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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. Unf ortunately, 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 Ef-
fects" was convened in Pensacola, Florida, on April 26-29, l982.
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 discussed;



unfortunately this attempt at completeness has rendered the
voJume's organization almost as undisciplined as the field of envi-
ronrnental science itseI f.

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 field,

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. %'hite,
Editor



Chapter 1. Toxicity Tests



Introduction

Thomas W, Duke
LIriited States FrivironmentaI Protection Agency
Er v! ori emerita Research Laboratory
Guif Breeze Florida 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 rnechanisrns 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-
ronmental concentrations. According to this approach, a hazard
assessment is made to 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 reaIize 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 af ter a substance is in the en-
vironment, and is often employed to describe present impact as

p& ii . ~P
pre-market testing activities, pesticide registration and National
Pollution Discharge Elimination System permits and in establishing

iaaf i b i ~R* p iii
useful in assessing impact of pollutants on a living resource, such
as the impact of a spill on specific fisheries. Both kinds of assess-
rnents are necessary, and both are only as good as the measure-
ments of effects and environmental concentrations that compose
thetA �. Couch, personal communication!. Each of the above con-
ceptual approaches may combine data from laboratory tests and
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field measurements for more complete assessments.
Toxicity ot esand her t ts that constitute a hazard assessment

are often conducte un erd d d controlled Laboratory conditions, but
there is an overw ming nhei ' eed to coordinate laboratory tests close-
iy with field data. For example, over 600 contaminants were iden-
tified in a hazard assessment of Puget Sound �, Maiins, personal
commurucation!. Obviously, it is unlikely that Laboratory single-
species toxicity tests with individual contaminants could be inte-
grated to predict the simuitaneious effect of the 600 contarninants
to organisms. A second and equally confounding factor is that Lab-
oratory tests are unlikely to simulate the complex environmental
factors that affect toxicity and bioavailability in the field. ALso,
measurements of effects of simultaneous exposures to 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-
deveioped 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
field and laboratory studies in both prospective and retrospective
hazard assessments.

I.aboratory 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 laboratory 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 appU.cabilit f I bor

ieid situatrons can be determined and quantified. Suchy o a atory

studies are already under way as part of a few' marine and fresh-
water hazard assessment activities.

ALso at issue is the manner in which or msorgarusms are e~msed to
y, compared with their exposure in thena ura environment. Most flowi -water toxi 'ng- xicity tests involve
po t in order to maintain a desiredon eve in the water. However lluon, po utants are often' uous p ses" in the environment. The exposure

4

potential error resuitin fro
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f ield-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-
sessrnents and other purposes is represented by t' he variety of pa-
pers in this chapter. 5tate-of-the-art toxicity tests evaluate or-
ganisrn responses from the cellular to multispecies 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
rnorphometry, 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 af 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 rnechanisrns of effects and injury.
Although most pathobiologic studies have been conducted under
controlled conditions in the laboratory, it is frequently possi.ble 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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The next pap er  Hansenj discussesj d the utility of toxicity tests in
'al ffects of marine pollutionmeasuring the effects or potenti el species, multispecies tests and

lation of pollutants are presented. The
d chronic tests with sing e specie,

gi

are standardized through the American Society
Methods and othe blof Testing and Materials, Standard et a

tions. These tests are useused as measures of the comparative
toxicity of chemicals, in prioritizing tests and as a scale for
comparison o ongerf i er duration tests. Chronic test uses include
estimates o axif M ximum Acceptable Toxicant Concentration,
development of most sensitive "end-points" in a hazard evaluation
and estimates of population effects. Disadvantages to th>s
approac inc u ech include the time and cost of the research. MUitispecies
tests can yield valuable information regarding the impact of
pollutants on structure and function of test cornrnunities and
provide a valuable link for laboratory-to-field extrapolations. The
paper concludes by suggesting the need for prioritization of pollu-
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 follows  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-of-the-art toxicity testing and legislative mandates of the
C}ean Water Act. Development of water quality criteria and sub-
sequent use of the criteria in site-specific regulatory actions are
presented. The 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 orgarusms. The strategy is de-
signed to prevent commercially and recreationaHy important or-
ganisms from exceeding Food and Drug Administration action lev-
els. Among the assumptions underlying such strategies are these:
laboratory exposure conditions closely reflect those of environment
in terms of bioavailabiiity of toxicant or toxic components;
and field.
biological responses of pollutant action are similar labor tin a ory'e; and sensitivity of laboratory test populations is repre-
sentative of similar populations in the environment and, therefore,
can be used to protect untested species. The valid t f uch

p is iscussed. Several case histories are presented in
which criteria effects and other asressrnents cornpone ts

gi hazard assessment. The author reiterates then are

need for current and future strategies to integrate realistic ex-
posure conditions in laboratory studies and to verifrelevant hypotheses. a ver' y, in the field,

The final paper  cairns and Buikema! deals with system-level



introauction j 5

The manner in which laboratory organisms are exposed to
pollutants differs from exposure in the environment.
Laboratory tests deal with single chemicals, and organisms
are exposed to complex mixtures in the environment.
Criteria for effects in the laboratory are not important
functional end points in population and system dynamics.

2.

3.

The dominant theme of this chapter is the necessity for an ap-
propriate balance between laboratory and fieM studies. The need
for this balance is easily articulated, but will require concerted ef-
fort to achieve.

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. Pliological assessments should include a deterrnina-
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 is put in 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, rnultispecies and natural com-
rnunities are presented. ln 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
ratio 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 lev-
el of biological organization. Furthermore, it supports the concept
that field validity of laboratory tests can, indeed, be determined
and that common failure to do so is not always due to technical
dif f icul t y.

ln summary, discussions and presentations in the toxicity chap-
ter indicate that measurements of toxicity at the single, multispe-
cies, community and system levels are useful in ranking chemicals
by their toxicity and in hazard evaluations. However, relating the
results of those tests directly to the environment is especially risky
under these circumstances:
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Cairns, 3., 3r., K. L. Dickson and A.%. Maki  eds.!. l975.Estimating the Hazard of Chemical Substances to AquaticLife. ASTM STP 657. American Society for Testing and
Materials. Philadelphia, Pa.



Pathobiological Measures of Marine
Pollution Effects

David E. Hinton

Department of Anatomy. School of Medicine
West Virginia University
Morgantown. West Virginia 26506

John A. Couch

United States Environmental Protection Agency
Environmental Research Laboratory
Gulf Breeze, Flonda 32561

The class of techniques embodied in the term "pathobiology" in-
cludes structure/function analyses of organs, tissues, cells and svb-
cellular components  organelles, cytosol, enzymes and other rnac-
romolecules! derived � in experimental toxicology � from control
and diseased+ organisms. Since the cell is the functional unit of aJJ
plant and animal organization, pathobiotogic mechanisms apply to
alJ 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 asseciated
with pollutants in the aquatic environment and may incorporate in-
f ectious disease.
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may include many pollutants and pathogenic organisms, we can beencouraged by the fact that a long list of etiologic agents of disease does not reflect an equally long !ist of pathogenetic rnechan-
isrns  Hill 1975!. An organism's genetic composition is of importance relative to initial susceptibility to injury; however, the mani-
festation of disease reflects disturbances in enzymatic activity.
Since enzymes are assxiated with specific organelles of cells, al-
tered enzyme activity is often reflected as structural alteration
 Hill 1975; Trump and Arstila 1975; Scarpelli and Trump 1971! un-
derscoring the need for correlated structure/function studies.
Since experimental procedures in pathobiology include rnorpholog-
ical, biochemical and physiological tests, it is impossible in one re-
view to cite all work encompassed 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.

GENHllu. IIETHOMEOG Y OF
PATN3l%OLOGlGAI. !A~iESShKNT

Table 1 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 same infor-
mation on statistical evaluation.

Iknhks' E ' ll
This in's includes gross inspection of fresh or fixed individuals to

yield information on weight, size, shawm number 1
icroscopic inspection uses magnification to dis-

s ures in greater detaiL

tor can distinguish between "norm
ogi approarMs in toxicity studies is that the inv investiga-

xpmte y fi ed material may
g popui lis: those not altered

th and maintained in a norma~
killed prior to somatic

{swelling, fat vacuolati
AMc Jnclus ! ould be

a on or accumulation

n  Trump and Arstila 1975!; and those
ore ~~ ic death > in ~ch autolysis  neer~

' P'-» and Trump 1%1! prior to fixa-
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rtain cells which responded to chemotactic
 

ol ganism may oun
o ' does not permit detailed descrip-

essential for vai ity o m1 d f orpholoy'c examination. Suitable p
d

dures of necropsy, ixa io,f' t n dissection/trimming, processing an
li ht microscopic an ysis oal of aquatic animals including zooplank-
ton, sponges, y roi s, ane, h d 'd anemones corals, worms, barnacles, bi-

fishpod cephalopods crustaceans, echinoderms and is
have been compiled  Galigher and Kozloff 1971; Couch et a1. 197;4

Yevich and Barszcz 1982; Hinton et al. 1973!. Fixatives suitable
for both routine Light and electron microscopy are available  lto
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 postrnor-
tern 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 recognizable ser ies
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 without necrosis  Trump and Arstiia 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
on controlled in vitro autolysis include invertebrates {Sparks 1972!
and fishes  unpublished data of Gardner discussed in Couch et al.
1974!. An understanding of these processes in tissues of test or-
ganisrns helps achieve meaningful morphologic data.

By means of a routine light microscopic morphologic approach,
the target organ of a given pollutant can be determined. Specific
regions of tissue response within the target organ can also be es-
tablished. %'hen marine shrimp Penaeus duorarum were exposed to
cadmium dissolved in seawater, gross and light rnicroscapic exam-
glons  Couch 1977!. More detailed analysis revealed foci of altera-
tion primarily in terminal filaments. % hen anal s'croscopy was rformed ysis by electron rni-per orm, organelle alteration including nuclear 1-as, mitochondriai sweUing and myelin-Line membrane accumulation

y-
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was consistent with cellular necrosis. Hawkes �980! reviewed
literature on effects of xenobiotics on marine fish tissues after ex-
posure to chlorobiphenyls or crude oil. Morphologic analysis after
laboratory exposure shows olfactory epithelium as a target tissue
in Menidia rnenidia exposed to crude oil. Other sites showing
structural evidence of toxicity after exposure to crude oil included

d ~ « . Wh i if Ch p f,~ah
~h«h, fd d «iid Mt  t fd
leum hydrocarbons, chlorinated biphenyls or both  Hawkes et al.
1980!, cellular change, primarily in columnar cells of intestinal rnu-
cosa, ~ndicated toxicity in this organ. V/hen the estuarine fish, the

ph d, ~CM *, *p d K
pone, 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 �979! reviewed lesions which have
been found in feral marine organisms after gross and microscopic
examination. These included fin erosion, ulcers, shell disease of
crustacea, lyrnphocystis, 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  i.e., ultra-
structural study, analysis of organ homogenates or analysis of cel-
lular and/or subcellular fractions from specific cell types after
their separation!. If the number of affected individuals can be de-
terrnined 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, is 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 1971; 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.

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-quan ti tati ve appearance of morphologic data  i.e., micr ogr-
aphshs! has seriously hampered full integration of studies incorpor-
ating cellular fractionation on one hand and electron microscopy on
the other  Reide and Reith f980!. However, methods to extract
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microsc lc images have evolved  Reide and

1968 Underwood 1970; %'eibeJ r
fundamental principles defined in rnathe

' %'eibei 1979 1980! rnorphornetrymatical terms  Elias et aL 1971; ei
mits the quantitative st't ti e study of tissue and ceII structures.

Coupled with computer assis'th t assisted technology quantitative work can
be ormed in reasonable time  Rohr et al. 1976!. Thus, mor

ded necessary element in interdisciplinary
studies such as toxicology which involve morphologists, biochern-
ise, physiologists or pharmacologists  Boiender 1950!. By Using
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-t

Me  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,/Pt which is proportion-
al to Pp . The total number of test points that must be applied toPi'
one representative sample unit depaxls on Vv and on the relative
error considered acceptable. Formulae  Weibei 1979! exist for de-
termining the number of test points needed per representative
sample. in practice, one roughly estimates the order of magnitude
of Vv on a fear micrographs and then decides upon the total points
 Pt!. Table 2 illustrates the multistage mor~hometric 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-
ducted at the organ/tissue level of organization. At this level, for
example, points lying over parenchyma, stroma, blood vessels and
ducts would be determined. The subsequent stage of examination,
at the level of individual cells, requries high resolution light mi-
croscopy  Epon or methacrylate sections! or, more commonly, low
magnification electron micro'.copy. Analysis of these sections de-
termines the total number of paints lying over nuclei and cyto-
plasm of all individual ceil gyes. In addition, the total number of
points over extracellular space is determined. Linear intercepts
with Itruc~es such as nuclear and plasma membranes are quanti-
glnizatlon involves soh~ular structures  orlynelles!. Here the
total number of points ly~ over specific organelles and the linear
intercepts with m%%branous stre".tures are determined to derive

structures. This level of in-the volume density and surface area of

tissues for mc~hometric examination can follow gener-
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Table 2. The multistage morphometric analysis .

Data

Organ or organism

Organ/Tissue

Weight, volume

P parenchyma,
stroma, blood
vessels, ducts,
etc.

Cell

P; rnitochondria
I; endoplasm ic
reticulum

Organelle

al procedures used in routine morphologic examination. In addi-
tion, the investigator, using the multistage rnorphometric analysis
 Table 2! controls the final level of organization from which infor-
mation is sought. It may not be necessary in aLL instances to prm
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 �972! 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, fUament lengths varied as a function of their number. Shape

Stage Levei of Structural Organization

For complete details see Rohr et al. �976!

P = total points over tissue component
l

I > = linear intercepts with structure

P; nucfei and cy-
toplasm of all
individuaL ce11
types
P; extracellular
space
P mitochondria

I > nuclei
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ln addition to the above, rnorphornetry has been applied to
analysis of changes during carcinogenesis in liver of 3apanese med-
aka, ~Or zias tat~i s  Hinton et al. 1982a!.

MaAer 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 l980!. 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  Deouve and Berthet 1954!.
Subcellular fractionation of rainbow trout liver homogenates has
been studied to assess homogeneity of fractions  Statharn et al.
1977!, and a refined fractionation protocol 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 rnorpholog-
ic heterogeneity is present, and the following cell types are seen=
hepatocytes, endothelial cells, Kupffer cells, fat-storing cells, bile
ductular 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 I980! is readily apparent.

Organ Dysfamction 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 I974! or in monographs on specific
organs such as the liver  Levy l965!. Some substances released
from damaged cells are useful in the diagnosis af 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 intr~llular enzymes with similar organelle localization. How-
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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 5carpeLLi et al.
1963!, enzyme histochemistry has been a valuable tool in charac-
terization of small foci and other putative precursor lesions far
epithelial tumors in mammalian carcinogen bioassay  Kalengayi and
Desmet 1975; Lipsky et al. 1981!.

Stree/F~cticm 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 3ones 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 l980!.

The studies by Hughes et al. �979! 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 phy/a induding both aquatic and
terrestrial organisms, has been the morphologic alteration of
hepatic and/or hepatcyancreatic endoplasrnic reticulum af ter expo-
sure to certain renobiotics, specifically petroleum hydrocarbons
and chlorobiphenyls  Couch and Nimmo 1970; Sabo and Stegernan
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 ghmo-
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 ~a,rent increase in endo-
plasmic reticulum. Clearly morphometrac analysis of this altera-
tion is needed to correlate with functional data.

Bolender �980! emphasizes the necessity for a common unit of
reference if correlation between biochemical and rnoghologic data
are to be obtained. Chere some workers failed to demcestrate
correlation of morphologic and chemical  serum ermyrne! data, a
lack of common reference mut is apparent. For example, light rni-
croscopic subjective morphologic evaluation of liver  Pfeifer et al.
l980! and of kidney  Pfeifer and %eber l950! toxicity following
CCI ~ failed to show correlation with elevated serum enzyme levels
and tm'inc parameters respectively. Both serum enzyme elevations
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iteration yet rou tine hi stol ogi c

d/ ~llular level w~d b ~eery and m~p ometrfc
studies wo nuld be ceded to provide objective numerical data for
comparison.

NppUcation af Pathobiologic Tests to FieM 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. lt 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 app}ica-
tion of pathobiologic as weH 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 �974! 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 pathm
genic agent s!. A partial listing of host factors  circle at top lef t!
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  I.ech and Bend
1980!. Knvironment is represented in the bottom circle of Figure
1. Environmental factors and the physiologic adaptations of fishes
have been the subject of an in depth and recent review  Love l 980!.
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 require
adjustment by the cell or organism, any major variations of course
require major adjustments. The inherent gamic nature of the en-
vironment and the host adds additional complexity to experimental
design since factors may change acutely or remain altered for
some time  chronic interaction!. The circle at the top right in Fig-
ure I has been labeled "pathogenic agent" to signify xenobiotics as
weU 4s QCectious disease organisms. Excreta were included in this
circle since work by Smith and Piper �973! has clearly demonstrat-

~nt of pollution or to- fac~ governing density of infectious o-gwnisms- If certain factors are present in the host  NNLeptibUlty! and if R eegeq geneticPI genic ~g~t s! ate present in sufficientconcentration in an altered environment  viz�elevated in tempera-



Figure l. Interactions of environment, host and pathogenic agent s!.
 Modified f rom Snieszko 1970.!
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1980!. Under controlled laboratory conditions, temperature has
been shown to modify interaction between a xenobiotic compound
and the host. 3ames and Bend �980! collected sheepshead for
studies in summer when the water temperature was 26 C and in
~inter when the water temperature was 14 C. Under summer
temperature conditions, exposure to the inducing agent 3-methyl-
cholanthrene caused maximum activity in one microsomal enzyme
at 3 days with a return to control values by 10 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
 Platichth s stellatus! under controlled laboratory conditions
Varanasi et al. ~9~lT. Flounder, maintained at either tr 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. Stegernan �981! 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 l977! 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 ta 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 connmMon to link cause and ef-
fect O.igure 2!. The requirements for construction of a firm a~wc~
ciation between a cksease end point and environmental pollution
have been defined in detail 5inderrn Lnn 1979!. General agreement
exists concerning the approach necessary to reach such an impor-
tant objective. Carefully controlled experimental conditions are
necea~y to characterize thoroulgdy the etiology of the process
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and to determine the chemicals which can cause the toxic response
 Lech and Bend l980; and Bend and %'eber 1980!.

Apphcaticm of Data from Pathobiokogy to C~ Sp~cs Rocluditng
Haanans

Since cells and their organelles are the fundamental units in all
living species, data at this level 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
similarity exists in enzyme systems which convert pollutants to
biologically active  toxic! or inactive rnetabolites  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 mari~e pollution effects.
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Utility of Toxicity Tests to Measure
Effects of Substances on Marine
Organisms

David J. Hanson

United States Environmental Protection Agency
Environmental Research Laboratory
Gulf Breeze, Florida 32561

Toxicity tests using single species, rnicrocosms 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 UD. EPA Environmental Re-
search Laboratory at Gulf Breeze, Florida. 7hese tests are ernpha-
sized because of their importance in the ha ~d evaluation process,
as discussed in workshop proceedings by Cairns et al. �978! and
Dick@an et al. �979!. Individual papers in these two publications
detail hazard evaluation techniques used by the American Institute
of Biological Science, American Society for Testing and Materials,
Mon<mnto Company, UD. 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 U4. EPA �980a! and the US.
Army  Pearson and GienI~ l979!. Althoumg the applications of
these ha.hard evaluation procedures differ coreider ably, the princi-





Table l. Number of species from various phyla of animals, phyto-
piankton and macroalgae tested acutely against greater than 10,
from 6 to lO or from l to 5 consent decree chemicals. Of the 60
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
macroal gae.

Number of 5 ies
1-5 6-10

Chemicals Chemicals
> l0

Chemicals
Total
SpeciesPhylum

22Arthropoda

Chordata

Mollusca

Annelida

Echin~mata 1

76Total Species 54

33Phytopiankten 31

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 7596 of the animal species tested. Only 10% of the
species used were tested on more than 10 of the chemicals. Eleven
species of mollusks were tested; four were gastropods, accounting
for only 1196 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.





7able 2. Variation in acute sensitivities of marine species to chlor-
dane, 0 DT, dieldr in, endosuH an, endr in, he ptacM or, cadmium,
chromium, copper, mercury, nickel, se/eniurn, silver and zinc. Val-
ues are grand averages across substances; ranges for each sub-
stance are in parentheses.

item Pesticides Metals

l6  S-2l!Number of species tested

LC X least sensi tive jLCSO 3800 �0- l 8,006!
most sensitive

Sensitive phyla a
Ar thropoda
Chordata

Percentile Rank Of

33

Listed +ken a species from the phylum was one of the two most
sensitive to the substarKes.

Acartia spp.

Mysids

Penaeids

e6 �S-6Z!

~  S-l2!

2O  lO-26!

600 �0-2,300!

Art hropoda
VloHusca

Chordata
Annelica

2S  a-SO!

27  >7O!

m  m6>!
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Table 7. Application factors  no-effect concentration in a partial
or entire life cycle toxicity test divided by the 96-hour LCSGj for
the sheepshead minnow  an estuarine fish! and freshwater fishes.

A lication Factor

Fresh» ster FishesSheepshead MinnowChemical

G G3, ~.GOGO
~ O.MG7

~ 0.0903

0. 35

G.OG1

G.'32, 9.G3,
G.G6

O.OE

O.G17
Triflurahn G.007

3ordaneila f 1or idge 5al velinus fontinaiis

~Le xmas macrochir us

�.43! of acute toxicity tests. 5even laboratories have comp/eted
heal » lyld t4g lY hC.~,
endimulfan and pentachlorobenzene. Although final analyses of
data and test acceptability have not been completed, variability
a~iears similar to that seen in the acute toxicity tests and the rny-
sid Me cycle toxicity test».

Ccmeamity Toxicity Test
A cornrnon criticism of toxicity tests in which species are ex-

po.ied seImate!y is that extrapolation of results to protect com-
rn~ties which consiist 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 GMU Breeze Laboratory-

Endrin

Heptachlor

Ke pone

Malathion

G.26

0.12

G.GGo
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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
planktonic larvae entering replicated control aquaria and aquaria
contaminated with different concentrations of a substance  Hansen
and Tagatz L980!. This approach has advantages over single s~
cies toxicity tests, microcosrns and field studies in obtaining in-
sight into coinmunity impacts. In single 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 LO replicate aquaria
 Hansen l 974; Tagatz and Ivey 198L; Tagatz et al. L982a!. The sur-
fac» area of aquaria averaged approximately 000 cm; each con-
tained 5 crn of sand as a substrate for colonization, covered by 3
crn of water. Flow to each aquarium was maintained at 200
ml /min. ln these tests, the larvae, settling stages, juveniles and
adults were exposed in the Laboratory to the test substance for 2 to
0 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 1 to 2
weeks. Eight received seawater only and served as controls, and
three groups of eight received three different concentrations of
the test substance, Cornrnunities 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 l rnm 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 oi=casionaHy effects on commuruty function, were deter-
Huneda

Results fram l8 comnmuty tests conducted over the last dec-
ade  Table 5! demonstrate that a variety of species of marine or-
ganisms will settle and grow in this system  H~eeen l974; Hawse
and Tagatz 1930; Tagatz and Tobia l978; Tagatz and Ivey 198L;
Talatz et al. l977; l978 a,g l979 a,b; L98l; l982a, b, ~published
cata cm carbophenothitm ahd pentachlorophenol and di-n-butyl
phthalate!. A total of f4,000 individuals represcmting 223 species
from ll phyla have been identified from these LS «xperiraents.
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Table 9. Numbers of species, by phylum, from eighteen laboratory-
afld field-COlOnized eStuarine benthiC COmmunity tOxiCity teStS.

Phylum Number of Species

Annelida

Mollusca

Ar t hropoda

Echinodermata

Chordata

%erne r tinea

Coelenterata

Platyhelminthes

Si punculoidea

Hemichordata

Phoronida

223 SpeciesTotal - ll Phyla

The data from the l8 community tests with pesticides, formm
lated pf odoc tsar of gBfllc chemic«Usq and muds Used Lh drilling oU
weUs provide insight into the sensitivity of phylogenetic groups not
possible from toxicity tests in which species are exposed individu-
ally  Table l0!. 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 fre~ntly sensitive phylum. Its sensitivity to pesticides ri-
valed that of the arthrol,~ and probabbly would not have been de-
tected from acute mollusk larval toxicity tests or oyster sheU de-
position tests. Annelids, chordates  tunicates!, echi~derms and
coelenterates, phyla rarely tested as individual species in acute and
chronic toxicity testa  Tables l and 4!, were also identified as par-
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most 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-
rnunitie, beCauSe larger benthiC and water COlumn speCieS are aW
sent and exposure conditions vary between the laboratory and the
field.

UTILtTY OF TOXIClTY TESTS

The ultimate purpose of toxicity tests is to determine the
toxicity of substances and the sensitivity of species, to 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. lt 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 toxicity 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 bioavailability 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-
crocosrns, 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 field studies have attempted to provide data linking all as-
pects of this evaluative process. This is probably because af the
expense and the fact that, except in engineered systems� the con-
trois and replication so important in experimental design are lack-
ing. Effective assessment of substances when the hazard is high
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ti f critical laboratory and fie14 stu4ies Enyirequires integration o cri i
ronmental scientists sal ' t' ts should emphasize the overall process of h z

arid how it can be more efficacious, rather;han deard evaluation arid w ibating 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
United States Environmental Protect~on Agency
Environmental Research Laboratory
Narragansett, Rhode Island 02882

Five major pieces of federal legislation define the role- of the
Environmental Protection Agency  EPA! with regard to marine and
estuarine pollution: the Federal %'ater Pollution Control Act
�963!; the Marine Protection, Research and Sanctuaries Act
�972!; the Resource Conservation and Recovery Act �976!; the
Toxic Substances Control Act  L976!; and the Federal Insecticide,
Fungicide and Rodenticide Act �975!. Each of these acts charges
the administrator of EPA with a variety of responsibilities that are
generally summarized as foHows: 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 health, 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-
ronrnent.

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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fects of chemi on a varicals on a variety of biological processes.
analysis of these tests,f these t ts, their expected variances, and the degr~ of
confidence in the types othe types of data generated from these
been reviewed in this volume by Hansen.

The f this paper is to discuss how various types Qf tpxThe purlmse o'cal data e organized interpreted and utilizey» ~~i�g
regulatory 'sions.ula decisions To illustrate this, two approaches will
amined in detaih first, the strategy used for developing water

't teria for the protection of aquatic life; second t~ c~'ty criteria or
t f ha'Lard aRmsment is examined and compared with th c,

teria strategy in terms of both similarities and differences. Final-
l a retrospective case study is presented for each strategy to il
lustrate the relationship between the predictions derived from lab
y,are o

oratory toxicity tests and field oliservations.

A water quality criterion is a numerical valve that identifies
the highest water concentration of a compound that will prodvce 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 proces involving CPA and its predecessor
agency, the Federal Water Pollution Control Admiriistration, since
the publication of the first compUation of water quality criteria,
the "Green Book" in l968  UD. Department of the interior l 968}.
Since then, water quality criteria have been revised and expanded
with the publication of the "Slue hack"  UB. EPA l972! and the
"Red Bock~  UB. EPA l916!. Criteria published within this time
period were characteristically derived by a panel of experts from
very limited and non-quality-assured data bases. ln addition to
combining criteria for fresh- and saltaraters, the derivations often
reflected an inivmsistent use of data and a large measure of sub-

4" tY F tt,tt f ti I I d
fining appropriate data and their use in deriving a criterion.

The general approach that characterizes the period  prior to
1976! is summarized in Figure l. For pollutants «Lose bioavailabil-
ity was known to be influencod by water quality  e.g., hardnem!>
the aquatic Me criterion «ras derived by multiplying the LC.
 concentrate lethal to %% of the exposed pixilation! of the sen-
sitive important species tested in site water by a cornpi~+spe-
cific, lab-derived application factor. The application factor is de-
fined as the Maxirnurn Acceptable Toxicant Concentration {MATC!
from a chronic test, divided by the 96-h LCf0. ln the case of ~
water quality related i9eraicals  e.g mast pestieide0 two proce-
dures were available. Fimt, the Io~ LC% from the most sensi-
tive species was multiplied by a general application factor of 0-Ol
or the lowest concentration not affecting survival, growth or re-
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production in a chronic teshr 'c test was utilized. The second procedure for
developing criteria was app ias applied to those chemicals known to bioac
cumulate extensive y an orly and for which either FDA action levels for
humans or wildlife effects studies were available. ln this approach,
the maximum permissi eh permissible tissue concentration  FDA action level!
is divi yt 'g sdi 'ded b the highest bioconcentration factor  BCF = edible tis
sue concentration mg kg '!/water concentration mi', L ! ! to give-1

an ambient water concentration that cannot be exceeded. These
proce ures wered were used to calculate the rnaximurn pollutant 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 for
scientific guidelines was reinforced when EPA was directed in
l977, 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 corn-
prehensive data bases on freshwater and saltwater 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 Rater Quality
Criteria  UD. EPA 1980! represent a rationale that describes the
coHection, review, selection and categorizing of toxicological in-
formation. The categories include information on acute and chron-
ic toxicity to animals and plants, bioaccumulation data, and other
data such as those derived from studies on physiology, biochernis-
try, community structure and function, and bioaccumulation. 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 forInulation of criteria. Conse-
quently, the guidelines provide an intern eely 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~~~red 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 aH the species aH of the time. Further, it
assumes that if most species are protected, maintenance of corA-
munity function will be assured.

Numerical criteria derived using the current guidelines are ex-
premed as two numbers: a maximum concentration, and a 30-day
average concentration  Figure 2!. The tw~umber criterion is in-
tended to identify the highest average concentration consistent
with the maintenance of aquatic Me «rhile restricting the extent
and duration of excursions over the average so that the total expo-
wiH not cause unacceptable adverse effects.
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of the criterion is designed to hmit
and ls b;~ up th compilation a~ analysis of

acute toxicity data from a minimum of eight taxonomic saltwater
families. Specifically, for a saltwater criterion, acute toxicity
data from the foHowing taxa are required= two different famiIies
in the phylum Chordata, a family in a phylum other than Chordata
and Arthropeda, either the Mysidae or Penaeidae family, three
other families not in the phylum Chordata, and any other family.
The species acute toxicity data are arranged in families which are
then ranked from most to least sensitive. Regression analysis is
employed to determine the Final Acute Value  Erickson
Stel.'ban 1982!.

The Final Acute Value, which is an estimated LCSO, is multi-
plied by 0.$ to give the MATC which is an estimated LCO or nonle-
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
foHowing assumptions:  I! the range of species sensitivity from
laboratory tests is an unbiased estimator of the range of sensitivity
of species in natural communities; �! the variability of species
within famines is less than that between species across higher tax-
onomic groups; �! the ranking of family sensitivities of laboratory
populations is not different from that of field populations; �! lab-
oratory test data are not intrinsically biased, though never origin-
ally cowmen to provide a random reflection of the species in the en-
vironment; �} the maximum concentration is designed to protect
most of the species most of the time; �! by protecting species
composition, community function is protected-

Derivation of the Ã-day average compor~t of a criterion 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 imper tant resource
populations O.igure 2!.

There are two metlxxh for determining chronic toxicity to ani-
mals. 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 chronicaHy testable saltwater species and
the prohibitive cost of such testing. The second method uses the
acute-cMonic ratio concept. Ta determine an acute-chronic ratio
for a given species, a measure of acute toxicity, def ined as a 96-h
LC%, 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 ef feet are defined as being statisticaliy dif-
ferent or indistinguishable from appropriate controh. The guide-
hnes recommend that acute-chrcmc ratios represent a minimum of
three farces-vive must be saltwater anal 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
consequently can be used to extrapolate to untested species. ln
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 to protect wildlife, including
fishes and birds that eat aquatic organisms. This concept is not
unique t~ 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. ln 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 L% 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 compcnent 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 animal tests and residue values but has not
been the basis for criteria derivation.

The derivation of the 3G-Cay average criterion is ba~ upon
systematic comparison of data from all four categories of chronic



64 / Toxicity Tests

tests and se ection oand l tion of the lowest value. This value is deemed ~~
tective of aquatic life from chronic effects, and when coupled with
the MATC to protect for acute effects, provides the scientific 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
�! quality-assured data bases; �! minimum data requirements for
all information categories; �! analysis of data using statistical pro
cedu res.

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 pf 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 field 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.

5hayler Rm
The purpose of the Shayler Run study, 1967-l972  Cecklcr et al.

L976!, 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
stamfard laboratory and streamside acute and chronic toxicity tests
could be compared with the results of long-term stream exposure.
The fieM verification portion of this study lasted 0 years and 9
months The exposure concentration in the stream was selected by
using acut» toxicity data for IO 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.
lt ches, however, provide insight into the appropriateness of many
of the concepts and assumptions in the current guidelines and is
useful therefore in ass~ng their validity.

The regulatory chrnate prevailing at the time of the study re-
flected the 1965 Federal Water Pollution Control Act, which re-
quired water quality starxhrds to protect designated uses Uses
~db df~,f pl, ~ t fal
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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:  L! the
conditions acceptable for the designated use also provide satisfac-
tory conditions for the support of ecosystem components  e.g., food
species!; �! the exposure-response relationships determined for in-
dividual species using laboratory effect measurements are not dif-
ferent from responses determined in the field for the same species;
�! the relative sensitivity of the same species is not different in
lab tests and in the field; �! indirect effects due to the toxicant on
other components of the field system are not significant in altering
the responses of the test species; �! 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:  F! acute and chronic toxicity tests in stan-
dard laboratory water; �! streamside acute and chronic tests with
stream species; and �! 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 lO 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
o chronic toxicity. This ratio was then applied to the acute tests

for the other l0 fish species in Shayler Run water, to predict safe
concentrations for untested species. These values were used to se-
lect the copper field exposure concentration of l20 pg L '. Field
studies included eight biannual  spring and fall! samplings of fish
populations using electric seining techniques, daily collections 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
cornrnunities.

The results of the field study indicated that, as predicted, the
most sensitive f ish species in 5hayler Run were adversely aff ected
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 yg L '  a gra-
dient of ccyper cc~~trations commonly existed in the 900-meter
exposure area!. Four of the five most abundant macroinvertebrate
populations in the exl'earn 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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I44~RD P6SEBINENT

The Toxic Substances Control Act  TSCA!, enacted in 1976,
provides that no person may manufacture a new chemical su&
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. L978!. This leads to a description of the relation-
ship between the generic types of information that form the basis
for a hazard assessment. lt 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-
rnent 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 a.mounts and complexi-
ties of information. The details of hazard assessment are available
in an excellent review by Cairns et al.  l978}. For the purposes of
this paper we wiLL focus on the types of biological test data used in
hazard assessment and illustrate how this is coupled with predicted
or measured exposure to determine potential ha"~d. Two case
studies representing major environmental problems will be retro-
spectively analyzed to illustrate the applicability of this approach
as a meaningful measure and predictor of marine pollution

&h'R HISTCNIES

Few case histories exist that describe  l! the release of a, chem-
ical contaminant from a point source into an estuarine environ-
ment; �! the subsequent monitoring Of the pollutant; and �! the
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vae in PCB-free water for an additional 4 weeks They
that survival of the early life stage was significantly reduced when
adult fish were exposed in a measured PCS concentration of p It

L ' no significant effects were observed in progeny fro
adults exposed to 0.09 pg L - ln this instance mortalities were
caused by PCB within the eggs in amounts greater than 7 mg kg -i
This body burden-related effect is seldom observed and would h �

n overlooked in this test had not the animals been placed in
clean seawater.

The last data point on Figure 3 refers to a settling commun
study by Hansen �974! In that study, unfiltered seawater received
three concentrations of Aroclor 1254 and flowed over clean sand in
several aquaria. PLanktonic larval stages of estuarine animals jn
the seawater settled and grew in the aquaria for a 4-month peri
od. Significant differences in cornrnunity composition were
observed in aquaria receiving PCB concentrations > 0.6 > g L i.

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 Me 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. InckM, the acute toxicity of Aroclor 1204 is more
than two orders of magnitude greater than its chronic toxicity
 Figure 3!. The similarity of the concentrations of PCBs measured
in Escambia Bay, Florida  <0.0$ to 0.07 yg L ', Schimrnel et al.
1974 and Nimmo et al. 1971! to thrice producing adverse chronic ef-
fects in the laboratory �.093 lig L ', Schimrnel 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 ~5 on the maximum per-
missible tissue concentration  MPTC!  UD. EPA 1980a!. An MPTC
isopleth for Aroclor 1250 �.0 mg kg '! is illustrated in Figure 3.
The amount of any chemical taken up from water into tissues of
aquatic animals is deg~5ent upon factors such as the chemical's
concentration in eater, its octanol/water partition coefficient, the
duration of exfxmm.e, gill ventilation rates of the exposed animal,
etc. Koconcentration studies with Aroclor 12& using various es-
tuarine species, e~xxmre concentrations, and durations of expo-
sure indicate that the FDA action level can be ex~~d in spot ex-
posed to 1.0 Iig L i of the PCS in 7 days  Hansen et al. 1971!. The
longer the exposure, the more PCBs are accumulated until steady

P~ ~ i p d 089 gg
L ' for 28 days accumulated PGBs to one-half the action level
Sansen et al. 1973! whiie oysters, C. vir ' exl;~~5 for 56 days
to 0.005 Iig L '  measured concentrations accumulated to L-65 mg
kg ' or 33% of the action !evel  Parrish et al. l.974!. ln another
study 0.owe et al. 1972!f oysters exl:Coed to l0 pg L Arcx9or
1254 for 24 weeks ccncentrated the i~ical in their ti5$4&s
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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 0.00 and 0.08 0 g L; the best estimate of
Kepone concentrations in the 3ames River is 0.01 pg 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 for PCBS, the U.S. Food and Drug Administration  FDA! has
assigned an action level  MPTC! for Kepone in fish and shellfish
�.3 rng kg !. Laboratory studies and chemical analysis of aquatic
life in the 3ames River prove the significant bioaccumulative prop-
erties of Kepone. In laboratory studies, sheepshead minnows sur-
viving 96-h exposures bioconcentrated Kepone as much as 1508
times the concentration measured in the exposure water  Schimmel
et al. I977!. Given an MPTC of 0.3 mg kg, the maximum acute
exposure of Kepone allowed to this fish would be 0.000194 rng 1
or Oal94 Pg L �.3 �: l548j. Results of longer term bioconcentra-
tion studies at or near steady state indicate higher bioconcentra-
tion factors  BCF!. Bahner et al.   977! exposed C. ~vir inica to
Kepone and reported BCF values of approximately 9300 X in l9
days, while the crustaceans M. bahia and P. ~u~io, bioconcentrated
13,073 and 1 l,rr25 in 21 and 28 days, respectively. The BCF of Ke-
pone in fish at steady state was lower than that shown by inverte-

p i  tlOOXf C.~  f 30-dy p
Bahner et al. 1977!. Using the, highest BCF generated,  L3,073 X
for mysids! and the 0.3 rng kg action level, we calculate that a
rnaXirnu, steady state exposure of 0.02 4 g L could Produce
tissue concentrations exceeding the MPTC. This water concentra-
tion is only a factor of 2 greater than that measured in the 3ames
River  Onishi and Ecker I978!, and certain species contained Ke-
pone concentrations in excess of the MPTC.

Implicit in hazard assessment are several concepts:  I} there is
a coupling of the biological effects observed and the environmental
exposure expected; �! the procedure is predictive in its intent, not
post facto monitoring; and �! 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
hc4Mt'd assessment and strict ad4~ence to the recommendations
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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  I!
Kepone's extreme refractory nature  Bourquin et al. 1978; Garnas
et al. 1977!; �! its strong affinity for sediments, particularly the
organic constituents  Nichots and Trotman 1978; Huggett and
Bender 1980; Garnas et al. 1978!; �! low volatility  Dawson et al.
1978!; and �! high bioaccumulative capacity as determined by the
LOg of the OCtanOllt'water partition Coef f icient, 5.7  perSonal
communication, R.L. Garnas, UD. EPA National Enforcement
Investigations Center, Denver, Colorado! and laboratory BCF
studies  Bahner et al. 1977; Schimmel and Wilson 1977; Hansen et
al. 1977!. Results of these data predict that Kepone's release into
an estuarine system would cor tarninate 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  %alsh 1977; Schimmel and
O'Llson 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
 Nimrno 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 3arnes River blue crabs. Schim-
mel and Wilson �977! expo;~d blue crabs to Kepone in acute tests
and reported that the BCF in that period was approximately 3 com-
pared with a high of I,>48 for sheepshead minnows. However, male
blue crabs co!lected from the 3ames 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. Schimrnel et al. �979! tested this hypothesis
and reported that indf~ food  oysters! was the major contributing
factor for Kepone residueq. In addition, crabs that accumulated
approximately 0.07 mg kg Kepone suffered significant mortality
and molted less frecpjently than those fed KeIxme-free oysters.
Others attempted to reproduce these effects, but were unsuccess-
ful, arxf 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 exp>~ed and most likely
would be overlooked in the hazard asseasrnent protocol.
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lt ' clear in the case histories illustrated here that the hazardlt is ear >n e
asses~anent scheme identifies many of the properties t at are ph

tentially deleterious to the aquatic environment. One hazard that
was not identified in either case history is that related to probable
importance of food chain transfer and resuiting body burdens. It is
likely that only a few chemicals  like PCBs and Kepone! wouid pr~
duce such a hazard. However, we must learn from post facto expo
sures such as those illustrated here and shouid develop definitive
predictive tests, or adapt existing tests to identify hazards that
may not be predicted.
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Verifying Predictions of Environmental
Safety and Harm

John Cairns, Jr. and Arthur L. 8uikerna, Jr.
University Center for Environmental Studies

and Biology Department
Virginia Polytechnic Institvte and State University
Blacksburg, Virginia 24063

Regulations based on toxicity tests and other estimates of haz-
ard should be scientifically justifiable- Determining scientific va-
Jidity 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> presurn-
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 sowaJJed 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 harmful-
Several important questions that shouJd be answered follow.

Are single species laboratory tests accurate predictors of
the response af the particular species in natural systems'
Can single species tests be used to predict respcemm at
other levels of biological organization, such as populations~
communities> and ecosysterns?
To what degree is environmental realism, including vari-
ability and complexity, important in establishing accurate
estimates of environmental hazard?

4- Can compJex 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 corn
munity or complex ecosystem to another?

6- How much information redundancy exists at levels of bio
logical organization above single species?

Few substantive data exist that bear on these extremely important
questions, and this paper could not possibly address all of
detail- This paper describes a series of field and laboratory studies
designed to validate predictions of environmental response begs,
ning with the single species level and progressing to higher level~
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 L982!- 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- lnfor
mation content and quality are dependent not only on method of
data acquisition and analysis, but also on how effectively infor ma-
tion is used in decision making and, of course, how suitable it is for
the intended purpose.

Biological assessment  including, toxicity testing! of potent>ally
harmful chemicals is for determining conditions of exposure that
are biologically harmful However, determination of harm to the
biota includes alteration of biological processes, including, but not
limited to, mortality, reproductive success, growth, behavior, com-
petitive interactions, predator~ey relationships> energy cycling,
nutrient transfer, alteration in autotrophic fheterotrophic ratios,
diversity and species rich+as> rate of colonization and succession
and a variety of other characteristics for dif ferent levels of biolog-
ical organization from subcell to ecosystem- Biological assess-
ments are rarely explicitly stated in M~ 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 stfN ture aha function are maintained- This
paper examines that general impression with site-specific evi-
dence Ours is by no means a neer viewpoint  e-g-, see %'ilson et al-
L974; Doudoroff L976; Cowell l973; Heath !930!- Doudorof f  l 976!
stated the problem:

~ -a pickle jar by any other name, or having any other shape
or purpose intended by its manufacturer, and «ith or without
cvnsLan<-flow renewal of its conten~ is still essentially a
pickle jar- Shen rmrrowly confined within its wai> the fish is
unlikely to entertain the iltu,Lion that this hew, in vitro or
plastic-lined environment of his is the real worM, and to behave
aDzocdNgly+~ 0 +
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Few"-investigators have demonstrated much awareness of,
or interest in> the essential differences between the experi-
rnental 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-
va4 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 l979! acknowledge that
more complex multispecies systems may respond differently than
single species- The present situation in estimating the ha-hard of
chemical and other anthropogenic stresses upon aquatic ecosysterns
is clearly in a state of marked transition because of two factors-

«The Doudoroff quotations appear in Biolo ical Morutor' of
Water and Effluent lit and are reproduced through the kind
permission of Robert Meltzer, Amerlcari Society for Testing and
Materi~ Phihsdelphia, Pa-
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First, technology based standards  Best Available Technology ~ BAQ
and Best Practical Technology  BPT!! still appear to be scientifi
cally unjustifiable  Cairns L982; Loehr L98L! Secondr 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 pf the receiving system> type of material being treated f
number of other factors Unquestionably> both BAT and BPT af
ford some measure of protection to the environment, but, <n the
absence of biological information regarding their impact, precision
in estimating hazard is not possible- Mount  l97~! identified
difficulties of going beyond present methods quite clearly:  l! fail
ure of the public to grasp complex issues of ecosystem stress and
response, and f2! difficulty in separating normal community vari
ability from stress responses- Odum- et al  L9~9! 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, Mum  l9SL! calls
attention to the reemergence of nonlaboratory science just des-
cribed.

Predictions of hazard required by Toxic Substances Control Act
 TSCA! cannot be made with any degree of precision. 'Many indus-
trial managers are conducting single species tests required by law,
but the question is whether tests conducted at lower levels of bio-
logical organization are sufficient for a scientifically defensible
ha ~d 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. %renn and Forsythe �975!
demonstrated that laboratory data overestimated thermal effects
in experimental ecosystems that presumably are more environ-
mentally realistic than laboratory tests- Geckler et al-  L916!
showed that copper produced an effect in a natoral stream at a
concentration approximately &% 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 fneasured 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. %'e agree that our general un-
derstanding of these factors is not adequate for immediate large
scale implementation of multispecies and system-Level toxicity
testing- However, the parallels to single species toxicity testing in
the rnid-L940s are striking %hen Hart et al  L945! prop~ one
of the first standard methxhi for acute toxicity testing of fish> our
understanding of such tests was equaLLy primitive. Progress in

t3>r angry ~e ung n « th
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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 calls 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 inhibit acquisition of the type of data needed to de-
terrnine 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 all tests at levels of biological organiza-
tion higher than the single species are expensive- 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, community or eco-
system analyses. Until ecologists agree on parameters to be rneas-
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 Ciw-, community and ecosystems!-

Many types of toxicological studies have been conducted and
can be divided basically into single species tests, multiple species
tests, and natural community tests. Multiple species tests can be
subdivided further into  a! tests conducted indeg~5eotiy on an ar-
ray of single species  e-g., hazard evaluation protocol!>  b! an arti-
ficial collection of species presumed to interact with each other in
a meaningful 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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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 less complex and vari-
able  Odurn I97J! 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 systems of modest complexity. If these parameters had high
information redundancy with other critical parameters, the task
would be further sirnpJified.

Redundancy of components in natural, undisturbed communities
has been well established  e-g-~ Kaesler et al. l'974! and mild 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 aJso exists in another dimension � the microbiaJ "corn-
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 "comrnunit" 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.

5tru~e and Fmctim 55ehes
Structure and function are both important in aquatic ecosys-

tems, and biomonitoring studies should include a combined struc-
ture-function strategy  Cairns l977; Matthews et al. J982!- 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 Jinks> one may change because the
other changes- In the first instance, Iow levels of perturbation may
cause changes in community composition or structure  iw-, loss of
one or two species! without a change in function> assuming that the
surviving members of the community can cim"y' out similar func-
tions  e-g-, energy transfer!. Alternatively, a rate proces Qunc-
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 cc~urrent change in functional complexity>
for example, decrease in number of energy pathways  Cairns I974!-
Me measurements of structure are intimately related to function
 Matthews et al- I982!- For example> AT& can be used to estimate
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viable biomass  e g-, Holm-Hansen i 970! and can also be correlated
with changes in metabolism  e-g-> Spencer and Ramsay l 97/!
CIA' examples of structure-function relationships include chloro
phyll concentrations that can be compared with photosynthetic
rates of communities> and nucleotide concentrations that can be
related ta microbial growth rates The followirig compares the re
sponses of different "communities" or subsets of the biotic corn
munity to perturbation> using structural, functional and structuf al
functional measures-

C NIMUNITY ESPONSES TQ STRESS

The research described here used measures of community struc
ture and function in reserve to perturbation- Measures used were
the ratio of ATP estimated biomass/chlorophyll a estimated bio
mass  = heterotrophic index = HO  Matthews et al. l 980, l952!, ma
crobenthic invertebrate diversity and changes in proportion of
functional groups  Matthews et al- l9M, l982; Koritradieff et al.,
unpubiished!> and protozcvan colonization rates  Cairns et al- l 980;
Buikema et al. 1983!.

