awareness blossomed in the general public in
the late sixties and early seventies, marine pollution became a top-
ic of widespread interest. Every university, college and community
college in the country felt obligated to offer courses or degrees in
marine ecology and the aquatic environment. This produced an
eruption of professors and students who had to find research topics
in which to invest their new-found interest. The result was a mad
rush to investigate anything and everything hinting of aquatic ecol-
ogy. Bicaccumulation was a very appealing topic in this context,
for reasons entirely unrelated to demonstrating adverse effects of
marine pollution. The availability of subject matter was inexhaust-
ible; bioaccumulation could be studied in every species and subspe-
cies in the marine environment. Moreover, the availability of
unique subject matter for student investigation and funding support
could be increased even more by studying bioaccumulation in every
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tissue and organ of every marine species. Another expansion of
subject matter was realized by studying bioaccumulation of an ai-
most endless array of elements, compounds and degradation prod-
ucts in every tissue of every species. The possibilities were
endless, and attention to bicaccumulation expanded to fill them.

Bicaccumulation was also an appealing subject because it was
partly a chemical problem as well as a biological one. Thus, it
could support faculty and students in more than one department
and could be touted as an example of "interdisciplinary research."
[t was also easy to add to almost any other kind of study. The only
necessary component, an organism to analyze, could be obtained as
an ancillary to any sort of other project ranging from field surveys
of community structure, to laboratory bioassays, to taxonomic col-
lections, Even museum specimens could be used. Thus, no one had
to make expensive special trips to the field. It was not necessary
to know much about the biology of the animals to measure contam-
inants in their tissues. Interpretation of the ecological meaning of
these data, however, was usually ignored.

Obviously, not aii bioaccumulation studies were motivated pri-
marily by these considerations, and a number of serious and valid
scientific investigations have been conducted (e.g., Kimerle et al.
198]; Macek et al. 1979; Schimmel et al. 1979; Veith et al. 1979).
However, bicaccumulation rapidly became ingrained in the ecolog-
ical consciousness as a standard item to be measured in every pos-
sible study, just as everyone always measured temperature and sa-
linity whether or not they were likely to fluctuate abnormally dur-
ing the study or would have any biological consequence if they did.
Only after masses of data had been coliected, often largely moti-
vated by the above underlying reasons, did a retrospective consid-
eration of their meaning reveal that bioaccumulation was an appro-

priate and useful, even critical, topic of investigation in some
cases.

APPLICATION OF BIOACCUMULATION MEASUREMENTS

By the time the question of the meaning of bicaccumulation
was asked, the measuring of it had already become a standard ac-
tivity, The answer was usually that bicaccumulation was measured
"to protect the environment" in some undefined sense, Gradually,
it came to be measured for two general reasons. The first was to
determine existing conditions and to monitor changes in them
(Stainken and Roliwagen 1979; Grieg et al. 1977; Livingston et al.
1978; Wenzloff et al. 1979; Stout 1980; Young et al. 1981). The
most elementary form of this reason for measuring bioaccumula-
tion was simply that it was measurable; the more refined form was
the stated need to establish baselines and monitor deviations from
them. Little thought was given to whether the baseline conditions
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were so low that even a substantial increase might pose no threat,
or so high that even maintaining the baseline would produce, or
might have already produced, unacceptable effects. The idea was
primarily to establish a baseline and applaud if the trend declined
below it and wring our hands if bicaccumulation climbed above the
baseline. Action in response to the changing trend almost never
resulted.

Measuring bioaccumulation to protect the environment was also
related to testing specific discharges. Such studies are required by
the criteria implementing the Ocean Dumping Act (U.S EPA 1977;
Peddicord and Hansen 1982), and have been conducted for years in
relation to specific compounds that may be found in particular dis-
charges (Kimerle et al. 1981; Schimmel et al. 1979; Hansen et al.
1974). In this kind of application, a new component was added in
that a decision based on the findings was implied. Animals were
exposed to a sample of the material to be discharged and the re-
suiting bioaccumulation determined. This was assumed to be a pre-
diction of the bioaccumulation that would occur in the field if such
a discharge were allowed. Thus, the certainty of monitoring his-
torical events was replaced by the uncertainty of predictive evalu-
ations. This uncertainty was recognized but paid only lip service
by most people. If an increase in bicaccumulation was detected in
the lab, it was treated as a foregone conclusion that a similar or
greater change would occur if the discharge took place, and fur-
ther, that the change would result in an environmentally adverse
effect. This brought a public outcry to "do something!" about the
impending environmental degradation. This pressure for action ob-
scured the facts that the predicted change might have no environ-
mental effect even if it occurred, and that the prediction was
often so uncertain that a change of lesser or greater magnitude
was about as likely to occur in the field as the one predicted {Clark
1977, 1980).

In the above manner one application of bioaccumulation to pro-
tect the environment led to the collection of data that were put to
little use, and the other led to more action than the data could sup-
port. Both generated much study, but the amount of real environ-
mental protection resulting from either approach is questionable.

The second reason for measuring bioaccumulation is that the
law requires it. This is really just an institutionalization of the
view that it is measured to protect the environment. However,
those who measure bioaccumulation to protect the environment
tend to be eager advocates of the measurement, while those who
are motivated by the legal requirement are characterized by reluc-
tant acceptance of the measurement.

The Marine Protection, Research, and Sanctuaries Act (Ocean
Dumping Act) and the Clean Water Act both require that before
proposed discharges can be permitted, they must be evaluated
under criteria that consider, among other things, "...the effect of
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disposal on...concentration...through...biological...processes," which
clearly means bioaccumulation. The legal requirement 10 measure
bicaccumulation institutionalizes its application to environmental
protection by predicting effects of proposed discharges, although
there is also some legal emphasis on monitoring with a view toward
stopping discharges if some ill-defined impact level is exceeded.

The underlying original impetus for tegal institutionalization of
bioaccumulation measurement lies in the general public awareness
and clamor for environmental action described earlier. It was es-
tablished as a good thing in the common mind of the environmental
lay public, and therefore was advocated to, and readily accepted
by, Congress. Unfortunately, institutionalizing it did not automat-
ically increase the quality of the data, the accuracy of the predic-
tions, or the ability to correlate given levels of bioaccumulation
with meaningful environmental effects. What it did was demand
that decisions about allowing particular discharges be made on the
basis of inadequate data. In effect, the legisiation was and remains
beyond the technical state of the art to implement (Peddicord and
Hansen 1982; Engler 1980).

Prior to the attempt to implement this legislation, the advo-
cates of bicaccumulation took the "better to err on the safe side"
approach to interpreting bicaccumulation data. The underiying as-
sumption was that since we generally do not know the effects of
particular levels of bioaccumulation, we must assume any level is
bad. Further, since we cannot predict precisely how much uptake
will occur, just to be on the safe side we must assume any indica-
tion of bioaccumulation means that adverse effects will inevitably
occur. Since this was the common attitude among advocates of
bioaccumulation, who prior to legislation were the only ones inter-
ested in the topic, this became the underlying conceptual basis for
the interpretation of bioaccumulation data.

However, legislation added a new twist, in that it imposed a
consequence of erring in either direction. Previously, the conse-
quence of perceived adverse environmental impact if biocaccumuia-
tion occurred led to the attitude that no risk of any bioaccumula-
tion should be allowed. Legislation added a consequence to this
side of the "err on the safe side” approach by imposing an economic
burden on anyone whose discharge was denied because it might
cause bioaccumulation. This left regulators with a certain lack of
enthusiasm about trying to implement an approach beyond the
state of scientific capability when faced with threats of suits from
one group if decisions were deemed to aliow too much biocaccumu-
lation, and another group if decisions were deemed too cautious.
The regulatory system was designed to work within this system of
checks and balances. However, it is not unreasonable to hope that
the regulatory system not demand more precise evaluations of like-
ly impacts than the present state of scientific practice warrants.
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MEANING OF BIOACCUMULATION

If we are to determine specific levels of bicaccumulation caus-
ing particular ecological effects in given species, it will be neces-
sary to distinguish between change and effect. Since environmen-
tal consequences of particular levels of bioaccumulation cannot be
determined, the "just to be on the safe side” approach to data in-
terpretation has viewed any bioaccumulation as unacceptable. This
approach, implicit to varying degrees in many bicaccumulation
studies, is not satisfactory for at least two basic reasons. First, it
makes effect dependent on both the chemical state of the art and
the statistical sample size. If change and effect are synonymous,
then "effects" will be seen at ever-declining levels as chemical de-
tection capabilities continually improve. "Effect" can also be pre-
vented by using a smaller sample size so that no change is statis-
tically detectable, and thus no "effect" has occurred. This is ludi-
crous; effect and change are simply different concepts and cannot
be equated. Second, since we do not know the biological conse-
quences of particular levels of bioaccumulation, we have no way of
judging the acceptability of the pre-change baseline conditions. It
is conceptually possible that the levels against which change is de-
termined may be sufficient to cause, or already to have caused, ad-
verse environmental impact. In such a case, no change relative to
baseline certainly would not mean no effect. It is equally possible,
and | suggest far more common, that the baseline is so far below
levels having any adverse consequence that a relatively small in-
crease above present conditions would be environmentally irrele-
vant. To be meaningful in measuring effects of marine pollution,
consequences of biocaccumulation are going to have to be stated in
terms of demonstrably adverse biological responses to specified
ievels of bioaccumulation.

PURPOSE OF BIOACCUMULATION MEASUREMENTS

The scientific state of the art is generally not capable at pres-
ent of precisely quantifying the consequences of particular levels
of bioaccumulation. One reason is that, in the rush to measure, N0
one has defined clearly just what the measurement is supposed to
tell us, nor in what sense it is to be used to protect the environ-
ment. The application of the concept continues to be plagued by
confusion over just what it is supposed to achieve.

Bioaccumulation data have been applied to the protection of
human health in relation to levels considered acceptable in fish and
shellfish for human consumption by the U.S. Food and Drug Admin-
istration (FDA) or other similar national or international bodies
(Wenzloff et al. 1979; Stout 1980; Bebbington et al. 1977; Hilde-
brand et al. 1980). These levels are established in an at least
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superficially logical and objective manner, and more importantly in
some regards, are legally institutionalized. There is general agree-
ment that protection of human health is a legitimate application of
bicaccumulation, and most people are satisfied that the FDA limits
are an acceptable interpretive vehicle to achieve this. However,
some people believe this is as much as can be obtained from bioac-
curmulation at present and that attempts to get more out of it are
unfounded. The fact that FDA limits for tish and shellfish exist for
a mere handful of contaminants is seen as confirmation that bioac-
cumulation is not a problem except in a few cases. Others claim
that if contaminants can affect human health they must affect the
health of marine organisms also. Further, since almost everything
is toxic at high enough concentrations, almost every contaminant
at lower concentrations may well cause some sort of adverse ef-
fect to organisms. Therefore, any bioaccumulation of any contam-
inant is viewed as conceptually bad.

While a certain amount of fogic in the latter view is obvious, a
difficulty arises when it confronts the narrower one in a regulatory
context. One view assumes that the purpose of bicaccumulation
measurements is to protect human health and concludes that a dis-
charge is acceptable if it does not cause bioaccumulation above
FDA limits. The other view assumes that the purpose of measuring
bicaccumulation is to protect aquatic organisms against risk of ad-
verse effects, and concludes that a discharge is unacceptable if a
chance of measurable bicaccumulation of some chemicals is indi-
cated by the data.