The Hl deviously 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-
to~ protozoans  both chlorophyllous and achlorophyllous 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 an4 hyphal mats  Picken l93l; personal observation!, and 03%
of diatom species found in the sediments are fouod on the PFUs
 Matthews 1981!- For certain studi~ the Hl was measured simul-
tanemsly with protozcm colonization rates; in others, the N was
measured at the time macroinvertebrate communities were sam-
pled- lNacroinvertebrates were sampled using Surber and portable
box samplers  Matthews et al. l9%}- ln other experiments, only in-
vasion rates were compared under different conditions- ln a sepa-
rate set of experimen~ simultaneous studies measuring coloniza-
tian rates and Hh were conducted in the laboratory and field using
natural ~aters containing dUutions of sewage treatment plant and
electroplating plant ef fluent-

I" B~

Data were collected from Cedar Run~ a smajl stream near
Black. burg Ya. that receives shopl'~, center and apartment com-
Plex parking lot runoff chlorinated Iewage effloent and electro-
Phting industrial effluent Sampling stations  Fig@re l! were se-
lected near riffle zi~ On Cedar Ram, Station i was an upstream
reference station, and Stations 2 throMgh l0 were streL<.d stations
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at increasing distances downstream of the ef fluent outfalls and af
ter confluence with two other major bodies of water.

Uniformly sized PFU substrates � x 5 x ~ crn! were us~ to
sample the microbial community Preliminary experiments
Cedar Run showed that these substrates were colonized rapidly in
streams and contained many of the same numbers and k,�ds of
ganisms as did natural organic and sediment substrates  matthews
l9>l! The PFU substrates were used rather than other n t�ral
artificial substrates because they Produced a large volume pf
tract. This volume allowed several samples to be taken from the
same PFU community, permitted statistical analysis and >rnproved
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 collection The rni-
crobial community was squeezed from the PFUs into clea~ beakers.
This extract was sampled for protozoans and the Hl. F'rotozoans
were counted an 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.

Dvplicate 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 eas scoured and agitated to a depth
of 10 cm or until bedrock was reached. Invertebrates were floated
in a saturated calcium chloride solution and skimmed from the sur-
face  Hynes 1970!, and the sediment was examined for specimens
that did not float. The invertebrates «rere preserved in 70% etha-
no4 identif ied taxonomically and categori zed into f unct iona l
groups based on how food was acquired  Merritt and Cummins
l.978!.

Experiments were conducted using PFUs as ar tif icial sub-
strates- Many PFUs � x 5 x 5 cfn! were tied firmly around the
middle with nylon string> attached to a long nylon rope supported
by floats and anchored along the shore of I'andapas Pond in ap-
proximately I m af water or in flowing water of Cedar Run-
squeezed when laced in
habitats cere located in Montgomery Ga V The P~ty, a. FUs were

tion with ambient ea
placed in the aquatic ecosystem to achieve sat«a-

2l days before the weret eater Pond PFUs were aUowed ta colonize fm

nize 2 to 3 days before use-
e y were used; stream PFUs were allowed to cola-

An epicenter  colonized substrate! and ~plcnized substrates
were pl'~ in plastic plant trays  $4 x 26 x 5.5 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 6G 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 l6L: 8D photoperiod at an inten-
sity of about l 750 lux. A clear plastic hood covered the trays and
reduced the chance of outside colonization 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 l 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 l 0 L of the microbial corn-

munity extract into 9 L of boiling tris buffer  Tris- Hydroxyrnethyl!
a,minomethane, 0-02 M, pH 7-75!, heating for l5 min, freezing at
-2GoC, and assaying within 7 days- Assays used standard biolumin-
escence techniques with firefly enzyme on a Labline 89lCQ ATP
Photometer  APHA 1976!.

Chlorophyll a levels were measured by injecting l-0 mL of the
microbial community into 9 rnL of 10o% spectrograde acetone
 which produced a 90% acetone extraction medium! and extracting
for 24 h at 4 C in the dark  Holm-Hansen and Riernann l978!.
Chlorophyll a determinations were made using a calibrated Turner
Designs fluorometer.

Replicate measurements of chlorophyll a and ATP using direct
injection techniques for individual PFUs were low; coeeficients of
variation were 1 and l296  Matthews l981!- For duplicate PFUs at
each site, chlorophyll a measurements varied more; coefficients of
variation ranged from lO to 23% and increased as pollution stress
increased. Matthews  l984! 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 3RB photometer- 5ubsa~ent mea-
surements of ATp were made with a more sensitive photometer
and purified luciferin-luciferase, and the coefficients of variation
were much lo~er-

An Hl similar to the autotrophic index proposed by APHA et al-
 l976! 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 l and 2!:



F~ 2. M ~age e t of epice ter W ~ PFU i'll~' ~
 b! Plant tray with a fluorescent Light and clear plastic hood.
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B total  mg/L!

chlorophyJJ a  mg/L!

where

B total ATp   L! estimated total
Jiving biomass

2,400
�!

ATP has frequently been used to estimate totaJ Jiving biomass> al-
though its use has been restricted predominantly to Jentic habitats
 e-g-, Holm-Hansen and Booth l966!- Because a considerable por-
tion of the organic matter in streams is nonJiving and often alloch-
thonous, ATP-based biomass estimates should provide a better ap-
proxirnation of the active microbial community 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 rnacroinvertebrate diversity
and proportion of the rnacroinvertebrate 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-
strearn of the point of discharge of the ef f Juents> and the stream in
the area studied did not recover.

In laboratory experiments with copper> the mean number of
species after 0 days exposure in previously uncolonized sponges was
9  Figure '0» and after 15 days there were i2 species- After 0 days,
there were 0 and l species, respectively, in sponges exposed to 0 l
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 13 days- After JS days, the HI
was Jowest where copper concentration was highest> ahd vice
versa-

in separate laboratory experiments with electroplating plant ef-
f Juent, colonization occurred most rapidly in the controls> and inhi-
bition of colonization rate was greater as the concentration af the
effluent increased  e-g-> Figure 5! The Hi increased as proportion
of electroplating effluent increased-

In the last experiment, sponges were placed at l0 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 colonizing the substrate
was similar to that found at the reference station  Station I!. 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 I! also had
metal concentrations higher than the downstream Station l0 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 can-
firrnation in varied situations, indicate that the use of a microbial
community, a subset of the biotic community, may be useful in as-
sessing pollution effects and predicting ecosystem effects. By us-
ing substrates colonized by representative indigenous flora and
fauna and using water from the receiving system in question, the
isomorphic state proposed by Heath �9SO! 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 l980!. This research and others
support this statement. For example, when pond and stream corn-
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. �980! found that immature and mature communit'ies,
which differ substantially in species composition, respond in a
similar manner to stress  Figure 8!. However, the colonization 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 irn-
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 Hls 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. L980; 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 invasion rate.
Even though chlorophyll a and ATP rneasurernents 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-
tern level is beset with many pitfalls largely because of our inade-
quate knowledge of processes controlling ecological systems. Fail-
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 l940s 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 muitispecies 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 main 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 �979! 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 carefulJy evaluate single species tests as predictors
so that their strengths and Jimitations are better understood

This paper has illustrated some important points:

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

Although the communities collected in natural systems 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 sirnilar-
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.
Good evidence exists thai some types of laboratory tests
may' be good predictors of field responses when these are
made at the same level of biolo ical or anization.
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!.

2.

30

We are indebted to participants in the four "Pellston Work-
shops" on hazard evaluation, the National Research Council Com-
mittee to Review Methods for Ecotoxicology, and our colleagues
and students at VPQkSU and at the University of Michigan Biologi-
cal Station for helping shape our thoughts on the overall subject of
hazard evaluation We are also indebted to Dr- S-H- 3enkins, Senior
Ed' f% * R d f id fy Ipi I

yga'pt t.bt n te
annual meeting of the Society for Environmental Toxicology and
Chemistry and the Siologjcal Components of the American Society
for Testing and Materials have been extremely helpful. Ve are in-
debted to Betty Higginbotham, Angie Miller, and 3udy Vest for typ-
ing and to Darla &maid for editorial assistance.
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Introduction

Frieda B. Taub
School of Fisheries
University of Washington
Seattle, Washington 98195

Microcosrns, whether derived from natural communities or syn-
thesized from laboratory cultures, 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 experimental 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 alJ studies except
fuJJ scale, open, natural communities  which by virtue of their
scale and openness do not Jend 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, it
is often argued that the higher trophic levels depend on lower
trophic level success-

Jt must be noted that the term "microcosm" is 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 simuJation 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-
eJ 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 naturaJ
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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sponses if they tested the same concentration of test chernical-
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 results 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~ Leffler and
Taub all agreed that mesocosm research and microcosm research
served different purposes, and that researchers were usually 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 rnicrocosrns 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 fnost 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
mesocosrn 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 rnesocosm-

There was great interest in the ability of microcosm results to
predict natural ecosystem responses- Dr. Pritchard mentioned that
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the microcosms were not Used to predict the natural environme�t
as much as to explain and provide quantitative estimates of pro
cesses that had first been observed in the natural ecosystem.
Leffler responded that he had developed his microcosms to rani
the relative toxicity of test chemicals> and not to predict speci fic
natural ecosystems- Dr. Taub stated that the responses of some
natural communities corresponded to the microcosm results, but
that different communities would respond differently lo the same
stress f as Jn the case of the C E PE X spr ing and summer corn muni
ties  cited in her paper!.

The authors were asked why microcosm researchers were s
conservative in their claims for what their research could accom
plish- Vhy did they set criteria for their efforts such as field vali-
dation or interlaboratory calibration that were not standard
other environmental techniques? %hat 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 we	 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.



A Perspective on the Role of
Microcosms in Environmental Fate and
Effects Assessments

Parmely H. Pritchard and Al W. Bourquin
United States Environmental Protection Agency
Environmental Research Laboratory
Gulf Breeze, Florida 32561

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 l98l; Campbell l981;
Goldberg l979!. 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 bioasrmys and routine biodegradability testing are
examples, uses "worst~~~m" 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 problems> 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 "unreasonable risk"! in order
to fneet various responsibilities under TSCA  Federal Register
l979!- 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



chemicals on natural communities and ecosysterr paf ticularly
they relate to disruptions of the delicate network of interactions
that characterize the function> structure and homeostasis of natur
al eCOSyStemS- ACknOwledging this concern, EPA9 in conjunCtiOn
with the Eeosysterns Research Center at Cornell University, has
recently produced a strategy document for implementing a more
quantitative research program in ecosystem-level toxicology and
environmental fate  Levin l 982!-

A similar concern in the area of environmental fate of chemi
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 l980; Bourquin
and Pritchard l979; Maki et al. l980!.

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  regardless of the approach taken or
endpoints selected! and other less quantitative types of assess-
ments Roblems and inconsistencies observed in the interpretation
and application of microcosm results are discussed-

A microcosm study is defined here as an attempt to bring an in-
tact> minimally disturbed piece of an ecosystem into the laboratory
for study in its natural state. The confinement of that piece of the
ecosystem within definable physical and chemical boundaries under
a standard set of experimental conditions  control]ed 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 �! is representative of that portion
of the ecosystem from which it was sampled and �! cannot be
readily duplicated in the Laboratory by assembling component parts
or by making composites of individuals- It is considered an analog
tO the field9 therefOre, StudieS With a rniCrOCOSm are SurrogateS fOr
actual field studies- The simulation capacity of a microcosm is de-
termined by calibration with the field, using criteria established
through experimentation and the question to be addressed by re-
search Ideally this should be 4Ãle by using rneasurernents that re-
flect macroscopic> system-level propc~ies that result from the in-
tegrative coupling among the biologica4 chc~ical 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  Ausrmus et aL l 978; Van >or is «
aL 1980!, nutrient cycling  /acksan et al. 197g; 3assby et al. 1977!,
pH h or dissolved oxygen relationship  % aide et aL l 980; Giddings
and Edd}emon l978!. A more extensive disc~on of field calibra
tion is given by Pritchard �98l!.
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THE ROLE OF MICROCOSSkS IN
EN'AaON~ENTAL mSC ANm.+SEE

The role of microcosm studies in environmental risk analysis is
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:  l! single species tests, such as those used in bioassays and
certain biodegradation studies; �! 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; �! microcosm studies  tests!
which encompass all of the controlling factors not considered in
the multispecies test.

The focus of Figure l 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 rnultispecies 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 M~m and Tagatz  l9M! 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 larvae 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 aha 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 l! The rnicra~m serves as the interpreta-
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tional tool for integrating information from multispecies test sys-
to predictions of environmental f ate and ef f ects lt, in

fact, provides the basis for extrapolating rnultispecies test results
to the f ield. Once this basis is es tab l i shed ~ the m u lt i speci es test
for th p ticular application b ing considered t omes the p inci-
pal source of information needed for all subsequent quantitative

The microcosm results then are of little predictive
value by themselves Their usefulness in quantitative assessments

a direct furw tion of the availability and experimental design of
good multispecies tests-

THE ROLE OF hQCROCO5N5 EN QUhlJTATIYE ASSKSSMBWS

To discuss the role of rnicrocosms 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 diewway methods and single species effects tests,
were not comprehensively revealing all potential problems brought
on by contamination of an ecosystem with a particular pollutant
 Harris l980!- 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
5chindler et al- 1930!- These properties or ecosystem-level behav-
iors reflect the integration of many internal processes and cornpo-
nents and their interactions- The ecosystem-level behaviors cannot
be inferred or predicted from measurements an isolated compo-
nents in the laboratory  gneiss l97l!. Since rnicrocosrns are essen-
tially analogs to certain pieces or parts of an ecosystem, they
should also have mea!mrab}e ecosystem-level proper ties-

> measurements of these integrative properties of natur-
al ecosystems or microcosms pos.~ a degree of consistency and
reprodmMility 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 aa~mmptions a screening program can be set up in
which the same type of microcosm is dm~ 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 biodegradability information. Standardization of the mi-
croccem study eventually ariil be required under this type of pro-
p am- There is no need to extrapolate quantitatively the results to
the fieM; in fact, it is not expedlieat in lilht of screening objectives
because additional information will be required for extrapolation.

UAc4N6ablyy there would appal to be 4 role for screening
crocosms because of the current interest in system-level fate
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and effects studies  Levin l932!- 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-
cosrn 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 in a microcosm effects study a toxic response by a
community can be attributed to the response of a single
species, then potentially a bioassay 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.  L97L!> Gillette and Gile  l976! and Isensee
et al-  i%73!, as potential screening microcosrns has been
criticized  Pritehard 198L; Branson L973! because, in many
cases, much of the same fate and effects information could
be obtained in a clearer form with simpler tests.

To be usefu4 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  I'NG! and
3ackson et al-  L977! represent a unique screening micro-
cosm- These systems permit the screening of chemicals
for their interference with the leaching of inorganic nutri-
ent from the soil- It is not clear exactly which biotic corn-
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 factor4! that controls the
leaching process may be identified, thus providing the basis
for a new' bioasrmy which could then supplant the micro-
cosAl 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
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ies will be protected- If the results from a screening
crocosrn therefore, are not unique relative to existing

simpler tests  i e > not routinely part of t e minirnurn eco
L~ical data set! and if they are evaluated in the same
qualitative manner as single-species test information, they
then must indicate a greater sensitivity to a toxicant than
results from other well established tests- Fo«xarnple if a
toxicant interferes with the metabolism of a special algal
community in a microcosm at LO 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 pf
a more sensitive component of the ecosystem-

uaIIT TO THE DEGREE OV EÃimaowaCEmAL
SraCmZTSm IN aeCROCaSMS

The means by which microcosms can aid in the extrapolation of
laboratory data to the field or in determinations of waste assimila-
tive capacity should be considered- Figure l 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 sirnu-
lation possible in a microcosm and consequently, limitations on the
extrapolation of microcosm data- Our 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 intenhM applications- Because of these limits, it is very diffi-
cult to make quantitative or one~-one extrapolations of a micro-
cosm result to the field- lt is entirely unreasonable to assume> for
example> that one can multiply a microcosm result by some type of
"exlension" factor and then equate it with a field situation. At
best> the microcosm is a qualitative indicator of phenmnena. rates
and interactions that could occur in nature- The simulation capa-
bility of a microcosm merely chances me confidence in the fact
that the phenomena and reactions ob.~ved in the m~crocosm wilL
more than likely occur in nature. Microcosm results alone disclose
very little about ho%' to predict quantitatively the dynamics of
the.l» phenomena and interactions in nature, particularly when con-
sidering the temporal and spatial variations in environmental pa-
rameters typical of many ecosystems- Preclictions of dynamic
events in nature will undoubtedly come from mathematical ~~L-
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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 ecosystern-

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-
terns 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 biogeochernical units that reflect the integra-
tion of a large variety of metabolic networks. A rnicrocosrn,
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-
tem 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 sho~n in Figure 28,
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-
mental sample, as often effected in a microcosm, the biogmchern-
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 usefulness 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 decoupling
brought on by a microcosm study is the exclusion of higher irophic
level~ 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 l973!> and deposit-feeding amphipods have been shown to
affect the productivity of sediment microflora significantly
 Hargrave l970!. Primary prod~Mvity of diatom communities is
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known to be increased by crayfish grazing  Flint and Goldman
1975!. With these types of potential uncouplings, it is precarious to
extrapolate a microcosm result to the field-

Further evidence that a microcosm is unlikely to represent
J0096 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 rnodel-
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. lt is a hydrodynamic problem in assessing fate under
these conditions; that is, what is the expected distribution af 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 therein.

Further, biodegradation may be more rapid in and around rooted
rnacrophytes 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 would ignore this contribution
from the plants- U this type of microcosm were used to study the
fate of a chemical in an estuary, an erroneous estimation 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.

~ ROLE OP tuCROCD!II5 IN QUASIllTAIIVK ~

Given theme Limitations on extrapolability, how> in fact, is the
microcosm effective in~waste assimilative capacity determina-

The key may be found in studying a microcosm within the
same theoretical framework that has been formulated for studying
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a natural ecosystem, particularly in reference to the concept of
studying ecology by combining holism with reductionism  Odum
1977!. An ecosystem, according to Heath  L979! 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
themselves 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 Since a reductionist approach
to ecology> by 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.
 L980! 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 should 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. l980; Hill and %eigert l,980; Heath L979! to be a means of
studying the complexities 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 will contain much of the "network
design" and system-level interaction of a natural ecosystem-

For the purposes of extrapolation of laboratory data to the field
the concepts of holism and reductionisrn must be combined- The
state of the whole should be established in the laboratory, using a
microcosm; then, through a process of manipulation and disassern-
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-
onyrnous with the rnu!tispecies test represented in Figure l. The
relation of these subsystems to the whole is the critical experi-
mental exercise because the subsystems most likely will: 4! 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 statemf-the-whole, then predictive ecosys-
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tern mathematical models can be develoPed and risk analysis per-
f ~ A specific fate' study follows to illustrate how the rntcrp-
cosms can be manipulated and disassembled into subsystems  multi
s~;es tests! to provide quantitative information on the factors

trolling the fate of a chemical in an aquatic system, and subse
quently to provide data for a mathematical model-

EXAMPLES OF THE QUANTITh TIVE USE OF SIC,ROCOS~S

The dosing with the toxicant ~resol 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 I Cooper et al 198lj! provided
the opportunity to determine how accurately the fate of ~resol
cooM be predicted in the field streams- A microcosm study involv-
ing the fate of ~esof 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 pool area in the streams were
transported to the microcosrns in trays �6 cm diam l0 cm 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 pprn ~resol, was actually a
closed recirculating loop; consequently the microcosrns> as a riffle-
pool pair> could be maintained as closed systems. Since the stream
was autatrophically hewed, 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 ~re-
I dtt d~ tlt ppd III d

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 ~resof is
controlled by some unfmown number of factors whose integration
produces the microcosm result. No loss of ~resof occurred in
azoic micrcaosms.

It is imp~ant to point out that this mi~~rn result has little
predictive value of its own- Since the rnicrocorm is not a duplicate
of the stream f the results have no quantitative bearing on the rate
of disappearance of ~esol in the stream cannel; therefore> onlY
a qualitative judgment Can be made Of its fate in the stream-
H0%rover, a quantitative extrapolation of laboratory 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 c~ica4 kinetic information abcNt its bi&5cgradat>on
specifically> rate conslaots! js new~
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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

jcrocosrns containing only riff les and only pools. Figure 6 shows
that the all-pool microcosm degraded p-cresol much slower than
the all-riffle microcosm. The degradation rate in the poolmiffle
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 microcosrns prodoced
similar degradation rates in all systems  Figure 6!, it would appear
that the contribution from the riff les is important in initiating
degradation of pmresol.

It was necessary to disassemble the state-of-the-whole into
subsystems or rnultispecies tests to obtain more quantitative de-
tails- In microbial systems, mixed microbial populations associated
with water, sediment> rock sur f aces 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-cresol 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 obtained;
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. U the approximate
mass is known for each component in the field stream, and this
rate information can be integrated, the rate of disappearance of ~
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-cresol 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<egrading bacteria, although read-
ily isolated from the stream or microcosm> was insufficient to pre-
dict the rate of biodegradation of ~resol in the stream- These
isolated organisms behave much differently when separated from
their natural assemblages- Invaluable qualitative insight into
microbial biodegradation mechanisms of ~resoI and the relation-
ship of chemical structure to biodegradability, however, has been
gained using pure cultures of bacteria {Dagley and Patel 19>7;
Hopper and Taylor 197>; Buswell l97>!.
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5ingle-species tests are excellent and invaluable quahtat v
measures of toxic effects> but provide inadequate soUrces Qf infpr
mation on which to predict dynamic consequences of
stress> particularly at sublethal concentrations.,~ app,oach
outlined for a fate assessment> that is, starting ~ ith the "state~f
the-whole" and working toward simpler subsystems, should b un
dertaken to develop quantitative measures of toxic ef fects a re
quired for determinations of waste assimilative capaci'tv.
of working with natural assemblages of microol ganisrns in the L~
oratory obviously makes this approach useful- ALthough ft is more
difficult to perform toxicological studies on natural assemblages of
pi~ts a d anir als 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 systerr described by
Hansen and Tagatz  L980!. By working with field colonized sedi
m'ent p the same exper imental sys te rn c an be de v e loped as a m ic ro-
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-  l982}. This
laboratory microcosm thus provides a "state-of-the-who/e" which
can be perturbed with a toxicant. Manipulation af 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 rnicrocosrns to develop
subsystems for further testing, particularly functional measures
such as dissolved oxygen patterns and Eh profiles  Flint et al.
l9'82!- Although the cost and the problem of trying to study corn-
plex ecosystem proci~es in small containers are initially greater
than single-species tests> the microcosm approach and acquisition
of kirietic information about fate and effect responses should ulti-
rnately lead us to a more reliable determination of waste assimila-
tive capacity-

Avsmus, S-S-, G-3. Dodson and D.R. 3ackson- L97L Behavior of
heavy metals in forest microcosms- Hl- Effects on Litter-so"
carbon metabolism. Rater Air 5oil pollut. l0: l9-26-



Microcosms in Fates and Effects Assessments / 135

Bourquin> A.W. and P-H- Pritchard- 1979. Proceedings of the
Workshop: Microbial Degradation of Pollutants in Marine Envi-
ronments> Pensacola Beach> Florida, April 9-14> 197L EPA-
600/9-79-012, U-S- Environmental Protection Agency> Gulf
Breeze, Fla.

Branson, D R 1978. Predicting the fate of chemicals in the
aquatic environment from laboratory data- In: 3- Cairns, 3r.,
K-L- Dickson and A.W- Maki  eds !, Estimating the Hazard of
Chemical Substances to Aquatic Life, pp- >5-70. ASTM STP
657, American Society for Testing and Materials> Philadelphia,
Pa

Buswell, 3.A- 1975 Metabolism of phenol and cresols by Bacillus
stearothermo hilus- 3 Bacteriol- 120: 1077-1083-

Cairns> 3 1981 Biological Monitoring. Part VI - Future Needs.
Water Res. 15: 941-952.

Campbell, I C- 1981. A critique of assimilative capacity- 3.
Water Poll. Control Fed-, 53: 600-666.

Cooper, D C- 1973- Enhancement of net primary productivity by
herbivore grazing in aquatic laboratory microcosms. Lirnnol.
Oceanogr- 18: 31-37.

Cooper, O'-, R. Boling and 3- Stout- 1981- Evaluation of models for
a toxicant stressed stream ecosystem Annual Report to EPA
Grant No- R807555010, Environmental Research Laboratory>
Duluth> Minn.

Dagley, S. and M-D- Patel- 1957. Oxidation of ~esol and related
compounds by a Pseudomonas. Bjochem- 3. 66: 227-233.

Federal Register. 1979- Environmental Protection Agency, Toxic
Substances Control: Discussion of premanufacture testing pol-
icy and technical issues-request for comment- Fed- Regist.
Oe�3!: 192oa.

Federal Register- 1980- Guidelines for deriving water quality cri-
teria for the protection of aquatic life and its uses. Appendix
B Fed Regist. 45�3l!: 79301-79309.

Flint R W- and C-R- Goldman. 1975. The effects of a benthic
grazer on the primary productivity of the littoral zone of Lake
Tahoe- Limnol. Oceanogr- 20: 935-944-



Laboratory Microcosms

R W, T.W. Duke and R.D. Kalke. 1982. Benthos investiga-
t,MS: S dimet bo xes of natural bottom- Bull- Environ CM-
tarn. Toxicol. 28: 257-265.

Giddings, 3. and G.K. Edd Lemon. 1978. Photosynthesis/respiration
ratios in aquatic microcosms under arsenic stress. Water A;r
Soil Pollut. 9: J07-212.

CiJlett, 3.W. and 3.D. Cile. 1976. Pesticide fate in terrestrial Jab
oratory ecosysterns. Int. 3. Environ, Stud, l0: 15-22.

Goldberg, E. 1979. Assimilative capacity of U.S. Coastal Waters
for pollutants. Proceeding of a workshop. Crystal Mountain,
%'a., 7/29</3, 1979 NOAA Environ. Res. Lab., Sou/der, Colo.

Hansen, D.j. and M.E. Tagatz. 1980- A laboratory test for assess-
ing impacts on developing communities of benthic estuarine or-

~ ~ ~anisrns. In: 3.G. Eaton, P.R. Parrish and A.C. Hendricks
eds.!, Aquatic Toxicology, pp. 40-57. ASTM 5TP 707, Ameri-

can Society for Testing and Materials, Philadelphia, Pa.

Haque, R. 1980 Transport and fate of toric chemicals in the en-
vironment. UA. EPA Workshop Proceedings, Norfolk, Virginia,
Dec. 17-10, 1980. UD. Environmen ta! P rotec tion Agency,
Washington, O.C.

Hargrave, B.T. 1970. The effect of a deposit-feeding amphipod on
the metabolism of benthic microflora. Limnol. Oceanogr. 15:
21-30.

Harris, W>. 1980. Microcosms as potential screening tools for
evaluating transport and effects of toxic substances. EPA-
600/3-$0-092, U5. Environmental Protection Agency, Washing-
ton, O.C.

Heath, R.T. 1979. Holistic study of an aquatic microcosm: The-
oretical and practicaL implications. Int. 3. Environ. Stud. 13:
37-93.

HIIJ, 3. and R.C. %'iegert. 19l0. Microcosrns in ecological mode 1-
ing. Ln: 33. Ciesy, 3r.  ed.!, Microcosms in Ecological re-
search DOE Symposium Series 52, Avgustaf Ga f Nov 8
197S, pp. I38-163-  Conf-781101, National Tectmical Informa-
tion Service, Springf ie1d, Va.!

Hoppeff DB . and D.G. Taylor. 1975. Pathways f or the degradatim
of m~resoI and ~resoI by Pseudprnonas ~tida. 3. Sac teriol.
126- IW.



Microcosms in Fates and Effects Assessments / 137

Isensee, A.R., P.C. Kearney, E.A. Woolson, G.E. 3ones and Y.P.
Williams. 1973. Distribution of alkyl arsenicals in model eco-
systern. Environ. Sci. Technol. 7: 841-845.

Jackson D.R., C.D. Washburne and B.S. Ausmus. 1977. Loss of Ca
and NO -N from terrestrial rnicrocosms as an indicator of soil
poliutiok- Water Air Soil Poilut. 8: 279-284.

3ackson, D.R., W.3. Seividge and B. Ausmus. 1978. Behavior of
heavy metals in forest microcosms: II. Effects on nutrient cy-
cling processes. Air, Water Sail Pollut. 10: 13-18.

3assby, A., M. Dudzik, 3. Rees, E. Lapan, D. Levy and 3. Harte.
1977. Production cycles in aquatic microcosms. Research Re-
porting Series, EPA 600/7-77-077, U,S. Environmental Protec-
tion Agency, Washington, D.C.

Levin, S.A. 1982. New Perspectives in Ecotoxicology Workshop
Report. Ecosystem s Research Center, Cornell University,
Ithaca, N.Y.

Maki, A.W., K.L. Dickson and 3. Cairns. 1980. Biotransforrnation
and the fate of chemicals in the aquatic environment. In:
Workshop Proceedings, Pellston, Mich.j Aug. 14-18, l980.
American Society of Microbiology, Washington, D.C.

Metcaif, R.L., G.K. Sangha and I.P. Kapoor. 1971. Model ecosys-
tem for the evaluation of pesticide biodegradability and ecolog-
ical magnification. Environ. Sci. Technol. 5: 709-7l3.

Odum, E.P. l977. The emergence of ecology as a new integrative
discipline. Science 195: 1289-1293.

Pritchard, P.H. 1981. Model ecosystems. ln: R.A. Conway  eel.!,
Environmental Risk Analysis for Chemica!s, pp. 257-353. Van
Nostrand Reinhold Co., New York.

Schindier, 3.E., 3.6. Waide, M.C. Waidron, 32. Hains,
Schreiner, M.L. Freedman, S3.. Benz, D.R. Pattigrew, LW.
Schissel and P.3. Clark. 1980. A microcosm approach to the
study of biogeochemicai systems: Theoretical rationale.
3.P. Giesy, 3r.  ed.!, hilicrocosms in Ecological Research. DOE
Symposium Series 52, Augusta, Ga., Nov. 8-IO, 1978, pp- 192-
203.  CONF-781101, National Technical Information Service,
Spr ingfieid, Va.!



138 1 Laboratory Microcosms

Van Voris, P., R.V. O' Neill, %.R. Emanuel »d H H. Shugart. 1980
Functional complexity and ecosystem stabili ty. Ecology
1352-1360.

aide, 3.8., 3.E. Schindler, M.C. caldron, 3 3 Hains, S.P.
S hreiner, M.L. Freedman. S.L. B~z, D.R pettigrew LA
Schissel and 3.P. Clark. 1980. A microcosm approach to th
study of biogeochemical systems. 2. Responses of aquatic Jab
oratory microcosrns to physical, chemical and biological pertur-
bations. In: 3.8. Giesy, 3r.  ed.!, Microcasrns in Ecological R~
search. DOE Symposium Series 52, Augusta, Ga., Nov- 8-10,
1978, pp. 204-233.  CO"F-781101, National Technical ln forma-
tion Service, Springfield, Va.!

gneiss, P.A. 1971. The basic concept of hierarchic systems. 1n:
PA. %eiss {ed.!, Hierarchically Organized Systems in Theory
and Practice, pp. 1-43. Hafner Press, New York.



The Use of Self-Selected, Generic
Aquatic Microcosms for Pollution
Effects Assessment

John W. LeNer
Ferrum Coilege
Ferrum, Virginia 24088

Microcosms have been the subject of much discussion especial
ly in terms of assessing ecosystem-level effects of toxic chemicals
 Giesy l980; Hammons i&lb!. 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- Chile such testing
could be done most realistically on intact natural ecosystems, it is
not economically and logistically feasible to field test even l0% of
the more than 4>>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 4980!. This definition is most applicable
to "generic" microcosms. The majar advantage of such microcosms
is not that they simulate any particular ecosystem, but that they
Provide insights into general properties characteristic of many eco
systems- It should be recognized that the concept of simulation re-
fers to a continuum fram very general to highly site-specific situa-
tions- Because of the size constraints inherent in a oratory sys-
tern generic microcosms have been more successful as simulations
of ecosystem functi I properties rather than ecosystem struc-
ture- This philosophical approach to generic microcosms is typical
of ~h«has been termed "m>xed flasIC cultures" ~»rnm»s
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It is the most commonly used type of aquatic model ecosystem
 Abbott l 966, 1967, l 969 Beyers l 962, l 963; Bryfogle any
Mcgiffett l979; Cooke l967, l977; Cooper l973; Crouthamel l977;
Fraleigh l97l Fraleigh and Dibert L980; Gordon et al l969; Heath
l979; Hendrix et al l9Sl; Kelly l97l; Kurihara 1978a, b; Leffler
l 977 l 97m I 9SQr l 93l I McConnell 1962, l 965; Neill 1 972, 1 975,-
Ollason l977; Reed l976; Thomas l97S; %aide et al. L980!.
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 rnicrocosrns can
also be developed from individually cultured species  Taub l969a,
b, c, l976, l982; Taub and Crow 1980! This paper will describe
and evaluate self-selected, mixed flask microcosmos in terms of
their usefulness for assessing ecosystem-level pollution effects in
aquatic systems.

Since the main reason for using rnicrocosms is to focus on eco-
systern-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 natural systems- They thus function as very general-
ized simulations of a large class of ecosystems.

Biaeic hxxmlatian
Generic microccems for which ecosystem ef f ects protocols

have been developed are small � to 4 liters!, static, open, fresh-
water ecosystems  LefQer 19Sl!- Since each microcosm is consid-
ered a unique ecosystem> intra-experiment replication among mi-
crocosms is minced by using defined chemical media and stand-
ard physical ccnditions Qight, temperature, day JeAgth!- In order to
study ecosystem-level effects it is essential that the rnicrocosms
function as homeostatic, selfwustaining ecosystems capable of ex-
isting through time periods of at least a year- They should be inde-
pendent of outside subsidies except for Bght ancl replacement of
evaporated water. Well~veloped interactive couplings of the or-
ganisms are essential to achieve thee goals In a self-selected
microcosm the inocula used to initiate the systems are gathered
frofn a variety of intact, existing communities where tightly cou-
pled interactions amceg populations are aasumecf to exist Ponds~
old laboratory aquaria> hollow trees and cemetery vms are exam-
ples of ifw~lum sources. In aach ease 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 microcosrns- This pretest period in the laboratory permits
selection of organisms for the specific microcosm environment and
enhances interactive couplings among populations ln 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.
Lef fler's  l981! generic microcosm protocol suggests that the
inoculum contain at least the following groups:

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 cornpetition-
A filamentous green alga.
A 1/ue-green> nitrogen-fixing alga-
A grazing, free-swimming macroinvertebrate; eg- ~Da Ania
spp'
A benthic, detritus-feeding macroinvertebrate; eg. ostra-
cod spp.
Assorted bacteria and protozoa.

5.

6.

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 rnicrocosrns is enhanced by crossinoculation during this
period This 6 week period also ensures that all microcosrns to be
used in the pollutant testing are good replicates of each other. In-
dividual microcosrns 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-se!ected inoculation method arises
from the desire to develop a self-sustaining, homeostatic micro-
ecosystem- Organisms are collected that are adapted or acclirnat-
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 macula are placed in stock holding tanks to
allow the organisms to adjust to the physicalmhernical conditions
of the laboratory environment. Some species may go extinct and
others will change ln 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 ~~dure allows the estabBshrnent
of interactive pathways through natural processes- The experi-
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menter is relieved of concern over whether such Pathways would
exist in systems created by combining organisms from single spe-
cies cultures for short periods of coexistence Although the total
number of species from all taxonomic groups and the numbers of
individuals of each species can never be fully»own~ a diversity of
organisms is ensured by this inoculating procedure- The purpose of
these rnicrocosms is to evaluate pollutant effects on the functional
integrity of ecosystems not on all of their ind>vidual components.

Baaamdaries
Qost natural ecosystems lack sharp, cJosed boundaries. Dis

tinctions between ecosystems generally take the form of gradients
which are open to the interchange of energy and matter.
boundaries of a microcosm are very well defined and permit little
or no movement of chemicals into or out of the immediate system.
In addition the walJs of a microcosm vessel create a high ratio pf
surface area to water volume- For pelagic ecosystems this lessens
the realism of a microcosm simulation. In light of the "unique eco-
system" philosophy armmiated with generic microcosms, this is of
little cone~~ce. As in the case of Lighting and temperature re-
gimes, the boundaries are considered unique environrnentaJ con-
straints asscaiated with this particular ty pe of ecosystem-

Since the boundaries of the microcosrns permit very little
movement of organisms into or out of the systems, reinoculation
from stock cultures is important. Effects of tested chemicals are
evaluated in terms of the microcosm's resilience as weil as resis-
~ze  Leff Jer 1977; webster J97>!- In order to enhance a realistic
response to chemical stress> it is essential that biotic invasion be
possible- Microcosms are generally reine~lated from stock cul-
tures on a weekly basis as ~ater evaporates. This procedure en-
sures that genetic diversity is maintained and adds to the realism
of the microcosm-

The emphasis of microcosm studies is an ecosystem-leveL im-
pacas rather than individual species effects- As a result, micro-
cosm behavior generally is monitored by integrative parameters
above the J'~ulation level of organization Other parameters such
as ample species response may also be measured with a slight in-
crease in ex~mse. h woAwhcy which studied methods for measur-
ing effects of chemicals an aquatic ecceystem properties suggested
five fnajor classes of properties which shaulcj be monitored in lentic
aquatic microcosms {Hammons l98l ak

l. Autotrophy- C uptake> diel oxygen changes diel ++ ~
d ~mdiv mya a~
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Heterotrophy � '"CO~ release from labeled substrate, diel
oxygen changes, microorganism enumeration-
Chemical-physical properties � pH, pE, turbidity.
Nutrient concentrations and fluxes � nitrogen fixation
rates, NO >> NH > ortho-P, total C, DOC.
Taxonomic composition � relative proportions of the dornin-
ant species-

2.

3.

P&vantages of Self-Selected GeIIeric Microcosms
The generic microcosrns 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-
surned to exist. Unlike many single species bioassays, microcosrns
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-
systerns, both short-term and Long-term �0 days or more!, acute
and chronic  depending on dosing procedures! impacts of pollutants
can be assessed.

EXPElUMENTAL QESlGN

Physical &~~
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 3096 for production and respiration measured by diel oxygen
changes, less than 3096 for Eh measurements, and less than 40% for
pH measurements  Leffler 1984}. 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. The.m 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 rrucrocosms by means of a i-test- This procedure
accounts for normal variability among undosed microcosrns and for
the precision of measurements possible for each parameter-



The null hypothesis being tested is that a particular test ch
cal has no effect on a model ecosystem, the microcosm.
native hypothesis is that the test chemical does cause an effect
the microcosm. The data gathered from the study can b ~any~
in several ways- The values for each parameter at each sa
time could be plotted for both treatments and control and the
suiting graphs examined for general trends. While feasible, ~;
approach can be difficult to interpret because of the amount of
data generated fro m several parameters, a variety of expo sure l
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 I975-
I.effler 1977, 197/ 1981!. Three forms of stability are illustrated
in Figure l. Resistance stability is a measure of the maximum de
flection of pollutant 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 dif ferences be-
tween the statistically defined trajectories of the dosed micro-
cosms and the control microcosms- Effective concentration values
can also be calculated 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 useful 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 LCSO! values are
not appropriate since ecosystem "death" is ill 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 chmnicals  Leffler 1981!. While this ap-
proach simplifies interpretation of a large amovnt of data> its
major disadvantage is the loss of information which results from
reducing the data to one number- One i~not 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 microcosm s withi" the same
treatment isp at display the same behavior but are temporally out of

This time Jag creates large variability within a treat
and obscures any significant differences from controJs.
al  J980! tried to overcome this problem 5y plottjr,g
ters against each other in a timeless Phase sPace Although o t f
phase replicates will have identical trajectories in such a d;
quantitative analysis of the deviation from castro! micr~
difficult.

hen t null hypothesis that a particular test chemical has
effect on the microcosms is evaluated it is statistically ppssibl
make two kinds of error- A Type I error occurs if one concl
that a test chemical caused an ecosystem ef feet when in fact it d d
not. A Typ I e ror occurs if one conclude» that the test ch m
causes no ecosystem effects when it really does. p th type

~ ~ reduced by increasing the sampling size
sonabie option to consider when using microcosm assays. Alterna
tively> for the purpose of screening potentially hazardous chemi
cals it may be reasonable to increase the probability of making a
Type I error in order to decrease the likeJihood of a Type IJ error.
As a result it might be reasonable to reduce the significance level
in microcosm screening test analyses to 80 4 instead of the tradi
tional 95%- This would create a more conservative test, at least
from a regulator's viewpoint- lt would increase the probability of
concluding that the test chemical has an effect when in fact it
does not and decrease the probability of concluding no effect when
in fact the chemical does cause an impact- Decisions about such
matters must be made prior to testing-

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 de.bribing th» impacts on the essential
furIctionai Properties of <me 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-
pariAg microcosm results with those of field situations- Since ge-
neri"icrocosms are' not designed to mimic any other specific nat-
~al e o ystems. th is th k y assumption for this entire approa~
to effects testing- The other critical assumption is that the exact
species composition of a generic microcosm is unimportant for
detecting ecosystem-level impacts as Iong as certain key function-

ps are represented- This assumption can be tested by com-
paring ho~ microcosfns differing in species composition respond to
a series of test chemicals-
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The generic rnicrocosms for which protocols currently exist are
freshwater, static systems- lt is assumed that these chemical-
physical characteristics will not limit generality of their results-
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 rnacroinvertebrates, not
to simulate naturally occurring water  Lef fler 198I; Taub and
Dollar I964!- 5ecause 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 reaUy exist and
that they are worthy of concern in assessing pollution effects-
Engelberg and Boyarsky  l979! recently questioned whether ecosys-
terns are really functional units while Knight and Swaney  I98l!,
McNaughton and Coughenour  l9Sl4 and C-F. 3ordan  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
I98I; Hammons I98lb!-

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

The basic philosophy of the generic microcosm approach is that
a microcosm is an ecosystem in its own right and therefore ecosys-
tern-level impacts in a microcosm may be extrapolated to similar
impacts in other natural ecosysterns. As discussed in Hammons
 l98lb!> 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 ba!M 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 rnicrocosrns are useful for screening chemicals and
indicating which ones require further testing to fully ascertain
their impacts on f reshwater aquatic ecosystems.



L48 / Laboratory Microcosms

iM ~Phd~
Ge eric Nicrocosms ~e p im~ily awful for evaluating ~osy

tern-level impacts. How can such m~crocosm properties be extra~
olated to natural ecosystems? An alteration of the autotrophic ~
heterotrophic components of an ecosystem could af feet food cha;n
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 decrease in a�t~
trophy at the base of a gr~ing food chain may ultimately 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 pf a
detrital food chain- An increase in either autotrophy or hetero
trophy may result in algal or bacterial blooms Both may adversely
affect game fish by depleting the waters of dissolved oxygen. Bac
terial and fungal metabolism is also closely related to the recycling
of nutrients> thus influencing 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-
arnple. C"Winges 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 ahjndance of the dominant species in a microcosm
can also be monitored- Taxonomic changes may indicate possible
changes in oommunity structure, food chains, or key functional
groups. AH of the information provided by many single species bio-
assays could be obtained from microcosm, but with increased real-
ism and improved extrapolation- Most economically important spe'-
cies cannot be included in a generic microcosm because of si~
limitations- For these harvestable species a pollutant's impact can
only be inferred from microcosm results- These species should be
tested separately- Similarly, possible predictions about human
health effects are very limited. Some impacts to swimmers or hu-
rnan consumers of aquatic life might be inferred if bioconcentra-
ticm were inca~~ed in various microcosm organisms- It should be
remembered, however that generic tnicrocosms were designed as
ecosystem-level effects 5~ not as tests for harvestable species
or humans.
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Problems of Extrapolaticm
Because of the diversity and complexity of the environment it

is unlikely that any of the properties monitored in a rnicrocosrn 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 environrnent-
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 natural 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-
Microcosrn results should be carefully interpreted in light of the
test pollutant's chemical-physical properties. Of course, none of
the problems encountered is 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 generali~
screening test is really the most practical assessment we can hope
to achieve.

Validatima
Research is essential to define the degree to which microcosrn-

derived generalizations are applicable 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 T A thorough literature revie~ and
analysis might help to answer the question concerning the level of
generalization possible among dif ferent 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
ecosysterns are possible should be defined. At present this type of
validation effort is just starting on a small scale.
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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-5pmific Simulatian hbcrocosms
An alternative approach to ecosystem effects testing has been

the development of site-specific simulation microcosms  Harte et
al. 19SO; Perez 1981; Pilson et al- 1980; Tagatz 1976!. These sys-
terns are designed to mimic the ecological behavior of a specific
body of water- They are generally far more complex than generic
microcosrns> both in taxonomic structure and in their design and
maintenance procedures- Site-specific micracosms possess greater
ecological reaiisrn than generic microcosrns- Both types of system
are capable of making general predictions, but site-specific predic-
tions can be derived only from simulation microcosrns-

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 rni-
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-

FieM Evaluati~ 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 microcosrns possess far fess ecological realism
than a field study. However, field studies are proportionately very
expensive and logistically difficult R 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.

Our current ability to evaluate the ecological effects of poten-
tially polluting chemicals is stiH at an infant stage of develop-
ment- Self-selected, generic microcosms may became an irnpor-
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tant assessment tool despite their
tion that functionaL ecosystem-level effects observed in a ge�
rnim~r ~ e gmerali ed to natural systems is test&i
through field validation studies- Generic microcosms are most
ful as a means of screening chemicals for potential ecoiogjca}
fects. Single species bioa.'hays lack sufficient ecological real'
for this purpose, while site-specific sjrnulatip
g~~aliy t~ «P « ~ J»tifi~ generic rn>crocosms c~ ~
made m re site specific bY the use of locally derived ino uia, ~
a~it n « local sediments> or alteration of chemical +y
Parameters- None of these variations would alter th syste
ef fectiveness-

p it pp ars tMt the mast feasible approach to
g ~mic Ls for environmental effects is to use generic

Th.y sh id b supplement~ by �ngle s~,e, t.��.,
tests for those organisms which are of particular cofnmefciai im
portance or are ecologically important but are too large for the
rnicrocosrn- On the basis of generic microcosm results and eco
nomic consideratioos, cer'tain chemicals should then be tested in
site-specific simulatiao rnicrocosrns- All laboratory-derived infor-
rnation must be carefully evaluated in terms of baseline field vali-
dation studies, Life histories of commercially important organisms,
and the peculiarities of specific iocalities-
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Measurement of Pollution in
Standardized Aquatic Microcosms

Frieda B. Taub

School of Fisheries

University of Washington
Seattle, Washington 98195

INTRODUCTION

The use of microcosms in pollution studies foJlows 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 fieJd studies; much of the early literature has
been reviewed by Cooke �977!- Microcosms were evaluated as
testing systems for the environmental transport of toxic substances
by Witherspoon et al �976!, and as potential screening tools for
evaluating the effects and transport of toxic substances by Harris
�980!- Microcosrns have also been compared with other test sys-
terns for deriving ecotoxicologicai evaluations  Harnmons 1981!. A
recent symposium provides a review of the diverse efforts that are
encompassed within the title "Microcosms," and most are pertinent
to our understanding of the potential effects of pollution  Giesey
1980!.