Unfortunately, the latter view lacks an objective quantitative
basis for implementation. There exist no values analogous to the
FDA limits against which regulators can compare bioaccumulation
data to determine whether adverse effects on marine organisms
are indicated. Of the vast number of possible species-contaminant
combinations that exist in the marine environment, there are jess
than a handful in which science can say that a particular level of
bioaccumulation results in a specific, demonstrably adverse ef-
fect. Thus, those who believe the purpose of measuring bioaccu-
mulation is broadscale environmental protection are left to fall
back to the "just to be on the safe side" approach to data interpre-
tation. This inevitably places them in confrontation with those
who believe their discharge is being unduly restricted without ade-
quate indication that it would cause demonstrable damage to the
environment,

It is obvious that one of the major practical obstacles to more
effective use of bioaccumulation measurements in the marine pol-
lution field is lack of agreement on what those measurements can
and should be used for. This is partly a scientific problem and
partly a communications problem. The latter can be minimized
early in any study by a clear description of what the measurements

are intended to achieve and the conceptual perspective from which
the data are to be interpreted.
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PRESENT STATUS OF BIOACCUMULATION

The underlying aspect of the problem is the scientific one. I
recognize that the field is rapidly developing and that not only do
scientists hold a variety of views, but those views are constantly
changing. However, I do suggest that bicaccumulation conceptual-
ly does pose a threat to the marine environment and can be a
meaningful measure of an ecologically adverse effect of marine
pollution. 1 suggest further that we have overreacted to this con-
ceptual truth, and that in actuality bioaccumulation is a relatively
rare problem. At present we are unable, with very few exceptions,
to define conditions under which it becomes a real environmental
problem. Almost without exception we are unable to define, even
approximately, the environmental consequences of a particular
level of bicaccumulation in a given species. We cannot quantita-
tively define the levels of bicaccumulation producing the conceptu-
ally apparent environmental consequences, nor can we determine
the conditions under which these consequences will be manifested
in particular species. Therefore, ]I suggest that at present the only
defensible application of biocaccumulation data to measurement of
effects of marine poliution is to the protection of human health in
relation to FDA limits.

FUTURE USEFULNESS

If bioaccumulation measurements are ever to be useful in pre-
dictive regulation of ecological effects as well as human health ef-
fects, a data base quantitatively relating bioaccumulation to eco-
logical effect must be developed. I suggest that the following will
be necessary considerations in developing that data base.

® Change must not be equated with effect. To develop data
relating bicaccumulation to enzyme activity, for example, is
a necessary first step, but in itself is inadequate. It is also
essential to determine how much change in enzyme activity,
etc., is within the normal adaptive capability of the organ-
ism and at what level it begins to cause a persistent, demon-
strably adverse effect. The data base must go beyond cor-
relating bioaccumulation with change in a particular param-
eter to evaluating the importance of that change to the or-
ganism, population and ecosystem.

* Use in a regulatory program means that the effects mea-
sured must be ones whose importance is obvious to adminis-
trators, judges and the public as well as scientists. A regu-
latory evaluation lacking this characteristic invites chal-
lenge from the environmental activists on one hand or the
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environmental inactivists on the other. For this reason, [
suggest that studies relating bioaccumulation to survival and
reproduction are much more useful than studies relating bio-
accumulation to respiration, for example. The latter rela-
tionship may hold as much or perhaps more scientific inter-
est, but because its overall ecological consequence is not
readily demonstrable it will be much less useful in a regula-~
tory program. Therefore, it will contribute little to envi-
ronmental protection and in that sense cannot be considered
a truly meaningful measure of marine pollution effects.

To be useful in a regulatory program, effects must be reli-
ably and quantitatively predictable before the discharge
takes place. To relate bioaccumulation to effect in an
after-the-fact monitoring program is of limited utility ex~
cept as it might provide feedback to help refine the accur-
acy of predictive techniques.

The accuracy of predictive techniques must be verified by
field studies. Approaches such as caging experiments, mi-
crocosms and macrocosms, which are beyond the scope of
this paper, may be useful intermediate steps in the verifica-
tion process under certain circumstances. However, a care-
fully designed study of an actual discharge operation is re-
quired for full verification of predictive techniques.

We must not only develop verified techniques for predicting
ecologically important effects. We must also develop a
sound regulatory protocol for applying those techniques and
interpreting the resulting data. A hazard assessment or risk
evaluation approach is the logical way to achieve this. Not
until this final step is taken will we have a system for truly
meaningful predictive measurement of marine pollution ef-
fects.

Obviously, even partial achievement of all the preceding goals
is well in the future. Moreover, regulatory decisions to allow or
prohibit particular discharge operations will continue to be made
daily in the absence of adequate data and fully satisfactory evalua-
tive techniques. We must work toward the above goals while not
pretending bioaccumulation can be used for purposes beyond the
current state of the art. I believe this means the only defensible
application of bicaccumulation to measurement of meaningful ef-
fects of marine pollution, at present, is to the protection of human
health in relation to FDA limits.
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CONCLUSION

In very cold realistic terms, the environment is not protected
by scientific concern, workshops, supervision of graduate students,
published papers or good research. The environment is protected
through regulations. Regulators make major environmental deci-
sions daily on the basis of information at hand. If we scientists do
not understand the regulatory process and its needs, and do not
help regulators in ways they can understand and relate to, they will
make the decisions without us.

We can choose not to participate in those decisions because we
know the limitations of our tests and we do not have all the an-
swers. Or we can participate in those decisions by directing our
research to give the regulators answers they need, and providing
them our expertise, ciearly labeled as opinion, not fact. This is the
only way we will have really major or rapid influence on envjron-
mental protection. I suggest that by following this approach, 10%
of the scientists working in this field have had more tangible influ-
ence on environmental protection in the last 5 years than the rest
of us put together. The choice is ours. If we really want to have a
noticeable influence on environmental! protection, we must assist
the regulators in terms of their needs.
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INTRODUCTION

During the last three decades numerous studies have been con-
ducted relative to marine poliution. In the 1950s and 1960s, the
major topic of concern involved the injection of radiocactive ma-
terials into ocean systems (NAS 1957, 1971; Schultz and Klement
1963; Nelson and Evans 1969). Beginning about 1970, emphasis
shifted to problems involving the discharge, fate and effects of
toxic trace elements, synthetic organics and petroleum hydrocar-
bons in the marine environment (FAO 1970; NSF 1972; SCCWRP
197 3; Nelson-Smith 1973; Cox 1974; Church 1975; Goldberg 1976,
1979; Wiley 1978; Baker 1980).