The rnicrocosms discussed here are often termed "model eco-
systems" or "synthetic microcosrns," and allow the investigator to
control variabLes such as the initiaJ organism species assemblage
and relative abundances> the nature of the liquid medium> either a
chemicaJly defined solution or treated natural water, and the tem-
perature, light intensity and cycJe- 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 initial
conditions, but the biologicaJ 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 compiex
assemblages of organisms that fulfill important ecological roles in
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~~m to isolate the autotrophic, herbivore and decomposer units
these corn ponents couM be measured in semi-isolation

 R jngelberg and Kersting 1978; Ringelberg 1977!. Although they
initiated their autotrophic community with Chlorella and Scenedes-

they reported that other algal species beca,me established
atter a short time. The herbivore used was ~Da hnia ma~a. The
medium was filtered �.05 ~rn! lake water. This microcosm design
+as used to explore the effects and fate of the herbicide dichlo-
benjl  Kersting l978!-

INssvls INTO POLLUilltN NEli5UREMENTS
M%UNG THE DEVEL''MENT OF THE

AQUATIC INCROIDCl.i@i IMOASSAY

Our laboratory had been engaged in designing aquatic micro-
cosms that would allow us to analyze trophic interactions  Taub
and Dollar 1968; Taub l969a, 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 develo~
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 bioa ~y. The research has not
only served to refine the Standardized Aquatic Microcosm Protocol
 Report to UD. FDA on Contract No. 223-80-2352!, but has also
served to indicate various ways that aquatic communities respcnd
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 respon!~ to toxic chemicals  Taub 1976!.
There are no rea.~ 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% rnortal-
ity on Grazer Nl brho fed mostly on Alga, ¹1, shghtly on Alga ¹2
and hardly at aU on Alga ¹3!, the induced mortality had relatively
little effect other than to displace the abundarme cycles of Grazer
¹I relative to the control ecosystem. However, when Grazer ¹2
 who fed mostly on Alga 42, slightly en Alga 01 and hardly at all on
Alga f3! was added to the model, the same 20% mortality induced
on Grazie 01 caissa9 Grazer gl to beche rare, Grazer ¹2 to in-
cre'Ise, and Alla 82 to become rare. Thus in spite of relatively lit-
tle feeding overlap between the two grazers, the presen-e of a
competitor that did not Idfer from the increased mortality



chan ed the communities' responses to a stress From this we con
geluded that communities of different structure could be exp cted

to show different responses to a similar induced mortality.
fore, we should not expect that a microcosm bioassay 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 sea~s
should be expected to respond dif ferently to the same toxic
stress. Evidence for this is provided in the section titled
of Copper Sulfate."

It will be necessary to briefly describe the aquatic Inicrocpsm
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 al- 198l. Taub et al. l982; Taub I 9S2; a formal pro-
tocol is in preparations The algal community consists of ll spe-
cies that have been selected to represent three different taxonom-
ic groups, and include many species that are traditionally used for
bioa:-says. The algae include a range of sizes from small to large
filamentous forms that would be suitable as food either for the
Da ia or for amphipods- The animals include the grazers ~Da~
nia commonly used bicfas.uy organism!, which feed on small and
moderate sized particles; protozoa and rotifers, which feed on
smaU algae and bacteria; amphipods which feed on benthic detri-
tus and filamentous algae; and ostracods> which are detritivores-
The containers are l gallon glass jars containing a simple, repro-
ducible sediment and 3 L of medium- Thirty microcosrns are initi-
ated, and 24 are used for the experiment; these can easily fit on a
laboratory table under a pair of 8 ft tights-

The concentration of chelate in the gW~ically defined medium
has an important effect on the responses of the bioas.'my to copper;
we have designed a variety of media and differing chelation poten-
tials- The PH hdfering capacity could also be varied, but we have
not yet done this The protocol steps and the variables monitored
are summarized in Tables l and 2. A typical experimental design
might consist of six replicates in each of four treatment groups:
 I! control~ �! a single addition of a low concentration> �! a single
addition of a high concentration and �! a repeated addition of low
concentration- U 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 «-
trient rich, aquatic environment where algae have an opportunity
to grow prior to heavy grazing and to develop into a summer com-
munity in which the algae are heavily grazed and their growth de-
pends on nutrient recycUng- The ecokqpeal interactions of nutri-

t ml ' 0'a ll, p i ~ ~ ~ a i f
algal biomass  Figure 2!, and secetKfary production with the estab-



Table l. Summary of aquatic microcosm protocol.

PREPAR ATION

Purchase supplies, obtain cultures.

Make roaster 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.

Analyze initial chemical concentrations.
Inoculate al gae.
Analyze chemical concentrations.
Enumerate algae.
Inoculate anj.mals.
F ull variable measurements.

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

MEASUREMENTS TWICE WEEKL Y TO DAY 63.

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

pH.

MEASUREMENTS TWICE WEEKLY FOR 3 OR 0 WEEKS, ONCE
WEEKLY THEREAFTER TO DAY 63.

Carbon uptake.
Total inorganic carbon.
Extracted chlorophyll and phaeopigments.
Algal nutrients.



TaMe I. Continued

POST-EXPERIMENT ACTIVITIES

KeyI:~ching of data+
Statistical analyses comparing each treatment with the ccetrol fo

each variable  about 2 weeks!.
Preparation of graphics  another 2 weeks!.
Interpretation of results.
Report completed 60 days af ter experiment completion.

~>pun'~ as the experiment progresses.
Y ~y ed statistically for the purpose of

y<~e~~t~~d t I d�.�~p,~
~ SM Fepc'@sents the realistic time

requirements.



Table 2. List of variables measured with units.

COMMUNITY VARIABLES UNITS

ppm = mg L+

ug atL = gMPhosphate
Nitrate
Nitrite

A mmonla

PO4

NO3
NO2

NH3

PRIMARY P'RODVCTION VARIABLES UNITS

cells ml '

rng per l00 ml
~ I

Available Algae
Algal Biomass

AVALG

ABIOM

~g L-I

CL ~hr'
n

CI4 Light Uptake
C I 0 Dark Uptake
CIO Net Uptake
Alkalinity  Estimate of
Inor ganic Car bon!

CITAL
C14D
CI4

ALK
no units

DO I

DO2

DO3
DDOAM
DDOPM
DELDO

RATIO

SELAN

CHLAM

SCENE

ANTIS
CHLOR
D213

9216

ANABE

LYNCB

ST3G

ULOTH

CHLAS
CHLAFD =
CHLAFL

PHAEOS
PHAEOFD=
PHAEOFL=

Dissolved Oxygen, Morning
Dissolved Oxygen, Night
Dissolved Oxygen, Morning
Dissolved Oxygen Gain  AM!
Dissolved Oxygen Loss  PM!
Dissolved Oxygen 24 Hour Change
Net Photosynthesis � Respiration Ratio

Selenastrum

~Clt d
Scenedesmus

Ankistrodesmus

Chlorella
Nitzschia  Diatom 213!
~GGh ~ D  i16!
Anabaena

«L~~nbya
~s
Ulothrix

Chlorophyll-a,  spectrographic!
Chlorophyll-a,  fluor, dark filter!
Chlorophyll-a,  f ivor, light filter!
Phaeopigments  spectrographic!
Phaeopigments {f ivor, dark filter!
Phaeopigments  fluor, light filter!



Table 2.

SECONDARY PRODUCTION VARI. iBLES UNITS

IQ  !e I yl' ~j

Small Arnphipods
Large ArnpNpods
Amphi pods

SA MPH

LAMPH

AMPH

present'absent
ind. pe; 10~ rnl

N E!tdlER

BODO

AELOS
CLARE

SDAPH
MDAPH
LDAPH
DAPH%
PSDAP
E,lDSEZ
DBIOMA

OSTRA
COPEP
EPHIP
PHILO

ROTIF

HYPO

MISCEL

VORT

I est of variables with units  continued!.

Smail ~Da hnia
Medium ~Oa hnia
Large ~Da hnta
~Da hnia, all sizes
Ratio o'. Smaii to Total ~Da hma
Mean ~Da hnia Length
~Da hnia Biomass

Ostracods
Copepods  no longer added!
Ephippia
Philodina

Small Rotif ers
H ypotr ichs
Miscellaneous Protozoans

Vorticella

Nemertines

Bodo

Aeolosoma  no longer added!
%'ater Clarity
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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 pM. The separate ex-
periments can be identified by the ME number. For ME 40, the con-
trol group  NE W! 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 i. 1 species of algae into a rich medium  G.S rnM NO is the
limiting nutrient! that meets all of their nutritional requirements,
and the addition of grazers four days later. Because the initial me-
diurn 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, especially the
~Da hnia, 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 ~Da hnia population. Eventuaily the ~Da hnia
overgraze the algae, and the ~Da hnia 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  ~Da hnia! 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  relative 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, including means, standard
deviations and coefficients of variance. The computer output prw
vides some data in multiple formats to aLlow the human user to
scan the data for dif f erent kinds of ef fect, f or example,, treatment
effects or interactions within a microcosm. The computer package
also includes a "comment sheet" on which all laboratory problems
and extra observations are entered; this sheet is printed each time
data are received from the computer.The computer also performs numerous calcuiatiorLs to convert
the organism counts  numbers and volume measured! into consis-
tent units, totals the small, medium and large omnia into total
~Da hnia as weil as estimates of ~Omnia biomass, etc., and con-
verts the three oxygen measurements into oxygen gain, Loss, P/R
ratio and change over 20 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 bic~~say, we ~ould
reduce the number of variables hmdied.



Figure 3. ~Da 'hnia density in cootrol microcosms tsymbols as in Fig-
ures l aAd 2!. The units are the number of animals per l00 m
Note the reduction in algal biomass  Figure 2!, concorreot winch t>e
increase in~Da hnia.



Standardized Microcosms / 171

Automation of the data handling is possible only because the or-
ganisms are standardized between experiments; the data sheets al-
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 entirely standard. lt is the auto-
mation of the data handling that allows results to be interpreted
quickly during the e xper i ment  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 rnicrocosrn 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-
term, which compromises the statistical independence of the data;
behavior of replicate systems in a sirmilar 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 rnicrocosrns
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 ~Da hnia in microcosms was shown to influence
virtually all other properties, and to cornprornise our ability to
detect treatment effects  Taub and Crom 1978!. The reinoculation
provides the ecological equivalent of immigration in natural ecw
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 rnicrocosms  Taub
et ai- 1980!. In spite of the large magnitude of the mortalities
�0% of the total, 05% of the algae and microorganisms, or 45% of
the large grazersj the damage was repaired surprisingly quickly,
uSUally within l0 dayS ar feWer. If aH trophic levels were damaged
simultaneously, and early in the experiment when algal nutrients
were available, the reduced grazing pressure allowed the algal





Standardized Microcosrns / 173

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-
rnent groups, the six replicates for each of two treatment groups
are shown for experiment ME 40 in Figures W7. These data repre-
sent half of the treatments of ME 00 and are for a species assem-
blage and medium similar to those used in streptomycin experi-
rnents ME 22 and ME 31. The other treatment groups in ME 00
used a slightly modified "new" species assemblage 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-
tora species added and a second blue-green species added, with the
deletion of algal species that did not grow successfully in cornpeti-
tion! improved our ability to show the effects of the chemicals, and
did not alter any of the conclusions concerrung 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 2Q replicates.

Effects of Streptomycin
Streptomycin, a naturally occurring antibiotic used in three ex-

periments  ME 22, 31 and 00! proved to be a selective algicide,
causing algal dominance changes and an alteration of the normal
successional sequence observed in controls. At 32 pprn, 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 0!. Other measures of primary pro-
duction, such as rates of carbon uptake and chlorophyll-a concen-
trations, were significantly depressed within 1 week of streptomy-
cin treatment and remained so for 5 weeks in ME 00. 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-
vidual species abundances were not apparent until after active
streptomycin concentrations became undetectable. The volume of
total algae  algal biomass! was reduced for a shorter period than
were species shif ts  Figure 5!.

Decreased ~Da hnia populations were associated with the reduc-
tice in measures of primary production and standing crop  Figure
6!. Although streptomycin did not prevent the increase in ~Da hnia,
peak populations were smaller, presumably via a reduced f ood sup-
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These data, not yet published, are documented in Reports ME 53,
ME 57 and ME 55.

Applscattons of copper >n 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  Mclntosh and Kevern 1970!.
McKnight �98l! 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 fieM 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 198I!, 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 Microc stis in fish ponds for periods of at most 25
days. Sawyer 1970 found that changes in the zooplankton corn-
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 0
days after treatment. Mclntosh and Kevern �970! 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 l ppm also
showed no effects.

The effects 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 cornrnuni ties established in 3une-3uly, 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 dorni-
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, usu.eely expressed as hardness.
Certainly, the microcosm results are consistent srith at least some
of the fieM results; additional research arith variable conmntra-
tions of chelate may explain why different natural communities be-
have dif ferently.
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COMPARIKm OF H YPOTHESES ar TV'KEN
MICRCK33SlN RES&48tCHERS

Specifically there are three hypotheses representing dif ferences
between our approach and that of Leffler which can be experimen-
tally tested:  l! that the organisms in the community will not af-
fect the ecosystem-level responses, �! that a single index of dam-
age can be calculated on the basis of ecosystem-level responses,
and �! 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 exa.mple, increases in pop-
ulations from increased food supply and removal of competitors or
predators  grazers!.

RELATKIHSHIP BETWEEN 5NCRDI835ikkS
AND NATURAL COMMUNIITIES

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

Differences in community structure and controlling processes
can also be expected to limit the degree to which reslxwmm 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. l.972!; in contrast, a 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 l98I!. The presence of competitors of dif fering sensitiv-
ities would also be expected io modify the re.yonses of a specific
community to a toxicant as in the mathematical model cited in the
introduction. Also, the example was given of 3une and September
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communi immunities having different responses to the same concentratIon
of copper: when the 3une community was dosed, t e algal variah

bles were reduced; when the SePtember community was dosed, tf e
g~ variables were increased concurrent with the reduction in

grazers  Thomas et al. 1977!. Thus natural communities, althoug!
they share trophic level relationships, differ in their responses de-
pending on the controlling factors.

%ithin the context of the papers in this volume, it seems most
appropriate to ask what insights the microcosm results 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-
rnunity.

However, it is natural to ask to what extent the microcosm re-
sults can be extrapolated to predicting the effects of a chemical on
an aquatic community. At least the same precautions must be ob-
served in extrapolating between microcosms and natural environ-
rnents 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, I hypothesize
the following:

l. If 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 all 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 tax'
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-
duction, but is selectively toxic to grazers, it will probably
behave 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 ~Da hnia 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 microcosrns 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
d>rect effects of the chemical, the exact species involved
in the indirect effects are not likely to be predicted.

pote that extrapolation 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 rnicrocosms 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-
ism sp they tend to predict permanent alterations of the biological
comrnuni ty.

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 microcosrns �! utilize a
valid experimental design, �! represent natural responses which
could be validated by testing natural cornrnunities with similar
water quality and cornrnunity organization, and �! 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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1N TRODUCT1ON

}3oth 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 �979! recent book presents a good review of the
literature. A series of volumes on statistical ecology  Patil 1979!,
particularly volumes 6, 7, lO and l 1, contains many papers dealing
with community properties and pollution. Using community corn-
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 striall oil spill in West Falmouth, Mass.  Sanders et al. 1980!. 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
used, and a general method of evaluating the efficacy of these

4e then evaluate the effectiveness of two community
me s«es 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 e ec iveffective 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-
rnunity as a very complicated nonlinear regression problem. I.et y
denote a k-dimensional vector that describes the properties of the
community at some point, t, in either time or space. The i-th corn
ponent of the vector y, 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, zt, and the vector
of natural physical and chemical parameters at the point t denoted
by x, then we might be able to predict the mean community vec-

f9
tor y:

y = f  xt' zt!

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 = ~+a.

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. It 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 g.

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 pollutant and the cornrnunity. The dimension-reducing
problem 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 cornrnunity parameter G. G could
represent 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 ~!. The effect
function, E, is then the contrast between areas with pollutant at
zero and at z.

E ~z x! = G  f ~z x! ! - G  f  o; x! !.
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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 typical set of environ-
mental field data.

F!gure l illustrates the above equat>ons 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.  I!.

Since the natural variation in x is often much larger than the
effects due to pollution, the second dimension-reducing step is to
find a community index that is a function of g, 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, F-, over a range of natural conditions, x. In terms of Figure
I, our index, I  y!, should have the property that its contour lines,
indicated by the dotted lines in Figure I, are more nearly parallel
to the x-axis.

Figure I 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 pollution 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-
systerns experiments, such as MERL  Marine Ecosysterns Research
Laboratory at the University of Rhode Island! and CEPEX  Con-
»ILed Ecosystem Pollution Experiment!.
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EMPIRICAL EVALUATION OF COMMUNITY INDICES

The properties of a good community index of pollution 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 wouid we seek to evaluate a diversity index? A rninirnum
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 �971! 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 4953;
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.

SimBarity Indices
Another widely used approach is to compare communities in af-

fected and relatively unaffected areas by using a measure of sirni-
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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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 pollution increases.
Thus, a community based indicator of pollution effect is the change
in community composition as measured by a simi!arity 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-
tern 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-

The six controlled tanks are compared with the three experi-
rnental tanks at each date. Figure 3 plots the dissimilarity rneas-
ure which can be thought of as one minus the similarity: 0 indi-
cates similar species composition, l 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 pollu-
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 affected by a pollutant. Also, over
a fairly broad range of natural variation the species mix changes
relatively slowl y.

Unfortunately many of the applications of similarity measures
to environmental problems have been fJawed by a lack of under-
standing of some important technical problems. The first problem
is that many of the most common similarity measures, percent
simiJarity, 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 cJassification becomes finer. Thus, similarity indices
based on taxa or other broad functional groups will have Jess 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-
«ring programs, and the tree diagrams they produce, to present

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

Analysis of environmental field data is part classical statistical
anaJysis of survey data and part careful presentation of multivari-
ate data. The former problem is welJ understood and for the most
part caref ully handJed in marine work. The presentation of multi-
variate data on community structure, pollutants and natural envi-
ronmental variables has received Jess attention from ecologists and
environmental regulators.
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THE PROSLENl

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  'doorman J98J!. 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-
vironrnental science. Examples abound. Habitat alteration in the
Middle Atlantic was widespread during the World War l 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 �effries and
3ohnson 1976!. But even among commercially valuable species, no
one could tell you what any one suffered from, let alone offer a
prognosis on its future.

Again it has been a problem of too many species with too many
s«s of physiological attributes and behavioral patterns. Further-
more> no species acts alone in nature. Predictions have to incor-
p«ate interactions among populations and all the environmental
factors controlling distribution. Also we need to account for
changing abundances i.n time and space. The sum of all this ex-
ceeds a reasonable level of support for any environmental strategy.
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%e need to base decisions on something better than a compe�
diurn of cause-effect responses gleaned from organisms held in a
laboratory }ug, an outdoor tank, or as populations distributed along
an environmental gradient. Current paradigms fall short in proyid
ing a comprehensive rationale. As Woodwell �974! 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 little basis for belief that thresholds for effect on natural eco-
systems exist."

A SOLUT1ON

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 �975! and May �975!, who de-
scribe stable domains of entire systems in parameter space. The
theory itself may defy practical application, but l 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 limited 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, value
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 �975! claims
that a simple community has a Large, dynamically robust stable do-
main, whereas a complex community yields a smaH, dynamically
fragile domain.

Successive points within the stable domain describe a trajectory
of 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 lim~t
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 ti rn e, not space. "The analytical problems in dealing with
both time and space are formidable"  Orians L975!.

Examp!e
l advanced an idea that the mathematically described stable do-

main has a correLate expressed by the monomeric composition of
entitle communities �effries 1979j. 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 central 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 level but at the community level, 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-
lished 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 signals 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 syndrames. Here, however,
is holistic insight, not like the reductionist compartments of the
ecosystem modeler, nor the physiologist's so-called controlled ex-
periment; rather this is a glimpse of reality unencumbered by as-
surn ption

Teroparal Dam 6ns
Zooplankton were sampled over two annual cycles in three

coastal habitats representing a sequence of increasing environ-
mental variability: Rhode Island Sound, Narragansett Bay, and
Green Hill Pond. I tested the hypothesis that environmental insta-
bilities culminated in seasonal succession of biogeographic species
assemblages, and that these birth-to-death processes at the corn-
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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! va,riation, was the least variable biological-
Iy. 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 �3-
i%3 p m! and in macrozooplankton  p 260 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 20 sample points in l0-
dirnensional 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 �effries and Lambert 1980!-

In Figure l, 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 rnetabolically over an an-
nual cycle. Monounsaturated l6 and 18 carbon fatty acids �6:I
and 18:I! characterized winter-spring  boreal! plankton, whereas
the IQ-15 carbon saturates  IA:0, 16:0, IS:0! along with the long-
chain polyunsaturate 22:6, typified surnrner-fall  temperate! assem-
blages. 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 sample do-
mains in the pond and sound meant that their macrozooplankton as-
sernblages were spatially lacking in a biochemical sense. In a tern-
poral sense so were their respective species assemblages, particu-
larly in the unstable pond habitat, where the boreal  winter! corn-
ponent was all but lacking. The pond's annual sample domain was
in the surnrner-fall portion of biochemical space. So was its plank-
ton production, led by the temperate copepod Acartia tonsa. In the
sound, a comparative!y rich species complement occurred, but
crops were low and erratically produced. Population dynamics in-
dicated that this area supported admixtures from inner and outer
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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
sernblage, the Larger was its chemical domain; this is the second
biochemical correlate.

Annual trajectories in the phytoplankton-microzooplank ton
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. I
tested the hypothesis that a planktonic assemblage could be locat-
ed accurately to position on this gradient from its fatty acid corn-
position. The l0 major fatty acids �96 of total! at all six stations
were subjected to multiple discrirninant analysis, which identified
each sample's habitat of origin  sound, bay or river! with 90-L00%
accuracy �effries and Lambert 19SL!. 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 detritai ma-
terial, both natural and from sewage, that is eventually incor-
porated into the tissues of grazing animals. Detritus is rich in
stearic acid �8:0! 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 �effries 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 �effries and Corral L979!. For simplicity
and for further examination of trophic factors, only stearic acid
and one polyunsaturate  docasahexaneoic acid, 22:6! were incor~
rated in the discriminant function. As shown in Figure 2, all Euro-
pean zooplankton came out on the estuarine side of Ro, the mid-
point between Rhode Island's river and sound conditions �effries
and Lambert I982!. A sample from Newfoundland fell on the oppo-
site side of R, corresponding to the Rhode Island Sound condition-
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Several explanations seem plausible for the estuarine affinity of
Europ,~ zoopl~t~- On either side of the North Atlantic. rates
governingming the production and diagenesis of organic matter diff er
'~jfjcantly because residence times of coastal waters dif fer, as a

re&t of obvious differences in oceanic circulation, runoff patterns
~d geomorphology. Nevertheless, certain cases do seem extreme,
for example, the North Sea  immediately outside the Wadden Sea!
and yjllefranche Bay in the Mediterranean. However, samples are
few and the scope is broad, so the general pattern and its ca~ses
require verif ication.

lf spatial domains in fatty acid space do in fact portray ranges
of conditions aver 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, I 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 �effries 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 simpfe  dynamically
robust, riverine!:

Sb = W.L I - 0.93 E IK!

where Sy is biochemical stability and E{lK! is Hurlbert's �971!
rarefaction index  no. copepod species expected per 1 ppp individu-
als!. %ith 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 accounted 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 t»s
relation might indicate environmental abnormality, simply a"
early in the process.
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Figure 3. A flow chart for response, starting with environmental
factor and ending with society. Figured at the individual level is a
general adaptive syndrome adapted heavily from Selye  l978!-
each environmental 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 �effries 1972b!. The target
area in this case is the amoebocytes, which are mobilized gre«iy~
presumably in response to a dissolved, hydrocarbon irritant. At the
comrnuruty level examples of response are from 3effries and jo»»n
 le76!.
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l;miting, 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 collection, whether evolutionary or cyclical, is quite un-
predictable on the basis of the characteristics of the individual
species alone. ln this sense, therefore, the existence of biotic
communities as entities with a new level of organization is indis-
putable"  M ac F ad y en L9 6 3!.

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 corn-
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 to 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 world...
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 complex images of topologi-
cal structures"  Boulding 1980!.

In this paper l have tried to map numbers that allow us to view
Metabolic responses that appear to be part of the real worM's topo-
logicall 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  usually taxa! under different eco-
logical circumstances. It is well known, for example, 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-
dtces 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
crit>cal work.
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There seems to be a substantial recent commitment toward
monitoring, assessing and ultimately minimizing man's impact o�
living communities. One outcome of this cornrnitt nent is the devel
opment of a science of biomonitoring and assessment  Cairns 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 irt a rich liter-
ature on this subject. See, for example, Dennis and Patil �977,
1979!, Dennis et al. �979!, May �975!, Patil and Taillie �979!,
Smith et al. �979! and the entire review volume edited by Grassle
et al. �979! describing recent progress and reviews of this subject.

%'e 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 �975!, Hurlbert �971!, Whittaker
�972! 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 all of the above criticisms are neces-
sarily disadvantageous, and we further suggest that some of the de-
precation of diversity indices may be the result of a lack 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 compt ehen-
sible manner.

The theoretical basis for several indices of diversity has been
discussed in detail by Pielou �975! and she has demonstrated that
the index proposed by Srillouin �962! seems the most acceptable
for applied ecological problems. Laxton �978! has reached a simi-
lar conclusion hesed on set theoretic argoments. Brillouin's index
 H!, where

H= 1 ln
N N!,N!,...N t

is considered useful and does not require unrealistic assumptions
about the sampled populations. Kaesler et al. �978! have also
demonstrated the practical value of this index by showing that
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replicated samples provide better discrimination than a
si�gle large sample, that diversities at a generic level are almost
as effective as those at a species level and save time and money,

that hierarchical diversities of classifications based on
functional morphology and 'trophic group analysis using this index

very promising Finally, Smith et al. �979! have modified
Srilloujn's index to enhance its statistical properties which permit
simple estimation of the sampling variance of the index.

g'e conclude from the above that Brillouin's index has desirable
properties for applied ecology. However, it has been fairly corn-
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 �979! 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 l977, Figure I!. One grab sample was taken at each
station  O.L m Smith-Mclntyre!, and a relatively coarse 1.0 rnfm
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 10 rn deep and
contain 95% silt/clay sediments and are potential depositional
areas for pollutants. For this analysis LO samples from undredged
bottoms are compared with 8 samples from dredged areas. Recon-
naissance cruise samples  CRC L977! and samples from a study of
the Davisville area  Pratt 1980! aid in the biological interpretation
«22 samples considered here. Species counts are given in Table l.
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MKTHODOLOG Y

P =   pc R I 1 > p» "'ps � 0;gp; = I~.5

Suppose that p =  p, p ... p ! and q =  q, q ... q ! are two vectors
whfch belong to P. Th>s can denoted by g ~ p. if

1

Z p;
i=1

Z q for each j = l,2 ..., s-l,
i=1

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

lt can be shown that if p > q and q > r, then p > r. As Solomon
  ! points out, p > q can be interpreted as follows: "An s-species�979!

community with species abundance vector p is more dominated
than one with vector q."

Accepting rnajorization as a common basis for the conventional
diversity indices, Solomon suggested that if p > q, a diversity
distance might be measured by.

s
This suggests that R =t R = Z i; is a numerical diversity inde~-

i=l

That is, for a hi hl'g y dominated community, the numerical value o
R should be small w'h
will be larger. Thus R is

ereas for an even community the va/ve of ~
index for given s isg ., R is an evenness index. The rang«f

s

1 < E ip;  s+ l!I2,
i=1

The material which follows is largely taken from Solomon
{1979! and is designed to help the reader understand the concept of
majorization.

The species abundance characteristics of an s-species commun
ity can be described by a probability vector p =  p, p
where pi is the relative abundance of the i species.' p'e now dse
fine a partial order on the set of ordered probability vectors pf di
rr!ension s. Let
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and this index can be standardized for s by forming

s

lp.
i=l

s+ l

2

so that 0 < I   1 for all s.

Solomon �979! 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 functioris which in-
clude al1 functions of the form

where gf is a concave  in the usual sense! function of a single vari-
s

able. It should be noted that ~ ip; is S-concave  as is I!, but not of
i=l

s

the form ~p  pi! for some concave function g! as are the commonly
i=1

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 appendi x.

RESULTS

Calculated values of the Brillouin diversity index with confi-
dence limits for the 10 stations from natural sediments, compared
with those found for the 3 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
~~dices. For both cases the Behrens-Fisher test was calculated ac-
cording to Snedecor and Cochran �978!.
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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 Sam pie 95%
index Size Location Conf. Int.

90%

Conf. I nt.

Srillouin 14 Natural 1.6998-2.0463 1.733-2.0156 1.8734 0 3010

Srillouin 8 Disturbed 1.3462-1.9874 l.4099- l.9237 1.6668 0. 3830

Solomon IO Natural 0.0548-0.0779 0.0568-0.0758 0.0663 0-'0200

5olornoA 3 Disturbed 0,0352-0.0749 0.0392-0.0709 0.0550 0 0237

lt 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 O.LO probability level. Let us now apply
the concept of rnalorization 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 qz, which contain the running sums of the probabil-
ities within vectors p> and pz. Thus, for example, the third ele-
ment of q, is the sure of the first three probabilities in vector p,-
Station No. l 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,. gabe taro stations-are not eontparabfe if rnajorization is not pre-
sent  i.e., q! > q~ and q < q !.l~ zs

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 Brillouia
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:

n

W= Z R-=26
j=l

where R refers to the rank of Y in an ordering from Jeast to
greatest of N observations where 4 = rn + n observations X,, ...,
X and Y, ..., Y . W is the sum of the ranks assigned to the Y's.
We reject H if > w  o, m, m!, if 26 > w  o, 4, 4!. We find that
w �.0�, 4, 4,! = 26 and we reject the hypothesis of no difference
ate = 0.010.

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
sar@pie sizes were relatively small, that is, four samples per envi-
ronrnent.

Table 3. Station types, station numbers, the calculated evenness
index, Brillouin's diversity index, and rank order for 0 between
survey sampling stations.

Environment Station Solomon's Rank Brillouin's Rank
No. Index Index

1.064712

3 1.530373

Natural

Natural

Natura J

Natural

Disturbed

Disturbed

Disturbed

Disturbed

10 0.106795

22 0.092I461

3 l 0.081229

32 0.069067

19 0.035105

20 0.050687

25 0.029247

28 0.003058

8 2A 13034

7 2.263029

6 2a213370

5 2.052837

2 1.318216

1.733086
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1n an assessment of the Quonset area  CRC 1977!, jt was noted
that samples from the dredged areas generally had low numbers of
species and individuals compared with samples from undredged bot
toms. The dominant species in dredged areas were similar to th
in natural deep, soft-bottomed parts of Narrangansett gay
four stations selected by majorization had benthic communities
v«y»milar to these natural areas. The excluded samples includ d
two  L 1, 20! with very»w numbers of individuals and species fro
areas near pollutant sources. These impoverished stations did not
have populations of disturbance-indicating species, with the
ble exception of Mulinia lateralis at station 1 l. The other excl d d
amples were from more cohesive sediments where species richn

was increased by the presence of bivalves adapted for soft bottom
 M. Lateralis, Pitar rnorrhuana! and of deposit feeding polychaetes
requiring some substrate stability, such as Pectinaria gouidii.

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 rnajorization 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 L4 samples to resolve
the gradients within the study area. Even within depth-grain size
strata there is significant patchiness of density. Two key tube-
d lldl g y I  d yhiy&~hh d h p ly h f~i
~ht !I h dlllyt I yd I I hlh
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 that the diversity index values of two subareas were statist~-
cally different. This difference helps to justify predictions of
changes which would take place if additional natural bottom w«e
deepened. Five samples taken in 1980  Pratt 1930! 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
sor vey data has illustrated the unif orrnity in community makeup
i~posed 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 1I Fortran IV Computer Prograln

MATRIX
VECTOR
VECTOR
MATRIX
IISTRIZ
BOMBER
NUMBER

ABUN
BIN DEZ
INDEX
P BOB
PSUM
SPEC
STAT

!NTEQEB
NKAL«8
REAI. ~ 5
RE I I. «8
I OOZCAL

C
COP MON

P
B Ilf DEN~ ABUN«SPEC  STAT

BELD �, «! SPEC, STAT

DO 50 Jel, STLT
SUM ~ 0.  !DO

DO 60 Z«1,5PKC
SQM e SUM e AbQN Z,J!

CONTINUE60
C

VRI ~ K �,1DOT !
DO 75 ! ~ I,SPEC

C C C C C C C C C C C CThe first 2 datfa points of' the data file should be the oufeb«
of rovs aod ocluase   ~ . g. P of spectes aod stations!

QF SPECIES ABUNDANCES
OF VALUES P'OR BR!i.l.OUIN' 5 I.'fDEZ DP D:VERS ZTT
OF VALUES PCR NEV DZVERSZTT INDEX
OF SPECIES LBUNDANCE PROBAB.LZTITES BY STATION
OF RUNNI!IG SUM OP SPECIES PROBABZLIES
OF SPECIES   RUNS IN ABUNDANCE IIA RZZ ' ABUN ' !
OF STATIONS   Ol. UMN3 ZN LB UN DAN CE MA .. ' ABVN ' !

SPEC, STAT
LBQM  100 t 25! r PROB  100 r 25! s PSUff  1 DO s 25!
BNAI.I, SII M, SV ITCH
INDEZ�5!, BZNDEX�5 !
TEST, CODlf 1, COHP2

DO 10 1, SPEC
HELD  '5, e!   ABUN  I, J!, J*l, STAT!

t 0 C DN TIN I E

Sort each coluaa of th ~ faatria ABUN so that each ccities
ia door«aeisg order   ~ .g. highest abundance first!

DO 20 I' 1,STAT
llD ~ SPEC
HM «SPEC 1

Qa 3O Z.f, NM
ND « lfD I

Do aU Jel, ND
If  LBUH J, I! .OZ. ARUN J I,E!! QO TO ffD
SV! TCII ~ AB QN  J, I !
AB UN   J, I ! e LBQ N  4+1, I !
LBDH  J~f ig! «SVITCR

II 0 CONTINUE
30 CONTINUE

20 CONTINUE
C
C
C

VRZTE OQT SORTED SPECIES ABUHDAHCE MATRIX 'LBUN'

NRZTR �,1006 ! SPEC, STAT
DO A5 Ze1, SPEC

VIZTR �,100A!   ARUN  I, J!, J ~ 1, STAT!
fl'5 COETZNUK

C

DO 70 Z ~ 1, SPEC
PROB�  I, J ! ~ ABUN  I, J! / SUH

70 CONTINUE
50 CONTZNUR

N RITE OUT MATRIX Of 5PKCZKS LBUNDANCE P B OBLB Zl. ZTZES ~ P ff OB'



WRITE �,100~!  PROB  I,J!,J ~ 1,STAT!
:OHTZHUE

QO 7h J*1, ST4T
SUM = Q.Q

DQ 77 Isl,SPEC
SUH = SUH ~ PROB  I, J!
PSUH  I, J' ,= SVH

77 CONTINUE
76 CONTINUE

NRITE �s1008!
QO 78 Is 1, SPEC

N RITE   6, 1005 '  PSUH !, J !, J= 1, STA'T!
78 CONTINUE

NRZTE �,1009!

LIHSTT s STAT
LIHspc * speC - 1
DO 80 Zs 1, L HSTT

ZPLVS1 = I
DO 90 JsIPLUS1,STAT

TEST -" .FALSE.
DO 95 Ksl,LZHSPC

I:  PSUH K, I! . EO. PSUH K, Jl ! GO TC' 92
IP  TEST! GQ TQ 93
TEST s . TRUE.
COHP1 s  PSUH K~ I! ~ GE' PSPH K i J! !
GO TO 95

93 COHP2 =   PSUH K, I! . GE. PSVN K ~ J! !
IF    COHP1. OR. CQHP2 ! . AHD.  . KOT. COHP1

1 GO TO 97
92 IF   PSUH Z, I! .GT, 0.9999999! GO TO 94

IF  PSUH K, J! .GT. 0.9999999! GG TO 94
CONTINUE

IF   . HOT. COHP1 ! GO 0 96
NRITE �, 1000! I, J
GQ TO 90

96 NRZTE !6,1001! I, J
GQ TO 90
NRZTE �,1002! I, J

C URITE �i1010! Er PsUH KeI! i PsUN K,J!
90 CONTINUE
80 CONTINUE

C
C CALCULATE SOLONOHs S DIVERSITY INDEI
C

OR..HQT. CONP2! !

95
94

97

HVZTE �,1009!
DO '100 J ~ 1,STAT

IHDEZ J! s 0.
DO 110 Is 1,SPEC

REAL Z s I
IHDEZ  J! * IHDEZ  J! + REAL I ~ PR QB  I, J!

110 CONTINUE
IHDEK  J! s   ZHDEI  J! 1 ! /     SPEC+1! /2 !-1!
HRZTE �,1003! J, IRDEZ  J!

100 CONTINUE

CALL SUB RCU TIH 8 a RILL TQ CALO'V  ATE THE B RZLLOVZR INDEZ
FOR THE HATRII ABUN AHD STORK THE vALUES IN HINDEZ

CALL BRILL
DO 120 Is 1, STAT

AFRITE ovT RUNNING sGHs GF P,tQBAB:LITIES PRQH ~ PROB AS PSUN



WRITE �,
CONTINUE
STOP
PORPAAT �X,
FORPAAT �X»
PDRPAAT �X,
FORPHAT �X,
PORANAT  8�
PORPAAT  8�
FORl4AT �X,
PQRPAAT   /, 2
FORARAT  /, 2
FORPAAT   /'/!
POHPIAT   2'I,
PQRPAAT   2I,
END

1011! Ir SINDHI Z!
1?0

1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
101 0
101 'I

Z2, ' IS NORE DIVERSE THAN STATION ', I2!
Z2,' IS LESS DIVERSE THAII STATION, IZ!
Z2, ' AND STATION ', I2, ' ARE NOP COI4P ARABLE' !
Z2, ' HAS A DIVERSITY INDEX OF ', F10.6 !

'STATION
' STATION
' STA I ION
' STATION
X, FB.3!!
I, FS.6!!
'THERE ARP,
X, '44ATRIX 0
I, ' RUNNING

Z2» SPECIES AND i I2 ~ STATIONS» / !
F SPECIES ABQNDAHCE PROBABILITIES',/!
Sgl  OF SPECIES ABUNDANCE PROBABILITIES' » /!

SUB ROU TZNE B RILL

R EAI. ~ 6
REAL. ~ 6
INTEGER
C DIAPAON

AZAQN�00,25!, BZNDKX�5! FREQ�5!, FACT;25!
APAC» BFAC» CPAC, ZERO, CNE
IABQN  100,25!, SPEC, STAT, ' ON, BIG II, KFAC
RIRDHX, ABQN, SPEC, STAT

ZERO r O.0 DO
ONE ~ 1.0DO

00 10 Jr 1, STlT
F HEQ  J! ~ XK RO

DQ 20 Irl, SPEC
IABUN I, J! ANON  I, J!
P RED  J! ~ FRKO  J! r ABUN I, J!

20 CONTINUE
1 0 CONT N0E

DO 3 0 Jr 1 ~ STAT
FACT J! e ZERG
AFAC s ONE
NFAC r QR E
1 ON r 1
HIGH r

DO 40 Zr 1, SPEC
X SPP.C - I
IF  ZABDN i» J! . Eg. 0! GO TO 40
IF  IARON X, J!, EQ. HIGH! CO TO 45
HIGH a ABDN K, J!

DQ 50 LrLQI4» HZQH
APAC r APAC + L

50 CORTISONE
45 PACT J! r FACT J! + DLDG AFAC!

LOIP ~ ARUN K» J!
CONTZN1IE

HIGH r' FRNI  J!
DO 35 L, 1, 1IZOH

RFAC ~ SPIC ~
35 CONTINQE

8FA C r DLOC  SF lC!
CPlC r RFlC FACT J!
aINDEX  J! CPlC / HIQR

30 coaTINUE
RETURN

1001 roaNA T �X, F i5.5,2X, P15.5,2X, F15.5!
1002 PoaaAT �x, I10!
1003 FQRKAT   2X, F16.4 !

CNXI

II 0

Z3,2�X, P14,9! !
'TRE BRZLLOUZN INDEX FOR STATION ', Z2, ' IS ', F10.6 !
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INTRODUCTION

Field sampling studies have been and will continue to be ernpha-
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 weil 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 cornmuni-
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 weil. Diversity indices can provide valuable infor-
mation on the ef fects 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 irn-
pacV and taxa of interest because no one design can detect aH pos-
sible modes of impact. Our premise is that changes in the abun-
dances or species composition of the taxa would represent the rna-
!or 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-
isrns so 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.

J ~ ~ Bi
Given a biologically meaningful frequency, a rationale

assessing potential changes in abundance between reference and
imPact stations can be established. The analysis is methodological-
ly simi.la.r ta the standard use of ANOVA  analysis of variance! in
experimental settings. However, since the comparison of field
sites is not a true experiment, our approach uses ANOVA in an
exploratory technique that measures variation between sites in
abundance  or biomass! of the target species. If proximity to the
potential source of impact explains little variability in the ANOXIA~
this woUId suggest that the potential impact had little to do with
patterns of abundance. Finding that significant variation is attrib-
utable ta location would suggest that significant impact had oc-
curred. It would not, however, in and of itself 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 diff erence
is that our approach cannot randomly allocate "treatments"  pres-
ence or absence of pollutant! to experirnenta} units  Eberhardt
l916; Green l979; 5rnall et al. 1979!. Thus, we can never single out
the pollotant as the cause of the pattern of abundance; any other
location related factor co~ld be responsible.

A second difference is our inability to control variation among
experimental units in field studies; different sites within the irn-
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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, seasonal 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-
rnental 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-
rnaining 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 model is used in this exploratory role,
its assumptions should be met as nearly as possible. Data transfor-
rnations 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. l976; Cuff and Coleman l979;
Downing I979!, Although this approach may be useful for defining
rninirnurn 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. ln addition to having 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 I!. By sarn-
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, organic
fraction and concentrations of six metals were measured in these
cores. ANOVA of the ln-transformed catch per unit effort for the
major species and higher taxonomic groups indicated very strong
data and location 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. 1n 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 unwieldy for de-
tailed analysis; since many of these were expected to be corre-
lated, principal components analysis was used to clescribe patterns
of covariance, Two components accounted for 0.66 of the total
variatio n  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 "unpolluted"  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 corn ponents 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, arnphipods and some polychaetes were most abundant in the
sandier sediments, while a few polychaetes were roost abundant in
finer sediments. No relationship was found between abundance and
thermal f,oading.

Fish abundances showed a very different relationship to envi-
ronrnental 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 l. Unrotated factor loadings for first three principal corn-
ponents.

Factor

2

Factor

1

Factor

3Components

-0.019

-0.01 3

0.971 0.057

-0.793 0.405

-O,904 -0.1460.141

0.689 0.041 0.018

0.040

0.913

0.961-0.010

0.0350.050

0.881 0.101

-0.375

-0.123

As 0.472

0.671Ccj

0.0780.934

Cr 0.2280.867

Pb 0.121 -0.026

0.174 -0 133

0.902

Zn 0.807

Cumulative proportion of
variance explained .66 .76.39

Water temperature

Bottom DO

Bottom salinity

Si/t-clay f raction

Sediment temperature

Mean temperature deviation

Volatile solids -0.192

-0.340

0.212

0.048

0.009
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5hmHarity in Species Composition
In many cases, impacts on communities may be most easily de-

tected by changes in the abundances of the most common species.
How'ever, since rare species may be of special interest or because
changes in species composition may occur without rnaIor changes in
abundance, it is desirable to evaluate similarity in species cornposi-
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�Cheetharn and Hazel 1969; beneath and Sokal 1973;
Baroni-Urbani and Buser 1976!. Unfortunately, measures of sirni-
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 �978! 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 situation �.A. Hendrickson, 3r. per-
sonal cornrnunication!. Using simulations, Baroni-Urbani and Buser
�976! 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; 3.A. Hendrickson, 3r. personal com-
munication!.

Accepting the problem of sample-size dependence, Smith and
Grassle �977! and Connor and Simberlof f  l978! 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-
rnunity samples. This is normalized  producing the index NESS! to
the average of the expected species similarities within two pairs of
two samples of rn individuals from the parent populations. Smith
and Brassie �977! derive the measure for relative abundance data;
Connor and Sirnberloff �978! 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 similarity be-
tween pairs of samples. Use of these indices requires the assurnp-
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-
cies 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 minirnurn 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, occasionally, 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 Sirnilarit: the up-eStuary StatiOnS haVe Very lOw abun-
dances while the abundances at the discharge are moderately high,
and the discharge substrate is mixed silt/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 3acard index performed erratically
for stations with low diversities and sample sizes.

DISCUSSION

The techniques considered here have been used by us to esti-
rnate 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 skepticisrn. The use of
statistical methods has, in our opinion, swung from underutilization
i.n 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.

lt 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 cornrnunity 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
limitations 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 cherni-
cal's propensity for bioaccurnulation 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-collected samples.

ln the laboratory, bioaccurnulation 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 i' 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 bioaccumulation 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 cherni-
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
contamination 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 argarusrn, the populatioo 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 n«
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 comparisons of ret-
rospective data, which have generally indicated that chemicals
with a great propensity for bioaccumulation tend to be implicated
in damage to organisms and general environmental degradation.
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 governmerit regulatory agencies, academic institutions and
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 rna-
rine or ganisms.

Collectively the chapter discusses:
l. Conceptual concerns in the development, interpretation.

and use of bioaccumulation data for hazard evaluations and
other regulatory purposes.

2. 5ignificance of chemical residues in the tissues of marine
organisms.

3. Importance of specific sites of chemical bioaccumulation
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 Nleasure of
Marine Pollution Effects' ?

Richard K. Peddicord

United States Army Corps of Engineers
WaterWayS Experiment StatiOrl
Vicksburg, Mississippi 39180

INTRODUCHOH

This paper is presented to stimulate discussion of the role of
bioaccurnulation as a meaningful measure of effects of marine pol-
lution. The term "bioaccurnulation" is used in a very general sense
to include all rneasurernents of contaminants in tissues of organ-
isrns, 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 bioaccurnulation as a meaningful measure
of demonstrably adverse effects of marine pollution.

MOTIVATION FOR MEASURING SIOACCUMULATION

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 uruversity, 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- Bioaccurnulation 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; bioaccurnulation could be studied in every species and subspe-
cies in the marine environment. Moreover, the availability of
unique subject matter far 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 rnatter was realized by studying bioaccurnulation of an al-
rnost endless array of elements, compounds and degradat>on prod-
ucts in every tissue of every species. The possibilities were
endless, and attention to bioaccumulation expanded to fili them.

Bioaccumulation 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."
It 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 cornrnunity 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 abo~t 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 all bioaccurnulation 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.
l93l; Macek et al. I979; Schirnrnel et al. l979; Veith et al- L979!-
However, bioaccumulation 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-
Unity 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 collected, often largely moti-
vated by the above underlying reasons, did a retrospective consid-
eration of their meaning reveal that bioaccurnulation was an appro-
priate and useful, even critical, topic of investigation in some
cases.

APPLICATION OF SIOACCUMULATION MEASUREMENTS

By the time the question of the meaning of bioaccumulation
was asked, the measuring of it had already become a standard ac-
tivity. The answer was usually that bioaccumulation was measured
"to protect the environment" in some undefined sense. Gradually,
it carne to be measured for two general reasons. The first was to
determine existing conditions and to monitor changes in them
 Stainken and Rollwagen 1979; Grieg et al. 1977; Livingston et al
1978; Wenzloff et al. l979; Stout 1980; Young et al. 19SI!. The
mast 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 bioaccumulation 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  V.S EPA 1917;
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 bioaccumulation was detected in
the lab, it was treated as a foregone conclusion that a similar or
greater change wouM 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
f977, 1950!.

In the above manner one application of bioaccurnulation 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 bioaccurnulation to protect the environment
tend to be eager advocates of the fneasurement, 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
dearly means bioaccurnulation. The legal requirement to measUre
bioaccurnulation institutionalizes its application to environmental
protection by predicting effects of proposed discharges, although
there is also some legal erAphasis on monitoring with a view toward
stopping discharges if some ill-defined impact level is exceeded.

The underlying original impetus for legal institutionalization of
bioaccumulation roeasurernent 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 bioaccurnulation
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 legislation was and remains
beyond the technical state of the art to implement  Peddicord and
Hansen l982; angler 1980!.

Prior to the attempt to implement this legislation, the advo-
cates of bioaccumulation took the "better to err on the safe side"
approach to interpreting bioaccumulation data. The underlying as-
sumption was that since we generally do not know the effects of
particular !eve!s 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 bioaccurnula-
tion occurred led to the attitude that no risk of any bioaccurnula-
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 bioaccurnulation. This left regulators with a certain lack of
enthusiasm about trying to imp}ernent an approach beyond the
state of scientific capability when faced with threats of suits from
one group if decisions were deemed to allow too much bioaccurnu-
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 NOACCUMULATION

If we are to determine specific levels of bioaccurnulation 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 bioaccumulation
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 bioaccurnulation, we have no way of
judging the acceptability of the pre-change baseline conditions. lt
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 I 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 bioaccurnulation are going to have to be stated in
terms of demonstrably adverse biological responses to specified
levels of bioaccumulation.

PURPOSE OF MOhCCUMULATIOH MEASUREMEHTS

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, no
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-
rnent. 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 Adrnin-
istration  FDA! or other similar national or international bodies
 %'enzloff et al. l979; Stout 1980; Bebbington et al. l977; 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-
meat that protection of human health is a legitimate application of
bioaccumulation, 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-
cumulation at present and that attempts to get more out of it are
unfounded. The fact that FDA limits for fish and shellfish exist for
a mere handful of contarninants is seen as confirmation that bioac-
curnulation is not a problem except in a few cases. Others claim
that if contarninants 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 bioaccurnulation of any contarn-
inant is viewed as conceptuaily bad.

While a certain amount of logic 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 bioaccumulation
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
bioaccumulation is to protect aquatic organisms against risk of ad-
verse effects, and concludes that a discharge is unacceptable if a
chance of measurable bioaccurnulation 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 bioaccurnulation
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 less
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-
rnulation 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 rneasurernents
are intended to achieve and the conceptual perspective from which
the data are to be interpreted.



Meaning of Bioaccumulation / 2$$

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 bioaccurnulation conceptual-
ly does pose a threat to the marine environment and can be a
meaningful measure of an ecologically adverse effect of marine
pollution. I suggest further that we have overreacted to this con-
ceptual truth, and that in actuality bioaccurnulation 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 bioaccurnulation in a given species. We cannot quantita-
tively define the levels of bioaccurnulation 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 bioaccurnulation data to measurement of
effects of marine pollution is to the protection of human health in
relation to FDA limits.

FUTURE USEFULNESS

If bioaccumulation measurements are ever to be useful in pre-
4ictive regulation of ecological effects as well as human health ef-
fects, a data base quantitatively relating bioaccumulation to eco-
Jagical 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 bioaccumulation 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, !udges 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, I
suggest that studies relating bioaccurnulation to survival and
reproduction are much more useful than studies relating bio-
accumulation to respiration, for example. The latter rela-
tionship may hofd 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-
ronrnental 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 re}ate 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 roust 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 welf 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 bioaccurnulation can be used for purposes beyond the
current state of the art. I believe this means the only defensible
application of bioaccurnulation 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 environmerLtal 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, clearly labeled as opinion, not fact. This is the
only way we wil} have really major or rapid influence on environ-
rnental protection. I suggest that by following this approach, 1096
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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Methods of Evaluating Pollutant
Biomagnification in Marine Ecosystems

David R. Young
Dames & Moore
Marine Services Group
Los Angeles, California 90024

NTRODUCTION

During the last three decades numerous studies have been con-
ducted relative to marine pollution. In the 1950s and 1960s, the
major topic of concern involved the injection of radioactive ma-
terials into ocean systems  NAS 1957, 1971; Schultz and Klernent
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; SCC%RP
1973; 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 difficujty 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 runoff, aerial deposition, vessel-related discharges!
and on their distributions in bottom sediments and various "indi-
cator" organisms  Young et al, 1973, 197>, 1978; Risebrough et al.
1974; McDermott et al. 1976; Eganhouse et al. 1978!-
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Thus, it usually has been difficul.t 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 �978! proposed a clari-
fication of three of the most commonly used terms, summarized by
Macek et al.  L979! as follows:

Bioconcentration refers to that process whereby chemical sub-
stances enter aquatic organisms through the gills or epithelia!
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 bioaccumulated 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 0, x IO!.

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.
 l981!, is shown below:
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Tertiary Carnivores  feed on IV!
Secondary Carnivores  feed on III!
Primary Carnivores  feed on II!
Her bivores  feed on I!
Primary Producers

V

IV

III

II I

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 least 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
1902; C!dum 1971, ch. 0!. More recently, Mearns and his colleagues
have developed a method of making quantitative estimates of aver-
age intermediate trophic level 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 l.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. �971!, the Index of Relative Importance:

IRI = 96F  96N + %V!

O. ~ll
Although some method of quantifying average trophic level po-

sition is necessary in any serious evaluation of marine biornagnifi-
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

where %F is the percent frequency of prey item, 96N is the percent
by numerical abundance of prey item and 96V 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. �98l! have termed the Trophic Level Assignment  TLA!.
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1 n  Cs/K times 10 ! = m TLA! + b

rn = 0.76

b = 0.58
where

lt is easily shown that a relationship of the form

ln C = m  TLA! + b

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  C>!
of a constituent in an organism at a given trophic level  n! is mult>-
plied by a constant arnplication factor  A.F.! to obtain the concen-
tration at the next highest trophic level  n + 1!. Thus:

Cn+ 1 -em
Cn

AZ. =

However, for this simple case it is important to note that, although
the arnplification 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" f actors instead.!

In the example presented for the 1967 Salton Sea surveII', the
average amplification factor obtained for the Cs/K ratio is e '.16

2.10. This value is consistent both with specific predator/prey am-
plification factors for muscle tissue Cs/K ratios observed in the
laboratory and field, and with the ratio of biological half-lives re-
ported for these two alkali metals.

predominant diet of the sargo  Anistotrernus 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,
h*i j p d h g I i  ~C* p-

lus! had a TLA of 4.5.
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 �.9Q! 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:
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Figure I. Average muscle tissue value  + std. error; n = 6! for
cesium/potassium ratio vs. Trophic Level Assignment  TLA! for
five fishes collected during l967 from the Salton Sea. Also shown
is the line for the corresponding equation of best fit: ln  Cs/K x
10 ! = 0.76  TLA! + 0.58.  Data are from Young l970!.
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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 biornagnification 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,
i.t should be noted that food web structure is a necessary but not
sufficient condition for biornagnification of a given constituent to
occur in that ecosystem. Other necessary conditions are that the
constituent be biologically persistent, that is, have a relatively
kong 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 l975 and 198I in various
marine ecosystems off southern California provide relevant exarn-
ples of the application of the above-described approach  Young et
al. 1980, 1981; Mearns and Young 19SO; Mearns et al. 1981; Bascom
1982; Schafer et al. 1982!. In seven of the nine studies, the Cs/K
values were observed to increase exponentially with TLAs for the
target organisms  Young and iVlearns, unpublished manuscript!.
Corresponding average arnplication factors ranged from about J.0
to 1.9, suggesting the existence of reduced but measurable chem-
ical structure, or potential for biomagnification of pollutants, in
most of these systems. On a completely homogenized food web,
the average Cs/K arnplification 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; 3arvenpaa et al 197O,
Tillander et al. l970; 3ernelov and Lann 197 l; Cutshall et al, 1978!'
are the most likely to biomagnify in structured food webs.

There is one aspect of this finding that illustrates a critical
point regarding biornagnification of trace metals. Aithough
mercury concentrations in seafood organisms from a h; hl�
taminated municipal wastewater discharge zone off /os Angele
the ~imPL~ expo nential model, when these values were corrected b
those for corresponding samples from control zones, the relat
ship disappeared. A visual evaluation of these "net" or "
values  outfaLL zone minus control zone! provided no indication th t
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 outfall system  Young et al. 198l!.
Related studies showed that almost all of the measurable mercury
in surficial bottom sediments of this zone was inorganic  Eganhouse
et al. L978!. 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 biornagru-
fication. This may explain the significantly diff erent 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 samples 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 biornagnification problems. How-
ever, the difficulties in documenting the validity of a control zone
are weLL recognized. ln 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. Lt 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.

ln view of these recent findings made off California for metals
of concern, which contradict the popular belief that pollutant bio-
magnification is a cornrnon  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 an the marine bio-
magnification of trace elements.

One of the earlier studies, conducted off the mout»f t"
Columbia River, found that the radionuclides zirconium-95/ni~
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bium-95 and cerium-L~l were concentrated by primary producers
and herbivores but not by carnivores, while chromium-51 was abun-
dant only in the primary producers  Osterberg et al. 1964!. Baptist
and Lewis �969!, 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. �971! 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. �982! 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 piutonium
by starfish does not occur in nature as had been previously hypoth-
esized. In addition, Cheng et al. �977! 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. �977! 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. �979! also concluded from
laboratory experiments that biomagnif ication of cadmium  and sev-
eral synthetic organics other than DDT! within a freshwater food
chain was insigruficant compared with direct uptake from the
water.

Burnett and Patterson �980! have provided convincing evidence
that, to be meaninful, analyses of lead in tissues of marine organ-
isms must be conducted using ultraclean-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 500 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 �979! studied macrophytes and their
molluscan predators in an English estuary, and concluded that there
was no evidence for biornagnification of arsenic on an entire organ-
lsrn basis. Working in western Australia, Edmonds and Francesconi
�981! 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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samp es, pro 'les providing further evidence against the marine biom
nif ication of the element.

In the case of mercury, there are contradictory reports i
literature. Knauer and Martin  l972! measured total rnercu �'
phytoplankton, zooplankton and anchovies off Monterey, Califo

, finding no evidence of food chain amplification  i.e�bio fr
fication!. S"arly~ %'illiams and %'eiss  l973! measured total
cury in a pelagic food chain off San Diego, California
ported that the mercury content in almost all of the higher trophic
level organisms collected at the greater depths of the surve
indistinguishable from the concentration of mercury in zoopl k o
at those depths. Qn the basis of such findings, Bryan  l979!
eluded that there is not much evidence for the arnplification 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 possible it woul d 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 �979!. 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 rner-
cury that appear to biomagnify; both factors probably are impor-
tant.

CONCLUSIONS

Laboratory toxicity tests designed to provide information on
the biological effects of elevated tissue  and sediment! concentra-
tions of potential pollutants in marine ecosysterns 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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f ood. In contrast, the terms "biornagnif icati on" or "bioamplifi ca-
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.

A quantitative 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 ecosysterns. 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 biornagnif y 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 biornagnification 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 should 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 biornagnification.!

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,  I! the
index constituent s! have a similar biological persistence in the tar-
get tissue of all the component organisms; �! the major source of
uptake is the organisms' food; and �! 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 biornagnification studies.

6- ideally, bioacgurnulation and biomagnification investigations
should be made on !he 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 an marine biornagnif ication of
trace metals revealed that, with the possible exceptioA of mercury
trophic level increases seldom have been observed for most

oncern. This contradicts the widespread opinion  at least
among environmental regulators and the general public! that all
most pollutants will biomagnify, often to potentially dangerous
concentrations, in marine food webs.

3. 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 "excess" or "net" tissue concentrations  test
zone minus control zone values! rather than increases in "total" or
"gross" 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
level increase of "excess" mercury. To date, very little attention
has been paid to this concept in studies of pollutant biornagnifica-
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 bioassays 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-octanol, and water. If
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  l! a bioconcentration
factor from water = concentration in the animal/concentration in
water, and �! 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 laboratory 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 abov'e 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 environmental cornpartrnentali-
zation are lacking.

The introduction of Kepone  l,la,3,3a,0,5,5a,>b,6-decachloroc-
tahydro-1,3,0-metheno-ZH-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. �980!, Bourquin et al. �978!, Couch et
al. �977!, Hansen et al. �977!, Ninrno et al. �977!, Provenzano et
al. �978!, Rubinstein �979!, Schimrnel and Wilson �977!, Walsh et
al. �977!, Fisher �980!, Roberts and Bendl �932!.

Studies on bioconcentration, bioaccurnulation, depuration and
transfer have been conducted by Bahner and Oglesby {1979!, Van
Veld �980!, Drifmeyer et al. �980!, Schimmel et al. �979!>
Huggett and Bender �980!, Huggett et al. �980!, Slone and Bender
�980!.

!n 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 ~sa idus!, oysters  Crassos-
trea ~vir inica! and two species of bottom-feeding fishes, croaker
I~M da > d 0  L« th !. *
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 withi~ the zones shown also in Figure l.

Laboratory studies have shown maximum bioconcentration fac-
tors of 7,200 for fishes  Hansen et al. 1977!. Transfer from food to
fish is estimated to be on a 1:1 basis  Bahner et al. 1977; Van Veld
1939; Stehlik 19M!. Uptake of Kepone from sediments by benthic
food organisms occurs, and concentrations reached by the organ-
isms approximate those of the sediments  UA. EPA 1978!. Esti-
rnates 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. 1931!.
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 DISCU55IGN

1,
2,

The predicted bioconcentration factors are too low.
The actual levels of Kepone in the water are greater than
predicted from the sediment-water partition coefficients.
There is greater accumulation through food than estimated
from laboratory studies.

3.

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!. %e 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> p g g '.

Zone CZone BZone A

Seds. Fish Seds. FishYear Seds. Fish

1976 .7215 67 11.71.6

.471977 16 1.8

.36 191978 370.9

0.61979 .35 16 65

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 diff erences:



Two studies have measured dissolved Kepone in the lower
3ames. 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 t. 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.

lf 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.

Blue crabs bioaccurnulate Kepone mainly from their food. Up-
take from water is limited with a bioconcentration factor of only 3
 Schirnmel and Wilson 977!. Fisher  l980! 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:

DAF x Cn  Wf/Wa!

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-
rnately 596 of their body weight per day  the ration used in Fisher's
studies!, then we can calculate the expected residue concentration
in ~ature if we have an estimate of the level of food contarnina-
tion.

Figure 3 compares field residue data collected from l976
through 1980 with predictions based on the above equation. In this
prediction we used, as an estimate of food contamination, 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 �980! 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 rnatter appears to be consid-

C

where
C
DAF=
C
W

n
w
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predicted concentration in the crab
dietary accumulation factor = Ce WJCf Wf
experimental equilibrium concentratj.on in crabs
average weight of experimental crabs
experimental concentration in the food
weight of food consumed per day
concentration in natural food
average weight of crabs



Figure 2. Kepone residues in fish vs. predicted uptake.
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erably less efficient than accumulation from the dissolved phase.
Bahner et al. �977! showed bioaccurnulation factors from algae to
oysters of 0.007, while Haven and Morales-Alamo  l977! dernon-
strated bioconcentration factors from sediments between 0.06 and
0.25. Bioconcentration factors from the dissolved phase averaged
about 9,300  Bahner et al. 1977!.

Comparisons between laboratory uptake and field data for oys-
ters are hampered to a certain degree by the oysters' natural vari-
ability as a function of season  Figure 0!. However, if we norrnal-
ize the field residue data for oysters to the water temperature at
which the laboratory experiments were conducted, a reasonable fit
is obtained  Figure 5!. To construct this figure, we adjusted the
observed residue levels for oysters at the time the sediment con-
centrations were determined to those that would be expected at
14 C. The predicted line was constructed utilizing a bioconcentra-0

tion factor from the dissolved phase of 9,300.
Actual field observations of both water concentrations and oys-

ter residues were made during l979 when water temperatures ap-
proached l5 C. These values are shown on. Figure 5. Unfortunate-
ly, our ability to measure dissolved Kepone was not developed until
residues began to decline. Therefore, field confirmation is limited
to the lower portion of the curve.

In the case of Kepone, our ability to predict residue levels in
nature from laboratory data appears to be fairly good for crabs and
oysters, while predictions for fish are poor. This is true not only
for average residue predictions in migratory species but also for
resident species. This limitation presents a serious practical prob-
lem in that fisheries are closed when residue levels of Kepone are
excessive. The length of time such closures exist can of course
have serious economic and legal consequences. 1n addition, evalua-
tions of the cost versus benefit of cleanup must take into account
the predicted length of clos~re with various cleanup alternatives
including the no-action alternative. To answer questions of this
nature for fisheries, it is clear that we need to develop a better un-
derstanding of what factors determine residue levels in the field.

Our ability to make predictions from laboratory data needs to
be evaluated for other compounds; very few investigators have at-
tempted to make comparisons of the kin4 discussed in this paper.
We believe, at least for Kepone, that more attention needs to be
given to uptake from food. Dietary accumulations may vary with
the type of food consumed and/or with the actual rates of feeding
in nature.
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INTRODUCTlON

This presentation surnrnarizes the current research and rnoni-
toring efforts in California coastal marine waters which are em-
ployed by the state government to assess the impacts of trace tox-
ic substances on marine organisms. Two things are being mea-
sured: trace toxic substance accumulation  trace elements, higher
molecular weight petroleum hydrocarbons, synthetic halogenated
hydrocarbons! and biological effects  physiological stress testing!.

Bordered by over l700 miles of coastline an.d several important
estuaries, California has areas of urbanization in the Southern Cal-
ifornia Bight, Monterey Bay and San Francisco Bay, as well as
other areas with low populations such as the Central Coast  Big
Sur! and the North Coast. Wastes from the municipal and industri-
al sources are discharged into marine waters in the urbanized
areas. The State Water Resources Control Board  SWRCB!, the
water quality regulatory body of the State of California, has oper-
ated a water quality surveillance and monitoring effort since l977.
The objective of this effort is to document and assess long term
trends in selected indicators of the quality of coastal marine and
estuarine waters. initially in 1977, collections of intertidal mussels
were taken along the coast of California at approximately 32 sta-
tions- In subsequent years, the number of coastal stations was re-
duced to l2 because of the uniformity in pollutant levels in mussels
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Does the technique utilize a valid experimental design?
Is the study applicable to the field or, conversely, to the
laboratory?
How significant are the processes measured by the study,
e.g., are they involved with commercially important spe-
cies or human health?

3.

TACTICS FOR ESTABLISHNG MARINE
CHEMICAL POLLUTANT SURVEILLANCE

Most toxic substances are difficult and expensive to analyze at
concentrations encountered in waters of marine ecosystems. Many
successful monitoring studies have been designed utilizing a variety
of bioindicators or sentinel organisms such as mussels, other bi-
valves and species of fish as well as eggs of selected bird species
 Goldberg 1931!. The key to the successful completion of these
studies has been the careful attention given to quality assurance
among laboratories conducting the analysis, as well as field proto-
cols that emphasize the collection of non-contaminated samples-
The common features of successful studies have been uses of a bio-
concentration organism, high quality analytical chemical proce-
dures, adequate quality control and laboratory intercalibration, and

from large portions of the coast. Monitoring in bays and estuaries
was expanded to 20 stations in 12 harbors or estuaries, which had
order-of-magnitude higher levels of many pollutants  Stephenson et
al. I980; Martin et al. 1980!. The main purpose of chemical analy-
sis of rnussels was to document the identity, concentrations, and
geographical distribution of mussel burdens of three major classes
of environmental contaminants: higher molecular weight halogen-
ated hydrocarbons, higher molecular weight petroleum hydrocar-
bons and trace elements.

A second phase of the California Mussel Watch Project has been
physiological stress testing, referred to as the Biological Effects
Assessment  BEA!. The BEA study employs the study protocol of
Bayne et al. �979! and %iddows et al. �981!. The main purpose of
this work is to document the cause, degree and geographical extent
of physiological stress  measured as Scope for Growth! in M tilus
sp. froro California waters. The first phase effort  FY 1980-1981
was to document the relationship between accumulated trace toxic
materials and physiological stress at five sites in San Francisco Bay
 and one reference site! and five sites from chemically influenced
stations along the California coast  and one reference station!,

To provide a critical review of the techniques employed to
measure and assess the impacts of pollution on marine ecosystems,
we examine our study design and objectives using the following cri-
teria:
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PREREQUISITES FOR SELECTION
OF A CHEMICAL SURVEILLANCE

TECHNIQUE � CALIFORNIA STATE MUSSEL NATCH

The initial intent of California's Mussel Watch pro>ect was to
assess the general background levels and trends of persistent toxic
substances in marine or estuarine waters. Environmental research
had previously suggested that some bivalve organisms might be val-
Uable as sentinel organisms for indicating levels of pollutants in
coastal marine waters  Goldberg et al. 1978!. Bivalves have been
shown to accumulate certain potentially toxic substances to levels
in excess of those found in seawater: trace elements, higher mole-
cular weight petroleum hydrocarbon, and synthetic halogenated hy-
drocarbons. Phillips �980! documented the usefulness of bivalves
as indicators of trace element and trace organic pollutant sources
and outlined the requirements for selection of appropriate species:

The species must integrate pollutants over time. That is,
at higher concentrations, the pollutant burden increases; at
lower concentrations, the pollutant burden decreases.+
The species should be sessile or sedentary to be representa-
tive of a particular geographic area.
The species should be common and abundant for ease of
collection.
The species should be large enough to provide sufficient
tissues for analysis.
The age  or size! should be sufficient to allow sampling of
more than one year class.
The species should be tolerant of laboratory conditions.
The species should be tolerant of lower salinity and higher
temperatures  estuarine adaptation!.
There should be a correlation between water concentration
and the organism body burden  i.e., bioconcentration fac-
tor!.

3.

4.

5.

6.

7.

+We acknowledge that, upon exposure to certain pollutants, the
concentration of another trace toxic substance could be de-
creased. The biological significance of such an interaction is not
known.

sample designs to account for such environmental influences as
seasonality or marked environmental differences  such as ternpera-
ture and salinity!.
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9. The body burdens of the species should rapidly reach equi-
librium and consistently conform to water concentrations,
regardless of location or condition.

~ model "biomonitoring" organism should fit these criteria;
<ol~berg et al �973! identified several unresolved scientific issues
or problems with the use of bivalve and other species as sentinel or
indicator organisms:

l Determination of the rninirnum number of replicate sam-
ples to characterize a geographic area.

2. Determination of the influence of yearly biological cycles
or sexual maturation  =gonad mass! on trace pollutant con-
centrationss.

Identification of other seasonal patterns in trace pollutant
concentrations.

4. Documentation of the sample size or numbers of replicates
necessary to determine statistically relevant differences or
similarities.
Documentation of the influence of other biological factors
 e.g., age or sex! on the concentrations of trace toxic pol-
lutants.

The State Mussel Watch has recognized these and other unre-
solved scientific issues related to the use of bivalve molluscs for
trace chemical monitoring in marine waters  Stephenson l979;
Risebrough et al. 1980!. The following questions were asked in re-
gard to the sampling design:

Variation due to tissue sam le and season
How do individual tissues digestive gland! or gut contents
influence the whole body concentrations of trace toxic sub-
stances in a pooled sample  = several individual mussels!?

2. How does the contribution of gonad tissue influence the to-
tal body trace element concentration during an annual cy-
cle.

Variation due to eo ra hic or field variabilit
3. What amount of variability can be attributed to the site of

collection  i.e., tidal depth!?
0. Does the site of collection within a large population of

mussels influence the trace element concentration?

Variation due to chemical anal sis and statistical treatment
5. What differences in concentrations of selected synthetic

organic pollutants, principally PCS's and DDT, can be de-
tected and measured?

6. What is the analytical variation due to the chemical ana-
ly tical procedures?
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PRKREQUISITES FOR SELECTING BIOLOGICALLY IMPORTANT
RESPONSES-BIOLOGICAL EFFECTS ASSESSMENT  SEA!

The biological response indicator should be quantitatively
influenced by toxic pollutants or other environmental
stessors.

The biological response indicator should compensate for
natural environmental stressors and thus respond only to
stress induced by toxic pollutants.
The biological response indicator should have a significant
biological or ecological meaning  survival, growth, recruit-
ment, reproduction!.
The biological response indicator should be a quantitative
statement of sublethal or chronic impacts of pollution.
The biological response indicator should be reasonably
easily measured in the field or laboratory.
lf an adverse effect is measured at the organismal or popu-
lation level, the biological response indicator should be in-
terpretable at other levels of organization: subcellular,
cellular and ecosystem.
The biological response indicator should be referable to
historicaL biological and chemical information and data
sets.

2.

3.

6.

7.

Questions addressing variation and statistical interpretation of
the biological effects data were similar to those of the Chemical
Surveillance and Monitoring Section.

Influence of sam lin techni ue and statistics
Can the coefficients of variation of individual samples be
best reduced by pooling individuals or by increasing the
number of replicates?

2. What sample size is necessary to detect specified differ-
ences between the means of two samples?

Variation due to field sam lin and season
3. Does the Location in the intertidal zone influence the or-

ganisrn's scope for growth?

Bayne et al.  l979! used a measurement of the effects of envi-
ronrnental stress  = Scope for Growth!, which provided an integra-
tion of biochemical and cytological effects, and also evaluated the
more general impacts upon the population. There are several other
considerations or assumptions in the selection of an appropriate
technique or pollutant stress response test that appear to be impor-
tant:
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Does seasonality affect the scope for growth? Are the
seasonal cycles  if present! of different populations similar
or dif ferent?

Do physical and chemical factors  temperature, salinity,
dissolved oxygen! influence the scope for growth?
How do laboratory conditions affect the scope for growth?6.

CRITERIA FOR CRA1CAL EVALUATION OF
CHEMICAL MONITORING TECHNIQUES

Preparation of reference stock "standards" for calibration
of instrumentation  atomic absorption spectrophotorneter!.
Preparation of a mussel "standard" by pooling a large num-
ber of mussels from one site, followed by replicate prepar-
ation and analysis of the sample.
Participation irL laboratory intercalibration exercise to de-
termine the variability among laboratories doing mussel
tissue evaluations for trace toxic substa,nces.
Assessment of the contribution of digestive gland and gon-
adal tissues to overall total body trace elements concen-
tration.

3.

The Purpose of this section is to examine and fully evaluate the
existing California pollution monitoring projects  Mussel %'atch and
Biologica! Effects Assessment!. The criteria address three general
subjects: valid experimental design, integration or overlap of field
and laboratory observations, and the general significance of the
findings. The first of these criteria is, perhaps, most easily evalu-
ated- The second criterion has been the subject of long term dis-
cussions, numerous study designs, and significant amounts of re-
search. The third is somewhat an "eye-of-the-beholder" opinion,
and we will share our view of the issue.

The immediate goal of the California Mussel Watch Program
has been to provide an assessment of pollutant levels of trace toxic
materials and their changes with time in California's marine
waters. The data collected upon chemical body burdens can be
used to evaluate representative organisms for compliance with
known standards for the protection of marine resources as well as
public health. Two questions arise: Are the toxic substances
harmful to the organism itself? Is the contamination of the organ-
ism of public health significance? Our research has been directed
to the first question.

At the initiation of this program, it was acknowledged that cer-
tain procedures and preanalyses had to be performed in order to
optimize field collection procedures and define sample analytical
variability. We believe these were necessary to permit collection
of a statistically valid, yet cost effective, data base:
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A series of tissue standards  National Bureau of Standards!
and mussel tissues were analyzed for trace elements. Re-
sults were within 1096 of the mean of the certified values.
Purging  i.e., removal of gut contents of rnussels! was judg-
ed not necessary. As a precautionary measure, aluminum
and manganese analyses were made on all samples to indi-
cate the general level of sediment contamination in the di-
gestive gland.
Gonad tissues were excised on all samples because the pre-
analysis of the influence of gonad on whole body trace ele-
ment concentration was inconclusive.
After a 2-year program of twice-yearly samples for trace
elements and higher molecular weight hydrocarbons, the
data were examined for consistent seasonal differences.
No consistent seasonal differences were evident; we con-
cluded that it was not necessary to sample during two
periods of the year in order to assess the general state-
wide patterns in trace elements in the coastal zone.
The feasibility of the use of transplanted mussels  M tilus
californianus! was investigated  Stephenson et al. 1980.
The purpose of using transplants was to understand the rate
of tissue accumulation with time as well as to know the in-
itial body burden of the mussel. The tissue burdens of
transplanted mussels were compared with resident mussels
 ~Mtilus edufis! in two bays and estuaries for a 6-month
transplant period. The ability of the transplant mussel to
"see" the same pattern for trace element depended upon
the trace element  Figures l and 2!. The purpose of these
experiments was to determine when the transplanted mus-
sels were in equilibrium  stabilized concentrations! with
seawater, and to compare their body burdens with those of
resident populations.
An experiment to determine the influence of collection
site was performed. Micro-scale samples at 100 rn inter-
vals, two organism sizes �5-58 mrn and 59-65 rnm! and two
tidal heights were analyzed for trace elements to deter-
rnine the within- and between-site variations in concentra-
tion. For silver in ~Mtilus californianus the collection
locality and tidal height showed low variation and were
judged unimportant. For cadmium, the opposite conclusion
was reached. Tidal height greatly influenced the concen-
tration; hence, for between-station comparisons samples

3s

4.

5.

6.

It was determined from intercalibrations, sample variability and
field site variation analysis for trace elements  Stephenson et al.
l979, L980! that the following collection and analytical programs
would be consistent, reproducible and cost effective; they were
therefore implemented:
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Figure 2. Tissue concentration of copper in three bivalve species
from two size classes in San Francisco Bay and Elkhorn Slough for
the 6 month transplant experiment. Dashed line = San Francisco;
solid line = Elkhorn Slough  Stephenson et al. 1980!.
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ollected from the same tidal height were mandator�
 Figure 3!.

The use of chemical surveillance and monitoring techniQue
the marine environment has received lit tie scientif ic reyi
Major Questions remain, especially in relation to the analy
trace quantities of synthetic chlorinated hydrocarbons, petroleu
hydrocarbons and trace elements irL seawater  see Goldberg
1978! The state of the science is developed well enough at the
present time to allow reproducible results for trace elements and
selected synthetic chlorinated organic hydrocarbons The ident f'
cation and quantification of other compounds, such as many vola-
tile organics and specific synthetic chlorinated hydrocarbons, as
well as petroleum, are far from routine procedures in most labora
tories.

CONFORMANCE OF STUDY DESIGN AND
083KCTIVES WITH STATED CRITERIA

Va}id Experimental Design
The initial objective of mussel watch monitoring has been to

provide an index to the general condition of bioaccurnulative pollu-
tants in coastal waters. While chemical monitoring is not "experi-
mental" in the classical sense, it does contain elements of this ap-
proach. For each question, such as the level of detection required
in chemical surveillance, we established a hypothesis: lf there is a
difference between samples of PCB compounds in musseL tissues,
that difference is considered to exceed one order of magnitude.
The purpose of monitoring was to determine the sensitivity of the
surveillance system. Since we are dealing with natural populations,
we have not been able to identify all variables that influence pollu-
tant uptake and depuration. Sufficient inforroation in the litera-
ture  Phillips 1980! has led us to the conclusion that mussels gener-
ally reflect trace toxic material conditions in the marine environ-
ment. The general assumption is made that, for water column as-
sociated poLLutants, the mussel will "see" and accumulate the
chemicals that are hazardous or deleterious to them or to humans.
Several studies from the 1960s to the present have utilized this
characteristic of bivalves  Butler 1973; Goldberg et al. 1978!.

Trace Pollutant Sioaaxanulation-A Natural Resp'~
Phillips's �980! summary of quantitative biological indicato~~

of trace element and organochlorine pollution is the most complete
for pollutant bioaccurnulation in aquatic ecosystems available
fact that trace elements, organohalogen and petroleum hydrocar-
bons accumuLate in marine biota to levels far above those found in
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the surrounding water in laboratory experi~nents has been recog-
nized by many investigators  Fowier et al. 1978; Phillips 1976!. It
should be emphasized that laboratory studies designed to estimate
the kinetics of trace pollutant accumulation produce only order-of-
magrutude estimations or approximations. The results produced
from laboratory studies depend greatly on the route and length of
exposure as well as biological factors  condition! of the experi-
rnental animals. Studies in the fieM have produced results that
show temporal and spatial differences in pollutant concentrations
 Goldberg et al. 1975; Martin et al. 1980; Stephenson et al. 1980!.
A.lthough few studies have been conducted that relate ambient
field concentrations of pollutants with those of organisms, de
nappe et al. �98G! have reported an association between particular
higher molecular weight hydrocarbons  e.g., chlordane! and their
concentrations in. mussels. Clearly, there is need to further under-
stand the relationship between elevated pollutant concentrations in
the environment and concentrations in marine organisms.

General Significance of Findings
In a discussion of predicting the overall impact of pollutant cfis-

charge in the marine environment, Capuzzo �981! suggested that
one must understand the responses of individuals as well as popula-
tions of organisms to environmental perturbations. By her evalua-
tion, responses to pollutants can be examined at five levels of or-
ganization:  l! biochemical and �! cellular responses under sirnu-
lated controlled conditions; �! alterations in population dynamics
under natural conditions; �! alterations in community dynamics
and �! structure under natural conditions. Her theme is that, in
order to manage pollutants in marine ecosystems, effects at each
level should be evaluated. While all of these measures can be use-
ful in understanding the impacts of pollutants on the mari~e envi-
ronrnent, many measures from these five groups have been difficult
to relate directly to anthropogenic pollutant events.

One of the deficiencies in most pollutant evaluation programs
has been the Jack of integration of findings from the various levels
of organization, for example, cellular vs. organismal. To us, the
most logical sequence would be to identify an impact at a level
that is recognized as significant  some argument can be made that
no consensus can be found for the term "significant"!. The se-
quence of study would be to follow that perturbation into other
levels of organization  organismal � cellular � subcellular!. This pro-
cess would enable us to understand how the pollutant affects the
significant event and to predict future events in other locations, as
well as to take corrective action if the event were interpreted as a
poIIution problem.

ln the Southern California Bight, major municipal waste dis-
charges have occurred since the 19%Os. The impacts of these waste
discharges have been to affect or change the marine communities
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 plant and animal!. There have been measurable changes in the
abundance, diversity and structure, and an increase in benthic bio-
mass in about 5% of the mainland shelf  Mearns 1981!. There have
been changes in the relative abundance of fish within 0 kilometers
of the discharge sites. There has been an increase in chronic fin
erosion in benthonic fish around two major outfalls. There has
been contamination of fish, exceeding public health guidelines, by
synthetic organic chemicals at several sites. There has been con-
tamination of filter feeding invertebrates by trace element and
synthetic organic compounds at several discharge points and ad}a-
cent ocean areas.

The consequences of these observed and measured phenomena
to the health of the ecosystem or productivity of commercial spe-
cies, or human health have been difficult to evaluate or predict.
The regulation of water quality in California is entrusted by law to
two governmental agencies, the California State %ater Resources
Control Board and the U.S. Environmental Protection. Agency. For
these water regulatory agencies to utilize the pollution effects
measurements to evaluate the overaH impacts of municipal, indus-
trial and other pollutant sources, the measurements must be clear-
ly related to detrimental impacts on marine ecosysterns.

The regulation of waste discharge to California ocean waters
has been established by the "Ocean Plan"  CSWRCB 197K!. The
protection of beneficial uses of ocean water, such as commercial
fisheries, recreation and public health, from adverse effects of
waste discharge is the major concern or focus of this document. In
adopting this document, the Board has suggested several measures
to evaluate the influence that a particular discharge might have on
marine orgnisms  Table I!.

It was assumed that, from an economic perspective, the state
could not afford to provide data and monitoring on all ecosystem
measurements of the effects or influence of pollutant discharge.
Certain techniques or methods have been judged to be more sensi-
tive and can provide better "early warning" systems than other
techniques to determine sublethal effects of environmental or pol-
lution stress  Capuzzo 1981!. It was our opinion, shared by a nurn-
ber of other scientists  Goldberg et al. 1978; Butler 1973; Phillips
l980!, that potentially bioaccumulative trace pollutants  trace ele-
rnents, xenobiotic halogenated organic compounds, petroleum hy-
drocarbons and radionuclides! were critically important problems
to fisheries and wildlife resources and human resources. For this
reason, a State Mussel Watch was established in l977 to survey and
morutor trace toxic pollutants in marine and estuarine waters of
Calif ornia.



Table l. Rater quality measures in California Ocean Plan

General body contact; shell-
fish harvesting.

l. Bacteriological Standards

Floating particulates and
grease and oil not allowed; un-
desirable discoloration of sur-
face not allowed; altered na-
tural transmittance of light
now allowed; deposition of in-
ert solids not allowed.

2. Physical Charac ter i.sties

Dissolved oxygen within 10%
natural; pH not more than 0.2
units of natural condition; dis-
solved sulfide in water/sedi-
ments not allowed to be sig-
nif icantly increased; trace
elements/hydrocarbons not
allowed to levels that de-
grade marine 1 if e; organi c
materials in sediments not
allowed to levels that degrade
marine lif e; nut rients that
cause objectionable growth
not allowed.

3. Chemical Characteristics

0. Biological Charateristics � Marine communities not al-
lowed to be degraded; naturaL
taste, odor and color of ma-
rine resources used for human
consumption not to be altered.

5. Radioactivity - Not to exceed specified limits
in Calif ornia Administrative
Code.

'Definition of "degrade" shall be determined by analysis of the ef-
fects of waste discharge on species diversity, population density,
contamination, growth anomalies, debility, or supplanting of nor-
mal species by undesirable plant and animal species.
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SCOPE FOR GRO%'TH

The Concept
Normally, in a healthy organism, there exists a dynamic equilib-

rium between the amount of energy required for the organism to
maintain its life including growth and reproduction, and the amount
of energy it obtains from the environment. If the energy costs for
body maintenance are greater than the energy obtained, the short
term effect is a reduction in energy reserves, and, in the long run,
death results.

%'hen a change in the environment results in a change in the
physiology of an individual organism and reduces the excess of re-
served energy stores, stress occurs. Bayne  i975! defined stress as
a measurable alteration of a physiological  or behavioral, or bio-
chemical, or cytological! steady state which is induced by an envi-
ronrnentaL change and which renders the individual  or the popula-
tion, or the community! more vulnerable to further environmental
change, Here the definition implies a major impact of stress in
that it reduces an organism's capacity to cope with additionaL envi-
ronmental changes, thus causing the organism to be less "healthy."
In the extreme case, stress can reduce an organism's chances of
survival.Using stress as an index to the physiological condition of the in-
dividual, this study compares the Scope for Growth  SFC! index be-
tween animals living in clean and polluted environments. SFG de-
fines the theoretical amount of energy available to an organism for
growth and reproduction, in excess of energy required for mainte-
nance  Warren and Davis 1967!. It is expressed as the difference
between the energy value of all the food an animal consumes and
the energy value of all uses and losses of food other than growth,
under a particular set of environmental conditions  Warren 197l!.
It is based on a balanced energy equation of %inberg  l960!:

C=P+R+U+F

where
C is the total energy of food consumed, in a given time per-

iodP is the energy utilized per unit time for somatic growth
and gamete production

R is the energy used per unit time in respiration
U is the energy value per unit time of excretia
F is the energy value per unit time of feces.

The SFG equation determines the value of P:

P = C-F!- R+ U!,
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Let  C - F! = A = net amount of energy absorbed from food, so that

P = A- R+u!.

The terms of this equation are expressed in units of energy per unit
of time  joules hour '! because several different factors and pro-
cesses must be accounted for by a cornrnon unit of measure.

Methodology
The hypothesis tested in the Biological Effects Assessment

 BEA! Study is that elevated levels of pollutants in mussel tissues
affect the SFG index. Three observations led to the development
of this hypothesis. First, musseis living in waters with higher con-
centration of pollutants tend to accumulate trace toxic substances
 xenobiotic substances, trace elements, trace petroleum hydrocar-
bons! in their tissues at a higher rate than animals living in waters
with lower concentrations of these substances. Second, mussels
exposed to greater concentrations of pollutants show increased
body burdens. These two observations are the results of analysis of
the Marine Monitoring and Surveillance Program data described
earlier. The third observation is that mussels with elevated levels
of pollutants in their tissues have lower SFG values than mussels
living in nonpolluted waters  Widdows et ai. 1981!. This latter ob-
servation is that reduced SFG and elevated tissue burdens are
negatively correlated. Further cause-effect experiments are
planned to assess whether or not pollutants in the tissues are re-
sponsible for the reduced SFG. The study is designed to investigate
in the laboratory the relationship between tissue burdens of identi-
fied toxic substances  trace elements and pesticides! and the SFG.

Many have questioned the influences of laboratory conditions
upon the outcome of the experiment or test. The rnussels are col-
lected from field populations and are selected on the basis of
size. The collection sites are selected on the basis of body burdens
of accumulated pollutants. The animals are collected by "clean"
techniques to assure lack of chemical contamination during collec-
tion. They are transported to the laboratory within 6 hours, and
immersed in seawater. Potential sources of "stress" include tern-
perature, salinity, food, handling, light regime and particulate con-
centrations. ln the laboratory, the animals were tested in uniform
salinity �3 ppt!, fed 6000 cells/mL Tetraseimis suecica  mainte-
nance ratio! and exposed to light 10 hours per day. Subsequent ex-
periments have been conducted to evaluate the salinity stress ques-
tion.
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RESULTS OF CALIFORNIA
IMOLOGICAL EFFECTS ASSESS54ENT STUDY

The results of the physiological stress testing indicate that the
SFG is an excellent indicator of pollutant stress and is sensitive
enough to detect pollution gradients. Six collection sites for resi-
dent ~Mtilus edulis in San Francisco and Tomales Bay were select-
ed along, an increasing "pollutant" gradient  Figure 4!. The increas-
ing "pollutant" gradient was previously shown by State Mussel
Watch monitoring data  Martin et al. 1980; Stephenson et al. 1980!
for San Francisco Bay.

Table 2 lists for both stations the SFG values  P!, the four phys-
iological factors  respiration rate, ammonia excretion, assimilation
efficiency, and feeding rate! used in calculating P, and as well as a
second "index" for stress, the 0:N ratios.

The San Francisco Bay sites listed in Table 2 are arranged in
order from north to south; that order also represents increasing
ambient pollution levels. Bradford and Luorna �980! reported that
municipal discharges of chromium, copper, mercury, zinc and silver
were at least four times greater in the south bay than in the north
bay. The body burden data for ~Mtilus caiifornianus transplanted
along this gradient are in agreement. Tables 3 and 0 show that de-
clining SFG values are correlated with increasing pollution levels.
Other environmental factors, such as salinity and food availability,
could be correlated with declining SFG. Further evaluation of
those factors and their influence on SFG is in progress.

An important finding in the first year of physiological stress
testing is the identification of specific toxic constituents in mussel
tissues that are positively correlated with decreased SFG. Table 3
gives the concentration of trace elements found to accumulate in
transplanted mussels and the SFG values for the six San Francisco
Bay sites. Of particular interest is the degree of correlation be-
tween the concentration of a particular element in the tissue and
the SFG values when values along the pollution gradient are com-
pared. Regression coefficients, listed in Table 3, identify a high
correlation  r>-0.9, 4 df.! between increasing tissue burdens and de-
creasing SFG for silver, chromium, copper and rnecury, and to a
slightly smaller degree  r>-0.85, 4 df.! for aluminum and zinc.

Figure 5 shows the collection sites of resident M. californianus
along the coast of California. Table 5 lists SFG, physiological
parameters, OiN ratio and collection sites for resident M. califor-
nianus. Along the coast of California, there is not a "gradient" or
clinal trend of increasing pollutants  Martin et al. 1980; Stephenson
et al. 1980; Risebrough et al. 19BO!. Two stations in central and
northern California  Bodega Head and Granite Canyon! had lower
body burdens for most trace toxic materials  trace elements, pe-
troleum hydrocarbons! than five other stations  Table 5!.



L Tomales Bay

Fort Baker

'33 Treasure Island

Hunter s Point

San Mateo Bridge

S3 Redwood Creek

Figure rr. Sites for resident mussel collections  ~Mtilus edulis! in
Tomales and San Francisco bays.
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Table 6 gives the SFG values and tissue burdens of trace ele-
ments for coastal rnussels, M. californianus, Coastal mussels do
not show a statistical correlation between increasing tissue burdens
of trace elements and decreasing SFG values. Table 7 shows the
correlation between organic pollutants and SFG values. Only pe-
troleum hydrocarbons  unresolved complex mixture! show a signifi-
cant correlation with the SFG  r = -0.96, 0 df.!. PCBs exhibit a
strong  r= -0.81, 0 df.!, but not significant at the 0.05 level, corre-
lation with SFG.

hSSUMPTIONS FOR SCOPE FOR GRQVTH

kn our examination of the potential external influences on SFG,
several assumptions have been made about the field and laboratory
environments of trace toxic pollutant accumulations in mussels-
Although these assumptions may qualify the research conclusions
of the studies, we believe that the overall findings are a documen-
tation of the influence of pollutants on a representative marine or-
ganism. We have made these assumptions in relation to the experi-
mental design of our study:

l. Energy availability in excess of maintenance requirements
is a measure of the well-being or relative health of the or-
ganism.

2. SFG is a relative measure of or an index for the organism's
condition, and is proportional to the true condition by a
constant factor  laboratory vs. field SFG!.

3. The field sites vary only with regard to ambient pollution
concentration; all other environmental variables are iden-
tical between field sites.
SFG is related to the reproductive condition of the animal
by a constant factor.
With respect to the physiological factors reeasured, the or-
ganism responds in the experimental apparatus in a pattern
consistent with the field environment.

6. A decrease in energy reserves of an individual causes a
negative impact to the mussel population by a variety of
factors, such as fecundity and survival of larvae, and could
eventually result in population decline.

7. Mussels are representative organisms of a particular troph-
ic level. SFG has been used in few experiments with other
than bivalve molluscs.

8. The populations of mussels are normally distributed with
respect to the SFG parameters and measurements.
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Obviously, one  //3! of these assumptions requires appropriate
field conditions; another �30! is dependent upon the biological con-
dition of the organism, The assumption that field conditions vary
only with pollution concentration could be violated  e.g., salinity
co~ld fluctuate!; however, the experimental design tries to mini-
rnize these differences by sampling when environmental parame-
ters are least variable and by attempting to duplicate field condi-
tions in the laboratory. The assumption that the physiological re-
sponses of the mussels are identical between lab and field has not
yet been evaluated. As long as the effect of the laboratory on the
physiological parameters measured is constant for all individuals,
the SFG index can be used to compare the relative amount of
stress. The SFG measured then is proportional to the SFG in the
field by a constant factor.

RELATIONSHIP OF SCOPE FOR GROWTH TO
BIOLOGICALLY IMPORTANT RESPONSES

Evidence that the SFG is an overall integration of the energetic
condition of the organism has been corroborated by other studies
 Bayne et al. 1979, 198l; Widdows et al. 1981!. Phelps et al. �981!
analyzed several different physiological and biochemical stress
measurements of mussels  M. edulis! transplanted to three sites of
varying pollution in Narragansett Bay, R.l. Phelps et al.  l98 !
found that trends observed in respiration rate and enzyme activity
in excised gill and posterior adductor muscle correlated with trends
in SFC measurements. Monthly sampling during summer indicated
that rnussels living in polluted sites  trace elements, petroleum,
PCB! showed a trend of increased oxygen consumption rates, low-
ered gill glycolytic activity, and increased posterior adductor
muscle lactate dehydrogenase activity, compared with rnussels
from less polluted stations. Elevated lactate dehydrogenase activ-
ity, statistically greater from mussels in polluted areas, indicates
that energy reserves in the posterior adductor muscle are being or
have been mobilized to support weakening gill metabolism. Pollu-
tant stress causes a drastic change in glycogen rnetabolisrn, as gly-
cogen stores in the adductor muscles are normally saved for ga-
rnete formation. This finding led Phelps et al.  f981! to conclude
that, in polluted areas, energy stores normally reserved for gamete
formation are used for physiological compensation as the result of
pollution stress.

In another corroborating study Bayne et al.  l979! found that
mussels in which they had induced Low SFG values produced fewer
eggs �596 decrease in egg productin between rnussels with SFG 06
3 d and -218 3 d ~ as weLJ as an 8096 decrease in the energy con-
tent of eggs!. Bayne et al.  l979! attributed this to resorption of
eggs due to release of lysosornal enzymes in areas of developing
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oocytes. Also, the oocytes that did develop were reduced in size.
Garnetes apparentLy had decreased vitality and decreased chance
of development to the larval state. Bayne et al, �979! concluded
that this deterioration of the fitness of the population was a result
of environmental stress on the adult population.

Bayne et al. �979! also found significant correlation between
the labilization period of hexosarninidase from digestive gland cells
of ~Mtifus and negative values of SFG. This suggests that at very
negative values of SFG cellular damage would result from the re-
lease of free hydrolases into the cytoplasm, although lysosomal de-
stabilization may not be significant at low positive SFG values.