These studies fell into two major categories--field surveys and
laboratory toxicity tests (the latter often termed bioassays). Un-
fortunately, there usually was very little integration of these ef-
forts. Most of the toxicity tests employed simple aqueous concen-
trations of the target constituents, often at unrealistically high
{e.g., parts per million, milligram per liter) levels. In contrast,
seawater concentrations of these materials now appear to be many
orders of magnitude lower, often at the parts per trillion (nano-
gram per liter) level. Because of the extreme difficuity of reli-
ably determining the physical/chemical states and corresponding
concentrations at such levels, most environmental surveys have
centered on documentation of mass emission rates of target consti-
tutents in a few major sources (e.g., domestic and industrial waste-
water, surface runoif, aerial deposition, vessel-related discharges)
and on their distributions in bottom sediments and various "indi-
cator” organisms (Young et al. 1973, 1975, 1978; Risebrough et al.
1974; McDermott et al. 1976; Eganhouse et al. 1973).



262 | Bioaccumulation Tests

Thus, it usually has been difficult or impossible to apply the
findings of the extensive toxicity literature to those of marine pol-
lution surveys. Although innumerable contaminant elevations in
sediments and the biota have been described, the toxicologists gen-
erally have not provided information that is useful in interpreting
the ecological significance of such concentration elevations. In
short, there has been no way to answer convincingly the "so what?"
questions which continually plague regulatory agencies responsible
for making environmental decisions.

One of the topics of greatest concern in pollution studies invol-
ves the accumulation of potentially toxic substances in organisms.
Over the years a variety of terms have been used to describe this
phenomenon. Recently, Brungs and Mount (1978) proposed a clari-
fication of three of the most commonly used terms, summarized by
Macek et al. (1979) as follows:

Bioconcentration refers to that process whereby chemical sub-
stances enter aquatic organisms through the gills or epithelial
tissue directly from the water; bioaccumulation is a broader
term referring to a process which includes bioconcentration but
also any uptake of chemical residues from dietary sources. Fi-
nally, biomagnification refers to a process by which the tissue
concentrations of biocaccumulated chemical residues increase as
these materials pass up the food chain through two or more tro-
phic levels. Historically implicit in the use of this term is the
connotation that residue concentration at successively higher
trophic levels increases by multiples of whole numbers (for
example, x 2, x 5, x 10).

As already mentioned, the literature contains a vast number of
reports which describe abnormal accumulations of "pollutants" in
the marine biota. A companion paper in this chapter by Jenkins
and Brown discusses the implications of such bioaccumulation for
selected trace metals and synthetic and petroleum hydrocarbons.
Therefore, here I discuss bioaccumulation only as it relates to the
process of biomagnification, which has caused so much concern to
the general public and environmental managers over the years.

FOOD WEB STRUCTURE

Biological Assessment

Traditionally, the passage of contaminants through food webs
has been considered either from the point of view of specific pred-
ator-prey relationships, or more generally in the context of aver-
age trophic (i.e., feeding) levels. An example of a simplified food
web containing five trophic levels (I-V), taken from Mearns et al.
(1981), is shown below:
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v Tertiary Carnivores (feed on IV)
Y Secondary Carnivores {feed on I1I)
| Primary Carnivores {feed on II)

11 Herbivores (feed on I)

I Primary Producers

There are at least two major problems with this approach.
First, it clearly is a gross oversimplification of the actual situation
observed for marine food webs by ecologists over at jeast the last
60 years (e.g., Hardy 1924). Second, because it is qualitative rath-
er than quantitative, it is not amenable to statistical analysis or
mathematical modeling efforts directed toward describing the de-
gree to which a specific pollutant would be expected to biomagnify
in a given system.

Over the years, attempts have been made to modify this system
to permit intermediate assignments of trophic level (Lindeman
1942; Odum 1971, ch. &4). More recently, Mearns and his colleagues
have developed a method of making quantitative estimates of aver-
age intermediate trophic leve! position. In this approach trophic
levels are assigned to prey items and some simplifying assumptions
are made about the feeding habits of several kinds of organisms
(e.g., diatoms and dinoflagellates are primary producers at Trophic
Level 1.0; certain small crustacea are herbivores at Trophic Level
2.0). Then a weighted average prey trophic level is computed and
the predator is assigned to the next higher full trophic level. To
weight the prey data, Mearns used an index developed by Pinkas et
al. (1971), the Index of Relative Importance:

IRI = %F (%N + %V)

where %F is the percent frequency of prey item, %N is the percent
by numerical abundance of prey item and %V is the percent by
weight or volume of prey item. The specific weighting factor for a
given prey item (already given a numerical assignment for its aver-
age trophic level as described above) is simply the percentage of
the total IRI obtained for the predator's list of prey items. Al-
though this approach is also characterized by certain arbitrary and
simplifying assumptions (as readily admitted by its authors), it does
appear to provide a useful method of obtaining a numerical assign-
ment for a predator's average trophic level position, which Mearns
et al. (1981) have termed the Trophic Level Assignment (TLA).

Chemical Assessment

Although some method of quantifying average trophic level po-
sition is necessary in any serious evaluation of marine biomagnifi-
cation, this alone may not be sufficient. The reason is that feeding
relationships in marine ecosystems often are so complex and/or
variable that the assignment of single trophic level positions to the
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organisms constituting a given web is a gross oversimplification.
Isaacs (1972, 1973, 1976) has argued persuasively that certain ma-
rine food webs may be largely unstructured, that is, composed pri-
marily of opportunistic feeders such that the multidirectional feed-~
ing relationships in effect “"short-circuit" the potential for food
chain magnification. In such cases, the failure to obtain a signifi-
cant correlation between the concentration of a target substance
in the biota and estimated trophic level position could be due to
unrecognized homogenization, or mixing within the food web, rath-
er than a general inability of the substance to biomagnify under
any circumstance.

As a possible solution to this dilemma, Isaacs (1972) proposed
that chemical indicators of structure be employed to test the bio-
magnification potential of a given food web. A major advantage of
this approach is that chemical indicators should be more represent-
ative of average conditions than are the results from a specific
stomach content analysis program.