Individual cytological/biochemical alterations are sensitive to
environmental changes and provide supportive evidence that the
SFG is a measurement of a natural response to stress  Bayne et al-
1979!. These individual cytological/biochemical alterations do not
demonstrate, in themselves, a decline in health of the affected or-
ganisrns. The SFG rneasurernent is the observable integrated re-
sponse af all the cytological and biochemical changes induced by
pollution, and provides a measure of the effect of pollutants on in-
dividuals. As a measure of productivity of an individual, SFG
therefore has relevance in predicting the ecological effects of pol-
lutants on the population  Bayne et al. 1979!.

Field Vahdation

An ideal field validation of the hypothesis that high pollutant
tissue burdens result in a decreased SFG would be to eliminate the
sources of pollution to an area and observe an increase in the SFG
values of mussels. Because a method and the equipment for ade-
quately measuring the tested variables  oxygen consumption, arn-
rnonia excretion, clearance rate and assimilation efficiency! with
organisms in situ have yet to be developed, field measurements of
the variables do not appear feasible at this time,

FieM validation requires a corroboration between field and lab-
oratory derived data. In our study of California marine waters, the
chemicals and/or elements correlated with decreased SFG have
been identified. These include copper, chrorniurn, silver, alumi-
num, mercury, zinc, chlordane, dieldrin and PCBs for M. edulis, and
petroleum hydrocarbons for M. caiifornianus, Laboratory dose re-
sponses are being tested to determine the effect that a chemical
has on SFG.

After testing the responses of a specific chemical on SFG, it is
important to test the effect of removing or reducing the concen-
tration of that chemical in an analog test. If the analog test is
positive, O.e., if SFG increases! a study site is proposed for a field
validation. I et us assume that chromium is identified as a contri-
butor to increased Mi~tilus stress in San Francisco Bay. The mass
balance of chromium discharge to that particular site in San Fran-
cisco Bay would need to be determined. Risebrough et al. �978!



Mussel 4'atch Monitoring / 319

reported that chromium is discharged to San Francisco Bay at a
rate of 67 metric tons yr ' by municipal wastewater outfalls and
26 metric tons yr by petroleum refineries. Surface runoff con-
tributed l.2 metric tons per year. By using a no-effect concentra-
tion determined in the dose response test as an estimate of the
"safe" ambient level, maximum discharge Limits of chromium can
be set for all dischargers.

After the establishment of water quality requirements neces-
sary to protect marine organisms from adverse effects of waste
discharge, the feasibility of controlling major discharges, such as
publicly owned treatment works, can be determined. In this exam-
ple, a program of pretreatment or source control may be required
to advance safe ambient levels. After chromium discharges have
been reduced, the SFC values of mussels living in that area will be
retested to determine their response. An on-site laboratory  on-
board ship or a portable laboratory! might reduce the variability of
conducting the experiments in a more remote laboratory.

It is important to quantify and relate other biologically irnpor-
tant "health" indices, such as gonad condition or general body con-
dition  e.g., shell volume vs. dry weight!, with SFG. Major popula-
tion changes  in diversity or numbers! are also important factors to
be considered in field validation experiments.

SFG AS A SIGNIFICANT MEASUREMENT QF
ECOSYSTEM PRODUCTIVITY

There is a direct relationship between the amount of energy
available after basic metabolic needs are accounted for and growth
 somatic and gamete formation! of the individual. Bayne et al
 L979! reported that rates of growth predicted from SFG data
agree with observed rates of growth. Martin et al.  L982b! showed
significant correlation between body condition index and SFG. Cri-
teria that measure the effects of pollution on the productivity of
the individual give an indication of the likely consequences of envi-
ronrnental change to a population. One aspect of the ecological
fitness of a population is fecundity. A decline in number and via-
bility of gametes could be a direct cause of deterioration in the
ecological fitness of the population. The goal of an SFG rneasure-
ment is to calculate energy available for growth. Although it may
not reflect the exact energies available to field anirnaLs, it is di-
rectly related to the actual value and can be used in a relative
manner to predict actual production  somatic and gametic forma-
tion! in populations  Bayne et al. L979!.
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Mussel Madness: Use and Misuse of
Biological Monitors of Marine Pollution

Warris W. White
National Oceanic and Atmospheric Administration
National Ocean Service
Rockville, Maryland 20852

INTRODUCT1ON

A sentinel network to monitor the distribution, and sometimes
the effects, of marine contaminants has been proposed in a number
of different forms. Of course, many surveys of suspended and dis-
solved contaminants in the water column have been made  e.g., see
Chester and Stoner �970! for one of the rare surveys covering
several oceans!. There have also been numerous surveys of distri-
bution of contaminants in marine sediments, and Simpson and
Lockwood �981! even proposed that a national system of sediment
measurements be adopted in the United States. For some trace
metal contarninants in Hong Kong waters, Phillips and Yim �981!
considered sediments to be a better indicator than the mussel ~Se
tifer bilocularis, because the organism exhibits regulation of some
metals. Butler et al. �97K! proposed that a national network of
sediment gas chromatograms be established, archived, and ana-
lyzed for long-term trends as well as sudden appearances of an-
thropogenic compounds such as Kepone. Lytle and Lytle �977! ex-
arnined sediment hydrocarbons as environmental indicators in the
northeast Gulf of Mexico.

A number of living organisms have been proposed or used as in-
dicators of contaminant distribution. The most popular of these is
the mussel, especially ~Mtilus edulis  Goldberg et al. 197$!, but
many substitute bivalves have also been suggested. Eide and
3ensen �979! demonstrated the feasibility of using two diatom
P i  Th& ' p 1 d~Ph

enclosed in situ in dialysis bags to monitor heavy metal pollution. 7t
number of authors  e.g., Preston et al. l972; Bryan and Hummer-
stone 1973a; preston 1973; pentreath 1976; Hansen 1980; de Kock
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more attention than other potential sentinels. As a result, we have
become familiar with their many useful properties, such as their
wide distribution, abundance, size, ease of collection, long life
span, euryhalinity, general stress tolerance and high bioconcentra-
tion of a number of chemicals. A considerable literature exists on
the uptake and elimination of contarninants by bivalves  Lee et al.
1972; Stegeman and Teal 1973; DiSalvo et al. 1975; Fossato 1915;
Fossato and Canzoruer 1976; Boehm and Quinn 1977; Fowler et al.
1978!. Although there is still disagreement over the dynamics of
uptake and release, and both known and unknown factors appear to
control those processes, it is a mark of the attention given to bi-
valves that simple bioconcentration models have been formulated
 e.g., Majori and Petronio 1973; Burns and Smith 1981!.

On the other hand, each proposed sentinel organism has its
share of disadvantages. Water column surveys suffer from many
inadequacies such as extremely high natural variability, low con-
tarninant levels  necessitating preconcentration of large volumes of
water!, and analytical contamination problems. Sediments enjoy
the advantage of nearly ubiquitous distribution, but sediment con-
tarninant leveis do not necessarily indicate bioavailability  Malins
et al. 1983 inter alia!. Phillips �977a, 1978a, 1980! made a pene-
trating review of the many important natural factors  species,
weight, age, sex, lipid content, season, reproductive state, shore-
line position, salinity, temperature, interactions, etc.! that strongly
interfere with the relationship between contaminant levels in mac-
roalgae, bivalves, and teleosts, and contaminant levels in the ambi.-
ent environment. Other literature affirms that interfering param-
eters are as multifarious as Phillips described, and include such
factors as chemical speciation  Fowier et al. 1975!, chelation
 George and Coornbs 1977!, feeding rate �anssen and Scholz 1979!,
sediment type �ackim et al. 1977!, pre-exposure history  Roesijadi
et al. 1982! and so on and on.

Besides these confounding factors, different sentinel organisms
suffer from a variety of strategic inadequacies. Algae  micro- and
macro-! are insensitive to particulate-bound contaminants. Albeit
with some qualification, deposit-feeding infauna do not accumulate
a significant fraction of contaminants from the overlying water
column, while filter-feeding organisms remain relatively unrespon-
sive to sediment contaminants. Tidal and subtidal species are ex-
posed to a very small proportion of an estuary's volume, and are
nearly useless as monitors of the continental shelves and beyond.
No animal sentinel exhibits a direct response to eutrophication, a
growing problem in most estuaries and a severe problem in some.
Indeed, there is no single sentinel organism, or even group of or-
ganisms, tha.t is free of either strategic or technical difficulties.
Consequently, the adequacy of any organism to monitor contarni-
nants must be qualified, usually extensively.
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For example, Table 1 summarizes heavy metal contaminants
and circumstances for which mussels have been regarded as sub-op-
tirnurn indicators. Davies and Pirie �980!, paraphrasing Phillips
�977c, 1978b!, pointed out that it would be more correct to envis-
age the mussel as an indicator of metal availability to the mussels
themselves, rather than an indicator of the total metal concentra-
tion in the seawater. It is therefore no wonder that various "rnus-
sel watch" programs have discovered nothing more than the trivial
result that mussel contaminant burdens loosely parallel patterns of
industrialization and urbanization along adjacent seaboards
 Risebrough et al. 1979; Murray and Law 19RO; Farrington et al.
1982a, b!. lt is equally unsurprising that mussel monitoring has so
far failed to uncover contaminant "hot spots" that were not known
or suspected before  Goldberg et al. 1978; Goldberg 1979; Farring-
ton et al. 1982!. These lackluster conclusions are not a special
indictment of mussel monitoring; it is likely that any other moni-
toring organism, applied in so narrow a context, would perform
equall y poorly.

BEYOND SEMTNELS

The environmental manager is thus in a quandary, presented
with a nearly endless litany of imperfect sentinel organisms whose
individual virtues are touted by one expert or another. How does
one discover the "right" sentinel?

To answer this question, the environmental manager must first
clearly define the purpose for gathering sentinel data. Sentinels
are posted to warn of danger. The environmental manager must da
what he has nearly always avoided: clearly designate the entity he
is protecting from danger. Is it fishery resources? Recreational
resources? Human health? Balanced ecosystems? Endangered
species?

Next, the environmental manager must select an effective sen-
tinel to guard that entity from danger. A canary is no better a
sentinel in an army camp than a soldier is in a coal mine. Similar-
ly, rnussels  as an example! are poor sentinels for environmental
contamination by copper  Phillips 1976a; Davenport l.977!, mangan-
ese  Phillips 1978b!, and titanium and vanadium  Popham and
O'Auria 1982!. Because those contarninants and conditions inter-
fere with the normal patterns of valve closure in mussels, sentinels
free of that problem, perhaps rnarroagga, should be considered as
monitors for those contaminants. Environmental managers usually
must protect a number of interests in an array of environmental
regimes. It is unrealistic and naive to expect a single taxon of or-
ganisms simultaneously to serve as sentinel for all interests.



Table l. Heavy metals and circumstances for which rnussels have
been regarded as sub-optimum indicators.

Contarninants Circumstances Reference

Phillips �97Kb!

Phillips �977b!Zn

CU

Davenpor t �977!Cu

Cu, Zn

~Mtilus edulis from Cape Goldberg et al.
Henlopen, New 3ersey and  l978!
Wachapreaque, Virginia, U.S.A.

Hg

As
from Monaco

Ti, V

Cu, Zn,
Ag, Ni

~Mtiius edulis from
low-salinity Scandinavian
waters

~Mtitus edulis from Yaquina
Bay, Oregon, USA

~Mtilus edulis in waters
experiencing large, rapid
salinity changes

t'ai* f
tropical, near shor e
Australian waters

~Mtilus edulis from Port
Phillip Bay, Australia

~Mtilus edulis from Menai
Strait, U.K.

~Se tifer bilocularis from
Hong Kong

~Mtilus edulis from the
Firth of Forth, Scotland

~Mtilus californianus from
southern Calif ornia, U.S.A.

~Mtilus edulis from
Vancouver, B.C., Canada

Latouche and
Mix �982!

Klumpp and
Burden-3ones

�9SZ!

Phillips �976
a, b!

Phillips and Yirn
�931!

Davies and Pirie
�978!

Eganhouse and
Young �978!

Univ and Fowler
 l979!

Popharn and
O'Aur ia �982!
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Sut in truth the sentinel concept is too simplistic and restric-
tive. A much larger perspective is demanded, for one must ulti-
rnately understand the very complex relationship between the con-
taminant's loading, the sentineVs response, and the final entity be-
ing protected:

The rationale and urgent need for this holistic perspective is fully
developed elsewhere  White and I ockwood 1982!; it is not an ori-
ginal thesis. The report of the 1978 International "Mussel Watch"
Workshop  NAS 1980! states:

Implicit in what is proposed is a conceptual model of
the physical, bioloycaL, and social systems affected.
It is im ssible to construct an monitorin s stem in
the absence of such a conce t and its development
must be a primary goal of the program.  Emphasis
mine.!

Yet not another word on this topic appears in that or any other re-
port. A mussel monitoring system actually tested in the United
States lacked this conceptual framework considered so essential
 Goldberg et al. 1978!.

A consolation is that systems employing other monitoring or-
ganisms are conceptually still more primitive than "Mussel Watch",
not even having recognized the need for a holistic model. Further-
more, some mussel monitoring programs have tenderly begun to ex-
arnine the relationship between body burdens and effects. This is
at least a slight advance out of the middle box in the above model
 strict body burden monitoring!, The report on the International
"Mussel Watch" Workshop  NAS 1980! did make a plea for research
on the relationship between tissue residues, physiological stress in-
dices, and effects on growth, reproduction and survival. The New
3ersey Marine Sciences Consortium measures not only mercury,
cadmium and lead in mussels deployed in the New York Bight, but
also survival rate, shell length and weight  Koepp et al. 1981!. The
U.S. Environmental Protection Agency's Mussel Watch monitors
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histopathological effects, along with body burdens  Goldberg et al.
1978!. The California Mussel Watch program is perhaps the most
advanced, measuring scope for growth in rnussels  Martin and
Severeid 1984!.

However, this approach is backwards. We must reconsider the
direction that has been taken to develop monitoring systems of any
kind. We should not first select a particular monitoring system or
organism, then attempt to squeeze it into the relationship between
contaminant loading and environmental entities we wish to protect.
Rather, we should first develop a model of that latter relationship,
then monitor only those components and those organisms whose
values are required by terms in the model. It may well be that tis-
sue levels of contaminants in certain species are necessary data to
compute the effects of a contaminant on environmental entities of
concern; it may be that such data are irrelevant to the computa-
tion. Let us construct the model first.
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Factors Affecting Bioaccumulation of
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INTRODUCTIOH

Accumulation of organic pollutants by marine animals depends
on various pharmacokinetic processes including uptake, distribution
in tissues, metabolism and elimination. This paper deals with the
effects of these processes on bioaccurnulation and, in turn, the ef-
fects on these processes of various biological, chemical and physi-
cal factors.

UPTAKE

The mechanism of entry of lipid-soluble pollutants into the body
is simple non-mediated transport across epithelial layers  Kotyk
1973!, the sites of uptake being the integument, respiratory sur-
faces  gills! and gut. Marine animals can take up organic pollutants
by each of these routes  Harris et al. 1977; Lee et al. 1976; Neff et
al. 1976; McClain et al. 197S!.

The form of the compound  i.e., dissolved, sorbed to particles or
contained in food! and the site of entry significantly influence the
bioavallability of the pollutant compound. As particles deliver pol-
lutants to membrane vesicles, the rate-limiting step is the desorp-
tion from the particie  Lackowicz et a1. 1980; Bevan et al. 1981!.
Such processes are certain to be important in the absorption of pol-
lutants through membranes of marine animals.

The degree of correlation between accumulation of lipophilic
foreign compounds by fish and octanol-water partition coefficients
 Veith et al. 1979! supports the idea that a major mechanism of en-
try in fish is partitioning into and uptake from water through the
gills  Hunn and Allen 1974!.
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Gill tissues of bivalves have a micellar layer on their surfaces
which adsorbs hydrophobic compounds  Pasteels l968!. Since many
bivalves filter large volumes of water while feeding, pollutant con-
centrations in gill tissues can be several orders of magnitude great-
er than concentrations in the water. Clams, oysters and rnussels
differ in their rates of hydrocarbon uptake, possibly because of dif-
ferences in filtering rates and amounts of body lipids  Clark and
Finely 1970, Neff et al. 1976!. Oysters with high lipid content have
been found to take up more fuel oil �l.4 pg g '! from the water
than low lipid oysters �6I pg g '!  Stegeman and Teal l973j.

Various studies have indicated that the nature of the compound
determines the importance of pollutant uptake by way of the gut.
In fish the uptake of hexadecane from contaminated food differed
markedly from that of benzo a!pyrene  Whittle et al. 1977!.

pWd  Cl ~hl 92 d'i � y p k f pl hl
was more important than uptake from the water  Harris et al-
1977, Corner et al. 1976!. In blue crabs  Callinectes ~sa idus! hy-
drocarbons in the food were only slowly taken up and, in fact, most
were voided in the feces  Lee et al. 1976!. Uptake of pollutants
through the gills occurs in fish  Lee et al. 1972a! but uptake from
the food is often low  Whittle et al. 1977!. Benthic f ish can take up
petroleum hydrocarbon from the sediment  Varanasi and Gmur
19EI!, probably by desorption from the sediment. Polychlorinated
biphenyls were taken up from sediment by fiddler crab  Uca minax!
and pink shrimp  Penaeus duorarum!  Nimmo et al. 1971!.

In grass shrimp Palaemontes p~uio exposed to pentachlorophe-
nol, increased mortalities occurred during the early post-ecdysal
period because of a large increase in the uptake of pentachlorophe-
nol immediately after molting  Rao et al. 1979!. Thus, uptake
rates of pollutants can also vary depending on the life history stage
of an animal. Temperature and salinity can affect uptake. Great-
er uptake of polynuclear aromatic hydrocarbons occurred in clams
at reduced temperatures, but changes in salinity had little or no ef-
fect  Fucik and Neff 1977!. The elimination rate was not affected
by temperature or salinity.

DISTRISUTIOH IN TISSUE5

The distribution of pollutants within vertebrates is accoro-
plished largely by circulation of pollutants associated with compo-
nents of the blood, that is, serum proteins and lipoproteins. Asso-
ciation of chlorinated hydrocarbons with serum lipoproteins in fish
has been described  Plack et al. 1979!. The nature of the compound
and its association with serum components may influence deposi-
tion in various tissues. Circulation associated with serum constitu-
ents is also likely to be important in many invertebrates,
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Although, in general, the levels of pollutants in exposed fish are
greatest in the liver, petroleum hydrocarbons reach high levels in
neural tissues of fish after exposure to petroleum hydrocarbons
 Neff et al. l976; Collier et al. 1980!. This seems to be consistent
with the high lipid content and vascularization of neural tissues.
Roubal et al. �977! found that higher molecular weight aromatics
were retained more than lower molecular weight arornatics in the
brain of coho salmon  O. kisutch!, a pattern also seen in other tis-
sues such as the hepatopancreas and digestive gland. Studies with
shrimp showed that DDT was rapidly taken up from the water and
concentrated in the hepatopancreas  Nimrno et al. l971!.

METABOLISM � IN VITRO

An important process in the evolution of marine animals was
the development of detoxification systems that allow them to me-
tabolize foreign organic compounds. Many foreign compounds, of-
ten referred to as xenobiotics, are lipophilic and are converted by
reduction, oxidation, hydrolysis or conjugation to more water solu-
ble rnetabolites, which facilitates their elimination from the ani-
rnal. Cytochrome P-450 mediated mixed-function oxygenase sys-
tems  MFO! oxidizes foreign compounds by hydroxylation, 0-deal-
kylation, N-dealkylation or epoxidation reactions. The polar meta-
bolites formed can be conjugated with sugars, sulfate or peptides
and disposed of in the urine and feces.

The characteristics, functions and presence of P-450 systems in
aquatic, principa.lly marine, species have been reviewed in detail
 Bend and 3arnes 1978, Stegeman 1981; Lee 1981!. The liver is the
primary site of pollutant metabolism in fish; the hepatopancreas
serves this function in invertebrates. MFO activity has been found
in fish whenever sought. There have been fewer studies to deter-
mine the presence or absence of MFO systems in marine inverte-
brates. To date 18 marine invertebrate species, belonging to four
phyla  Anelida, Arthropoda, Echinoderrnata and Mollusca! are
known to contain MFO activity in their hepatopancreas, digestive
gland or other tissues  Lee 1981!.

The levels of P-450 in a given organ and rates of monoxygenase
reactions catalyzed can change with many environmental and phys-
iological variables. This may be due in large part to changes in the
complement or set of isozymes of P-450, each of which may pre-
ferentially transform a limited set of substrates. The rate of pol-
lutant metabolism and elimination can be influenced by a variety
of environmental and physiological factors that might affect the
catalytic function of the P-450 system, alter the pharmacokinetics
of parent or product, or affect the response of an animal to in-
ducers of P-450. One of the most important factors is the induc-
tion of cytochrorne P-450 by environmental pollutants such as aro-
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matic hydrocarbons. Induction in numerous marine and freshwater
fish has been described  e.g., Payne and Penrose 1975; Bend et al
1977! including induction in embryonic and larval forms  Binder and
Stegeman 1980!. induction has also been noted in polychaetes and
crabs after exposure to xenobiotics  Lee 1981; Lee et al. L932!- In-
duction can result in increased rates of pollutant metabolism in
liver and some extrahepatic tissues of fish and some invertebrates-

There is evidence that induction occurs in fish af ter exposure to
petroleum in the environment  Payne 1976; Kurelec et al. 1977>
Stegeman 1975!. There is also increasing evidence of widespread
induction of P-050 in fish by chemicals of unknown origin in the en-
vironment {Bend 1930; Stegeman et al. l981!. The causes of such
induction have not been established, although there have been cor-
relations with polycyclic aromatic hydrocarbons in the sediment.
In the polychaete ~Ca itella ~ca itata exposed to crude oil, the third
generation had much higher mixed function oxygenase activity than
the first or second generations  Lee 198L!. brassie and Grassle
�976, 1977! showed that on the basis of electrophoretic patterns,
C. ~ca itata is a complex of at least six sibling species. Thus ex-
posure to oil may result in selection for species or strains that are
resistant to oil because of high mixed function oxygenase activity-

METABOLISM � IN VIVO

While one significant route of excretion of metabolites in fish is
the gall bladder  Lee et al. l972b; Melancon and Lech l973; Collier
et al. 1978; Solbakken et al. L980! the liver is the major site of
metabolism of xenobiotics. Consequently, it has been suggested
that analysis of bile might serve to monitor exposure of fish to
various foreign chemicals  Statham et al. 1976!. Most of the
metabolites appearing in bile are conjugated derivatives of
oxidized metabolics of the pollutant. Metabolites eliminated by
other routes, either gill, urine or skin, have also been shown for
fish and invertebrates.

Many marine animals have enzyme systems to metabolize vari-
ous xenobiotics, including polycyclic aromatic hydrocarbons and
monohalogenated compounds. However, some of the xenobiotics
found in the ocean, including highly chlorinated hydrocarbons  e.g.,
mirex, polychlorinated biphenyls and hexachlorobenzene! are highly
resistant to biotransformation. Thus, polychlorinated compounds
would be expected ta accumulate and persist in the tissues of rna-
rine animals. Seven days after injection of mirex into the flounder
Pseudo leuronectes arnericanus no metabolism or excretion of the
compound was detected, whereas 2% of injected DDT had been ex-
creted as polar metabolites  Pritchard et al. 1973!. A review of
DDT uptake by fish reveals that different species store and meta-
bolize DDT at very different rates. The dogfish ~Suaius acanthias
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showed little metabol.ism of DDT in 17 days; storage occurred in
the fatty livers  Dvorchik 1971; Dvorchik and Maren 1972!. In con-
trast, DDT taken up from the water by the eel ~hn uilla rostrata
was rapidly metabolized �896 in 6 hours!; most DDT was stored in
the blood, gill and liver  Guarino et al. 1971!. Thus, in analytical
studies of organochlorine pesticides in fish, it is important to con-
sider species differences when selecting fish to examine.

Injection of '"C-pentachlorobiphenyl into the lobster Homarus
arnericanus resulted in the hepatopancreas having most of the ac-
tivity in the form of unchanged pentachlorobiphenyl  Bend et al.
1973!. The feces began to show hydroxylated derivatives after 2
weeks, and after 8 weeks the hepatopancreas had lost 60% of its
activity. The half life of the compound was 45 and 4 days in the
hepatopancreas and muscle tissues, respectively.

Aromatic hydrocarbons are metabolized by most groups of ani-
mals, but transformation rates differ greatly between groups, being
extremely slow in bivalves and relatively fast in fish. The final
equilibrium concentra.tion within tissues depends on the ability of
the animal to metabolize the hydrocarbon and physicaL-chemical
properties of the compounds which affects the animals rate of up-
take and elimination. In many cases transformation rates may bal-
ance uptake rates with low apparent bioaccurnulation.

Several studies have disclosed an effect of temperature on dis-
P ll f Phhl l l . f h *l  ~Oh h h
k h! d yfl d,!~P!; hh ll ! h,
nounced increase in the retention of naphthalene and its rnetabo-
lites in tissues of animals at lowered temperatures  Collier et al.
1978; Varanasi et al. 1981!. Moreover, lowered temperature also
shif ts the pattern of naphthalene rnetabolisrn in starry flounder, re-
sulting in a substantially greater proportion of glucuronides and
1,2-dihydrodiol in liver at the lower temperature a week after ex-
posure  Varanasi et al. 1981!. Further evidence also indicates that
seasonal and sex-Linked factors can influence the metabolism of
f oreign compounds and responses to inducers  Stegernan and
Chevion 1980; Forlin 1980!. Moreover, the many different types of
xenobiotics present in the environment can influence the rneta-
bolism, disposition and effects on each other. Gruger et al. �98ljj
found that the pattern of metabolism of 2,3-dimethylnaphthalene
in a starry flounder was substantially altered by the presence of
either naphthalene or cresol in the animal. Such results have irn-
plication for any extrapolation of bioaccumulation of compounds in
the environment based on studies of biotransformation of single
compounds.
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ELIMINATION

Generally, for studies of elimination animals are allowed to ac
cumulate the pollutant for some period of time and are then trans-
ferred to "clean" seawater to allow depuration or elimination of
the compound. Elimination rates can be fast or slow depending to
some extent on the hydrophobic properties of the compound, that
is, the octanol-water partition coefficient, The half-lives of accu-
mulated compounds are influenced by numerous factors and can be
as long as hours, weeks, months or even years. Elimination can
often be rapid in an early phase but slow during a second phase.
Thus, depuration studies with filtering bivalves containing petrole-
um showed an initial rapid discharge that resulted in short half-
lives for accumulated petroleum; however, a small amount was re-
tained for a long period after the initial rapid discharge  Clark and
Finley, 1975; Lee et al. 1972a; Stegeman and Teal 1973!. Mussels
from the oil-polluted Lagoon of Venice which initially contained
250 I4; g ' retained 30 I4; g ' of petroleum hydrocarbons after 56
days of depuration  Fossato 1975!. Similarly, the elimination of ac-
cumulated photochlordane from bluegill fish was rapid in the first
three weeks and slower in a second phase  Sudershan and Khan
1980!. Elimination occurs by several routes. One often suggested
for fish is direct partitioning through the gills into water. Thomas
and Rice �981! present evidence that substantial proportions of
naphthalene and toluene could be excreted directly through the
gills. In fish and invertebrates, stored xenobitics may be mobilized
and subsequently transported to and eventually shed in lipid-rich
eggs. Such a pathway has been demonstrated for polychlorinated
biphenyls in fish  Guiney et al. 1979!. Biliary, rena.l and epidermal
routes may be used for disposition of xenobiotics. For example,
substantial amounts of napthalene were seen in bile of fish exposed
to the compound  Roubal et al. 1977; Varanasi et al. 1979!.

In copepods, depuration of naphthalene taken up from the food
was significantly slower than naphthalene taken up from the water
 Corner et al. 1976!. In benthic crustaceans, polychaetes and sip-
unculids, exposure to petroleum or individual hydrocarbons follow-
ed by transfer to clean sea, water resulted in the accumulated hy-
drocarbons being released within 2 to 10 days  Rossi 1977;
Anderson et al. 1977; Lyes 1979; Rossi and Anderson 1977; Cox et
al. 1975; Lee et al. 1976; Neff et al. 1976!. In one experiment
when the polychaete Neanthes arenaceodenta was exposed to fuel
oil and then transferred to clean water Rossi and Anderson 1917!
males gradually discharged naphthalenes to undetectable levels
whereas gravid females retained most of the accumulated naphtha-
lenes. After egg release there was a dramatic decrease in naph-
thalenes of the females due to release of naphthalenes that had ac-
cumulated in the eggs.
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V/hen mussels and clams collected from heavily oiled areas are
transferred to clean water, the hydrocarbon depuration rate can be
slow, the hydrocarbons having half-lives of up to several weeks
 DjSalvo et al. 1975; Vandermeulen et al. l977!. It has been sug-
gested that in bivalves from chronically polluted areas the hydro-
carbons enter stable compartments from which release is very
slow. Slow depuration by bivalves from oil polluted waters may oc-
cur if the animals are in a weakened physiological state. Another
factor affecting bioaccumulation and release of pollutants by bi-
valves is the peaks in lipid reserves prior to spawning. Pollutants
accumulated in the lipid-rich gametes will be discharged during
gamete release, Thus, the seasonal reproductive cycle is an impor-
tant factor in pollutant accumulation and discharge. Maxima for
benzo a!pyrene and perylene concentrations in ~Mtilus edulis from
the Lagoon of Venice, Italy, occurred in 3anuary and minima in
May  Fossato et al. 1979!. Spawning took place from March to
April.

PHARMACODYNAMICS OF UPTAKE AND ELIMINATION

Metcalf  l977} has discussed the pharrnacodynamics of uptake
and elimination of xenobiotics by aquatic animals. Uptake is gen-
erally a first-order process so that the rate of uptake from water is
a function of the concentration of xenobiotic times the length of
exposure. Both uptake and elimination occur simultaneously so the
concentration, c, measured in an animal can be represented by the
equation

kct
c =c k/k V�-e !

where k is the rate constant for clearance of the xenobiotic due
C

to metabolism and elimination; k is the uptake or absorption con-
stant which is determined by the lipid/water partition coefficient
of the compound; c is the concentration of the xenobiotic in the
water and V is the animal mass or volume.

If the rate of uptake is constant and the rate of clearance is ex-
Ponential, the concentration, c, will increase until a steady state
is reache where elimination is equal to uptake. As t becomes infi-
nite, 1-e c becomes unity, and at the steady state

c = cek /kcV.

Goldstein �969! refers to this as the plateau principle. For com-
pounds such as polychlorinated biphenyls where lipid/water par-
tition coefficients are very high and degradationI'elimination are
slow, bioconcentration is a linear function with age. The term kc
for a particular compound can be influenced by such factors as
temperature, salinity and reproductive status.
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SUMMARY AND RECOMMENDATlONS

l. The extent of bioaccumulation of a particular organic pollu-
tant by marine animals is a reflection of the relative importance of
uptake, metabolism and elimination of that compound. Because
they filter large volumes of water and have limited ability to rne-
tabolize many organic pollutants, the filtering bivalves  e-g.> oys-
ters and rnussels! have been used to monitor marine waters for tox-
ic organic chemicals. Knowing the consequences of elevated pollu-
tant concentrations in bivalves  e.g., scope for growth! may be use-
ful in that concentrations of a pollutant can be related to a biologi-
cal effect.

2. One of the limitations in using marine animals for monitor-
ing studies is the fact that pollutants can be stored in lipid-rich
eggs. Thus, if animals are analyzed just before and after spawning,
the concentrations of the pollutants in an animal can be quite dif-
ferent. lt may prove useful to analyze eggs for pollutants where
pollutant concentrations could be related to effects on reproduc-
tion or on juvenile growth rates.

3- The extent of bioaccumulation by a marine animal is related
to the hydrophobic properties of the compound, that is, the octa-
nol-water partition coefficient. Compounds with very low water
solubility  e.g., rnirex, benzo a!pyrene! are concentrated in animal
tissues several orders of magnitude over their concentration in the
water. Analysis of such compounds in animal tissues has proved
useful for a number of monitoring studies. Compounds with high
water solubility  e.g., phenols! are accumulated in animals only to a
very limited extent. Elimination is very rapid, so that monitoring
for this class of compounds can be carried out by analysis of the
water.

4. Polychaetes, crustaceans and fish, because of their ability to
metabolize a variety of organic pollutants, are less useful in bioac-
cumulation type monitoring studies. However, the response of
their cytochrorne P-050 dependent mixed-function oxygenase sys-
tern, which can metabolize organic pollutants, has useful applica-
tions. Fish and some invertebrates show increased mixed-function
oxygenase activity and cytochrome P-450 content as a result of ex-
posure to such pollutants as petroleum compounds or polychlorin-
ated biphenyls. Ln addition, different classes of pollutants result in
the production of different cytochromes P-050. To demonstrate
the usef ulness of these responses for environmental pollution
studies, more work is needed, for example, early warning programs.
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INTRODUCTION

Bioaccumulation data are useful in that they provide direct in-
formation on the actual bioavailability of contaminants. This is
particularly important as bioavailability and toxicity may be sub-
stantially altered by site-specific variations in water chemistry
 e.g., salinity, pH, dissolved organics! or by the presence of other
contarninants. This latter point is crucial in complex effluent situ-
ations where a myriad of trace metals and organics results in com-
plex matrices which make modeling of uptake and toxicity of indi-
vidual compounds exceedingfy difficult. By measuring bioaccumu-
lation of contaminants in organisms from the environment, it is
possible to skip past the alterations described above and determine
the contaminants' actual bioavailability. Laboratory simulations
are also useful in predicting bioaccumulation for complex mixtures
such as dredge spoils. The major problem currently facing these
approaches, however, is determining the relevance of a specific
tissue or body burden to the fitness of an organism or community.
These correlations are made difficult because organisms have the
ability to detoxify and acquire tolerance to a wide range of envi-
ronmental contaminants.

In spite of these substantial obstacles, recent studies of detoxi-
fication systems in marine organisms may provide a basis for ef-
fectively estimating biological response to environmental perturba-
tion on the cellular, organismal and population levels  Bayne et al.
l980!. These studies suggest that the assimilative capacity of an
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organism's detoxification system may be a sensitive and highly rel-
evant index of "cellular fitness." ln this approach, rather than
total body burden, the partitioning of contarninants between sites
of detoxification and sites of toxic action is determined. This will
indicate if the contaminants are sequestered by rnolecules which
f unction in detoxification such as rnetallothionein  f or trace
metals! or glutathione  for trace organic metabolites!, or if they
are interfering in general metabolisrn �enkins et al. 1982a; Brown
et al. 1982!. Only those contaminants at sites of toxic action pre-
sent a direct problem to the organism. This approach also has the
added advantage of being contaminant specific since it makes it
possible to determine which contarninants are present at a site of
toxic action and are thus no longer detoxified. This is particularly
important when dealing with complex effluents for it not only
makes it possible to determine the degree of impact, but it also
provides informatio~ as to which contaminant is responsible-

In the following sections we examine the mechanisms by which
trace metals and trace organics are detoxified and we discuss
studies concerned with estimating biological significance of org»-
ic contaminant burdens. Finally, we review the current limitations
of the approaches and suggest how they might be dealt with experi-
mentally.

TRACE METAL DETOXIFICATIQN/TO!GFICATION

The detoxification of trace metals by marine organisms is due,
in part, to the presence of intracellular metal-binding proteins
which bear a strong resemblance to mammalian metallothi.oneins
 Learch et al. 1932; Noel-Lambot et al. 1978; Overnell and Coornbs
1979; Overnell and Trewhella 1979!. Metallothioneins are charac-
terized by their low molecular weight, high cystiene content, lack
of aromatic amino acids and high affinity for metals including Ag,
Au, Cd, Cu, Hg and Zn  KLgi and Nordberg 1979; Sabbioni and
Marafante, 1975!. Since their discovery in 1957, metallothionein-
like proteins have been isolated from a wide variety of organisms
including humans  Kissling and KKgi 1977!, mice  Huang et al.
1977!, fish  Marafaote 1976!, crabs  Learch et al. 1982; Olafson et
al. 1979! and molds  Arnmer et al. 1978!, and they appear to be ubi-
quitous.

Metallothionein synthesis can be induced by low concentrations
of Zn or Cu  Brady et al. 1979; Bremner and Davies 1975; Richards
and Cousins 1975; and %'ebb 1972!, making these proteins an effec-
tive nontoxic reservoir for these essential trace metals  Bremner
1979; Brown and Chatel 1978!. Nonessential trace elements such
as Cd, Hg and Ag are also strong inducers of rnetallothionein and
are effectively sequestered by the newly synthesized metal}othim
nein  Bouquegneau l979; Glick et al. 1981; Hildebrand et al. 1979;
Rugstadt and Norseth 1978'.
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Metallothioneins, functioning, as sequestering agents can be
seen in the livers of white croakers collected from a control site in
the Southern California Bight  Figure I!. In these organisms, 9796
of the total liver Cd was associated with the rnetallothionein pool.
%hen Cu and Zn are included, over 55% of the total liver metals
are effectively sequestered on metallothioneins �enkins et al.
198 2a!.

This sequestration of trace metals by metallothioneins appears
to be effective over a wide range of tissue metal concentrations.
For example, in sea urchins collected from a number of sites in the
Southern California Bight �enkins et a}. 1982b! the range of body
burdens could be accounted for entirely by metals associated with
metallothioneins  Figure 2!. The high molecular weight enzyme-
containing pool, which represents a major site of toxic action for
excess metals, does not change significantly over the entire range
of metal body burdens. The baseline level of metals in this pool
represents Zn and Cu associated with metalloenzymes. These data
suggest that the rnetallothionein system is very effective in se-
questering nonessential trace metals and that a precise mechanism
exists for maintaining constant levels of essential trace metals in
the enzyme-containing pool. These data also provide insights into
the difficulties associated with extrapolating from total tissue
metal burdens to biological effects.

Many marine organisms are also capable of sequestering sub-
stantial concentrations of trace metals in membrane-limited vesi-
cles or granules  Coombs and George 1978!. These structures are
particularly prominent in rnollusks and much of the high metal bur-
den observed in these organisms is attributable to metals in rnern-
brane-limited vesicles rather than the free cytoplasm  George and
Piere 1979, 1980!. The relationship between rnetallothionein and
these membrane-limited vesicles is currently under study. Metal-
lothioneins, however, are thought to occur in lysosornal rnembrane-
bound vesicles  Porter 1974; George and Pirie 1979!. Also,
Viarengo, et al. �981! have demonstrated that in mussels exposed
to a 3-day Cu pulse, initial accumulation of metals on metallothio-
nein is followed by a transient accumulation in lysosornal granules
and clearance of metal from the tissue. Finally, George and Piere
�930! have demonstrated exocytosis and sloughing of Zn-contain-
ing, granules from the kidneys of mussels. These data, though not
conclusive, strongly favor a model in which excess metals are initi-
ally accumulated on metallothioneins and the metallothioneins are
later sequestered in lysosomal granules for storage and/or excre-
tion.

As can be seen from the above examples, marine organisms
have the ability to detoxify trace metals through sequestration on
proteins and/or in membrane-bound vesicles. This detoxification
capacity, however, is finite, and under conditions of high metal up-
take or severe stress the capacity to sequester these metals can be
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exceeded. Under these conditions, excess metals would spill over
and have direct impact on sites of toxic action, such as the en-
zyme-containing pool. This phenomenon was initially suggested by
%inge et al. �973! who found a strong correlation in mice between
the onset of pathological effects due to cadmium exposure and the
spillover of cadmium from metallothionein to the enzyme-contain-
ing pool. Likewise, Pruell and Engelhardt �980! have shown a cor-
relation between Cd spillover and reduced catalase activity in the
cytosol of the killifish. Data consistent with these observations
have also been reported for bivalves exposed to Cd or Cu  F-ngel
and Fowler l979; Roesijadi l982!.

In studies in our laboratories  Bay et al. l983! we have found
tha.t in polychaete worms exposed to acute levels of Cd, there is
good correlation between the concentration at which spillover oc-
curs and the onset of histopathological damage  Figure 3!. Like-
wise, in scorpionfish exposed to an acute range of cadmium con-
centrations  Brown et. al. 1983! the degree of histopathological
damage in the gills was proportional to the degree of cadmium
loading in the enzyme-containing pool  Figure 0!. In these same
studies, however, the livers of fish exposed to Cd concentrations
representing 8596 of the acute LC50 level showed a fortyfold in-
crease in Cd when compared with control organisms, and all of this
cadmium was ef fectively sequestered on metallothionein. As
might be expected, the liver tissues in the exposed organisms were
found to have no obvious histopathologica} effects. These studies
support the importance of spillover in the onset of acute metal
toxicity. They also underline the importance of understanding de-
toxification mechanisms at the tissue level so that the appropriate
tissues can be utilized when carrying out bioaccumulation or detox-
if ication studies.

Observations such as those described above have led to the sug-
gestion that the toxicological impact of trace metals may be eval-
uated most effectively by examining their relative distribution be-
tween sites of detoxification and sites of toxic action such as the
enzyme-containing pool  Bayne et al. l980; Brown et al. l977;
Engel and Fowler l979!. An added benefit of this is that it would
automatically take into account metal interactions as well as other
stresses that could reduce the ability of the organism to synthesize
metallothionein. These characteristics along with the contami-
nant-specific nature of the test make it particularly attractive for
evaluating the metal status of organisms obtained directly from
the environment  Brown et al. 1977!.

TRACE ORGANIC DETOXIHCATIONITOXIFICATION

While several studies have been concerned with detoxification.
of trace metals in aquatic organisms exposed in their natural habi-
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Figure 3. Sephadex G-75 profile of cytosolic Cd in Neanthes ex-
posed to various Cd concentrations  as indicated! for 96 hours.
Metal pools are labeled as in Figure l, and concentrations are ex-
pressed as rng L '. Following exposure animals were examined
histologically and the gut rated for sloughing and necrosis where 0
= normal, l = low, 2 = moderate and 3 = high levels of pathology.
The mean ratings for four animals at each concentration were 0 mg

= 0, l mg L = 0, 5 mg L ' = 0.25 and 10 mg L ' = l.75  from
Bay et al. 1982!.
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Table I. Amounts of DDT + DDE + DDD in livers and muscle of
white croakers from Dana Point and Palos Verdes. Data are
presented in terms of wet weight and lipid weight, Composites of
N= 10.

Tissue rng af DDT + DOE + mg of DDT + DDE +
Wet Weight DDD per kg of Tissue DDD per kg of

 g! Wet Weight Lipid

DP PVDP PVDP PV

9.2 238

6.3 369

0.55 35.7

0.05 8.1

LIVER 2.98 447

MUSCLE 142 147

DP = Dana Point  Control Station!
PY = Palos Verdes  Outfall Station!

tats  Brown et al. 1977; jenkins et al. 1982a!, the ability of these
organisms to detoxify trace organics has not been thoroughly in-
vestigated. Studies involving exposure of fish to pesticides indi-
cate that fish can acquire tolerance to these by means of preexpo-
sure and suggest that fish have the ability to increase their capac-
ity to detoxif y these substances  Vinson et al. 1963; Ferguson et al.
1964!. More recent studies suggest that aquatic organisms like
mammals do indeed have the ability to detoxify trace organics  Lee
et al. L98L; Stegeman et al. 1981!.

Although similar in concept, detoxification of trace organics is
more complex than trace metal detoxification owing in part to the
number and variety of trace organics which must be studied, It is
also more complex mechanistically as the initial organic parent
compounds are metabolized through several steps into a variety of
rnetabolites with varying solubility, reactivity and toxicity. Thus,
in studying trace organics, we must deal not only with the parent
compounds, but also with a myriad of rnetabolites which cornpli-
cate bioaccurnulation studies considerably.

In the remainder of this section we review the partitioning and
rnetabolisrn of parent organics and the fate of the resulting metab-
olites. We also review recent studies which may provide a basis for
determining the toxic impact of given body burdens of parent trace
organics and their metabolites.

When parent trace organics enter organisms they are, because
of their hydrophobic nature, initially partitioned into lipid pools
 ALLen et al. 1974, 1976! and are thus distributed among tissues ac-
cording to lipid availability  Brown et aI. 1982 [Table I]!. If
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peripheral lipid pools, however, are overloaded with trace organics,
then these parent compounds can accumulate in lipids of nervous
tissues, producing neurotoxic effects  guraishi 1977!.

Trace organics also accumulate in liver tissue where they stim-
ulate a proliferation of endopiasmic reticulum and an increased
synthesis and accumulation of lipids  Allen et al 1970, 1975>
Concomitantly, there is an increase in serum lipids which may
serve to transport trace organics from peripheral tissues to the
liver. Trace organics entering the liver are partitioned into the
lipid vacuoles associated with the endoplasmic reticulum. The en-
zymes which metabolize the trace organics are located in the
rnernbranes of the endoplasrnic reticulum, and their synthesis is al-
so induced by the presence of excess trace organics  Hart and
Fouts 1963!.

The metabolisrn of trace organics results in their conversion
from a hydrophobic to a more hydrophilic form  Hodgson 197'4!-
For chlorinated hydrocarbons, this metabolism initially involves the
removal of chlorines  Figure !!. Next, the mixed function oxyge-
nases catalyze the addition of an oxygen to form a highly reactive
epoxide intermediate. This bioactivated metabolic intermediate
can attach to macromolecules including proteins, DNA and RNA
with resultant toxic effects, or alternatively, can be further me-
tabolized to less reactive hydrophilic metabolites. These latter de-
activation reactions include spontaneous co~version to phenols, en-
zymatic catalyzation of dehydrodiols by epoxide hydratases, or
spontaneous or enzymatic conversion by glutathione-s-epoxide
transferases to glutathione conjugates �erina and Daley 1970!. It
has been suggested that whether toxic effects will occur or not
 i.e., whether epoxide intermediates will react with cellular macro-
molecules! depends upon the ratio of the rate of the bioactivation
processes to the rate of the deactivation processes  Brodie et al.
1971; 3erina and Daley 1974!. If the rate of the deactivation pro-
cesses is less than that of the bioactivation processes, then levels
of toxic epoxide intermediates will increase, causing toxic effects.

Extrapolations from acute laboratory toxicity tests for trace
organics, to chronic environmental exposure are difficult because
the modes of both detoxification and toxification are different for
acute and chronic exposures  McKinney 1981!. Acute effects of
trace organics result from the overioading of lipid pools with un-
rnetabolized parent trace organics and their subsequent accumula-
tion in lipid-conta'ning membranes of nerve tissue. However,
chronic effects of trace organics occur when the rate of deactiva-
tion processes exceeds the rate of bio~ctivation processes, and re-
active metabolic intermediates accumulate and attach to macro-
molecules.

A number of marine organisms have been shown to possess en-
zyrnes necessary for both the bioactivation and deactivation of
trace organics. These include the presence of mixed function



H IL I C

Figure 0. Outline of the steps in the metabolism of ODT. MFOs
are mixed function oxygenases  from Brown et aJ. 1982!.
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oxidase activity in rnussels  Moore 1979!, polychaetes, crabs  Lee
et al. 1981! and fish  Stegeman et al. 1951!, and epoxide hydratase
and glutathione-s-transferase activity in mollusks, crustacea, elas-
rnobranchs and teleosts �ames et al. 1979!. In addition, a number
of investigators have demonstrated the presence of trace organic
metabolites in marine organisms including crustacea  Lee 1976;
Lee et al. I976! and fish  Lee et al. 1972; Malins et al. 1979!.

Unfortunately, neither the demonstration of these enzyme ac-
tivities nor the presence of rnetabolites gives any indication as to
whether sensitive cellular sites are being impacted. Recent
studies, however, have been carried out to determine the partition-
ing of trace organic metabolites between a site of detoxification
and sites of toxic action  Brown et al. 1982!. This work was carried
out in parallel with metal detoxification studies, and like these
studies, makes use of Sephadex G-75 molecular weight separations
 see Figure I!. In these studies, most of the rnetabolites  >95%!
present in the low-molecular-weight  LMW! pool were present as
conjugates since they were not extractable without a heat-
catalyzed base hydrolysis of this pool K'old et al. 1981!. This
suggests that the rnetabolites present in the LMW pool are not free
to impact rnacromolecules. Furthermore, recent studies indicate
that almost all cytosolic glutathione is present in the LMW pool
 Figure 6!. It has previously been demonstrated that glutathione is
a key substance in the conjugation of trace organic rnetabolites and
that trace organics da not bind to macromolecules unless
glutathione reserves are severely depleted or overloaded  Reid and
Krishna 1973!. This further irnplicates the LMW glutathione  GSH!-
containing pool as a major site of detoxification of trace organic
metaboli tes.