One candidate chemical indicator is the ratio of two alkali
metals, cesium (Cs) and potassium (K). Potassium, an essential
electrolyte, must be maintained at fairly constant levels in tissues;
this is not the case for cesium, which occurs only in trace quanti-
ties. Marine fish appear to obtain most of their cesium and potas-
sium from their diet, rather than by direct uptake from seawater
(Young 1970). Assuming that this is generally true for marine ani-
mals, fairly regular increases in the ratio of cesium to potassium
over known food chain links or trophic level steps might be expect-
ed, because cesium has been found to have a biological half-life
that is approximately two or three times that of potassium in a
variety of animals (Anderson et al. 1957; McNeill and Trojan 1960;
Green and Finn 1964; Pendieton 1964; Hanson et al. 1964;
Pendleton et al. 1965; Hanson 1967; Gustafson 1967). Again assum-
ing that this observation is valid for marine animals in general, the
relative values of the Cs/K ratio in organisms constituting a given
food web should provide an indication of the degree of trophic
structure in that ecosystem, and thus indicate the potential for
food chain increases of pollutant concentrations within the system.

The usefulness of this candidate chemical indicator of food web
structure was tested in the quasi-marine ecosystem of the Salton
Sea, a large saline lake in central southern California (Young 1970).
Extensive studies by Walker and his colleagues (1961) had shown
that this ecosystem contained a relatively simple, highly structured
food web in the late 1950s. A year-long survey by Young in 1967
generally confirmed the persistence of these structured (i.e., con-
stant) feeding relationships. The striped mullet {Mugil cephalis)
fed aimost exclusively on the dense phytoplankton populations of
the sea, leading to a TLA of 2.0. In contrast, the threadfin shad
(Dorosoma petenense) fed mostly on the herbivorous zooplankton
(copepods and barnacle larvae), and thus had a TLA of 3.0. The
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predominant diet of the sargo (Anistotremus davidsoni) and Gulf
croaker (Bairdiella icistia) was the detrital-feeding worm, Nean-
thes succinea, whose estimated TLA value was 2.5; the correspond-
ing TLA value for the two forage feeding fishes was 3.5. Similarly,
their major predator the orangemouth corvina (Cynoscion xanthu-
lus) had a TLA of 4.5.

T A comparison between these TLAs and the average Cs/K ratios
(n=6) measured by Young in muscle tissue of the five Salton Sea
fishes is presented in Figure 1. This illustration suggests that the
Cs/K ratio increased exponentially with TLA. To test this hypoth-
esis, a correlation was sought between the (natural) logarithm of
the mean value of Cs/K times 10° for a given fish species, and its
corresponding TLA value (Young and Mearns, unpublished manu-
script). The resulting correlation coefficient (0.94%) was found to be
highly significant {(p<0.001), suggesting that the data are adequate-
ly related by the following straight line of best fit:

In {Cs/K times 10%) = m{(TLA) + b

where m = 0.76
b = 0.58

1t is easily shown that a relationship of the form
InC=m(TLA)+Db

corresponds to a constant tissue concentration "amplification" fac-
tor per unit trophic level step, whose value is given by the expres-
sion e™. Clearly, this is the simplest case of biomagnification;
within the range of trophic levels sampled, the concentration (Cn)
of a constituent in an organism at a given trophic level (n} is multi-
plied by a constant amplication factor {A.F.) to obtain the concen-
tration at the next highest trophic level (n + 1). Thus:

AF, = Chsl zeM

C

n

However, for this simple case it is important to note that, although
the amplification factor e™ is constant, it is not constrained either
to be an integer or to have a value greater than 1.0. (Trophic level
"amplification" factors of less than 1.0 sometimes are termed "dis-
crimination” factors instead.)

In the example presented for the 1967 Salton Sea survey, the
average amplification factor obtained for the Cs/K ratio is e"*7* =
2.14, This value is consistent both with specific predator/prey am-
plification factors for muscle tissue Cs/K ratios observed in the
Iaboratory and field, and with the ratio of biological half-lives re-
ported for these two alkali metals.
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Figure 1. Average muscle tissue value (+ std. error; n = 6) for
cesium/potassium ratio vs. Trophic Level Assignment (TLA) for
five fishes collected during 1967 from the Salton Sea. Also shown
is the line for the corresponding equation of best fit: !n (Cs/K x
105 = 0.76 (TLA) + 0.58. (Data are from Young 1970).
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This suggests that the Cs/K ratio is a useful index of the degree
of structure, or biomagnification potential, in marine food webs.
Other chemical constituents whose tissue concentrations increase
with trophic level in a uniform manner also might be useful indices
of food web structure. However, any constituent selected as an in-
dex of the pollutant biomagnification potential of a marine food
web should not be a common component of anthropogenic inputs to
the sea.

As indicated by the use of the term biomagnification potential,
it should be noted that food web structure is a necessary but not
sufficient condition for biomagnification of a given constituent to
occur in that ecosystem. Other necessary conditions are that the
constituent be biologically persistent, that is, have a relatively
long biological half-life in the target organisms, and that the major
route of uptake be through the foods of the organisms.

CASE STUDIES

A series of studies conducted between 1975 and 1981 in various
marine ecosystems off southern California provide relevant exam-
ples of the application of the above-described approach (Young et
al. 1980, 1981; Mearns and Young 1980; Mearns et al. 1981; Bascom
1982; Schafer et ai. 1982). In seven of the nine studies, the Cs/K
values were observed to increase exponentially with TLAs for the
target organisms {(Young and Mearns, unpublished manuscript).
Corresponding average amplication factors ranged from about 1.4
to 1.9, suggesting the existence of reduced but measurable chem-
ical structure, or potential for biomagnification of pollutants, in
most of these systems. (In a completely homogenized food web,
the average Cs/K amplification factor would be 1.0.) Concentra-
tions of DDT, a pollutant reported to biomagnify in aquatic eco-
systems (Woodwell et al. 1967; Macek et al. 1979), also fit the
simple exponential model in a majority of the surveys analyzed to
date.

One of the most consistent results of this investigation was the
absence of trophic level increases for the target metals arsenic,
cadmium, chromium, copper, iron, lead, manganese, nickel, silver
and zinc. In six ecosystem surveys where a majority of these
metals were measured, no exponential increase in concentration
with TLA was observed. In contrast, approximately one-third of
the results for a given metal and ecosystem indicated exponential
decreases in concentration with TLA. The only exception was mer-
cury; exponential increases in concentration with TLA generally
were observed. This is very probably explained by the fact that
when organic mercury also was analyzed, it usually was found to
constitute most of the total mecury measured in these samples
(Young et al. 1980; Schafer et al. 1982), As discussed above, sub-
stances with relatively long biological half-lives, such as organic
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mercury compounds (Miettinen et al. 1970; Jarvenpaa et al. 1970;
Tillander et al. 1970; Jernelov and Lann 1971; Cutshall et al. 1978),
are the most likely to biomagnify in structured food webs.