Whereas the LMW, GSH-containing pool appears to function as
a site of detoxification of trace organic metabolites, the HMW, en-
zyme-containing pool and the medium-molecular-weight, metallo-
thionein  MT!-containing pool may represent major sites of toxic
action for metabolites. When Sephadex G-75 gel chromatography
profiles were examined for croakers from a control site, it was
found that all measured trace organic metabolites occurred in the
LMW, GSH-containing pool  Figure 7!. When similar profiles were
examined for croakers from a highly contaminated site it was
found that higher levels of metabolites occurred in the GSH-con-
taining pool and that additional rnetabolites appeared to have accu-
mulated in the HMW and MT pools. Enzyme activities were re-
duced in croaker livers in which metabolites had accumulated in
the HMW pool. In these same organisms, the trace metal content
MT-containing pool was decreased, suggesting that rnetabolites
were interfering with metallothionein interactions �enkins et al.
1982!. The higher levels of rnetabolites in the MT-containing pool
may be a consequence of the fact that MT, like GSH, has a high
ratio of cystiene residues.
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The above observations suggest that excess trace organic me-
tabolites may impact metal detoxification by binding directly to
metailothioneins. Along these lines, recent studies have dernon-
strated that the enzymes responsible for detoxification of metabo-
lites are particularly sensitive to metal poisoning  Hjelle et al.
1978!. Studies such as these serve to stress the importance of con-
taminant interactions and accentuate the limitations of single-con-
tarninant bioassays for dealing with complex effluents, They also
reinforce the difficulties in interpreting body burden data at a
more superficial level.

CURRENT LIMITATIONS

In the approaches discussed above, spillover is often presented
as an end point, the tacit assumption being that metals and organ-
ics will have no impact on an organism prior to spillover. On the
surface, this makes good sense, as those contarninants which are
effectively sequestered are not available to have direct toxic im-
pact on the organism. This approach, however, ignores the poten-
tial indirect cost of detoxification to an organism. This cost may
represent the energy required for the synthesis of detoxification
proteins, competition for amino acids or the physical cost of accu-
mulating large quantities of proteins and/or membrane-bound vesi-
cles within a ceil. Ultimately, however, the cost of detoxification
must be related not only to basic energetics but to factors such as
growth and reproduction if we are to be able to extrapolate from
this cellular and molecular data to biological impact at the level of
the population and cornrnuruty.

Another question which must be dealt with in studies of this
type relates to the variability of detoxification limits seasonally,
within populations, between. populations and between species.
These variations may be genetic or may be a consequence of other
stresses such as temperature or salinity changes, molting or repro-
duction which organisms must deal with. As the organism's ability
to adapt physiologically to these additive stresses is finite, it is im-
portant to determine the degree to which these factors impact de-
toxificationn/toxif ication.

Studies are currently under way in a number of laboratories
which may make it possible to calibrate the loading or overloading
of the metal detoxification system with a number of other indica-
tors of stress at a variety of levels of organization  e.g., from tis-
sue and organism level to population and community Levels!. The
variability of these systems is a}so being studied, including the ef-
fects of additional stresses. If these studies prove fruitful, it may
indeed soon be possible to determine the relevance of tissue trace
metal levels and/or trace organic levels to biological impact at the
organism, population and cornrnunity levels.
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Introduction

Robert J. Huggett
Virginia Institute of Marine Science
Gloucester Point, Virginia 23062

Those who have been involved with chemical measurements in
the marine environment have seen numerous changes over the past
decade or so. Advances in instrumentation now allow scientists to
look at substances which previously went undetected. In addition,
many of the substances now entering the marine environment had
not even been developed several decades ago. %e are just now
starting to determine as many compounds as possible in our analy-
ses rather than limiting ourselves to those on some list which have
been deemed important. Much progress is being made.

It is not likely, however, that the chemist of twenty to fifty
years ago would be totally lost in our modern laboratories. This is
because many of the analyses performed then are still required and
are accomplished in similar ways today. I sometimes question if
some of these are really necessary or just required by outdated re-
gulations. There is no reason to believe that the needs or demands
for certain types of chemical analyses should remain constant nor
should we feel that everything we have done in the past was use-
less. Rather we should be in a position of reevaluating and perhaps
roodifying our contributions to environmental protection of the ma-
rine environment as needs and advances dictate. The papers in this
session are two attempts at this.



Meaningful Chemical Measurements in
the Marine Environment � Transition
Metals

James H. Carpenter
United States Regulatory Commission
Washington, D.C. 20555

Robert J. Huggett
Virginia Institute of Marine Science
Gloucester Point, Virginia 23062

The following comments present a critical, but not negative,
point of view that seeks identification of improved approaches to
"marine pollution effects" studies. The current literature has many
examples of the disquiet that the authors experience in reviewing
or participating in recent studies. As pointed out by Dayton �982!,
in reviewing the proceedings of a symposium: The Shore Environ-
ment, "Environmental protection programs are increasingly criti-
cized by ecologists, regulatory and management agencies, and pri-
vate business as being of questionable quality and value. Because
regulatory agencies and many ecologists are uncomfortable with
the highly probabilistic nature of ecology, there is a tendency,
often a legal necessity, for impact studies to be very detailed and
specific and to collect reams of data that have no underlying logic
and defy generalization or test. This prevents the growth of coast-
al ecology as a science." It seems interesting and paradoxicaI that
the collection of a large amount of data prevents the growth of a
particular science, but it seems to be true.

Further on in Dayton's review, he expresses what may be the
cause of the paradox: "Though the editors have been successful in
presenting integrated holistic studies and many of the papers are
current and innovative, explicit recognition of the importance of
attempting to falsify hypotheses as a scientific method is generally
lacking. Assuredly, emphasis on rigorous testing can be overdone
when the hypotheses are trivial. Nevertheless, I would have hoped
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to see more evidence of the use of the experimental methods and
an explicit recognition of the scientific futility of testing general
hypotheses with computer analyses of data collected without con-
cern for mechanistic questions.. ~ . It is to be hoped that
increasing sophistication of regulatory agencies and decreasing
funds will soon result in a merger of mechanistic science and
environmental monitoring." This example illustrates the point that
data collectio~ without clear hypothesis formulation is really the
cause of the "prevention of the growth of coastal ecology as a
science."

A feeling of dissatisfaction is expressed also by Gross �98 1! in
fid* ili*d~rb * dTI i E

Problems: A Case ~Stud at Swansea ~Ba . He remarks that, "the
volume will be a useful reference to researchers interested in
coastal ocean areas and their alteration by human activities. Its
weaknesses are the familiar failure to demonstrate the relevance
of the science presented and the failure to explain the science to
nonscientists. It is worth noting that none of the papers in the
volume refers to comparable U.S. environmental studies such as
the Corps of Engineers' Dredged Material Research Program, or
NOAA's New York Bight Project. 5o far as I know, the neglect is
mutual: Environmental studies of the L970's were apparently done
in nearly scientific isolation. Perhaps this accounts for the slight
progress made in environmental studies during the past ten years."
It seems a reasonable guess that the lack of "relevance of science
presented" can be ascribed to the absence of clearly stated hypoth-
eses to guide the work.

We cite one more example of unavoidable critical appraisals.
The NAS-NRC committee to evaluate outer continental shelf
 OCS! environmental studies came to this conclusion: "The pro-
gram does not now effectively contribute to leasing decisions or to
the accrual of sound scientific information adequate for OCS rnan-
agernent, both offshore and onshore. While the Bureau of Land
Management  BL.M!, which administers the program, does not de-
fine it as a research program as such, a scientifically sound activi-
ty is nevertheless required. Our concern for the scientific content
of the program, as distinguished from its utility to BLM, is that we
could find very little evidence of explicit hypotheses or statements
of scientific purpose for which the data were intended. Thus gath-
ering of the data prescribed through formal bid instructions often
leads to descriptive data for unknown purpose but does not neces-
sarily lead to invalid scientific information. We do not wish to im-
ply that we judge all work of this BLM program unscientific. How-
ever, the general lack of a scientific construct and specific hy-
potheses combined with uncertain relevance for departmental deci-
sions, greatly erode the potential value of the program. Therefore,
we urge BLM to execute a problem analysis to identify the infor-
rnation required to develop a program design suitable to obtain this
information. Without a second scientific design focused on the rel-
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evant issues, the present program will continue to produce incon
elusive descriptions."

Current examples of distress in "marine pollution ef fects'>
studies could also be found in the drafts of "synthesis reports" for
the NOAA New York Bight program and the EPA Chesapeake Bay
Toxic Substances Program. The point is that chemical measure
ments have formed a substantial part of the data collection, and
identification of improved "meaningful" measurements can
based only on recognition of current deficiencies. Our perception
is that the dissatisfaction with many recent marine pollution ef
fects studies results from failure to apply the scientific method to
these problems. Table l is a simplistic outline of application of the
scientific method to the study of estuarine and coastai processes.
Perhaps the perplexity concerning the quality of the current litera
ture comes from a failure to recognize that most work does not
progress very far along the sequence in Table l.

To illustrate this point, 5oehm  L982! has given permission for
quotation of a figure from a manuscript that describes measure-
rnents of some organic compounds in the New York Right region.
The data suggested to Dr. Boehm that several processes  resuspen-
sion and transport! need to be considered in the system that was
sampled  Figure l!. The point that we would like to make is that
Boehm's excellent work went only as far as Step 3 in Table l. A
limited amount of new data permitted him to formulate some
speculative conclusions. The reader is frustrated in that there is
no indication that the work is to be carried forward in terms of
testing the significance of these hypothesized processes to produce
a scientif ically "meaningf ul" study.

Table l. Scientific method for studying estuarine and coastal
processes.

Exploratory Data Collection

2, Summary Description - Qualitative or
Semiquantitative

3. Formulation of Process Hypotheses
 Modelling Equations!

Data Collection for Hypotheses Evaluations
 Model Quantitative Evaluation!

5. Scientific, Quantitative Tentative Conclusions

6. Use and Testing of Conclusions

A. Evaluatio~ of Forecasts

B. Verification of Management Decisions



I

0 oo

w
4 ~

0

Q~

s.
0

z g.

g5 L

rO
U

 h

ce E
50

e E
~ v 0

0

v!
0

V Vl
Q

0
a 6.
v! 5

r5 th
v

0
C

C
0

0 h

V!

Ph
Q 4!

V WIl5

nj
C

Ih
V

0~ 0
o @
2 Q.

CP
Lr

P y
0

4

u!
~~ c



Meaningful Chemical Measurements / 383

4'e think that Dayton's hopes for increasing sophistication of
regulatory agencies may lie primarily in the direction of recogni-
tion that many "research" programs have been stopped short of the
scientific phases in Table 1 or have been continued for many years
as monitoring or "baseline" data collection efforts without recogni-
tion that the scientific method has not been invoked.

The final inference that we would like to draw from the above
briefly described examples is that the scientific method can be
cost effective. Mindless monitoring, will never produce understand-
ing of environmental processes that will be useful in formulating
public policy and regulations. Assessment of probable environment
effects  impacts! should become realistic and meaningful as under-
standing, rather than larger data files, becomes the specified goal
of environmental studies.

LIMITATIONS OF CURRENT TRACE METAL DATA

For inorganic materials, marine "pollution effects" often imply
a focus on toxic substances such as some of the transition metals
 Cu, Zn, Cd, Hg, Pb, Ni, Cr, etc.!. In contrast to the synthetic or-
ganic materials that are entirely anthropogenic these metals are
naturally present and "pollution effects" need to be discerned
against the natural background occurrences.

Uranticipated Temporal and Spatial ViabiTity
Many of the data for the transition metals cannot be interpret-

ed in terms of the processes that control metal abundance in estua-
rine and coastal waters because the designs of the sampling pro-
grarns did not adequately anticipate the temporal and spatial vari-
ability that is present. Variability can be considered as composed
of two parts.

I. Components considered in the equations that are the quan-
titative hypotheses  models!. These may have annual, sea-
sonal, daily, tidal and diurnal time scales and spatial scales
of meters to kilometers. The sampling design should be
derivative from the hypotheses and, in absence of clear
statements of hypotheses, the data interpretation is fre-
quently based on an ad hoc scheme developed posteriorly.

2- Random variability  noise! that comes from the lack of ho-
mogeneity in the system being sampled. W'hile it is trivial-
ly obvious that the sampling must be carried out with suffi-
cient replication to provide "representative" data, much of
the current information is woefully deficient in this regard,
as will be illustrated in the following examples. However,
particular note should be taken that regular variability not
considered in the sampling design then contributes to the
noise; for example, processes that are operative on daily,
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tidal or diurnal time scales would contribute variability if
monthly sampling is used to look at seasonal cycles and
samples are collected at different times of the day or
stages of the tide.

Some data from the recent literature illustrate these features,
For the toxic metals, anthropogenic damage  pollution! may occur
primarily in the estuarine and coastal environments. The processes
that cause variability in metal concentrations are diagramed in
Figure 2. Attention should be directed to the obvious feature
 which is neglected to a remarkable extent in much current work!
that the estuarine and coastal environments are places where up-
land drainage mixes with water from the open oceans. A major
cause of temporal and spatial variations in metal concentrations
for these environments may be the processes that take place out-
side the study area; that is, the drainage basin chemical dynamics
may be reflected in the estuarine or coastal area. The major vari-
ations in the source water can be ascribed frequently to seasonal
variations in discharge rates, particularly with respect to suspend-
ed solids and associated metals, as shown in Figure 3, for samples
from the mouth of the Susquehanna River as it enters the
Chesapeake Bay.

Further perspective on the challenge to understanding the dy-
namics of anthropogenic metal damage is displayed in Figure 0. It
is important to remember that these temporal variations at the
head of Chesapeake Bay will be expressed as spatial variations in
the estuary as these waters continue to move seaward. Down-
stream "pollution" would need to be discerned against this sub-
stantial variability. Zinc is predominantly associated with
settleable solids, but does not correlate very weil with the varia-
tions in iron concentrations. Week-to-week variations of twofold
or more were found, with a pulse of soluble zinc in january.
Copper and nickel were roughly equally distributed between the
solid phase and filter-passing or "soluble" phase. The winter pulse
of nickel might be a vegetative input, but the possibility of inputs
from the burning of fossil fuels needs to be studied using rainwater
samples from the watershed. However, the lack of large metropol-
itan areas on the Susquehanna watershed may rule out fossil fuels
as a quantitatively important source. The lack of an increase in
the copper and nickel concentrations during February, March and
May, comparable with the increase shown by iron, manganese, and
zinc suggests that the solids carrying the copper and nickel have a
different source and character,

The challenge to understanding is reflected further by the data
plotted in Figure 5, which are the same values as those shown in
Figure 0 except that the observed metal contents of the samples
are expressed as weight concentrations in either the settleable or
filterable solids. The most striking feature is the seasonal varia-
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Figure 0. Copper, nickel and zinc concentrations in the soluble,
filtered-solids and settled-solids fractions of the samples  Carpen-
ter et al. 1975!.
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tion in the composition of the solids, metal-rich materials being
more abundant during December and 3anuary. The non-settleable
or filterable materials  either small size or low density! Probably
were high in organic and aluminosilicate content; they frequently
had much higher concentrations of metals, but were extremely var-
iable.

The variable metal content of the solids as a function of parti-
cle size or density is present also in estuarine sediments. Huggett
�981! reported the data shown in Figure 6 that displays an intimi-
dating large variation in the copper content of Chesapeake Bay
sediments. Detection or realistic perception of estuarine damage
due to anthropogenic copper in the face of this observed variability
requires greater skill and thoughtfulness than has been present in
much recent work.

That the metal content of suspended material in estuaries like
Chesapeake Bay is highly variable has been documented recently by
Nichols et al. �982!. Many observations �576! were made and
Table 2 summarizes the data. The expectable variability due to
the processes diagramed in Figure l is clearly present but the ab-
sence of process hypotheses in the program design irnpairs inter-
pretation of this large data set in terms of the relative significance
of the various processes and resolution of anthropogenic contribu-
tions to this system.

One source of variability that was unusually well documented
by Nichols et al. �982! was the temporal variation in suspended
solids and associated metals. As shown in Figure 7, variations
greater than twofold were found over a tidal cycle. This source of
variability was mitigated by scheduling observations close to slack
water  + l hour! and does not contribute to the data summarized in
Table 2. However, from the point of view of aquatic toxicology
and evaluation of possible anthropogenic damages, these time vari-
ations in the concentrations of suspended solids and associated
metals need to be considered in terms of possible responses by or-
ganisms. Bioassay data in the literature have been focused on time
invariant exposure to various toxicants and one cannot help but
wonder whether, in the "real-world" environments such as Chesa-
peake Bay, the organisms respond to the mean metal concentra-
tions or to the complex temporal variations.

5easonal variability in both natural and anthropogenic metal
concentrations derives largely from variations in the values of up-
land runoff. Consider an anthropogenic input ta the river or near
the head of an estuary and the resulting concentration distribution
as shown in Figure 3, which might be a plot of a single survey.
Measurement of chlorinity or salinity makes it possible to compute
the effects of dilution with sea water, and such plots have been
used to estimate the effects of processes other than dilution.
However, simple interpretation is not possible; for example, the
difference labeled with a question mark in Figure 8 might be due to



0 g!

0

Z
0 M

hJ
Q

0 y
0
UJ

S 0 0 O.
n$

S

OP
Q.

0

U E
0

C
Q
E

CP

E0 0 0
E

Q.

0 O~

~ S
~ ~

8
~ u!

U
Co ofh

{
0

U

0 e
Q 0-

S

e V
Q

0 8



Table 2. Summary of mean metal concentrations and range of Ray-
wjde values in suspended material, expressed as weight per weight
and weipht per volume».

>Kg vgL '

Metal MeanMetal Mean ~Ran e ~Ran e

13.00 0.55-100.00

10.16 0.12-790.00

As

Cd

Cu 127.96 9.90-570.00

Fe %! 3.11 0.29-17.00 Fe

PbPb

Mn 65.13 048-1000.00

0.035 0.01-047

2.00 0.03-34.00

0.20 0.01-4.80

Hg

Sn

Zn 1 l. 02 0.55-90,00Zn

» Nichols et al. �982!

160.30 21.00-730.00

2.88 0.08-46.00

3.89 0.05-59.00

95.80 4.80-770.00

17.97 0.25-290.00

0.75 0.10-7.10

0.32 0.006-5.00

0.14 0.003-3.80

1.54 0.068- 17.00

0.88 0.01-12.00

2.27 0.10-15.00
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 a! transformation of the constituent into a form not determined in
the analytical procedure,  b! loss to the sediments,  c! input of the
constituent having varied with time, or  d! the flow rate of the
river having varied with time. The last possibility always exists,
and the curve in Figure 3 may simply indicate that the water in the
more seaward part of the estuary passed the point of contaminant
input at a high rate of flow and never had the concentration that
was being produced at the source point at the time of the survey.
Evaluation of this effect requires adequate time-varying "models's
 equations! for estuarine flow and mixing and a comprehensive set
of data for variations as a function of both position and time. Be-
cause of these features, our understanding of the fate of contami-
nants has not progressed very far, and progress awaits simultaneous
developments in theory and observation,

Natural variabilities in trace metals are present in marine and
estuarine organisms as well as in bottom and suspended sediments.
An example of this phenomenon in organisms which supposedly in-
tegrate varying inputs of substances over time and thus smooth out
temporal variations is presented utilizing copper and zinc in oys-
ters, Crassostrea ~vir inica  Huggett et ai. 1973!. In this study
replicate oganisrns were collected from the same bed at the same
time and were analyzed. The resulting data showed that the metal
concentrations in individuals, which were presumed to be the same
age, often differed as much as 10096 and occasionally 300%. In ad-
dition, it was shown in this and further studies that even in the ab-
sence of pollution sources, oysters in fresher waters of estuarine
systems contain more metals than those from more saline waters
 Huggett et al. 1970!.

Obviously if natural variations such as these are not incorporat-
ed into the sampling design, then valid conclusions relative to the
impact of human activity will be difficult if not impossible.

Taunt Metal Content as Subject of Data
Most data are for total metal content. Although the total con-

centrations of various metals in suspended solids and sediments are
of interest in simple geochemical studies, such data are of limited
use in assessing anthropogenic damage. The recent, extensive
study of Chesapeake Bay sediments by Helz et al. �981! provides a
good example of geochemical studies of estuarine sediments. This
group carried out 8000 individual analyses of 12 metals and came
to the conclusion that "a number of processes may influence the
observed vertical profiles  of sediment metal concentrations!. No
single process, such as anthropogenic contamination, provides an
adequate explanation for all the data." This work provides a good
example of the labor required to provide a description of the metal
distributions in Chesapeake Bay sediments and indicates that in the
absence of hypothesis formulations, resolution of the magnitudes of
the various processes awaits further scientific studies based on this
work.
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However, knowledge of the abundance of the metals in the sedi-
ments does not provide a basis for evaluating anthropogenic dam
age. Helz et al. used ref luxing in a 90-10 mixture of nitric and hy-
drochloric acids to solubilize the metals from the sediment sam-
ples. This harsh technique had the virtue of giving reproducible re-
sults but probably solubilized much metal that would not be avail-
able to benthic organisms. Data obtained by such means do not ap-
pear to be applicable to understanding the toxicity or lack of toxic-
ity of metals in estuarine sediments.

This point is demonstrated very clearly in the recent work of
Rubinstein et al. �982! of the EPA Gulf Breeze laboratory. Sand-
worms, hard clams and grass shrimps were exposed for 100 days to
sediments from New York harbor that had been contaminated with
pCBs, mercury and cadmium. Some transfer of PCBs to the ani-
mals was found but no transfer of mercury or cadmium was ob-
served. As they state, "Results from this study support the conten-
tion that sediment concentration alone does not reflect bioavail-
ability and that bioassays and field monitoring remain the most di-
rect method for estimating bioaccumulation potential of sediment
bound contaminants at this time." It seems clear that new, appro-
priate chemical techniques for characterization of the metal con-
tent of sediment solids are needed for meaningful rneasurernents
of marine pollution".

Another example of the importance of bioavailability in assess-
ing impacts from anthropogenic inputs was demonstrated in a study
by Haven and Morales-Alamos �979!. !n this work Kepone-con-
taminated sediments were collected from the 3ames River in Vir-
ginia and presented to oysters as a suspension under controlled lab-
oratory conditions. Analysis of the oyster feces and pseudofeces
showed that the Kepone levels averaged 3.5 times higher in the
feces than in the pseudofeces. The explanation is that oysters
selectively differentiate the particles that they filter. Those that
they pass through their gut are voided as feces and the remainder
exit as pseudofeces. Since Kepone is associated with the organic
fraction of the sediments  Huggett et al. 1980! and since the
oysters obtain their energy requirement from it and hence "eat"
this fraction, the feces are relatively enriched with the pesticide.
Obviously, in the case of Kepone and oysters, more relevant infor-
mation would be obtained if the organic fraction of sediment were
analyzed rather than the total. Even though this example concerns
an organic compound, it appears likely that such differentiations
are important f or metals as weil.

~~T any U~ ~CI ~5I
The attitude of administrators and regulators that inexpensive,

simple testing techniques for "marine pollution" are what is needed
not surprising. However, the truth stands squarely in the way of

simplistic "quick-fixes" and biogeochemical quadcery. Even for the
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simpLe "dissolved" toxic metal content of estuarine and coastal
waters, the toxicity depends on the chemical form of the metal.
Regulatory strategy that seeks reasonable protection of marine life
and public health by shying away from both overprotection and un-
derprotection will have to be based on the translation of scientific
knowledge into policy, rather than vice versa. The intricacy that
must be faced may be illustrated by drawing on the recent litera-
ture concerning the aquatic toxicity of copper. The purpose is not
to review the literature on copper, but rather to cite some work
that shows the nature of the "tiger that we have by the tail".

At the present time, many states have adopted water quality
standards for copper; for example, the State of Florida 1979 stan-
dard was promulgated at 0.015 mg L ~  l5 ppb! for marine waters
from the older general value of 0.5 mg L �00 ppb!. The guidance
provided by the NAS/NAE  ES8 1972! states "on the basis of data
available at this time, it is suggested that concentrations of copper
equal to or exceeding 0,05 mg L ' �0 ppb! constitute a hazard in
the ma.rine environment and levels less than 0.01 rng L ' �0 ppb!
present minimal risk of deleterious eff ects." Presumably that
guidance was considered in setting the revised Florida water
quality standard for copper.

The NAS/NAG report drew primarily on bioassay work with
larger marine animals. Subsequent research  Sunda and Gillespie
l979; Sunda and Ferguson 1982! has shown that smaller organisms,
particularly bacteria and phytoplankton, are remarkably sensitive
to ionic copper, responding  with growth reduction! at levels of a~
proximately 0.0005 ppb free cupric ion. In seawater, inorganic
complexes  with hydroxide and carbonate anions! form with a ratio
of inorganically complexed copper to free copper of roughly 60 to
l. If this inorganic complexing were the only detoxification pre-
sent, the water quality criterion would need to be roughly 0,03 ppb
to protect bacteria and phytoplankton. Since the natural copper
concentrations in estuarine and coastal waters range from I to 0.1
ppb, copper toxicity would be widespread were it not for detoxifi-
cation by complexing with organic materials. As Sunda and co-
workers  ESB 1972; Sunda and Gillespie 1979! have shown, the or-
anic complexing of copper is extensive and nearly all the copper
96-99%! in their samples was organically bound.

It seems obvious that site-specific knowledge is necessary to
establish water quality standards for copper. Bioassay techniques
would be useful except that they are extremely tedious and require
great skill and care by the observer. Chemical techniques may be
an attractive alternative but, in view of the extremely low concen-
tration of copper that causes biological responses, the chemical
techniques will not be as simple or inexpensive as regulatory per-
sonnel might hope. However, such costs may be minuscule com-
pared with the economic burdens of overprotecting or underpro-
tecting our aquatic environments.
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One candidate technique for observing the capacity of natural
waters to bind or detoxify copper is anodic stripping voltarnetry
 ASV!. Discussions in the recent literature have raised questions as
to whether there are undiagnosed artifacts in the use of ASV.
Some recent unpublished work by M. 3. Spencer in her doctoral re
search at the University of Miami will be briefly outlined to show
that the ASV technique, in which the copper complexing capacity
of samples is determined by titration with copper, provides data
that, if properly interpreted, are a good measurement of copper
complexing capacity  Figure 9!.

The first point brought out by Spencer's research is that the
copper-binding compounds can be isolated from seawater by ultra-
filtration �00 daltons nominal pore size!. Having found a way to
concentrate the compounds, she could determine the cornplexing
capacity by an independent method based on an equilibrium binding
gel filtration technique, obtaining results such as those shown in
Figure l0. The integral quantity of copper shown in this chromato-
gram corresponds to 38 nM �.Q ppb! compiexing capacity in the
original sample, and the titrimetric value for this sample was 35
nM. This agreement between the two rneasurernents that involve
entirely different techniques seems to be strong evidence that her
ASV procedure and data interpretation are sound.

A second point in Spencer's work is that pseudopolarograms
 like those shown in Figure 11!, constructed from stripping peak
versus plating potential data, showed that the copper-organic corn-
plex was electroactive � albeit to a lesser extent than would be pos-
sible for the inorganic copper complexes or no-titration. This pre-
viously unidentified property of the compounds has led to erroneous
interpretations of the ASV titration data by a number of authors.
Spencer derived equations for the calculation of the conditional
stability constant based on an electroactive copper-organic com-
plex mode. To test the soundness of this methodology, she titrated
irradiated seawater samples containing known additions of EDTA
with a standardized copper solution. The average conditional sg-
bility constant determined from these titration data was 2.3 x l0,
which agrees quite well with the value of 1.9 x 10 calculated from
the literature for the various competing reactions with the calci-
um, magnesium, carbonate and hydroxide in seawater.

Using this new knowledge, Spencer determined an average con-
ditional stability constant of l.0 x 10 for a number of samples
from southeastern Florida coastal waters. This value is an order of
magnitude higher than that calculated using the methodology of
previous investigators in which the complexes were assumed to be
nonelectroactive. %'hen this average value is used together with
typical values for the total copper and complexing capacity in
southeastern Florida waters, 98.696 of the copper is predicted to be
in the organic form and only 0.0296 in the free copper ion or toxic
form,
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It seems probable that the ASV titration technique with copper
can yield observations having the same information content as that
obtained with the tedious and tricky bioassay techniques.

Recent research clearly shows that aquatic organisms do not
respond to the "total" toxic metal concentration but that the metal
speciation controls the observed responses. "Meaningful" chemical
measurements must reveal the speciation. The penalty of cost and
complexity with the appropriate techniques should be more than
offset in the utility of the resulting data.

CONCLUSION

This brief survey has been intended to support the following
views. Many of the data  measurements! that might have some
bearing on "marine pollution effects" from transition metals do not
appear to be meaningful. This deficiency exists because the scien-
tific method has been inadequately applied and the nature of the
problems have not been well understood. In the positive sense it
appears that, currently, sufficient descriptive data exist and new
techniques are being developed for chemical rneasurernents that
will permit work with increased "meaning" or understanding in the
future. "More of the same" doesn't look useful, but the groundwork
for irnprovernent has been laid. Research that seeks quantitative
understanding of estuarine and coastal biogeochemical processes,
including anthropogenic damage, must be carried out before
straightforward monitoring or proctoring will be useful.
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Chemical Measurements of Organic
Pollutants and Effects Criteria

Donald C. Malins, Harold O. Hodgins, Usha Varanasi, William p,
MacLeod, Sr., Bruce B. McCain and Sin-Lam Chan
Northwest and Alaska Fisheries Center
Seattle, Washington 98112

INTRODUCTION

There is a tendency among those of us working on marine pollu-
tion problems to foster and perpetuate certain unreal expecta-
tions. Principal among these is the myth that definitive answers
are available, or that answers could soon be forthcoming, to any
selected questions of pollutant impacts on marine environments.
The simple truth is that we can provide few definitive answers.
Moreover, the problems are so complex, the unknowns so many, and
the research efforts so fragmented and poorly focused, that, if we
proceed as we have been proceeding, it seems inescapable that we
will contribute only marginal amounts of substantive information in
the future on pollutant fates and effects.

Despite this rather disturbing perspective, it is our intent to fo-
cus our discussion on the linking of chemical measurements of or-
ganic pollutants with effects. The approach will be first to review
the state of the art of analysis of organic chemicals in the environ-
rnent and methods of determining effects of organic xenobiotics on
marine biota. Next will be a more in-depth treatment of problems,
attempting to link the analytical data with observed effects. %e
will draw on our recent research � including a recently completed
survey of pollutants and abnormalities in biota of Puget Sound
 Malins et al. 1980, l982! � for examples of real world observations.



406 / Chemical Measurements and Effects

Finally, ideas will be presented abo~t approaches for more
closely relating analytically determined organic chemicals to ef
fects, and for making progress in solving the extremely complex
problems of marine pollutant impacts.

STATE OF THE ART AND LIMITATIONS OF C:HEMICAI
ANALYSIS OF ORGANIC SUBSTANCES

There are an estimated 63,000 chemicals in cornrnon use  Maugh
1978!. Many of these chemicals eventually find their way into the
marine environment. Clearly any attempt to analyze for even one
tenth of them presents a task of Herculean dimensions. Hence, it
is necessary to focus on the more hazardous and bioavailable chem-
icals, while at the same time avoiding an over-simplified approach
that fails to protect the environment.

To detect and quantify chemical contaminants in seawater, sed-
iments and organisms, trace amounts of pollutants often have to be
analyzed against a background of complex mixtures of hundreds of
"natural" compounds. This is indeed a formidable task. In fact, the
linking of chemical and biological parameters is profoundly limited
because not all chemicals in sediment, biota or the water column
can be identified or quantified at present.

In a recent study  Malins et al. 1980, 1982!, more than 500 aro-
matic hydrocarbons  AHs! were revealed in a chromatogram of sed-
iment from Puget Sound's Commencement Bay. Moreover, scores
of halogenated compounds were shown to be present, but the iden-
tities of most of them could not be confirmed because reference
mass spectra were not available. It is a regrettable fact that we
have only a few hundred standards for positively identifying the
thousands of compounds now detected in such gas chromatography
KfC! profiles of chemicals.

We might ask, "How effectively have we addressed the identifi-
cation and quantitati.on of foreign chemicals in the marine environ-
ment?" Overall, significant progress has been made in the past 5-6
years. In large measure it was due to advances in glass capillary
GC and high performance liquid chromatography  HPLC!. Figure 1
shows glass capillary GC profiles of unsaturated hydrocarbons ex-
tracted from the hepatopancreas of crab  Cancer ~raciiis!  Matins
et al. 1980!. The upper tracing shows the olefinic and aromatic hy-
drocarbons isolated by silica gel chromatography.

By rechromatographing this fraction on Sephadex gel and ob-
taining the simpler mixture shown in the lower tracing, it is possi-
ble to determine individual AHs characteristic of both fossil fuel
and combustion products  Ramos and prohaska 1951!. Intralabora-
tory precision in these types of determinations generally has about
20-00% coefficient of variation, which is to be expected- How-
ever, interlaboratory agreement is usually less.
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Analytical methods have also improved recently for another
class of marine pollutants, the chlorinated hydrocarbons. Among
these ubiquitous compounds are the famiLiar chlorinated pesticides,
such as dieldrin and DDT; PCBs; and chlorinated benzenes, butadi-
enes and cyclopentadienes. Progress in resolving and quantifying
chlorinated compounds is illustrated in Figure 2 wNch shows a typ
ical CC profile of PCBs  Aroclor 1254! prior to glass capillary GC.
Figure 3 demonstrates, however, how more detailed information on
PCBs can now be obtained by glass capillary CC using an electron
capture detector  Malins et al. L982!. Yet despite this improved
resolution, environmental mixtures of chlorinated hydrocarbons
may be far more complex than these data would indicate. For
instance, in Figure 3 it is apparent why we should not limit our per-
spective to the PCBs alone. Had the analysis been restricted to
PCBs, complex suites of other chlorinated hydrocarbons would have
been completely overlooked, despite the fact that they may be Iust
as toxic, or more so. In reflection, we sornetirnes tend to use PCBs
as an overall indicator of pollution when in actuality they provide a
very myopic perspective of impacted estuarine and coastal marine
environments.Comparable analytical procedures for other classes of organic
compounds, such as chloro-and nitro-phenols and phthalate plasti-
cizers, are being actively developed and the results show consider-
able promise  Gian et al. 1975; Sorensen L978; Coutts et a.i. 1980!.
Research efforts such as these are essential for delineating the na-
ture and extent of chemical pollution in marine environments.

There are other pollutants of considerable concern to both the
analytical chemist and the toxicologist. These compounds arise
from either chemical  e.g., photochemical oxidation! or biocherni-
cal  metabo!ite formation! transformations in the marine environ-
ment  Lee l977; Bend and james 1978; Malins and Hodgins L98L!,
For example, when AHs, such as benzo A!pyrene and benz A!an-
thracene, are oxidized either photochemically or enzymatically,
the parent compounds seem to "disappear" � that is, from our "ana-
lytical window" � and new compounds  oxidized products! are
formed, some of which may be teratogenic, mutagenic and/or car-
cinogenic or otherwise toxic.

The fact is that most chemical and biological transformation
products cannot be detected in marine samples, even with our roost
sophisticated analytical techniques  Malins 1980; Malins and
Hodgins 198I!. To illustrate the point, let us again refer to the
Puget Sound research  Malins et al. 1950, 1982!. Concentrations of
AHs from virtually all biota samples  worms, crabs, fish! were
found to be lower than the concentrations of AHs in sediment frorA
areas in which the animals were captured. Only a small number of
AHs were detected in biota, whereas as many as 500 AHs, as indi-
cated earlier, were detected in the sediment. Because we were un-
able to analyze for the transformation products, it was not possible



Figure 2. Gas chromatogram of typical PCBs  Aroclor 1254! by
conventional packed column technique.
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to ascertain directly whether biota took up the AHs or whether the
AHs were extensively converted. In essence, therefore, the ab-
sence of AHs in biological samples cannot be construed to mean
that the compounds were not taken up.

lt should be recognized that the potential toxicity of the oxi-
dized compounds has only recently been appreciated, and the ana-
lytical methodology for them has not progressed as far as that for
the other pollutants, that is, the parent compounds. In fact, it can
be argued that present methodology is actually totally inadequate
because we have little capability for routinely analyzing for these
types of compounds.

During the last 2-3 years, HPLC techniques have allowed for
modest advances in the analysis of highly complex mixtures of oxi-
dized products  Krahn et al. 1980, l981, l982; Krahn and Malins
1982!. These techniques have been particularly valuable because
many of the oxidized products are simply not amenable to analysis
by GC because of their low volatility and/or lability. Notwith-
standing, we stil.l have not succeeded in finding ways of applying
present HPLC techniques to the routine analysis of field samples,
An urgent need exists for identifying and quantifying both the
chemical and biological transformation products if we are to un-
derstand links between pollution and effects in exposed organisms
and links between pollution and the health of the consumer of fish
and shellfish.

EFFECTS STUDIES: STATE OF THE ART

Three general approaches are available for studying the effects
of pollutants on marine biota:

l. Effects can be inferred from field observations.

2. Controlled laboratory experiments can be conducted in
which all but one or a few variables are controlled.

3. Semicontrolled experiments can be conducted in situ in the
field in pens or other enclosures, or in model ecosystems
under "natural" conditions.

Each approach, unf ortunately, has limitations  Malins and
Hodgins 1981!. Definitive cause-and-effect relationships are usual-
ly impossible to establish by field studies alone, and there are still
many undefined variables even in semicontrolled systems, so that
cause-and-ef f ect relationships are still dif f icult to establish.
These relationships can be established in controlled laboratory
studies, but events observed in the laboratory may not occur in the
same way, or to the same degree, as they do under the complex
conditions of natural marine environments.

Effects studies on marine species have ranged from examina-
tions of acute toxic ef f ects in controlled laboratory studies
 Hansen et al. 1974; Swartz et al. 1979! and in field situations af ter
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spills  Hy}and and Schneider L976! or other polluting incidents, to
examinations of longer term effects on species and ecosystems us-
ing a spectrum of scientific disciplines  Haensiy et al. l982; Mearns
and Sherwood l977; Smith et al. 1979; Malins et al. 1980!.

It is important to recognize that in effects studies the major
concern is not really whether pollutants are present in the mar jne
environment, but whether they are available to organisms and
whether they are transported up the food chain to higher marine
forms and humans. For example, many pollutants are found in sed
jrnents but of course they are not all taken up by marine life to
the same extent. PCBs in sediment tend to accumulate in tissues
of bottom-dwelling fish to a greater degree than do AHs. This dif
ference may be explained, in part, by the fact that the AHs are
rapidly oxidized in fish, as previously indicated, whereas most
PCBs are transformed relatively slowly. With this in mind, it is
obvious that unless we know the bioavailability and biodisposition
of chemical pollutants, we are severely hampered in deducing the
causes of biological effects.

The bioavailability of a pollutant will depend on a host of fac-
tors such as the structure of the compound, its ability to bind to
particulate matter, the nature of the particles to which the chemi-
cal is bound, the anatomy and physiology of the organism and the
length of exposure. It is clearly not possible in every instance to
know the actual contribution of these individual factors; however,
analyses of chemicals in the environment of an organism, together
with analyses of chemicals in tissues, provide useful information on
bioavailability. Knowledge of this type is essential in linking pollu-
tion to biological change.

Elucidating the metabolic fate of pollutants is also a very im-
portant step in understanding pollutant-induced biological change.
For example, the metabolism of hydrocarbons is a process whereby
animals convert these lipophilic compounds to derivatives that are
generally water soluble and readily excreted. While such detoxifi-
cation processes clearly are beneficial, there may be negative con-
sequences the organism must also face. For example, certain me-
tabolites bind with DNA  Varanasi and Gmur l980; Varanasi et al.
1981!, a process that may lead to tumor formation.

Laboratory studies with radiotracers allow us to obtain data on
uptake, rnetabolisrn and retention of chemical pollutants. While
radiotracer studies have the advantage of providing in-depth infor-
mation on the structures of individual oxidized products, their limi-
tations are numerous. For example, they can be conducted only in
the laboratory, and translation of the data to the environment is
obviously fraught with many difficulties. For technical reasons>
such studies can frequently be readily carried out with only two in-
dividual compounds  e.g., using carbon 14 and tri.tium labels inde-
pendently!, whereas organisms are exposed to a host of chemicals
in the marine environment.
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Another important question arises: "How do the bioavailability
and bjotransformation of one chemical influence the fates of other
chemicals that have accumulated in exposed organisms?" In this
regard, we are now beginning to realize that synergism and antago-
nisrn can bring abo~t significant changes in the biochemistry of in-
dividual xenobiotics in exposed marine life  Malins and Collier
1931!. For example, in one study  Gruger et al. 1981! the pattern
of metabolism of 2,6-dirnethylnaphthalene in starry flounder  Plati-
~chth s stet latus! was substantially altered by the administration of
either naphthalene or p-cresol. 5uch results have impiications for
the toxicity of mixed chemicals in the marine environment, and
a}so for extrapolations based on studies of the biotransforrnations
of single compounds.

All of us who study the marine environment are well aware of
the variability that exists in natural ecosystems over time and
space. In more naive times � curiously, only a few years ago � we
tal.ked knowingly about needing "baseline" information. That is, we
needed to go out and sample "important" areas and in a few years
we would have all the information necessary to make statistically
verifiable quantitative evaluations of pollutant impacts, when and
if they occurred.

It didn't take us more than 5 or 10 years and some millions of
dollars worth of effort, however, to decide that there was indeed
great difficulty in differentiating the signal from the noise in all
but a few instances, such as when the immediate environment was
overwhelmed with a single, non-degradable, readily quantifiable
xenobiotic. " Baseline" then became a tarnished concept, and we
talked of "reconnaissances" instead.

In the Pacific Northwest and Alaska, we are particularly famil-
iar with salmon runs and the marked variability that occurs in them
from year to year. Many of the factors contributing to freshwater
and ocean mortality are known � and we won't belabor this issue-
but some contributing factors remain ill defined, and 've are fre-
quently unable to measure even known influences with precision.
Consequently, predictions of numbers of fish in a given year, of
runs such as those of Bristol Bay, Alaska, sockeye salmon  Onco-
~rh nchus nerka!, may miss by 100% or more; and this is the present
status of the predictive science even after 30 years of intensive
study. This variability in salmon runs is shown in Figure 0 which
depicts the estimated number of sockeye salmon entering the Co-
lurnbia River in the years l933-70  Anonymous 1971!.

So the point is this: it has been stated  with considerable valid-
ity! that it takes at least an order of magnitude of change in ma-
«ne fish populations, as the result of a pollutant impact, before the
effect can be differentiated from natural variability. That is, in
most instances it is very difficult to detect changes induced by
xenobiotics in natural ecosysterns because of the large amount of
natural variability. This inherent problem plagues us now and will
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There are sufficient shortcomings in pollutant-effects tests
that they are frequently relevant only to the individuals
and ad hoc exposure conditions of the specific experiments.
Even if the effects information obtained is generic, it is
usually not applied to marine ecosystem analysis in such a
way that meaningful evaluations and predictions of natural
environmental impacts are possible.

2.

APPAR ACIIEA POP PETTER CORRELA TINE ANALYTICAL
CHHAICAL DATA PITH EFFECTS

Thus far in our discussion we have generally presented a jaun-
diced view of state of the art capabilities for establishing cause-
and-effects relations and for quantifying, or even detecting, pollu-
tant impacts on marine ecosysterns. However, it is our consensus
that such a perspective is justified and that we must face the pol-

probably continue to do so. Quite frankly, we have tremendous dif-
ficulties in handling it.

Much rhetoric has been uttered and penned about "field verify-
ing" laboratory results and perf orrning "environmentally realistic"
tests. However, accomplishing these is not a simple rnatter, nor
even feasible in many instances.

As stated earlier, in order to ascertain that an ef feet is related
to a specific pollutant, controlled laboratory exposures must usual-
ly be conducted. Over the years, for practical reasons, emphasis
has been placed on studies of short-term effects, including acute
toxicity or LD 50 tests. Yet it is becoming increasingly clear that
at best these tell only part of the story,

Unfortunately, long-term studies of effects on marine species
are still almost unexplored terrain. Such studies are difficult,
costly and time consuming. Those who demand quick responses and
those who live on year-to-year funding naturally tend to close their
minds to long-term studies. In the current climate of one-year-at-
a-time research projects, followed by all too many changes of di-
rection, such studies appear likely to remain few in number. When
then will we really come to grips with the issue of long-term ef-
fects?

Finally, even if we do find, for example, that 9096 of the larvae
of a species are severely impacted by a realistic pollutant expo-
sure, what does that mean, precisely, in terms of ecosystem im-
pact? All of us involved in marine polLutant research have faced
the wolves on that one, and rightly so. Again, in most instances,
we simply do not know. We don't know because such findings es-
sentially reflect altered mortality rates of a certai~ developmental
stage of a single species in the overall dynamics of ecosystems.

So to sum the points we have just made:
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lutant problems in marine environments realistically if significant
progress is to be made in understanding them.

In Figure 5 we present a protocol for relating xenobiotics in the
marine environment to biological effects. This represents synthe
sis more than innovation, but because we believe the general con
cepts are those that must be applied, we will briefly review some
of these methods we are using and give examples of some of the
data obtained, We will particularly highlight some of the results
from our recent Puget Sound studies  Malins et al. 1980, 19R2! and
some of the attempts to relate sediment-associated xenobiotics to
effects.

In the Puget Sound study, beginning in I 978 and continuing
through the spring of 198I, sediments and selected bottom-dwelling
fish and invertebrates were collected at regular intervals from ur-
ban embayrnents and from nonurban areas in Puget Sound and adja
cent waters.

The locations of sampling stations are displayed in Figure 6; the
major urban-associated sampling areas were Seattle's Elliott Bay,
Tacoma's Commencement Bay, Olympia's Budd Inlet, and Brerner-
ton's Sinclair Inlet. The nonurban areas were Case Inlet in south

Puget Sound, Port Madison in central Puget Sound, Port Susan in
north Puget Sound and Discovery Bay just outside the entrance to
Puget Sound.

Sediment and tissue samples were analyzed for a large number
of organic and inorganic chemicals, including AHs, PCBs, chlorin-
ated pesticides, other chlorinated organic compounds and metals.
In most cases, the same animals from which tissues were taken for
chemical analyses were also examined for grossly visible and mi-
croscopic abnormalities. In addition, the community characteris-
tics  i.e., abundance and species diversity! of the sediment-associ-
ated invertebrates and fish were investigated.

The taxonomic data for the benthic invertebrates were used to
calculate several indices of community composition. The indices
included the Infaunai Trophic Index  ITI!  a measure of feeding
method!, diversity measures such as taxon richness  the number of
taxa in a sample! and the Shannon-Weaver diversity index. These
indices are thought to be indicative of the effects of environmental
stress on benthic marine communities.

Statistical methods were used to evaluate possible relationships
between the prevalence of fish with liver lesions, the ecological
community indices, and the chemical composition of the sediment
in the areas from which the fish or invertebrates were captured.
Two methods, principal components analysis and cluster analysis>
were used to analyze sediment chemistry data.

Examples of relations between chemical "clusters" and biologi-
cal parameters are as follows:

Egl h l  ~Ph tl ! 1 k t  L~dbi-
lineata! with three types of hepatic lesions � neoplasia, "preneo-



PROTOCOL FOR RELATING MARINE XENPBIPTICS
TO BIOLOGICAL E I= F ECTS

Water borne xenobiaticsSediment-associated xenobiotics

i~corporate data into appropriate computer-based model system.

Figure 5. Protocol for relating marine xenobiotics to biological ef-
fects.
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Figure 6. Locations of sampling areas in Puget SoUnd.
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This usually leads to incorporating such data into a model. As a
case in point, an example of a commercially developed computer-
based model system is shown in Figure 8. This system of computer
models is designed to simulate the evolution and fate of an oil spill
and the impact of the spill on commercially fished species. It
should be reemphasized that our contributions, in the final analysis,
to such a model system would be analytical chemical data for the
oil spill fates model and effects data for the mortality estimate in
the fishery population model. The environmental impact would be
derived from the several models in the system and the stronger the
data base, the better the final impact estimates.

CODA AND PROSPECTUS

In an attempt to put the problems of marine pollution into a
proper perspective, we propose that certain analogies and compari-
sons can be made between the problems that we face and those
faced by researchers working in the cancer field. In both situations
the complexity is mind-boggling and many of the important param-
eters probably haven't even been identified, much less addressed. A
"war" was declared on cancer about a decade ago. The money,
thought and ef f ort that have gone into cancer research as part of
this intensified effort make cornrnitments to the aquatic pollution
field seem miniscule indeed. And yet, the complexities and diffi-
culties of pollutant fates and effects in marine ecosysterns, we
submit, are greater than those faced by workers in cancer re-
search.

With the admittedly immense problems of human cancer, in-
cluding determining the nature of this disease and developing im-
proved procedures for its detection and treatment, how well has
the intensified effort paid off? Chile human cancer has not been
eliminated or converted into a negligible problem, substantial and
steady progress has been made. In a recent newspaper article  The
Seattle Times, March 8, 1982! Dr. Vincent DeVita, Director of the
National Cancer Institute, is quoted as predicting that 5 years
from now scientists will be shaking their heads in wonder at the
new and unexpected things they' ve learned about cancer. He
states, "Cancer is the most curable of the chronic diseases. In the
1950s, we estimated that about 30 percent of cancers were cur-
able. In 1977, the estimate was 01 percent. This year, our best es-
timate is that 50 percent of serious cancers are curable. This is
evidence of steady progress."

Important lessons should be drawn for future marine poLLution
research activities from the cancer research effort. First, marine
pollution is going to have to be identified as an important enough
national problem to require a substantially greater cornrnitrnent of
research funds and scientific expertise than now exists if substan-



Relationships attong system components of an
oif spill-fisheries impact model.

ichthyoplank ton
due to oil spill

Spatial/temporal
distribution of spilled oil

Surface and subsurface

Spatial/tempo
urrerit field

Spatial/temporal
current field

From Applied Science Associates, inc., Weirefieid, ft I

Figure R. Model of the impact of an oil spilL an fisheries  Applied
Science Associates, 1nc., 4'akefield, Rhode Island!.
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tive progress is to be made. Second, unreal expectations for quick
solutions should be summarily abandoned. Finally, the research
must be broadly based and better than it has been.

In summary, we have argued that serious problems exist in the
determination of pollutants in marine environments and in eluci-
dating their effects on ecosysterns. Soroe of our colleagues appear
to see little hope for resolving these complex issues. Consider, for
example, the views of Professor O. Kinne, a highly respected biolo-
gist, of Biologische Anstalt, Helgoland  Kinne 1980!:

"Most important for man's long-term survival, ecosystem
management remains problematic. Aims, ends and princi-
ples are difficult to define. We are just in the process of at-
tempting to build the necessary scientific framework, and
the political difficulties seem, at present, unsurmountable.
Man's egotism and interest conflicts allow only unequivocal
evidence of critical damage to be transformed into effec-
tive political action. But such evidence is likely, at least
for the present time, to remain unobtainable prior to severe
damage.

The often-heard argument 'We cannot act unless ecolo-
gists present hard facts on which our action can be based' is
unrealistic. Ecologists may in fact never be in the position
to provide the kind of solid data presently asked for by poli-
ticians. Ecosystem dynamics may turn out to be too com-
plex and too unpredictable to bring sufficient light...for re-
liable forecasting of impact consequences at the ecosystem
level."

Our perspective is clearly more optimistic, but it is based on
the hope that we will indeed make the dedicated, appropriately
funded, long-term commitments that are necessary for progress.
Failure to do this may well mean that Professor Kinne's dire pre-
diction will actually come to pass.
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Effects of marine pollution are difficult, at best, to establish.
The use of indicator microorganisms and pathobiological effects on
marine animals appears to offer good promise in measuring biologi-
cal response. In particular, bacteria can provide a rapid response,
or "early warning system." In this chapter the role of bacteria in
marine ecosysterns, both as a component of the communities of
oceanic waters and as the agents of mineralization, is evaluated.

Recent studies of the microbiology of the surface waters of
deep ocean dump sites have been examined  Peele et al. 1981;
Singleton et al. 1982; Crimes et al. 1983!, and a clear indication of
stability of species composition of bacterial communities has been
obtained. Destabilization of these communities, upon introduction
of allochthonous substances, has been established. Thus, the rela-
tively "conservative" property of rnicrobiai community structure
and the ability, with the aid of more recently developed methods,
to assess species composition, provide a new approach for estirnat-
ing rapid response of microorganisms to pollution. Bacteria possess
a very short generation time and are readily induced to respond
upon introduction of a new substrate or toxic substance. In this
section Singleton et al. describe the approach taken for developing
an index and evaluate the limitations of the approach, as well as
the advantages. Since bacterial community studies provide a very
quickly and reliably measured index, it appears that this approach
should be explored further, particularly for direct identification by
specific stains and for immunological detection using a modifica-
tion of the epifluorescent direct viable enumeration method.

The role of bacteria in polluted marine ecosystems is discussed
by Azam et al., who describe in situ measurements of growth rate,
a powerful method for establishing bacterial biomass and microbial
turnover time and response to specific pollutants such as heavy
metals, petroleum compounds, or other materials entering the
oceans accidentally or deliberately. The power of this approach is
elaborated. Other methods, besides nucleotide determinations,
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have been suggested by microbiologists to estimate microbial re
sponse to pollutants, but the measurements of growth rate
cussed in this section, offer a particularly helpful quantitative
estimate not requiring in every instance the culturing of microbial
populations, a clear advantage in field work.

Ecosystem stresses offer useful insight into the physio!og,cal
effects of pollutants. Metabolic responses to stress are discussed
by Patton and his colleagues, who offer changes in adenylate
charge, glycogen and lipidmeasures of total system effects. Meas
urements of energy charge have provided useful insight into the
health of an ecosystem, as well as of individual animal species.
Because application of the measurement to ecology is relatively
new, refinement in methodology is in progress, Nevertheless, use-
ful results have been obtained with the crude estimates now possi
ble. This approach provides a very good physiological index of
stress and response to stress, mainly in elucidating the ability of a
total system, or whole animal, to adjust to a changing environment.

Ultimately, the response of interest is that of the whole animal.
One approach to measuring response of marine animals is to exarn-
ine effects on larvae, possibly the most sensitive component of ani-
mals in a marine ecosystem. Epifanio describes the use of decapod
crustacean larvae in assessing effects of pollutants, calling upon
the extensive experimental data gathered in his laboratory. This
approach to measuring the effects of pollutants offers reproducible
and informative insights to animal response at the developmental
stages. Toxicity tests are conducted in the laboratory, but care
must be exercised in extrapolating results to the field, caveats for
which are discussed by the author.

Tissue anomalies, including tumors, symptoms of overt disease,
and morbidity in wild fish populations, are the basis of an intriguing
approach to detect specific pollutant chemicals in the environ-
ment. However, Patton and Couch provide a realistic assessment
of the validity of this method for establishing effects of pollution.
Variability of natural populations, and the need for a very careful
experimental design for statistical analysis, are two of the major
factors that have rendered questionable some of the results pub-
lished to date. If this approach is to be used for assessing the ef-
fects of pollution on natural populations, the caveats described by
the authors clearly must be taken into account. However, the sig-
nificant advantages of examining fieM specimens, in an appropriate
experimental context, are very attractive, especially in the de-
scription of physiological, morphological and biochemical manifes-
tations by the animal.

In every attempt to relate a significant biological response to
pollution by a specific chemical or mix of chemicals, it is obvious
that there is no single cause and effect relationship. The environ-
ment, indeed, is a complex mosaic of environmental, physical and
biological parameters, no single one of which can be the ultimate
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single measure or index of health or disease. However, each ap-
proach provides a facet or a phase in a "multiphasic system," and
the multidimensional view can be provided when several approach-
es are taken simultaneously. Indeed, the caveat in every instance
js that statistical rigor and precise and accurate measurements are
fundamental requirements, without which no measure has value.

The microbiological approaches offer significant promise be-
cause of the rapid response of rnicroorganisrns to stress. Whole
system measurements, described by Azarn et aL and Hodson and
Vetter, are also exciting because of their potential use as a
"thermometer" of stress. Finally, the whole animal response, the
effects indeed most closely approximating those of human health,
can ultimately be determined orily by direct measurement of the
well-being of the whole animal. Laboratory approaches and field
assessments should be simultaneous, to provide useful information
from both.

Sudden revelations and instant successes have not been discov-
ered in any case cited above, where methodology has been devel-
oped to implicate or explain biological effects of pollution. How-
ever, there is no need for despair or alarm. The procedures applied
are, indeed, being reevaluated continuously, as well as examined
from aspects of seeking improvement, extension and refinement.
As newer methods and improved "oLd" methods become available,
our knowledge of the marine ecosystem and its components will ex-
pand. Our probing and questioning should not cease nor should we
be inhibited because the methods we use are not perfect. Under-
standing the limitations of what we do, as we carry out our experi-
ments, will prevent us from being dogmatic and narrow-minded.
Progress is, indeed, being made and the challenge ahead is stimu-
lating.
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INTRODUCTION

Until quite recently, studies of the ecology of marine bacteria,
and hence the pollution ecology of marine bacteria, were severely
limited in scope for lack of suitable methodology. Bacteria were
enumerated by plate counts which can yield gross underestimates.
Bacterial activity was inferred from the rates of uptake of added
radiolabeled organic nutrients  %fright and Hobbie L965; Azam and
Holm-Hansen J973!. Until recently, it was not feasible to measure
~~ situ growth rates of bacteria, or the rates of predation on bac-
teria, rneasurernents necessary for quantifying the flux of energy
and material  and associated pollutants! through bacterioplankton
to organisms at higher trophic levels.
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A significant change has taken Place during the Past five years
in our view of the role of bacteria in pelagic rnaf ine ecosyste~
The use of new techniques has led to the following observations
�! Bacterial abundance in coastal waters is on the order of 106'
ml '  Hobbie et al. l977; Fuhrman et al. 1980!; bacterial biomass is
about 10% of the total plankton biomass in seawater  comparable
with the zooplankton biomass!; �! bacteria grow rapidly, with p.g
3 d doubling times  Fuhrman and Azam 1980, 1982; Hagstrom et al.
l979!; thus they are significant as secondary producers; �! bacte
ria are avidly preyed upon by a variety of plankton organisms,
thereby providing an important source of food for higher trophic
levels {Hollibaugh et al. 1980; King et al. 1980; %right et al. 1982;
Fenchel 1982!.

Figure I depicts the material and energy flow in a marine food
web, and suggests plausible routes of pollutant transfer. It empha-
sizes the "bacterial route" as a major path for energy and material
 and possible pollutant! transfer  Pomeroy 1979; Hagstrorn et al.
1979; Fuhrrnan and Azam 1980, 1982; Williams 1981; Azarn et al.
1982!. This pathway contrasts with the generally accepted notion
of a grazing foodchain  e.g., Steele 1974!, in which essentially all
primary production is grazed by herbivores. It now appears that
both pathways are important.

Bacteria account for about 8096 of all "bio-surface" in seawa-
ter. From first principles it seems likely that bacteria would dorni-
nate the biotic absorption and adsorption of dissolved pollutants.
The appearance of soluble pollutants in animals  saips, bivalves,
fish! may be due in part to pollutant transfer along the "bacterial
route".

The discovery of high bacterioplankton secondary productivity
has stimulated research on the trophic fate of bacteria. From re-
cent studies using natural populations of marine bacteria  rather
than larger cultured bacteria! it is apparent  Figure 2! that bacteri-
ovory is widespread among a variety of marine organisms, ranging
in body size from a few microrneters  colorless flagellates! to many
centimeters  bivalves, salps!. Wright et al. �932! found that the
mussel Geukensia demissa efficiently filtered bacteria from the
water of a salt marsh estuary, and they argued that predation on
bacteria was an important nutritional adaptation in this mollusc-
Hollibaugh et aL �980! found that another mussel, ~Mtilus edulis~
fd I Whylf d'h hl ~O'k Ch
ica and a ciliate, HelicostomeHa subulata, efficiently fed on ba«e-
rioplankton. King et al. 1980 found that O. dioica could obtain its
daily body equivalent of carbon from bacterioplankton; however,
most of the predation pressure on bacterioplankton was judged to
be by colorless flagellates. O. dioica can be eaten directly by
juvenile fish. Much of the bacterial biomass follows a hig"
mineralization pathway  bacteria p -flagellates~ Ciliates ~
copepods fish!, but a certain fraction would follow shorter, mo«-
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efficient food chains  e.g., bacteria larvaceans fish, or bac
teria~ivalve molluscs; Figure 2!. These observations have im
plications for the foodchain transfer of pollutants accumulated by
bacteria.

HYPOTHESES

On the basis of the foregoing we can forroulate the following
hypotheses regarding the roles of bacteria in the poLLution ecology
of marine ecosystems These hypotheses may serve as a frame
work for developing bacterial indices of pollution effects.

H othesis 1: Some Bacterial S cies Alwa s Survive Ecos stem
Per turbations

The physiological diversity of chernoorganoheterotrophs in na-
ture is axiomatic. In a perturbed ecosystem, barring persistent
biocidal conditions, some species of bacteria will always survive
and grow rapidly to an abundance compatible with the new organic
nutrient regime. This was observed, for example, in the Controlled
Ecosystem Pollution Experiment  CEPEX! rnesocosrn experiment
{Azam et ai. 1977!. The addition of 1 pg L ' HgCl inhibited bac-
terial metabolic activity by more than 99%, but the activity re-
covered to the control level within 0 days  Figure 3!. The succeed-
ing populations could tolerate much higher Hg concentrations  Fig-
ure 0!.

Whether the pollutant-resistant bacteria arise through selection
or by adapting to the pollutant is often difficult to determine.
Their dominance, however, is a valuable indicator of the persis-
tence of a pollutant, a bioassay of sorts. It is apparent that a pol-
lutant need not be directly detrimental to certain species to exert
a selection pressure; it could do so by selectively stimulating the
growth of other species. Given the short generation time of bac-
terioplankton, such selection could occur quickly. Oil pollution, for
example, may cause the rapid dominance of oil utilizers  Atlas
L981!. Similarly, the bacteria respond rapidly ta removal of the
pollutant from the environment. Given an assemblage turnover
time of 1 or 2 days, bacteria have a "short memory". Thus the bac-
terioplankton response would sensitively reflect the pollutant
stress on the environment  Atlas 1981!.

H thesis 2: Bacterial Accumulation and Transf orrnation of Dis-
solved Pollutants is a Function of the Bacterial Surface Area and
Cell Metabolism

Most marine bacteria are very smaLL �.2-0.6 pm; Fuhrrnan
l981! and hence have very large surface/volume ratios. Per u»t
biomass, therefore, marine bacteria have a very high capacity «r
adsorption and intracellular accumulation of dissolved poLLutants
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such as heavy metals, some hydrocarbons, polychlorinated biphe
nyls  PCBs!, etc. Also, marine bacteria account for about one half
of the total respiration of all plankton  Williams 1951!; it Js
probable that, per unit biomass, bacteria are highly active jn poLL~
tant transformation. In the CEPEX mesocosm experiment  Azam
et al. unpublished! addition of 1 W g L Hg Lz led to the appear
ance of 0.2 p g L Hg in the bacterial size fraction �.2-0.6 p rn!
Probably some Hg in this size fraction was associated with detri
tus, some adsorbed on the surface of bacteria, and some present
within the cells. If we assume that 1096 of the Hg in the 0.2-0.6
g m size fraction was associated with bacterial cells, there would
be 1 mg Hg  g bacterial cell carbon!; bacteria carbon was about
20 p g L . If only L% of the Hg found in the bacterial size frac
tion were in bacterial metabolic pools, the intracellular concentra-
tion would be about Sp p M, a ten-thousand fold greater concentra-
tion than that added to the seawater.  This calculation assumes a
carbon content of 10 fg bacterium ' and a bacterial cell volume of
0.1 p m; Fuhrman and Azam 1980!. If our assumptions are correct
 or conservative! then this rough calculation indicates that  Hg-re-
sistant! bacteria could accumulate Hg to very high intracellular
concentrations. An experimental system for distinguishing abiotic
adsorption from bacterial uptake is needed before we can quantify
pollutant accumulation by bacteria. One such system is proposed
below.

H thesis 3: Pollutant Transfer to Bacteriovores Via Bacterio-
lankton is a Function of the Bacterial Secondar Production

Bacterial abundance in coastal surface waters varies within re-
markably narrow limits, generally from 1 x 10 to 2 x 10 ml '
 Fuhrrnan et al. 1980!, despite the rapid growth of bacteria. The
mechanisms responsible for this population homeostasis are not
fully understood. However, the relative constancy of the bacterial
population allows one to assume that bacterial production  now a
measurable parameter! can be equated with bacterial mortality>
including mortality due to predation. Assuming that predation is
the main cause of bacterial mortality, the rate of pollutant
transfer via bacterioplankton is directly proportional to the
bacterial secondary production.

PROR3,'KD BACZERh>LL INDEX OF POLLUTION

It would be naive to think that simple and universal indices of
pollution can be formulated at the present time. Owing to the di-
verse nature of marine pollutants it would appear impossible to de-
velop uniform indices of transformation, accUmulation, and trophlc
transfer of pollutants. %hile recognizing the comp!exity of t"e
problem, we suggest that some useful insights into bacteria-pollu-
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tant interactions might be obtained from measurements of bacteri-
al abundance and production, based on the above hypotheses. How-
ever, it is essential, in addition, to experimentally determine the
nature and the extent of bacterial accumulation or transformation
of the pollutant.

For the purpose of this discussion, the bacteria-pollutant inter-
action might be divided into four categories:  I! pollutant accumu-
lated, for example, some heavy metals; �! pollutant transformed,
for example, extracellular methylation of Hg  Summers and Silver
l973!; �! the combination of  I! and �!; �! pollutant used as a bac-
terial nutrient  Figure I!, for example, petroleum-hydrocarbons
 Atlas I981!. The extent of pollutant accumulation and transfor-
rnation will be a function of metabolic activity. A convenient ex-
perirnental system is, therefore, needed to determine bacteria-spe-
cific activity  activity per bacterial cell! with respect to a pollu-
tant  see beLow!. For instance, if we could determine FCB accu-
rnulation in mol PCBs bacterium ' h ' under experimental condi-
tions approaching those in nature, this information could then be
combined with bacterial abundance and growth rates, and used to
calculate the flux of PCBs to higher trophic levels via bacteria.

Isolates grown in rich media are unsuitable as an experimental
system to simulate what occurs in the field because the properties
of the cells and of the growth taedium may differ greatly from
those in nature. These factors may, for instance, influence the
measurement of the concentrative capacity of the cells. On the
other hand, direct measurements with natural samples are difficult
to interpret because bacteria coexist with other organisms and
with detritus, as in the Hg experiment cited above. In fact, it is
not now possible to distinguish between uptake of bacteria and that
of other organisms and detritus.

The contribution of nonbacterial components can be essentially
eliminated by growing natural assemblages of bacteria in particle-
free unenriched seawater. A 0.6 pm-filtrate  Nuclepore mem-
brane! of seawater � to 10% of final volume! is inoculated into
0.22 ym sterile-filtered seawater and grown as a batch culture,
"seawater cultures" {Arnmerman and Azam 1982!. Most marine
bacteria are small when free-living and will pass through a 0.6 ym
Nuclepore filter  Azam and Hodson 1977!. Continuous cultures can
also be maintained on sterile, unenriched seawater  Hagstr5m et al.
unpublished manuscript!. In batch culture, bacteria demonstrate
average doubling times of 8-10 h, reaching natural assemblage
levels in 1-2 4. Continuous culture steady-states are maintained at
doubling times of 6-39 h. Obviously, the small amount of detritus
in the inoculum should not increase. In batch culture, after initial
increase in cell size, a morphologically-diverse population of bac-
teria having a size range similar to the initial natural assemblage is
obtained. Details of the physiology of growth of seawater cultures
are described elsewhere; the relevant point here is that both the
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properties of the medium and the properties of the bacterial as
semblage are substantially similar to those in nature.
water cultures in the laboratory can be useful for measuring ppLLu
tant accumulation and transformation by bacteria.

CONCLUSION

To determine the role of bacteria in poLLutant transfer through
the food web one needs to determine the foLLowing:  l} the type of
pollutant and its concentration in the water; �! bacterial abun
dance, best determined by the acridine orange direct count method
 Hobbie et al. 1977!; and �! bacterial secondary production, mea
sured either by thymidine incorporation  Fuhrrnan and Azam 1982j
or by frequency of dividing cells  FDC!  Hagstrorn et al. 1979!. De
tails of the precision and reproducibility of the above methods are
discussed by the authors cited. These methods can provide esti-
mates that are correct within a factor of 2. An attractive feature
of this approach of estimating pollutant transfer is that, if one uses
FDC for production rate measurements, only preserved samples are
needed. Of course, as stated above, experiments with seawater
cultures to determine the bacterial specific activity are a neces-
sary adjunct to these measurements.

%e hasten to point out that the proposed index of pollutant
transfer by bacteria is only a general approach, having the poten-
tiaL of being refined to provide a useful method for some pollu-
tants. Considering the potential importance of bacterioplankton in
pollutant transfer, and the present lack of methods for its verifica-
tion, the index suggested here may be a useful general approach.
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INTRODUCTION

Although recognized for decomposition of organic materials and
nutrient regeneration and cycling, the autochthonous  naturally oc-
curring! bacterial community of aquatic systems also assists in
maintenance of system homeostasis  Alexander 1971!. The autoch-
thonous bacterial community of aquatic systems may, in many in-
stances, provide a means of detecting environmental perturbations
 Bell et al. 1982; Erkenbrecher 1981; Guthrie et al. l.978; Sieburth
1968a; Bonde 1967!. In the past, only certain physiological types of
bacteria  i.e., coliforms! have been routinely employed as indicator
organisms in the marine environment  Olson 1978; Sayler et al.
1975; Ogawa 1973; Rittenberg et al. 1958!. Although coliforms
are, in many instances, useful for monitoring fecal pollution, they
are of little or no value in detecting the presence of other types of
pollutants.

In the open ocean environment, the autochthonous bacterial
community consists of numerous species  Sieburth 1979; Kaneko et
al. 1979; Simidu et al. 1977, 1980; Baumann et al. 1972; Wood 1967;
ZoBell and Upharn 1940!. The total number of organisms in this
community is commonly between 10 and 10 per milliliter
 Sieburth 1971, 1979; Kogure et al. 1979; Hagstr5m et al. 1979;
Watson et al. 1977; jannasch 1958; Azarn et al. this volume!. With-
in this community certain physiological types of bacteria are
present which, when placed onto a suitable culture medium, will
develop visible colonies. These, the culturable bacteria, have been
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the most widely studied and best characterized marine bacteria
 Sieburth 1979; Kaneko et al. 1979; A.ustin et al. 1979; Orndorff and
Colwell 1980!.

The culturable bacteria of aquatic systems, especially fresh-
water systems, have been employed as an index of �! abundance of
the microbial community, �! trophic level of the water source
{Tanaka et al. 1977; Brasfield 1972!, �! potential heterotrophic ac-
tivity of the microbial community  Gocke 1977; Robinson et al-
1973; Colwell and Walker 1977; Singleton and Guthrie 1977;
Guthrie et al. 1974jj and �! recovery of an aquatic system from
pollution  Cherry et al. 1977!. Use of the culturable bacterial corn-
muruty as a means of monitoring for environmental perturbations
has been criticized in the past. Such criticism has been based on
the fact that the culturable bacteria constitute only a small frac-
tion of the total bacterial community, often less than 0.196
 Bowden 1977; Hobbie et al. 1972; 3annasch and 3ones 1959!.
Therefore, the large majority of the total community is not con-
sidered in the assay, since these organisms were not capable of
growth under the conditions imposed by the investigator. Such
criticism may be valid, if results obtained from studies of the
culturable bacteria are extrapolated to describe the response of
the non-culturable organisms also.

When a specific pollutant entering an aquatic system exerts a
direct toxic effect on the indigenous biota, it is relatively simple
to evaluate the impact of that pollutant. However, in the absence
of direct, or acute, toxic effects, an evaluation of the impact of a
y'ven pollutant on the biota can be difficult. The potentially rapid
growth rates and high metabolic activities of bacteria are charac-
teristics of a bacterial community in an aquatic system which
make it the first component of the biota to demonstrate a measur-
able response to a pollutant. The bacterial community can, there-
fore, be employed to evaluate the impact of pollutants on an
aquatic system if one compares quantitative and qualitative pa-
rameters of the bacterial community in the presence and absence
of pollution stress. It is in this way that we have employed the
autochthonous bacterial community of surface waters of an open
ocean waste disposal site to evaluate the impact of disposed wastes
on the biota of the receiving waters.

RescM'ch Ate@
The Puerto Rico dumpsite is a site of approximately 50G krn2

located in the Puerto Rico Trench area of the h.tlantic Ocean  Fig;
ure 1!. Approximately 74 km north of Arecibo, Puerto Rico, the
dumpsite received an estimated 3.6 x 10 L of pharmaceutical
wastes annually when dumping was permitted from 3anuary 1972
until August 1981. The composition of the pharmaceutical waste
varied depending upon production schedules of the various indus-
tries contributing, to the total waste volume. ln general, the waste
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consisted of spent fermentation fluids and various organic solvents
used in the processing of antibiotics; it contained approximately
4%  by weight! total organic carbon  T.P. O' Connor personal corn-
munication!. The industrial wastes were collected and transported
to a cornrnon holding facility, and, at 2 to 3 day intervals, were
transferred to a ba.rge and the barge towed to the dumpsite. The
composited pharmaceutical wastes were released as the barge was
towed in the dumpsite area.

Method

To accomplish our objective of evaluating the impact of phar-
maceutical waste disposal on the biota of the receiving waters,
several methods were employed initially. A detailed discussion of
each method is given in Peele et al. �98l!, Singleton et ai. �983!
and Grimes et al. �933!. Methods evaluated for applicability in
our study included acridine orange staining and epifluorescent rni-
croscopy  Hobbie et al. 1977; Daley and Hobbie 1975; Francisco et
al. 1973! to determine the total number of bacterial cells by the
acridine orange direct count  AODC!. Numbers of culturable bac-
teria were determined by membrane filtration of water samples
and cultivation of bacteria on marine agar 22l6  MA!  Difco Labo-
ratories, Detroit, Mich.! and on a medium prepared without added
salts, that is, plate count agar  PCA!  Difco!, to enumerate those
organisms not requiring the constituent salts of seawater for
growth. Bacteria growing on either culture medium were purified
and identified to genus following the identification schema of Bain
and Shewan �968!, LeChevallier et al. �980!, Gibson et al. �977!,
Furniss et al. �978! and Gunn et al. �98l!.

Initial Cruise Studies
Initial cruises to the dumpsite region, accomplished in May and

October l979, were designed to allow for comparison of microbio-
logical parameters of the waste-impacted waters and waste-free
waters  Figure 1!. However, results of gas chromatographic analy-
sis of water samples collected at the stations sampled aU demon-
strated the presence of pharmaceutical wastes, i.e., the wastes
were not limited to the dumpsite proper  Schwab et al. l981!. This
surprising result was obtained by measuring waste-specific organic
compounds  i.e., toluene, dimethylaniline and benzene! and finding
them present in the surface water samples. Since the pharmaceu-
tical wastes were not limited to the dumpsite but were widely dis-
tributed throughout the region, a comparison of waste-impacted
waters and waste-free waters was not possible. Therefore, in sub-
sequent cruises, the cruise plan was altered to allow sampling of
stations along transect lines extending from near the coast of
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Figure 1. Dumpsite in Puerto Rico Trench area of At!antic Ocean.
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Puerto Rico, through the dumpsite, and into waters far beyond the
dumpsite  Figure I!. Also, stations on transects to the east and
west of the dumpsite were sampled to detect any large-scale im-
pact on those bacterial cornrnunities that would be traced to waste
disposal ac tiv i ties.

Transect S tudies

Results obtained from the first transect study, accomplished in
December 1979, demonstrated that the largest numbers of bacter-
ia, determined by direct microscopic counting, were present in
water samples collected at stations located along the western side
of the dumpsite  Table I!. Differences in counts between stations
along the two transects extending through the dumpsite were ap-
proxirnately I0% to 19%.

The culturable proportion of the bacterial community was also
found to differ between the two transects  Table I!. Largest num-
bers of culturable bacteria were detected in samples collected
from stations directly north of the dumpsite. The increased bac-
terial load in these waters was demonstrated by both direct and
culturing enumeration methods. The larger numbers of bacteria. in
water samples collected north of the dumpsite were hypothesized
to result from enrichment by the pharmaceutical wastes and cur-
rents in these waters carrying the waste material northeastward.
Although the general pattern of bacterial counts detected in De-
cember 1979  i.e., decreasing bacterial counts with increasing dis-
tance from land except within the dumpsite! was also detected dur-
ing subsequent cruises  see Peele et al. 1981; Singleton et al. 1983;
Grimes et al. l983!, the significant increase observed in bacterial
counts for samples collected north of the dumpsite was not always
detected. Such findings may be related to the variability in corn-
position of the pharmaceutical wastes, an irregular schedule for
dumping, and the current patterns in this region of the Atlantic
Ocean.

For the increased numbers of culturable bacteria detected
north of the dumpsite to be a result of pharmaceutical wastes in
the dumpsite, the water movement would have to be in a northerly
direction. However, the major current pattern of this region was
reported to be the Antilles Current, which would move the waters
in a westerly direction  Proni and Hansen 1,98k!. Interestingly,
some studies of the current patterns in the region, monitored by
surface buoys, demonstrated water movement following a rnean-
dering course which creates large surface gyres. The gyres tend to
recirculate waters through the dumpsite region, and allow for ac-
curnulation of material, including rnicroorganisrns, in this region
 Duncan et al. 1952!. lt is doubtful, therefore, that wastes disposed
in the dumpsite would move only in a westerly direction, as sug-
gested by Proni and Hansen  $981!.
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Table 1. Location of stations sampled during December 1979 and
results of bacterial enumeration employing the direct and plate
count methods.

Total Number
of Bacteria ml +Location

Station Latitude N Longitude W AODC MA PCA

+ AODC = Acridine orange direct count, xl0
MA = Marine agar 2216
PCA = Plate count agar

Although there were quantitative differences in the bacterial
community of surface waters of the dumpsite region, the cultur-
able bacterial community was also examined for qualitative differ-
ences. Organisms growing on MA were purified and identified to
genus. Results of identification of bacterial isolates yielded a
cornrnuniiy profile dominated by members of the genus Vibrio-
Pseudomonas spp., commonly reported to dominate the culturable
bacterial community of surface waters of the open ocean
 Murchelano and Brown 1971; Sieburth 1971; Pfister and Burkholder
l965; ZoBell 1946!, were conspicuously in the minority  Table 2!.
Resul ts of taxonomic studies of the culturable bacterial community
of surface waters in this region were consistent between cruises,
demonstrating the presence of a relatively stable bacterial corn-
munity response to the wastes  Table 2!.

1t has been accepted that the culturable bacterial community of
open ocean waters is dominated by Pseudornonas spp.  Murchelano
and Brown 1971; Sieburth 1971; Wood 1967; Pfister and Burkholder
1965; ZoBell 1946!. However, a taxonomic analysis of bacterial
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Table 2. Taxonomic distribution of bacterial strains isolated from
marine agar 2216 for three cruises to the Puerto Rico Trench
accomplished during 1979.

Percent

Total Number of Strains

Genus May Oct Dec

Vibrio 86 82 75

Pseudomonas

Pho tobac terium

Lucibacterium

F lay ob ac ter iurn

Acine tobac ter/Moraxella

0 0

0 0

Total number of strains 227 99 140

isolates from waters within and surrounding the Puerto Rico dump-
site demonstrated that these communities were dominated by Vib-
rio spp., with Fseudomonas spp. comprising less than l0% of the to-
tal culturable community  Table 2!. On the basis of these results,
it was hypothesized that ocean disposal of pharmaceutical wastes
resulted in a shift in bacterial species dominance in surface waters
of this region  Peele et al. 1981; Singleton et al. 1983; Crimes et
al. 1983!.

Results of Confirmatory Cruises
To confirm the finding that pharmaceutical waste disposal ac-

tivities resulted in a significant alteration in the species composi-
tion of the bacterial community of the receiving waters, additional
cruises in this region were accomplished. However, the cruise
plans were altered to allow sampling stations to be located along
tracklines in waters far removed from the dumpsite and extending
on into the dumpsite. These cruises, therefore, permitted com-
parison of bacteriological parameters of waters to the west, north

Unknown gram-negative rods

Unidentified gram-positive  +! cocci

8

3 0

9
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Table 3. Locations of stations sampled during November 1980 and
results of bacterial enumeration employing the direct plate count
methods.

Total Number of

Bacteria mlLocation

Station Latitude N Longitude W AODC MA PCA

24 00.7
20 31.0
19 10.0
18 39.6
18 30.9
18 29.8
19 00.2

19 42.0
20 01.7

81 21.0
72 39.9
68 30.3
66 30.3

66 33.7
66 32.8
67 19.2
67 18.7
67 19.0

1

2A
3C1
3C2
3C3

5

1.6 4.7 .19
1.3 4.9 .17
1.1 4.8 .09
2.6 460.0 .34
3.7 12.0 .43

20.0 .88

1.9 11.0 .05
1.5 5.2 .02
1.7 4.7 .07

AODC = Acridine orange direct count, xl 0
MA = Marine agar 2216
PCA = Plate count agar

and south of the dumpsite.
The first trackline extended from Key %est, Fla., to Puerto

Rico and included repeated sampling along the transect through a
western side of the dumpsite  Figure 2!, Stations located in waters
impacted by the Barceloneta Regional Treatment Plant outfall
were also sampled.

As anticipated, the largest numbers of bacteria were detected
in samples collected near the sewage outfall  Table 3!. Also, signi-
ficantly larger  p< 0.05! numbers of bacteria growing on PCA were
detected at these stations. Water samples collected near land  i.e.,
Station I! also contained large numbers of bacteria capable of
growth on PCA. Such results demonstrate the influence of sewage
discharges and surface runoff on the bacteriological quality of ma-
rine waters, with signficant contribution of allochthonous bacteria
from these sources, further supported by the fact that, with in-
creasing distance from land, the PCA culturable counts declined.

Numbers of bacteria growing on MA were observed to parallel
closely those growing on PCA  Table 3!. Largest numbers of bac-
teria grown on MA were detected near the sewage outfall and near
land. Also, with increasing distance from land, culturable counts
obtained on MA declined slightly.
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A cruise accomplished in 3une 1981 allowed sampling at sta-
tions located south of Puerto Rico, extending from Barbados to
Puerto Rico through the dumpsite and northward to Bermuda  Fig-
ure 3!. Water samples collected at the open ocean stations, E, F, f,
3, K, L, M and N, yielded low culturable bacterial counts, averag-
ing 5 rnl on MA and 0.1 ml on PCA  Table 4!. Larger numbers
of bacteria were detected near land  Station D! and within the
dumpsite  Stations G and H!, but the largest numbers of culturable
bacteria were detected in samples coljected at the stations in the
Caribbean Sea, A, B and C.

Total  AODC! bacterial counts were relatively stable along the
tracklines of both cruises  Tables 2 and 4!. However, an interesting
relationship between total bacterial counts and culturable bacterial
counts were detected. The proportion of the total community ca-
pable of growth on MA and PCA decreased with increasing distance

Table 4. Locations of stations sampled during Dune 1981 and
results of bacterial enumeration employing the direct and plate
count methods.

Total Number of
Bacteria mlLocation

Station Latitude N Longitude W AODC MA PCA

AODC = Acridine orange direct count, x10
MA = M arine agar 2216
PCA = F'late count agar

A C D

E G I j K L N
15 33.2

16 02.0

16 38.0

18 34.8
18 39.8

]9 00.1

19 12.0

19 18.0

19:29.8
19 50.1

20 00.0

21 50.7
25 30.0
27 53.3

63:54.7
64'35.8
65 29.0

66 47.9
66 47.9

66'48.0
66 48.0

66 48.0

66'48.0
66 46.9

66 48.0
66'29.5
66 51.4
65 24.4

1.9 11.0 0.31

2.5 24.0 0.04

1.1 50.0 0.1O

2.3 7.7 0.34
2.2 9.4

19 58 0 09
1.7 10.0 0.94

2.7 7.4 0.40

1.7 9.3 0. 14

2.0 5.9 0,38

2.1 4.5 0,07

1.7 2.7 0,07
2.0 1.1 0.01

1.6 2.2 0.01
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Results of the November 1980 and 3une l981 cruises supported
the hypothesis of an alteration in the species composition of the
culturable bacterial community of surface waters in the region of
the Puerto Rico dumpsite, However, it must be noted that domina-
tion of the bacterial community by Vibrio spp. instead of Pseudo-
manas spp. was observed in other water samples collected from
this region of the Atlantic Ocean.

Laboratory Studies
To evaluate the degree to which addition of pharmaceutical

waste could af feet the culturable bacterial community, laboratory
experiments were carried out to determine the impact of pharrna-
ceutical waste on the bacterial community of water samples, col-
lected elsewhere than at, or near, the dumpsite, and expected to be
free of pharmaceutical wastes. To approximate in situ conditions,
as well as to ensure proper replication of experimental units, labor-
atory microecosystems  i.e., microcosrns! were employed- Micro-
cosms were prepared by addition of 50 rnl seawater samples col-
lected from the lower portion of the Chesapeake Bay to sterllef
acid-cleaned Erlenrneyer flasks. All microcosrns were then allowed
to stabilize for 4 days prior to testing for effects of addition of fil-
ter sterilized pharmaceutical waste. Concentrations of pharma-
ceutical waste added to the microcosms were selected to approxi-
mate the initial dumpsite dilution after dispersal in surface waters
of the open ocean, that is, ca. 10 ' to 10 '  Csanady 1981!.

Initial experiments consisted of addition of the pharmaceutical
waste and sampling the culturable bacterial ccsmmunity during a 6-
day test period. The culturable bacteria were found to increase in
number after waste additions; the maximum population size was
proportional to the concentration of added waste  Figure 4!, dem-
onstrating that some members of the bacterial community respond
to components of the waste that serve as substrate for growth.

Since the culturable bacterial community was found to respond
to pharmaceutical waste, with a significant increase in number, an
additional series of rnicrocosms was challenged with pharrnaceuti-
cal waste to determine the impact on the bacterial community
structure. Samples were taken 30 min after waste addition, assum-
ing this was not sufficient time for growth of the bacteria present
in the water samples. Hence, any immediate toxic effects could be
detected. As shown in Figure 5, no detectable toxic effect of the
pharmaceutical waste on the culturable bacterial community was
observed. Also, the increase in cell count with time was linear, in-
dicating that the pharmaceutical waste, or a component within it,
was indeed being utilized as a substrate for growth.

Thus, the culturable bacterial community of Chesapeake Bay
water microcosms responded to pharmaceutical waste additions by
increasing in number. However, it was necessary to establish
whether certain species were selected as a result of enrichment.
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To evaluate the extent to which the pharmaceutical waste con-
ferred a selective advantage upon specific members of the com-
rnunity, species-defined microcosms were prepared. A chemically
defined artificial seawater medium and selected bacterial strains
were used  Singleton et al. 1982!. Predetermined numbers of nutri-
ent-free cells were added to the sterile microcosms and each mi-
crocosm contained two bacterial strains, Vibrio PR-llO, a strain
typical of the Vibrio spp. isolated from the dumpsite, and either
Vibrio Pk-l06, a strain typical of one of the other, less frequently
occurring Vibrio strains isolated from water samples collected near
the dumpsite, or Pseudornonas A0-66, isolated from the Atlantic
Ocean near the Virginia coast. Approximately the same numbers
of cells of each strain were added to the rnicrocosms and, after a
48-h stabilization period, selected concentrations of filter-steri-
lized pharmaceutical waste were added to the microcosms. Follow-
ing an additional 48-h stabilization period, pharmaceutical waste
was again added to the rnicrocosrns. Samples for bacterial enumer-
ation by spread plating were collected immediately after inocula-
tion, before waste addition and after 48 h incubation.

ln microcosms containing two Vibrio spp., the species composi-
tion of the community was not significantly affected except in the
presence of the larger concentrations of pharmaceutical waste, in
which case the Vibrio PR-110 increased in dominance by approxi-
mateiy 2095  Fig~re 6!. However, in microcosms containing Vibrio
PR-l10 and Pseudomonas AO-66, the influence of pharmaceutical
waste enrichment was dramatic  Figure 7!. As the concentration
of waste increased, the proportion of the community occupied by
Vibrio PR-ll0 also increased, until, in the presence of l000 pl
pharmaceutical waste L, after the first waste addition and incu-
bation period, no Pseudomonas colonies were detected on the cul-
ture medium.

DISCtJSSION

Significant cha~ges in the bacterial cornrnunity composition of
surface waters of the Puerto Rico dumpsite, occurring as a result
of ocean disposal of pharmaceutical wastes, were observed when
water samples collected within the dumpsite were compared with
samples collected north, south and west of the dumpsite. Also, in
some of the studies, a series of transects were studied, extending
from the Puerto Rico coast, through the dumpsite, and into waters
well beyond the dumpsite. Although the total numbers of bacteria,
determined by direct microscopic counting, were found to be
relatively constant in waters of this region of the Atlantic Ocean,
there were significant differences in the culturable bacteria both
in numbers and in species composition  Tables l, 3, 4!. The species
composition of the culturable bacterial community differed from
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that reportedly characteristic for waters of this region {Sieburth
L97L; Pfister and Burkholder 1965!. Notably, Vibrio spp. were
found to dominate the culturable community, and not Pseudomonas
spp. Also unexpected was the finding that, during the 1981 cruises,
Acinetobacter spp. were second most abundant.

That Pseudomonas spp. represent the dominant culturable bac-
teria in surface waters of the open ocean in temperate and tropical
regions is open to question, based on the studies reported here. In
the past, occurrences of Pseudomonas spp. up to, and exceeding,
75% of the culturable bacterial community of open ocean waters
have been reported. Sieburth  L971!, for example, reported nearly
L0096 of isolates from samples collected from stations, approxi-
mating the 3une L98L trackline, F through N  Figure 3! of this
study, were Pseudomonas spp. Similarly, in a numerical taxonomy
study of bacterial isolates from seawater samples collected near
Puerto Rico, reported by Pfister and Burkholder  L965!, approxi-
mately 6696 of the isolates were identified as Pseudomonas spp.

One means of accounting for the apparent shift in dominance of
the culturable bacterial community from Pseudomonas to Vibrio is
that methods for identification and classification of bacteria cur-
rently employed differ from those used in the past. Certainly, vi-
brios and pseudomonads can now be more clearly differentiated.
Therefore, it is possible that bacteria classified as Pseudomonas
spp. a few decades ago would, today, be identified as Vibrio or
Aeromonas spp. For example, several of the glucose-fermenting
Pseudomonas spp. described by ZoBell and Upham �900! and the
glucose-fermenting, indole-producing bacteria reported by Pfister
and Burkholder  L965! to be pseudornonads very likely would now be
classif ied as vibrios.

However, is also possible that a shift has occurred in the domi-
nance of species within the culturable bacterial community in
waters of some regions of the temperate and tropical oceans. A
dominance pattern as reported here has been observed in the East
China Sea by Simidu et al. �980!, in Chesapeake Bay by Austin et
al,  L979!, and in the Gulf of Mexico  R.K. Sizemore, personal corn-
munication!. An explanation for such a shift in dominance of the
culturable bacterial community is suggested by studies of Sizemore
and Colwell �977! and Hada and Sizemore �931!. That is marine
vibrios demonstrate a high degree of environmental adaptiveness,
possibly because of the variety of cryptic plasrnids carried by the
ma!ority of vibrios. However, pseudomonads are also known to
possess a number of plasmid-mediated characteristics, including
degradative and resistance traits. It is possible that, as a result of
their environmentaL adaptiveness and ubiquitous distribution in the
world oceans, that marine vibrios can more readily respond to eco-
logical or selective pressures exerted upon them in the natural en-
vironment. Thus, the presence of certain components of pharrna-
ceutical wastes could exert a selective pressure, enabling the vibri-
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os to out-compete pseudomonads, in much the same manner as was
observed in the microcosm studies reported here  Figures 0 and 5!.
Certain Vibrio spp. are known to metabolize short chain volatile
fatty acids, alcohols and aromatic hydrocarbons  Baurnann et al.
l971! similar to those compounds present in the pharmaceutical
waste  Schwab et al. l981!. Furthermore, Acinetobacter spp., of-
ten the second most abundant group of bacteria in surface waters
of this region of the Atlantic Ocean, are known to metabolize hy-
drocarbons �uni 1973! of the type present in pharmaceuticaL
waste. Therefore, hydrocarbons and related compounds may serve
as substrates for the selective growth of Vibrio spp. and Acineto-
bacter spp. at the expense of other members of the bacterial com-
munity.

Plasmid-bearing Vibrio spp. have been isolated in significantly
larger numbers from water samples collected in the oil fields of
the Gulf of Mexico than from water samples collected in control
areas  Hada and Sizemore 1981!. In a study of the effect of petrol-
eum on sediment bacterial communities in Chesapeake Bay, Walker
et al. �976! found that oil-polluted sediments contained Vibrio
spp., Acinetobacter spp. and Pseudomonas spp., representing popu-
lations metabolically responsive to petroleum enrichment. Con-
versely, in non-oil-polluted sediments, the predominant culturable
bacteria were Pseudornonas spp. and gram-positive coryneforrn
bacteria.

The region of the Atlantic Ocean which we have studied serves
as one of the world's busiest sea lanes  Gunkel and Gassmann 1980!-
Also, this region is subjected to a heavy burden of sea traffic in-
volved with petroleum shipping, which has been reported to be the
major source of hydrocarbons entering the marine environment
 Gunkel and Gassman 1980!. Therefore, the marine bacterial corn-
munity of these waters are subjected to unknown quantities of pe-
troLeum-derived hydrocarbons, in addition to pharmaceutical
wastes and other point pollution sources. Thus, a combination of
these could affect the bacterial communities of vast expanses of
ocean surface waters in this part of the world,

Another factor related to the observed change in the cornposi-
tion of the bacterial community is suggested from the findings of
Sieburth �968b!, who observed in 1962-63 that both Flavobacteri-
um and Pseudornonas spp. were dominant, that is, they constituted
5096 of the isolates from Narragansett Bay water samples, during
periods of diatom blooms. High diatom activity was found to sup-
press growth of Vibrio spp., which otherwise were dominant  i.e.,
up to 00%!; the incidence of Flavobacteriurn spp. was inversely re-
lated to that of Vibrio spp. Reasons suggested for this relationship
were diatom-bacterium interactions or bacterial antagonism.
These results are supported by the recent studies of Shiba and Taga
�981! in which marine algae were found to suppress growth of vi-
brios. Likewise, Fukami et al. �981! also observed that, during
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phytoplankton decomposition, bacterial succession occurred, with
4 4 d~Al ll pp.l lgd 4 d lg ly
stages of decomposition, followed by Acinetobacter and Moraxeffa
spp. in later stages. Vibrio spp., often dominant in the inoculum
were consistently absent during the decomposition process. There-
fore, the naturai interactions between bacteria and higher trophic
level organisms can affect cornmuruty structure. A change in one
component of the biota, as a result of the input of allochthonous
materials, can affect interactions between organisms and, thereby,
influence the community structure.

In summary, the results of laboratory and field studies accorn-
plished to date document a significant relationship between species
composition of bacterial communities in surface waters and enrich-
rnent by pharmaceutical wastes. In laboratory microcosrns, Vibrio
spp. were, in general, superior competitors, and, as the concentra-
tion of added pharmaceutical waste increased, the proportion of
the community consisting of Vibrio spp. also increased. Vibrio spp.
were also found to dominate the culturable bacterial community of
surface waters within and surrounding the dumpsite region. How-
ever, the effect on the bacterial community of surface waters of
such a wide expanse of oceanic waters  i.e., from Barbados to Ber-
muda! is difficult to relate directly to pharmaceutical waste dis-
posal alone. This is especially so because of the hydrocarbons that
enter the vicinity of the study area from marine transportation.
Petroleum hydrocarbon enrichment of the bacterial community
similar to that observed from pharmaceutical wastes deserves
consideration.