There is one aspect of this finding that lustrates a critical
point regarding biomagnification of trace metals. Alth9ugh total
mercury concentrations in seafood organisms from a highly con-
taminated municipal wastewater discharge zone off Los Angeles fit
the simple exponential model, when these values were corrected by
those for corresponding samples from control zones, the relation-
ship disappeared. A visual evaluation of these "net" or "excess"
values (outfall zone minus control zone) provided no indication that
the anthropogenic fraction of the mercury measured in muscle of
the seafood species increased with estimated trophic level position,
despite the relatively high exposure of the organisms to mercury
wastes around this submarine outfail system (Young et al. 1981).
Related studies showed that aimost all of the measurable mercury
in surficial bottom sediments of this zone was inorganic (Eganhouse
et al. 1978). Since inorganic mercurial compounds have consider-
ably shorter biological half-lives than do the organic forms of mer-
cury, the inorganic mercurials are less likely to undergo biomagni-
fication. This may explain the significantly different behavior of
the “gross" and "net" concentrations of mercury in this outfall zone
foodweb.

Thus, it would appear to be very important in future biomagni-
fication studies for trace metals, as well as other contaminants of
concern, to include analysis of corresponding sampies from valid
control zones. Since trace elements are natural constituents of all
organisms, it is the "excess" or "net" (rather than the "gross")
tissue concentrations that should be compared with trophic level
position in evaluating potential biomagnification problems. How-
ever, the difficulties in documenting the validity of a control zone
are well recognized. In addition to being sufficiently removed
from the source(s) of interest, the zone's food web should have
characteristics similar to those of the test zone. [t appears that
the Cs/K ratio may be a useful parameter for evaluating the simi-
larity of food web structure in the test and control zones.

LITERATURE REVIEW

In view of these recent findings made off California for metals
of concern, which contradict the popular belief that pollutant bio-
magnification is a common (if not universal) phenomenon, it is in-
structive to consider the results of investigations made in various
parts of the world during the last two decades on the marine bio-
magnification of trace elements.

One of the earlier studies, conducted off the mouth of the
Columbia River, found that the radionuclides zirconium-95/nio-
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bium-95 and cerium-141 were concentrated by primary producers
and herbivores but not by carnivores, while chromium-5] was abun-
dant only in the primary producers (Osterberg et al. 1964). Baptist
and Lewis (1969), working with an experimental food chain, found
that although zinc-65 and chromium-51 were transferred from the
first to the fourth trophic levels, the equilibrium tissue concentra-
tions of both nuclides generally declined up the food chain. Bowen
et al. (1971) concluded that many elements, when studied with
radionuclide tracers, appear to be subject to discrimination, that
is, a reduction in concentration through each trophic level step. In
a recent paper, Guary et al. (1982} concluded from the literature
that most heavy metals in the marine environment generally show
a decrease at higher trophic levels in a given food chain, and pre-
sented data suggesting that food chain magnification of plutonium
by starfish does not occur in nature as had been previously hypoth-
esized. In addition, Cheng et al. (1977) found that dry weight con-
centrations of both polonium and plutonium decreased by about a
factor of 2 over a seaweed-kelpfly food chain link.

By loading brine shrimp with cadmium before feeding them to
pink shrimp, Nimmo et al. (1977} measured the maximum transfer
of cadmium {(under the specified test conditions)} from food to the
next trophic level, obtaining consistent predator/prey concentra-
tion ratios of 0.02-0.03. Macek et al. (1979) also concluded from
laboratory experiments that biomagnification of cadmium (and sev-
eral synthetic organics other than DDT) within a freshwater food
chain was insignificant compared with direct uptake from the
water.

Burnett and Patterson (1980) have provided convincing evidence
that, to be meaninful, analyses of lead in tissues of marine organ-
isms must be conducted using ultraciean-room techniques. For ex-
ample, under poorly controlled conditions the concentrations of
lead measured in phytoplankton and muscle tissue of abalone, scal-
lop, lobster and tuna ranged between about 80 and 800 nanograms
per gram (fresh weight), with no convincing trend. However, anal-
yses of these samples in a contamination-controlled laboratory pro-
vided a remarkably different story. Values dropped by factors of
10-1000, revealing a three-orders-of-magnitude decrease over the
phytoplankton-macroinvertebrate-tuna food chain. Clearly, much
of the published literature on lead in marine organisms is suspect
owing to inadequate sample preparation and analytical techniques.

Klumpp and Peterson (1979) studied macrophytes and their
molluscan predators in an English estuary, and concluded that there
was no evidence for biomagnification of arsenic on an entire organ-
ism basis. Working in western Australia, Edmonds and Francesconi
(1981) investigated a simple food chain, consisting of phy-
toplankton--detritus--detrital-feeding worm--whiting. Similar con-
centrations of arsenic were measured in the plant, worm and fish
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samples, providing further evidence against the marine biomag-
nification of the element.

In the case of mercury, there are contradictory reports in the
literature. Knauer and Martin (1972) measured total mercury in
phy toplankton, zooplankton and ang:hovies- qﬂ Mont_erey,lcalifo,-_
nia, finding no evidence of food chain amplification (i.e., biomagni-
fication). Similarly, Williams and Weiss (1973) measured total mer-
cury in a pelagic food chain off San Diego, California. They re-
ported that the mercury content in almost all of the higher trophic
level organisms collected at the greater depths of the survey were
indistinguishable from the concentration of mercury in zooplankton
at those depths. On the basis of such findings, Bryan (1979) con-
cluded that there is not much evidence for the amplification of
mercury in moving from invertebrates to small fish, but that there
is a stronger argument when larger fish are considered. However,
this conclusion may be influenced by the fact that, owing to the
difficulty of cleanly dissecting tissues from small invertebrates,
whole-body concentrations in such organisms often are compared
with single-tissue (e.g., muscle) concentrations in larger
organisms. Thus, whenever possibie it would appear to be
important in bioaccumulation and biomagnification studies to
compare concentrations in similar tissues (e.g., muscle, liver,
whole body), or at the least to point out that the comparisons made
are for dissimilar types of tissues.

Data of numerous authors relating body mass or organism age
and the concentration of mercury in the muscle tissue also are
summarized by Bryan (1979). These results indicate that, in cer-
tain species, concentrations of mercury increase markedly with
size or age. Since a marine organism usually moves higher in the
food web as it grows, it is difficult to distinguish between the ef-
fects of age and trophic level in the case of constituents like mer-
cury that appear to biomagnify; both factors probably are impor-
tant.

CONCLUSIONS

l. Laboratory toxicity tests designed to provide information on
the biological effects of elevated tissue (and sediment) concentra-
tions of potential pollutants in marine ecosystems are needed, so
that results of typical environmental -surveys can be meaningfully
evaluated.

2. The term "bioaccumulation" should be used to describe the
uptake by an aquatic organism of a given constituent from water or
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food. In contrast, the terms "biomagnification" or "bicamplifica-
tion' should be used to describe that process by which tissue con-
centrations of a bioaccumulated constituent increase (or decrease)
in a food web as the constituent passes from one trophic level to
another.

3. A qua_ntitat'gve evaluation of the biomagnification of a given
constituent in a given food web requires that a logical biological
method of quantifying a member organism's average trophic level
position be applied. An example of one such approach recently
proposed (the Trophic Level Assignment) has been presented; how-
ever, methods are needed to evaluate both the accuracy and the
precision of such biological assignments of trophic level positions.

4. The highly complicated and variable nature of most marine
food webs leads to major uncertainties in biological assessments of
average trophic level position in marine ecosystems. As a result,
the absence of an apparent relationship between the concentration
of a potential pollutant in a given organism and its assigned trophic
position does not of itself negate the possibility that the substance
might biomagnify in this {or a similar) food web sampled at another
time or place. Thus, it appears useful in such studies also to apply
an independent chemical method of quantifying the degree of
"structure" or biomagnification potential of the target food web.
Once the existence of this potential has been established, the
hypothesis of biomagnification for specific pollutants of concern
under these (or similar) conditions is disproved if trophic level in-
creases of these pollutants are not observed. (It shouid be noted
that a positive correlation between concentration and trophic posi-
tion shows that the data are consistent with, but does not "prove,"
the hypothesis of biomagnification.)

5. An example of one chemical index (the cesium/potassium ra-
tio) used in several recent marine pollution surveys has been pre-
sented. However, there remain a number of inadequately tested
assumptions inherent in this type of approach. For example, (1) the
index constituent{s) have a similar biological persistence in the tar-
get tissue of all the component organisms; (2) the major source of
uptake is the organisms' food; and (3) there is generally a satisfac-
tory approximation to equilibrium conditions. Thus, although
chemical indices of food web "structure" appear to be potentially
useful, such techniques need to be critically evaluated regarding
their reliability and limitations in marine biomagnification studies.

6. Ideally, bicaccumulation and biomagnification investigations
should be made on the same type of “tissue" (e.g., muscle, liver,
whole body) for all species included in the study. When this is not
possible, the existence of inconsistency, and the possible effects it
might have on the results, should be discussed.
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7. A survey of the literature on marine biomagnification of
trace metals revealed that, with the possible exception of mercury,
trophic level increases seldom have been observed for most metals
of concern. This contradicts the widespread opinion (at least
among environmental regulators and the general puplic) that all or
most pollutants will biomagnify, often to potentially dangerous
concentrations, in marine food webs.

8. For those constituents for which there is a natural back-
ground (e.g., trace metals such as mercury) or a measurable region-
al baseline (e.g., DDT), the essential question in pollutant biomag-
nification studies is whether or not there are measurable trophic
level increases of the Mexcess” or "net" tissue concentrations (test
zone minus control zone values) rather than increases in "total"” or
ngross" concentration of the constituent in the organisms from the
area of interest. One study around a major submarine discharge of
mercury-contaminated wastewater revealed no discernible trophic
jevel increase of "excess" mercury. To date, very little attention
has been paid to this concept in studies of pollutant biomagnifica-
tion near point sources of concern.
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INTRODUCTION

The ability to predict the environmental fate and effects of
pollutants in the marine environment is of utmost importance in
assessing the hazards posed by a compound's use and/or disposal.
Most commonly utilized methods to establish potential environ-
mental effects have involved an assessment with bicassays of a
compound's acute and chronic toxicity.

For compounds that have the ability to bioaccumulate, the po-
tential dangers from this process must also be determined. A "first
cut" estimate can be made by determining the partition coeffi-
cients between an organic solvent, usually n-octanel, and water. i
this coefficient exceeds 25,000, EPA requires a report of the po-
tential hazard {under the Toxic Substances Control Act), and fur-
ther study is required. The next step is to expose some likely tar-
get animal to the suspected contaminant through food and/or
water.

Transfer by these routes is calculated as (1) a bioconcentration
factor from water = concentration in the animal/concentration in
water, and (2) a dietary accumulation factor from food = concen-
tration in the animal/concentration in food. Further food chain ac-
cumulation studies are sometimes conducted in the laberatory if
the importance of the compound indicates a need. Studies, both
laboratory and field, are also performed to estimate the transfer of
the contaminant from its usual reservoir in the field (i.e., sedi-
ment) to food organisms and water. With these data, an assess-
ment can be made of the potential for a compound to accumulate
in marine organisms.
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The above procedures have been developed over the past ten
years and have gained a general degree of acceptance in the disci-
pline; however, their shortcoming lies in the lack of field verifica-
tion. This is particularly true in the marine environment where
field data on many aspects of the environmenta! compartmentali-
zation are lacking.

The introduction of Kepone (l1,la,3,3a,4,5,5a,5b,6-decachloroc-
tahydro-1,3,4-metheno-2H-cyclobuta (cd) pentalen-2-one) into the
James River estuary in Virginia has resulted in a large number of
investigations which provide in part the basis for an assessment, al-
though an after-the-fact one, of how well the predictive system
works in the marine environment.

The toxicity of Kepone to marine and estuarine life has been
studied by Bookout et al. (1980), Bourquin et al. (1978), Couch et
al. (1977), Hansen et al. (1977), Ninmo et al. (1977), Provenzano et
al. (1978), Rubinstein (1979), Schimmel and Wilson (1977), Walsh et
al. (1977), Fisher (1980), Roberts and Bend] (1982).

Studies on bioconcentration, bicaccumulation, depuration and
transfer have been conducted by Bahner and Oglesby (1979), Van
Veld (1980}, Drifmeyer et ai. (1980), Schimmel et al. (1979),
:—iuggi;tt and Bender (1980), Huggett et al. (1980}, Slone and Bender
1980).

In addition to these investigations, various agencies of the
Commonwealth of Virginia have been conducting monitoring
studies on the river, biota, sediments and water.

METHODS

Samples of blue crabs (Callinectes sapidus), oysters (Crassos-
trea virginica) and two species of bottom-feeding fishes, croaker
(Micropogon undulatus) and spot (Leiostomus xanthurus), were col-
lected between 1976 and 1980 and analyzed for Kepone residues.
Crabs were collected in the lower 10 km portion of the river, and
oysters were collected from discrete "oyster rocks" shown in Fig-
ure 1. Fish were collected within the zones shown also in Figure 1.

Laboratory studies have shown maximum bioconcentration fac-
tors of 7,200 for fishes (Hansen et al. 1977). Transfer from food to
fish is estimated o be on a 1:1 basis (Bahner et al. 1977; Van Veld
1980; Stehlik 1989). Uptake of Kepone from sediments by benthic
food organisms occurs, and concentrations reached by the organ-
isms approximate those of the sediments {U.S. EPA 1978). Esti-
mates of the uptake of Kepone by fishes can be made by utilizing
these data and field observations on the distribution of Kepone in
the sediments, which serve as the reservoir for the aqueous phase.

Estimates of contamination levels in fishes and sediments for
the period between 1976 and 1979 were made from the monitoring
data of the Virginia State Water Control Board and the Virginia In-
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stitute of Marine Science. For the purposes of this study, we aver-
aged the surface (upper 2 cm) sediment contamination levels over
the zone in the river where the fish residue data were collected.
Results from three zones are presented. Each zone is about 10 km
long and the zones are approximately 20 km apart (Table 1), Dis-
solved Kepone levels were predicted by utilizing a partition coeffi-
cient between sediments and water of 5,000:1 (Strobel et al. 1981).
Field data relating dissolved Kepone to sediment concentration are
limited, but studies that have measured both parameters indicate
that dissolved levels can be accurately estimated using this coeffi-
cient {Slone and Bender 1980).

RESULTS AND DISCUSSION

The residue levels of Kepone in fishes, predicted from labora-
tory exposures to contaminated water and food, are compared with
field data in Figure 2. Significant deviations from the predicted
values are apparent. There are several possible explanations for
these differences:

1. The predicted bioconcentration factors are too low.

2, The actual levels of Kepone in the water are greater than
predicted from the sediment-water partition coefficients.

3. There is greater accumulation through food than estimated
from laboratory studies.

In the prediction, we utilized the maximum bioconcentration
factor observed for fish (i.e., 7,200 vs. a mean value of 3,500 ob-
tained from averaging the results of five different laboratory in-
vestigations). We believe, therefore, that the laboratory predic-
tions used were not in error, at least on the low side.

Table !|. Mean Kepone in sediments (ng g™!) and third quarter x for
bottom feeding fish (spot and croaker) ugg-!.

Zone A Zone B Zone C
Year Seds. Fish Seds. Fish Seds. Fish
1976 15 72 67 1.6 117 -
1977 lé A7 56 1.8 144 -
[978 5 36 19 0.9 37 -

1979 1 35 le - 65 0.6
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Two studies have measured dissolved Kepone in the lower
James. These investigations have shown levels of approximately 5
ng L™!. Predictions from sediment concentrations at these sites
indicate that the dissolved levels should have been approximately 7
ng L™'. We feel confident, therefore, that actual levels of dissolv-
ed Kepone are not higher than the predictions and are, in fact, in
remarkably good agreement.

[f we are correct in our assessment of two possible explanations
for error in the predictions, the most likely explanation is an un-
derestimation in uptake through the food chain to account for the
difference between predicted and measured amounts of dissolved
Kepone.

Biue crabs bicaccumulate Kepone mainly from their food. Up-
take from water is limited with a bioconcentration factor of only 8
(Schimmel and Wilson 977). Fisher (1980) determined the uptake of
Kepone by juvenile blue crabs over a 2-month period. Utilizing his
data, one can predict concentrations in crabs with the following
equation:

Ca = DAF x Cn (Wf/Wa)
where
C., = predicted concentration in the crab
D%\F: dietary accumulation factor = C We/ Cs Wy
C, = experimental equilibrium concentration in crabs
W, = average weight of experimental crabs
C¢ = experimental concentration in the food
¢ = weight of food consurmed per day
C, = concentration in natural food
W, = average weight of crabs

The mean dietary accumulation factor derived from Fisher's
studies is 30, when one utilizes the average weight of the crabs
during his experiments. If we assume the blue crabs eat approxi-
mately 5% of their body weight per day (the ration used in Fisher's
studies), then we can calculate the expected residue concentration
in nature if we have an estimate of the level of food contamina-
tion.

Figure 3 compares field residue data collected from 1976
through 1980 with predictions based on the above equation. In this
prediction we used, as an estimate of food contarnination, the
average residue level for all species of fish in the lower river. The
agreement between laboratory predictions and the field residue
data is very good for male crabs. Roberts and Leggett (1980) have
shown that female crabs lose Kepone when they spawn, and since
the predictive equation did not consider this loss, one could not ex-
pect agreement for females.

Oysters bioaccumulate Kepone from both dissolved and particu-
late phases. Uptake from particulate matter appears to be consid-
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erably less efficient than accumulation from the dissolved phase.
Bahner et al. (1977) showed bicaccumulation factors from algae to
oysters of 0.007, while Haven and Morales-Alamo (1977) demon-
strated bioconcentration factors from sediments between 0.06 and
0.25. Bioconcentration factors from the disso