Quantitative and qualitative analyses of the autochthonous bac-
terial community of aquatic systems receiving allochthonous mate-
rials are, therefore, useful in evaluating effects of those materials
on the rnicrobiota. If, in fact, the species composition of the
microbial flora is significantly altered to the extent that the corm-
rnunity composition is significantly cha~ged by influx of anthro-
pogenic materials, as in the case of pharmaceutical wastes, the
quantity of material a given water mass can assimilate must be
carefully assessed if ocean disposal af wastes is to be a continuing,
or permanent, means of solving waste disposal problems. It is,
after all, the microbial populations upon which we depend, ulti-
mately, for degradation and recycling of allochthonous materials
deposited in the worM's oceans.
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Metabolic Indicators of Sublethal
Stress: Changes in Adenine
Nucleotides, Glycogen and Lipid

Russell D. Vetter and Robert E. Hodson
Department of Microbiology
University of Georgia
Athens, Georgia 30602

INTRODUCTION

The possibility of using adenine nucleotides as indicators of pol-
lution stress has been the subject of much interest and controversy
over the past few years. In this paper we discuss the original ra-
tionale for using adenylate measurements, the assumptions and
misconceptions that have often surrounded their use and a review
of recent studies which have used adenylate measurements as indi-
cators of stress. In the final section we discuss ways of incorporat-
ing adenylate measurements with measurements of energy storage
compounds such as neutral lipid and glycogen to increase the sensi-
tivity and i~formation content of the basic adenylate measure-
ments.

The basic premise of the metabolic approach for measuring
stress effects is that pollution results in an increase in entropy,
which results from either  I! diverting assimilated energy to non-
productive functions such as increased respiration, cell repair,
cleaning and avoidance activity or �! decreasing the efficiency of
energy transfer reactions through toxic effects on enzyme systems,
changes in membrane potentials or genetic damage. Either rnech-
anisrn results in an increase in the dissipation of assimilated energy
as heat and a concomitant decrease in growth and reproductive po-
tential. The aim of using sublethal metabolic indicators of pollu-
tion stress is to measure pollutant effects before they are trans-
lated into increased mortality and reproductive failure. The cen-
tral rale af adenine nvcleotides as the basis of energy transforma-
tion in the cells of all living organisms- has made these compounds
particularly attractive as possible indicators of pollutional stress
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 Figure 1!. Adenosine triphosphate  ATP! is regenerated aerobical-
ly through oxidative phosphorylation and anaerobically through gly-
colysis. During periods of rapid ATP consumption, for example,
during muscle contraction, ATP is regenerated by direct rephos-
phorylation from a storage phosphogen, such as creatine phosphate
or via the adenylate kinase mediated salvage pathway, whereby 2
moles of adenosine diphosphate  ADP! are converted to 1 mole of
ATP, immediately available for use, and 1 mole of adenosine mono-
phosphate  AMP!  Figure L!.

Adenine nucleotides are also important as regulators of' meta-
bolic processes. The concentrations of ATP, ADP and AMP can act
as either positive or negative allosteric effectors of regulatory en-
zyrnes of intermediary metabolism, balancing anabolic and catabol-
ic processes  Figure 2!. For example, falling ATP levels stimulate
glycolytic processes which regenerate ATP while high levels of
ATP inhibit glycolysis and stimulate gluconeogenesis. This rapid
counterbalancing or "cybernetic" control results in the relative
proportion of the three adenylates remaining almost constant with-
in the cell except under extreme conditions of energy consumption
or metabolic inhibition. Atkinson and co-workers were among the
first to appreciate the constancy of the ratios of the three adeny-
lates. Furthermore, they found that when a variety of eukaryotic
cell and bacterial cultures were exposed to nutrient limitation
 stress!, the adenylate ratios changed in similar and predictable
ways in different organisms exposed to different levels of stress
 Atkinson 1968; Chapman et al. l97L; Montague and Dawes 19K;
%alker-Simmons and Atkinson 1977!. Using these findings, Atkinson
proposed a single unitless ratio, based on the mole fraction of
adenylate in the charged form, ATP plus ADP  where ADP is 1/2
the value of ATP!, to the total adenylate pool. This adenylate
energy charge ratio  AEC! is as follows:

ATP + 1/2ADP

ATP+ ADP + AMP

It can vary from 0.0  all the adenylate as AMP! to 1.0  all the
adenylates as ATP!  Atkinson and Walton l967; Atkinson l968!.
Atkinson's group and others have amply demonstrated that the AEC
exhibits cybernetic control and that the AEC remains remarkably
constant at values between 0.87 to 0.95 in a wide variety of other
organisms under normal growth conditions  see review by Atkinson
1977!.

Although the AEC was originally proposed as a biochemical
concept, many investigators and administrators were attracted to
the concept as an indicator of stress since it was a simple unitless
ratio which would allow comparison of stress effects in very differ-
ent organisms in a common context  e.g., if an organism had an
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AEC above 0.8 it was normal and below 0.8 it was stressed!. How-
ever, as Atkinson himself has pointed out, large changes in the ab-
solute concentrations of adenylates can occur and if the ratio
among the three remains the same, the AEC will remain constant
while the total adenylate pool size varies  Chapman et al. 1976;
Atkinson 1977!. A major objective of this paper is to differentiate
clearly between measures of adenylate concentration and the AEC.
We emphasize that the AEC is a secondary calculation which is
only as good as the analytical measurement of adenylate concen-
tration and that the AEC by its very nature is a conservative rneas-
ure which will likely underestimate the effects of chronic low level
stress. Changes in the absolute concentration of the three adeny-
lates and the total adenyl.ate pool are useful indicators of stress.
However, the information content of the basic measurements can
be vastly increased and the mechanism of toxic action can be
suggested if the changes in adenylate concentration are considered
in the light of changes in other energy compounds such as glycogen
and neutral lipid reserves.

USE OF ADENINE NUCLEOTIDE CONCENTRATIONS
AS INDICATORS OF STRESS IN ORGANISMS

Microbial
Adenylate measurements as part of basic investigations of cel-

lular energy metabolism have been made for about 30 years. Early
measurements are probably in error in terms of absolute concen-
tration because of methodological problems and assumptions that
will be discussed below. However, within a given study, values are
probably internally consistent between experimental and control
samples. Atkinson �977! constructed a revealing model of the
"evolution" of apparent AEC values as techniques improved during
the past 30 years.

Since most of the original adenylate rneasurernents were made
on pure cultures of bacteria, it is not surprising that rneasurernents
of adenylates in natural marine microbial assemblages have been
among the earliest and most intensively investigated applications
of adenylate research to environmental science. An important
early application was the use of particulate ATP concentrations in
seawater as a measure of total microbial biomass  Holm-Hansen
and Booth 1966! and marine sediments  Wiebe and Bancroft 1975;
Hodson et al. 1976; Karl and LaRock 1976!. Soon thereafter, ATP
measurements were used to follow the effects on marine microbial
biomass of stressors such as pulp mill effluent  Quammen et al.
1973!, copper  Thomas et al. L977! and mercury  Azam et ai. 1977!.
For ATP to be a measure of biomass, its concentration per unit
"living carbon" must be constant. However, under certain condi-
tions this ratio was found not to be constant  e.g., Chapman et al.
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L971!; that is, the ATP per cell reflected not only the biomass, but
also the average physiological state of the cells. These findings led
to the use of alternative adenylate measurement parameters to as
sess the biomass and activity of microbial assemblages. Total
adenylate concentration IAtf  ATP + ADP + AMP!! was proposed as
a better measure of biomass than  ATP! Karl L980!; energy charge
was used as a measure of the activity of physiologicaL state of nat
ural microbial assemblages. Results of recent studies suggest that
these more elaborate measurements may often not yield more or
better information than ATP concentration alone. For instance,
plots of ATP and A are often parallel, suggesting that the ratio of
ATP to other adenylates and hence the energy charge may be held
nearly constant at the expense of the size of the intracellular
adenylate pool  Karl 1980!. Thus, although it is often criticized,
using ATP as an indicator of microbial biomass remains the most
generally useful and certainly the simplest of the various methods
available. Moreover, for most purposes, ATP measurements do
track changes in total microbial biomass medi~ted by pollutional
stress.

However, serious questions remain to be answered rega,rding in-
terpretations of adenylate measurements on natural microbial as-
sernblages and how adenylate concentrations change in response to
pollutional stress. Some of the problems yet to be solved include
 L! determining the extraction efficiencies of adenylates from sea-
water and sediments; �! the relative quantitative significance of
extracellular  dissolved! adenylate relative to cellular adenylates
and, hence, to estimates of biomass or AEC; �! the relative signif-
icance of bacterial, nonbacterial, microbial, and meiofaunal ATP
to totaL ATP biomass in sediments. Karl  L980! has reviewed these
and other potential problems and applications of adenylate meas-
urements to marine microbiaL ecology. The reader is referred to
Karl's report for further information. The remainder of the discus-
sion will consider adenylate concentrations in marine fishes and in-
vertebrates and the effects of stress on these concentrations.

tes

Studies of the effects of environmental stressors on the adenine
nucleotide concentrations of invertebrates have been conducted al-
most entirely with molluscs and crustaceans. Earlier studies have
examined natural environmental factors such as temperature and
dissolved oxygen and only recently have investigators begun to
measure the effect of anthropogenic stressors. Some of the first
studies were those that used adenylate measurements to investi-
g bi 1   i  M il ~ll 1 ! Z
Nagy and Ermini L972; Zs-Nagy 1973. Since then %i}srnan and
Zwaan have used adenylate measurements to help determine t"
unusual metabolic pathways by which mussels are able to increase
the efficiency of anaerobic ATP production  Wijsman 1976a> 1976bl
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Table I. The response of adenine nucleotides in the muscle
of ~@titus edulis after treatment with ambient <control!, > and lO
ug Ni kg seawater at ambient temperature and salinity for
weeks  from Zaroogian et al. 1982!.

rnol wet we> ht

Sample
Size AEC ATP ATP + ADP + AMPTreatment

3.89

0.20
2.82
0.12

0-85
0,01

Control

5pgNikg ~ 2.72
0.34

0.80
0.05

0.03

0.20

LD pgNikg ' 6 3.09+

0.25

I.84»

0.26

0-75
0.0O

«Significantly different from control  p < .05!.

exercise result in a rapid decrease in creatine phosphate which acts
as an energy buffer until the ceLVs rate of metabolism can be in-
creased. As the work Load increases, ATP concentration decreases
as does total adenylate concentration. The decrease in total
adenylate concentration is caused by the rapid removal of AMP,
via O'-AMP dearninase, to inosine monophosphate QMP!. An almost
l:I stoichiometry between decreases in ATP and increases in IMP
has been observed  Driedzic and Hochachka l976!. The activation
of AMP deaminase is dependent upon falling cellular Levels of
guanosine triphosphate  GTP!. A review by Driedzic and
Hochachka  L978! summarizes much of the earlier work on the ef-
fects of exercise on fish muscle. In aLL cases, an increase in mus-
cular exertion resulted in decreases in ATP and total adenylate
concentration. AEC decreased significantly only at the point of
exhaustion when maximum metabolic rates were unable to meet
the work load. Reduced environmental oxygen concentrations are
similar to muscular exertion in that there is an increased reliance
on anaerobic respiration. The response of the adenylate system to
decreased oxygen stress is, therefore, similar to exercise re-
sponse. Van de Thillart et al. �976! exposed goldfish  Caress!us
auratus! to 10 hours of compiete anoxia. While ATP and creatine
phosphate reserves decreased steadily throughout the l0 hour «po-
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sure, AEC, af ter dropping from 1.0 to 0.8 in the first few minutes,
remained constant at about 0.8. Vetter and Hodson �982! com-
pared the effects of environmental hypoxia on five marine fish spe-
cies from three habitats that typically experience a range of natu-
ral diel oxygen regimes: pompano and silverside were from a weH
aerated surf zone, perch were from a tidal creek with brief periods
of low oxygen during slack low tide, and killifish and juvenile rnul-
let were from a eutrophic pool where aquatic macrophyte respira-
tion caused nightly depletion of dissolved oxygen  Table 2!. There
was a strong positive relationship between resistance to low oxygen
as reflected in adenylate change and the relative amount of oxygen
stress occurring in the species' habitat of preference. 3uvenile
mullet, which typically inhabit higher oxygen waters, invade the
eutrophic pools to escape predation. These fish showed no physio-
logical resistance to low oxygen but survived nightly oxygen deple-
tion by skimming the oxygen enriched surface layer. Decreases in
ATP concentrations were again reflected in decreases in total
adenylate concentrations as well as a change in AEC. 3orgensen
and Mustafa �930! compared differences in oxygen stress between
Chif g i i ii 4  ~Pi it i *ii !. i'hyi d
that in all tissues except the heart, ATP as well as AK,C decreased
significantly. Liver, which had virtually no creatine phosphate re-
serves, was most severely affected by hypoxia, experiencing a 9096
drop in ATP, a 5896 drop in total adenylates and a large change in
AEC �.73-0.36!. While studies determining the effects of anthro-
pogenic stressors on adenyiate concentrations have been few, many
are currently being pursued. Christensen  l975! exposed brook
trout  Salvelinus fontinalis! to methylmercury at a concentration of
l.03 v I for 33 days and found a significant decrease in ATP.
MacFarlane �981 j measured the effects of decreased pH on differ-
ent tissues of the Gulf killifish  Fundufus grandis!  Fig. 3!. He
found that the giII and brain tissues were most sensitive to pH
changes in terms of decreases in ATP, total adenylate and AEC. In
our laboratory we have recently found adenine nucleotides to be
sensitive and useful predictors of the effects of dissolved DDT,
DDT uptake from the diet, pulp mill effluent, and pulp mill efflu-
ent acting synergistically with low oxygen  unpublished data!.

ADVANTAGES OF ADEMNE NUCI.EOTIDES
AS STRESS INDICATORS

A clear advantage of adenylate concentration measurements as
stress indicators is the fact that they can provide an instantaneous
"snapshot" of the physiological state of field specimens. No incu-
bations or prolonged handling of living material is required. How-
ever, what is required is a method for quickly killing and fixing the
sample to inhibit post-collection changes in adenylate concentra-
tions. Another important advantage of adenine nucleotide meas-
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urements as stress indicators is the universal occurrence of th
compounds and the central roles they play in the metabolism of @I
living cells. In addition, the adenine nucleotide concentrations in a
variety of tissues and over a wide range of organisms are re~~~k
ably constant. For example, ATP concentration  p rnol g ! rang~
from 3.91 to 6.59 in the white muscle of 1 1 different fish species
 Vetter and Hodson 1932!, 2.15 to 2.34 for tail muscle of three sp
cies of crayfish  Dickson and Franz 1980!, 2.7l to 4.1 J for a mol
lusc {Ivanovici 1980!, 3s03 for red muscle in the rat  Edington et al.
1973! and 2.01 for rat brain  Ridge 1972!. Since most invertebrate
and vertebrate tissues are in the same range  l-10 p mol g fresh
wt.!, extraction and measurement techniques can be standardized.
Another advantage is that the extreme sensitivity of the luciferin
lucif erase assay allows accurate measurement of picomolar
amounts of ATP, an important factor when the method is used for
microbial samples from oligotrophic environments. AEC values for
a wide range of organisms are also remarkably constant under "un
stressed" conditions  Chapman et al. 1971; Atkinson l977; Vetter
and Hodson 1982!. Although published values for AEC have slowly
increased, as methods of measurement have improved, it now ap-
pears that virtually all organisms have a normal "unstressed" AEC
value somewhere between 0.87 to 0.95. This constancy of "un-
stressed" AEC allows intercomparison of stress effects among a
wide range of organisms and types of stressors.

An often overlooked advantage of the entire approach of meas-
uring changes in energy rnetabolisrn as a response to stress is that
the approach has a basis in "classical" respiratory physiology. For
example, the "value" of a particular amount of glycogen, lipid or
ATP can be expressed in comparable units such as calories per
gram, joules per mole or rnoles of oxygen consumed, allowing data
on the effects of anthropogenic pollutants to be compared with
data in the literature on natural stress and adaptation  Selye 1952;
Krogh l959; Fry l971; Precht 1973; Bayne 1976!.

A5SUMPTIONS AND PROBLEMS INHERENT IN USING ADENINE
NUCLEOTIDES AS STRESS INDICATDRS

Investigators should not be deterred from using adenylate meas-
urements as indicators of stress because of the problems cited
here, but rather they should take note of the assumptions and ana-
lytical problems associated with the measurement of adenine nu-
cleotide and, in particular, to emphasize the inherent insensitivity
of the AEC measurement. Since virtually all metabolic energy
flows through ATP as a link between catabolic and anabolic proc-
esses, a direct measure of energy flow through ATP would be a"
ideal measurement. However, current methods measure the static
~uantit, pool sizes, and attempt to imply something about flow.
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Table 3. Net decreases in different energy reserves during an J8 h
period between fertilization and hatching in red drum  ~Sciano s
ocellata! eggs. Values expressed on a wet wt. basis  from Vetter et
~al. 1983,

% Original
Pool Amount

Compound Consurn ed Cons um ed
Total Caloric
Contribution

Caloric

Value

9 cal rng 19.17Triglyceride 3 l% 2.13 rng g

9 cal mg-'33% 2.46 mg g 22.14Wax Ester

Glycogen 63% 0.176 rng g 4 cal mg 0.704

75% 0.361 yrnoJ g ' .007 cal grnoJ ' 0.0025ATP

In general the smaller the pool and the faster the flow, the Jess
valid this is. The turnover time f or ATP in rnetabolically active
tissues can be less than l second  Lehninger 1977! and its concen-
tration relative to energy storage compounds such as lipid, glyco-
gen and the phosphogens  creatine phosphate and argenine phos-
phate! is, in general, exceedingly low. For example, the energy
available in the standing pool of muscle ATP is sufficient to rnain-
tain muscle contraction for only 0.5 second  Lehninger 1977!. As a
f ur ther example, the caloric contribution of triglyceride, wax
ester, glycogen and ATP during development of an estuarine fish
egg is compared in Table 3. While the decrease in ATP was largest,
ori a percent basis its caloric contribution was negJigible. How-
ever, many investigators still refer to ATP as an energy store and
believe they are measuring the immediate energy reserves of the
cell rather than the ability of the cell to generate energy.

Another potential problem when measuring adenylate concen-
trations without an adequate appreciation of turnover rates is the
interpretation of "no effect" data. Figure 4 is a schematic repre-
sentation of conditions under which ATP concentrations would be
expected to change and those conditions which would not result in
change. While investigators speak of the effects of stress, there
are really two ways that a stressor may affect metabolism. The
stessor may increase the demand for energy and/or it may inhibit
the ability of the organism to produce energy. Since fish and other
organisms can exhibit a 10-fold increase in metabolism between
resting and active states yet maintain similar adenylate concentra-
tions prior to exhaustion, there is obviously tremendous reserve
capacity to regenerate ATP at higher than normal rates  Fry 1971;
Driedzic and Hochachka 1978!. An environmental stressor that in-
creases metabolism without exceeding te ability of the cell to re-
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Figure 0. Different types of stress and the changes in ATF' that
would result from alterations in catabolic potential  input arrow!
and the energy demands of roechanica], transport and biosynthetic
work  output arrow!.  a! control condition;  b! chronic low-leveL
stress � the catabolic potential is not exceeded, no change in ATP
concentration, no change in AEC;  c! acute metabolic Loadiog-
energy demand exceeds catabolic potential, decrease in ATP, pos-
sible decrease in AEC;  d! acute toxic inhibition catabolic potential
decreased, decrease in ATP, effect on AEC will depend on site of
lesion.
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generate ATP will result in increased turnover rates without a visi-
ble change in ATP concentration  Figure 4b!. Although adenylate
concentrations may not change, energy reserves such as neutral
lipid and glycogen will be rapidly depleted to maintain increased
rates of ATP synthesis, diverting energy from growth and repro-
duction; "no effect" data should be interpreted cautiously and in
this larger context. Changes in ATP concentration would be ex-
pected only under the conditions presented in Figures Oc and d,
that is, when the environmental stressor results in a metabolic de-
mand exceeding the ability of the organism to regenerate ATP
 metabolic loading, Figure 4c! or if the stressor directly blocks the
ability to resynthesize ATP  metabolic inhibition, Fig. Qd!. The
adenylate charge when considered alone is an even less sensitive
indicator of chronic low level stress since it is a unitless ratio. If
decreases in ATP result in a decrease in total adenylate concentra-
tion rather than a stoichiometric buildup in ADP and AMP, the
AEC can remain constant even ~nder the conditions presented in
Figures Qc and d. A change in total adenylate concentration is
precisely what does occur to a greater or lesser extent in almost
all organisms studied to date. The thermodynamic reasons for this
are simple. If ADP and AMP were allowed to accumulate, the
energetic value of the remaining ATP on a per mole basis would be
decreased  Vetter and Hodson 1982!. In addition, the energy sal-
vage pathway, 2ADP~ 1ATP + AMP is reversible and non-energy
requiring so that AMP must be removed to "pull" the reaction in
favor of ATP regeneration. AMP is generally dearninated to ino-
sine monophosphate or dephosphorylated to adenosine depending on
the organism. In experiments with tissue cultures, ATP decreased
to 30% of the or!ginal concentration before AMP-deaminase was
sufficiently inhibited to cause ABC to drop below 0.80  Chapman et
al. 1976!. Large decreases in total adenylate prior to, or in con-
junction with, decreases in AEC can be seen in Tables I, 2, Figure
3 and in most published studies. Some molluscs appear to accumu-
late ADP and AMP to a greater extent than other invertebrates
and vertebrates and thus respond to stress with decreased AEC
prior to a change in total adenylates  Wijsman l976; Rainer et al.
1979; Ivanovici l980!. The apparent insensitivity of AEC to very
low level stress is not a criticism of the AEC as a biochemical con-
cept. Atkinson has repeatedly called attention to the conservative
and cybernetic nature of AEC  Atkinson 1977!; however, his cau-
tion has not been sufficiently appreciated by many investigators.

When considering the application of adenylate measurements to
field populations, important considerations are the sources and ex-
tent of variation in ATP concentrations due to natural causes such
as seasonality, age and reproductive state. Some data on natural
variation are available. Dickson and Giesy  l98I! compared five
species of crayfish from four different habitats, two from caves
and the others from ponds, streams and artesian wells. When
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ranked according to concentration, the species showed no signif,-
cant differences in the adenylate concentrations or AEC of
muscle. The highest and the lowest concentrations, which w
significantly different, they felt represented the most and least
active species. Vetter and Hodson  l982! compared ll different
species of estuarine fish which differed in their natural swimming
activities. ATP content of the white muscle varied from 3 9l 6 59
pmol g ' wet wt. While the highest and lowest concentrations
were sigruficantly different  p < .05!, there was no apparent rela
tionship between activity and tissue adenylate concentrations
Ansell �977! presented data from 23 bivalve species and found that
ATP content varied from 0.26-1.26% of the dry wt. He concluded
that respiration rate of the whole organism accounted for little of
the observed variation but high maintained levels of ATP were as
sociated with a species' ability to use energy rapidly for short
periods.

Seasonal changes in adenylate concentrations, possibly associ-
ated with reproductive cycles, have also been reported for some
organisms. Dickson and Giesy  L982a! reported that adenylate con
centrations and AEC of crayfish tail muscle varied seasonally over
the course of one year. The variation was not related to tempera-
ture, dissolved oxygen, pH, sex, breeding condition or limb regener-
ation. However, the seasonal peak appeared to coincide with the
period of peak breeding activity. Skjoldal and Barkati  L982! found
that ATP content and AEC varied seasonally in a European popula-
tion of ~Mtilus edulis. The change in ATP was related to the nutri-
tional and reproduction cycle. Zaroogan et al. �982! also found
seasonal differences in the ATP content and AEC of a North
American population of ~Mtiius and the oyster  Crassostrea ~vir in-
ica!. Seasonal changes in adenylate concentrations have also been
reported for zooplankters  Bamstedt and Skjoldal 1976; Skjoldal and
Bamstedt l976, 1977! and microbial communities  Christian et al.
L975; Wiebe and Bancroft L975!.

The effect of nutritional state on adenylate concentration has
been a subject of intensive investigation, particularly with regard
to microorganisms. Much of the original work of Atkinson's group
which led to refinement of the AEC concept was done with nutri-
ent limited cultures  Chapman et al. l97l; Ball and Atkinson L975>
Walker-Simmons and Atkinson l977!. A complete summary of the
types of microorganisms, the types of nutrient limitation and the
types of culture conditions that have been studied has been pre-
sented by Karl �980!. As expected, ATP and AEC decreased under
conditions of nutrient Limitation, but there were important differ-
ences between the results from batch cultures and chemost»~
which were due to the age structure of the community as a w"ole
Differences also occurred based on which nutrient was Limiting
Fewer such studies have been carried out with animals. The ATP
content of the copepod  Calanus finmarchicus! decreased with star-
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vation  Balch 1972!. Dickson and Giesy �982b! found that the ATP
content increased or remained constant in two species of crayfish
that were starved over a 45-day period.

When measuring ATP concentrations or AEC in larger rnulti-
cellular organisms, it is also important to consider differences be-
tween tissues with regard to natural concentration and sensitivity
to change by a given pollutional stress. Wijsrnan �976! measured
adenylate concentrations and AEC in four tissues of the mussel
 ~Mtilus edulis!, and found ATP varied from 4.76 umo! g ' wet wt.
in adductor muscle to 1.31 pmol g ' wet wt. in the hepatopan-
creas. 3orgensen and Mustafa �930! compared the adenylate con-
centrations in four tissues of the flounder  Platichth s flesus!.
ATP concentrations varied from V.63 pmol g wet wt. in the
muscle to 1.35 ymol g wet wt. in the liver. The tissues were
differentially sensitive to hypoxia, liver being the most sensitive.
In the Gulf killifish  Fundu!us grandis!, ATP concentrations varied
from 17.94 ug mg protein in the muscle to I1.85 ug mg '
protein in the liver. Brain and gill were more sensitive to low pH
than muscle or liver  MacFarlane 1981!.

It is clear that changes in adenylate concentration can occur
with changes in season, reproductive state, nutritional state and
between different tissues. While there have been attempts to re-
late differences in adenylate concentration to various aspects of
activity, these have all been ex boost facto explanations of results.
Research is needed that explicitly addresses the question of why
different species have different adenylate concentrations. It is
also important to establish that the units used to express adenylate
concentration are not changing during the course of the experi-
ment. For example, it may be true that ATP concentration in-
creased during starvation  Dickson and Giesy 19S2! but this may re-
sult from decreases in tissue weight as energy reserves are con-
surned rather than from an increase in ATP. Differences in the
amount of a tissue that are composed of relatively inert material
such as collagen or stored lipid may also explain apparent between-
tissue differences. However, tissue differences persist even when
expressed on a protein basis  MacFarlane 1981!. While muscle tis-
sue is often chosen for study because of its homogeneity, ease of
removal and high adenylate concentration, the results from mul-
tiple-tissue studies suggest that, for some stressors, muscle is less
sensitive than other tissues such as gill, brain or liver �orgensen
and Mustafa 1980; MacFarlane ].981}. While natural variations in
adenylate concentrations should be considered in any long term
field study of pollution effects, the variation in adenylate concen-
trations are less than variations in growth rate, respiration rate,
energy reserves, productivity, community structure or other rou-
tinely used field measurements of pollution effects.
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AN EXPANDED ENERGY PROFII F
FOR THE MEASUREMENT OF STR~

Many investigators have hoped to find single specific indicators
of specific pollutant effects that can be used to show direct c«~
and-effect relationships in real field monitoring situations.
the work of Selye �952! long ago demonstrated the generalized na
ture of organismal responses to stress, the above goal, however de
sirable, is probably unattainable. The determination of pol>uta>t
effects has much in common with the much older discipline of di
agnosing diseases in man and a similar diagnostic approach may be
the most consistently productive approach to pollution assess-
ment. V/hile a single measurement such as body temperature may
indicate that a patient is sick, it is the careful combination of rnul
tiple rneasurernents such as heart rate, blood pressure, respiration
rate and blood chemistry that ultimately pinpoints a specific
cause. Thus adenylate measurements, at best, indicate that the or
garusm or community is stressed. In a controlled laboratory exper
iment with one variable, this may be sufficient. In a field situation
where the cause of the stress is unknown, a series of general meas-
urements determining the level of stress, followed by more specific
measurements such as mixed function oxidase activity  hydrocar-
bons! or metallothionine levels  metals! may offer the best hope of
consistently determining a cause-and-effect relationship between a
pollutant and an impacted community.

In our studies, we have extended the basic adenyiate measure-
ments to include measurements of the energy reserves of the cell,
so that changes or the lack thereof in adenylate concentration can
be viewed within the larger context of cellular metabolism. Our
"energy profile" approach includes measurement of neutral lipid
and glycogen, the two most important energy storage compounds in
both vertebrates and invertebrates. We also consider changes in
structural compounds such as protein which can act as energy re-
serves. The methods used for determining different energy re-
serves within the same sample are published in Vetter et aL.
 I983!. An advantage of the energy profiling concept is that dif-
ferent measurements, including respiration, can be interconverted
into common units such as calories  e.g., Table 3!, and the results
combined into predictive equations or simulation models. By way
of example, Figure 5 is a dynamic simulation model of energy flow
through a tissue. The model, as illustrated, is pararneterized with
values obtained from the literature for concentrations, caloric con-
tent and turnover times of neutral lipid, glycogen, creatine phos-
phate and ATP pools in fish muscle. While protein can be an im-
portant energy reserve, its turnover time is similar to lipid and has
therefore been excluded from the examples beLow. By altering '~
put and output functions of different compartments, we can sirn~
late toxicant induced lesions at different sites in intermediary



' CkRONIC LOW-LEVE!

METABOLIC LOADING

do ys

' ACUTE TOXIC

IN HI BI T 1ON

hours

' METABOLIC LOADING

with HYPOXIA

hours

Figure 5.  a! Simulation model of energy flow  cal time ! through
energy storage and transfer pools. Nutrient limitation can be sim-
ulated by decreasing input, metabolic loading by increasing ATP
demand, and various sites of toxic inhibition or hypoxia by altering
input and output functions to different pools. The model as shown
was pararneterized with values for fish muscle. Protein has a turn-
over and time response similar to lipid and was not included in the
examples below;  b! effect ort tissue levels of lipid, glycogen and
ATP during long term chronic stress;  c! acute toxic inhibition re-
sults in rapid decreases in ATP despite ample energy reserves;  d!
added stress of hypoxia results in rapid glycogen depletion.
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metabolisrn. By increasing the energy flow to "stress responses«
we can simulate the effects of a metabolic loading type
Creatine phosphate serves as a short term energy buf f er wh;ch
as a time delay but does not affect the ultimate outcomes.
though many pollutants are a combination of stress types sample
outcomes of the model illustrate the general conditions ��d,
which either lipid, glycogen or ATP would be the most sensitive in
dicators of stress. For example, a long-term chronic stress
as elevated respiration resulting from a heated water discharge or
perhaps a pulp mill effluent  metabolic loading!, might result in a
long-term decline in lipid, while glycogen and A.TP reserves could
remain relatively high until lipid is depleted  Figure 5b!.
ly toxic chemical which disrupts cell integrity or enzyme function
 toxic inhibition! might result in a rapid decrease in ATP regardless
of lipid or glycogen stores  Figure 5c!, A pollutant which resulted
in reduced oxygen concentrations or a reduced ability to transport
oxygen would result in a steep decrease in glycogen due to the in-
herent inefficiency of anaerobic respiration, while lipid would pro-
bably remain constant since it is virtually unavailable for rnetabo-
lism under aerobic conditions  Figure 5d!. The above examples il-
lustrate that the type, intensity and duration of a stress can deter-
mine which changes most rapidly and which would be the best indi-
cator of stress. The above predictions have been tested with the
saltrnarsh killifish  Funduius heteroclitus!, using pulp mill effluent,
pulp mill effluent combined with low oxygen, and DDT. Our work
so far indicates that the basic predictions are valid. Table 0 shows
the outcome of one such experiment, the effect of a 4-hour expo-
sure to pulp mill effluent on white muscle adenylate and glycogen
concentrations. Neutral lipid was below detection in the white
muscle. When exposed to pulp mill effluent alone, respiration in-
creased, glycogen was utilized, while adenylate concentrations
were not significantly affected  e.g., Figure 5b!. Pulp mill effluent
combined with low oxygen resulted in a very large decrease in gly-
cogen and a significant decrease in ATP and total adenylates  e.g >
Figure Sd!. There was a synergistic effect of pulp mill effluent
plus low oxygen on glycogen concentrations  data not shown!.
Combining adenylate measurements into an overall "energy profile"
allows us to determine not only the presence of stress but the
mechanism by which the pollutant has its effect.

A similar multiple biochemical measurement approach is being
used by White and co-workers to assess the biological structure «
and perturbation effects on natural microbial assemblages. Specif-
ic compounds produced by specific taxa are used to estimate
changes in the biomass of different components of the community
 e.g., murarnic acid for bacterial biomass and Lipid galactos«or
photosynthetic biomass!. physiological condition of the community
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Table 0. Fundulus heteroclitus. Adenylate concentrations, ~ mol
g ' wet t~issue + l SD; Glycogen concentrations, rng glucose
equivalent g ' wet tissue  + 1 SD!, of fish exposed to 196  v/v!
unbleached Kraft pulp mill effluent for 0 h. N=8 individuals for
every group  from Hwang, Vetter and Hodson in prep!.

Control Pulp Effluent High 0> Pulp Effluent Low Og
Htgh 0> �.45 + Q.ls High oz �.36 > 0.1S Low 02  Q.Bs + -0.20

mg0 L t! rng O~ L mg Og

5.62 �.93!

0.70 �.31!

0.34 �.40!

4.SO  O,SS!

1.19 �.55!

0.02 �.05!

4.24 �.77!

O.SS �.27!

0.31 �.29!

ADP

AMP

Total
Adenylateg 5.42 �.94!

O.S6 �.03!ts

4.74 �.05!

6.01 �.02!

0.90 �.03!

7.27 �.22!tt

6.66 �.94!

0.90 �.03!

10.25 �.62!CIycogen

e Significantly different from controls at p < -05

is measured by short term indicators such as AEC and ATP/adeno-
sine ratio in which long term condition is Indicated by neutral lipid
glycerol  Bobbie and White 1980; Davis and White 1980; White et
al. l980; Bobbie et al. 1981; Nickels et al. 1981; Smith et al. 1982!.

CONCLUSION

Adenine nucleotides are present in all living organisms and are
the central compounds in the transfer of energy consumed as food
or captured from sunlight into the energy requiring pathways of
biosynthesis, growth and reproduction. They are attractive as indi-
cators of pollutional stress because of the "physiological relevance"
and because the low levels of inter- and intra- specific variability
allow similar analytical techniques for all organisms and invite
broad intra-specific comparison of stress effects.

Changes in adenine nucleotide concentrations are most likely to
occur under conditions of acute stress where energy is consumed
rapidly or where the ability to resynthesize ATP is somehow inhib-
ited. AEC is particularly insensitive since large changes in total
adenylate concentration can occur prior to a significant change in
adenylate ratios. When changes in adenylate concentrations are
observed, they are usually accompanied by obvious visible signs of
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stress such as shell closvre, mucus secretion and elevated ventila-
t,on rate and should be regarded as evidence of serious pollution
effects  Ivanovici l979; MacFarlane 198l; Vetter and Hodson 1982},
Qdenylate rneasurernents alone fail to pinpoint a specific cause
and-ef feet relationship between a type of pollutant and an ob
served effect. This is not a failure of adenylate measurements in
Particular but an unavoidable consequence of the generalized stress
response as it has evolved in most organisms. Combining adenylate
measurements with other measures of energy reserves, such as
lipid and glycogen, can improve detection of low-level chronic
stress and begin to indicate the mechanism of toxic action.

The continued pursuit of single measurements to demonstrate
direct cause and effect relationships will not yield satisfactory re
suits. A multiple hierarchical approach, similar to medical diag
nostics, in which general metabolic indicators are used to deter-
mine the degree to which a community of organisms is stressed,
followed by more specific measurements characteristic of a specjf
ic pollutant group, will yield consistent and thus valuable results.
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The period from 1965 to !975 was a time of increased public
awareness of the environmental problems associated with intensive
industrial and agricultural activities. This elevated environmental
awareness was manifested in the scientific community as well, as
the technical literature swelled with reports of investigations of
the effects of numerous chemicals on the various life processes of
terrestrial, aquatic and marine organisms. Until about l970, work
with marine organisms was concentrated largely on the adult
forms, but it soon became apparent that inference concerning the
effect of a given toxin on a species would be severely limited with-
out information on the larval stages as well  Epifanio 1979!. Cork
involving larval forms of decapod crustaceans has been especially
popular because of the highly developed techniques for larval cul-
ture and weil-defined phases of larval development. 1n the presentpaper, the toxicological literature on larval decapods is reviewed
from the perspective of �! the type of response tested, �! the
validity of experimental design and �! the ecological significance
of the response. The term "acute toxicity" is used to refer to OE h
or 96 h LC50 determined by standard methods. "Long-term toxi-
city" refers to experimental conditions where at least 10% of thelarvae exposed to a toxin survive to metamorphosis  Epifanio 1971!.
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RESR3HSE OF DKCAFCC! LARVA VO TOXIC SuaSTANg~

Responses that have been most commonly studied in deca~
larvae include rnortaliy, rate of developrnen, sequence of devel
oprnent, morphological traits, and behavioral traits; and among the
various substances tested, insecticides have generally
most toxic  Table 1!. Acute toxicities with chlorinated hydrocar
bons have been noted at concentrations in the range of 1.0 lg 0
pg L while long-term toxicities have been detected at concen-
trations ranging from 0.01 - 1-0 pg L '  Epifanio 1971; Bookhout et
al. 1972; Bookhout and Costlow 1975; Bookhout et al. 1976!, Com
mon long-term effects include increased mortality in experimental
groups relative to controls and decreased rates of Larval develop
ment. Less commonly there have been reports of abnormal se-
quences of development  Bookhout and Costlow 1975; Cucci and
Epif anio 1979! and morphological aberrations in larval stages
 Bookhout and Costlow 1970!. The stage of development that is
most sensitive to a pesticide appears to vary with the particular
toxin and species tested, but waterborne material is considerably
more toxic to all stages than is material presented as a food con-
tarninant  Epifanio 1972!. This is apparentLy related to the much
more rapid uptake of pesticide from the water  Epifanio 1973!,
even though no direct relationship has been established between
the concentration of pesticide in the tissues of a larva and appar-
ent toxicity  Bookhout and Costlow L975!.

There has been less study of other types of insecticides, and
only the carbamate sevin has shown a level of toxicity similar ta
that of chlorinated hydrocarbons  Buchanan et al. 1970!. Work with
the organophosphate Malathion suggests that this material is con-
siderably less toxic  Bookhout and Monroe 1977!, but behavioral
studies with another organophosphate, fenitrothion, have shown
subtle effects on lobster larvae  Homarus arnericanus! at concen-
trations as low as O.l yg L '  McLeese l971t . The only other
pesticides that have been tested extensively with decapod larvae
are the juvenile hormone mimics, and these have been less toxic
than other insecticides  Christiansen et al. 1977a,b, 1978!.

Among the more toxic non-insecticides are the heavy metals.
However, there have been few studies of their effects on decapod
larvae. Vernberg et al. �973! found that mercury increased mor-
tality and affected the behavior of crab larvae at concentrations as
low as 1.8 p g L while the results of Rosenberg and Costlo>
�976! suggest that cadmium is considerably less toxic to crab lar-
vae. Glickstein �978! studied the interactive toxicities of mercury
and selenium to crab larvae, but his study was restricted to acct~
toxicity.



Table 1. Summary of toxico1ogical studies using larvae of decapod
c r tl s tacean s.

Category Toxin Species Reference

[nsectiicide DDT Callinectes ~sa idus
~Hexa ano cue~an usttfrons

Booknout and Costlow �970!

hier ia ~e. ee ilnnaattaa

Buchanan et al.  l970!Ca car~ma isterSevin

Diel drir,

Mir ex

Insecticide

Insecticide

Insecticide

Epifanio �97 1, 1972, 1973!
Bookhout et al. �972!

~Le todius flondanus
~beni ~ mercenaria

Fenitrothion H pm grus amer icanus McLeese �97ii!

Bookhout and Costiow �975!

Bookhout et al. �976!

Insecticide

Insecticide

Insectic~de

Callinectes ~sa idus

Callinectes ~sa idus
R~hithro ano eus harrisii

Mirex

Methoxy cd or

Bookhout and Monroe �977!Call nectes ~sa idesMalathionInsecticide

Christiansen et al. �977a!
Christiansen et al. �977b!

ethopreneInsecticide

Insecticide

Insecticide

Hydroprene

Dimilin
Christ.'ansen et al. �97L!

Sesarma reticiilaturn

H pm grus amer i canus

~Neo ano texana~sa i
Homarus arne, icanus

Can«e ~ma ister

~Eur ~na eus ~de ressus

Uca pz~riiator

if ca ~uila tor
CaUfnectes ~sa tdus

harrisii

Mercur yHeavy metal

Heavy metal

Heavy metal

Mercury

Cadmium

Benijts and Benijts �975!
Zinc
Lead

Heavy metal

Czyzewska �976!
Roesijadi et al. �976!
Neff et al. �977!
DeCoursey and V ember g �975!

Detergent

Arocior

Detergent

PCP
Palaernonetes ~io

Aroclor 10l6

Unknown

PCB
Palaemonetes ~uioDredge spoil

Petroleum oil Crude oil

Petroleum oil Crude oil

Petroleum oil Crude oil

Petroleum oil Crude oil

Petroleum oil Refined oil

Petroleum oil Crude oil

Peti oleum oil Refined oil

Wells �972!

!f.'atz �973!

4'elis and Spr ague �976!

Caidwell et ai.  !977!

Laughlin et al. �978!
Cucci and Epifanio �979!
I aughlin �981!
Decoursey and Vernberg, �975!
Vernberg et al. �973!
Rosenberg and Costiow �976!
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In contrast to the limited study of heavy metals, there has b
considerable work with petroleum hydrocarbons  e.g. Mirpnpv
1969; Wells 1972; Wells and Sprague 1976; Katz l973> Anderson et
al. 1975!. Results of these investigations have shown
petroleum oils are much less toxic to decapod larvae
pesticides and heavy metals, and that among petroleum oils
refined products with their increased percentage of mediu~
boiling-point aromatic compounds are more toxic than crude oils.
Additionally, the polycyclic aromatic components of petroleu~ oil
are much more toxic to crab larvae than are the whole oils
 Lauglin et aL. 1978!. But in all cases early stage larvae appear tp
be more sensitive than later stages to petroleum or its derivatives,
and a decrease in the rate of larval development is almost always
associated with the long-term toxicity of petroleum products.

Several studies with petroleum hydrocarbons are of additional
interest because they have investigated effects of continued expo-
sure of the organisms after they have passed through their com-
plete larval developfnent and have metamorphosed into juveniles.
For example, Cucci and Epifanio �979! found that crab larvae that
were exposed to crude oil continuously from hatching showed re-
duced rates of development through the first four juvenile mplts
while those crabs that were first exposed at Zoea Stage II or later
showed no effects during continued exposure as juveniles. In a sim-
ilar experiment with refined oils, Laughlin et al. { l 978! and
Laughlin �981! reported effects of exposure during early develop-
ment on subsequent growth of late stage larvae and juveniles.

Other pollutants studied include detergents  Czyzewska 1976!,
chlorinated polycylic aromatic compounds  Roesijadi et al. 1976;
Neff et al. 1977! and dredge spoils  DeCoursey and Vernberg 1975!.

The design of toxicological experiments with decapod larvae
has been greatly influenced by the culture techniques available.
Such techniques were well developed for culturing those specie~
with very large larvae  e.g., the lobster Homarus americanus! by
the early 20th century  Barnes 1911! but the lack of suitable foods
made culture of other decapod larvae very difficult. In fact it was
not until the work of Costlow and Bookhout �959! that standard
techniques for larval culture became generally available.
techniques involve holding gravid females under constant condi-
tions of salinity and temperature until hatching occurs, or alt«na-
tively removing the eggs from the female and incubating them ~n
vitro  Costlow and Bookhout l960!. The resultant larvae are cul-
tured in small finger bowls at some specified number of larvae per
bowl and the water is changed daily with concurrent additio~ «
food � usually freshly hatched brine shrimp nauplii  Artemia sa
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ling!. Each day the number of living and newly molted Larvae are
determined and the dead larvae removed. Upon molting to the
post-larval or megalopal stage, larvae are separated to individual
containers until molting to Crab Stage l

Recent innovations in culture technology include utilization of
alternative foods for species whose early stages are too small to
ingest brine shrimp nauplii  Sulkin and Epifanio L975! and develop-
rnent of automated devices for the mass culture of large numbers
of larvae  see, e.g., Rice and Williamson l970!. However, automat-
ed culture devices have not been used extensively in toxicological
work with decapods.

Tests of acute toxicity are generally done by exposing replicate
bowls of larvae of a known stage of development to a logarithmic
series of concentrations of a toxin. Larvae of any stage can be
produced by rearing groups of individuals in uncontaminated sea
water until the desired stage is reached. In this way, values for
LC50  or other measures of acute toxicity! can be determined ex-
plicitly for each developmental stage. Long-term toxicities can be
determined by continual exposure of larvae to a toxin from hatch-
ing through complete development. A typical experiment might in-
volve 20 bowls of ten larvae at each of several concentrations of a
toxin  usually a geometric series within a logarithmic interval of
concentrations!.

The strength of such a program of testing lies in the relative
ease with which strong statistical inference can be drawn. For ex-
arnple, the acute toxicity of a compound can be determined un-
equivocally. Likewise, the stages that are most sensitive can be
statistically determined in long-term tests where larvae are
exposed continuously from hatching  e.g., Bookhout et al. L976!.
But there are problems with this latter approach, as there is no
way to account for the possibility of selection of more resistant
larvae as development progresses. For example, if increased
mortality is first observed in Zoea Stage II and again in Megalopa,
there is no way to infer how those Larvae that did not survive to
Stage Il might have responded in Stages III and IV  Epifanio 1979!.
An alternate technique  Epifanio 1971; Cucci and Epifanio L979!
allows direct assessment of the sublethal toxicity at each stage.
This design involves mass culture of a large number of larvae in the
absence of a toxin with initial exposure as the larvae reach a given
developmental stage. The drawback with this design is the very
large culturing effort that is necessary to provide the number of
larvae required for each experiment.Regardless of the details of experimental design, virtually all
toxicological studies with decapod larvae have been done under
static culture conditions. Generally, the test media are replen-
ished every 24 h, and there have been no studies of the change in
concentration of any toxin over that period of time. However, itmight be expected that, with at least some compounds, there would
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be loss due to adsorption, volatility or uptake by the test organis~
 jeff et al. 1977!. Flow-through systems have been used in
icological studies with other small planktonic organisms ~e
Redmond 1981!, and these techniques could be applied to deca~
larvae, but monitoring of responses other than mortality and mor
phological abnormality would be very difficult.

Another complication in long-term studies is the necessity of
maintaining a population of food organisms in the cultures with the
larvae. Clearly there is potential for contamination of the food or
ganisrns with the test toxin, and this would certainly complicate
the interpretation of an experiment where the toxin was primarily
dissolved or suspended in the water. Studies with the pesticide di
eldrin suggest that this is not a severe problem  Less than 596 of the
measured bioaccurnulation came from incidental contamination of
the food!, but there are few data for other toxins  Epifanio 1972
1973!.

That many toxins of interest are not highly soluble in sea water
creates additional methodological problems. Organochloride pesti-
cides, for example, are generally insoluble in sea water and must
be dissolved in a carrier solution  e g., acetone or polyethylene gLy-
col! to facilitate their dissolution in a test medium. It is quite
simple to include appropriate controls for the toxicity of the carri-
er compound itself, but it is impossible to account for the possibil-
ity of synergistic interactions of the carrier and the pesticide.

Other slightly soluble substances such as petroleum oils are dis-
solved directly in sea water. Wells and Sprague  l976! found that a
combination of stirring and ultrasonic vibration yielded higher con-
centrations of oil in test media than simple stirring; Anderson et
al. �975! have suggested a more simple stirring technique under
controlled conditions. Test media prepared in these two different
ways might well yield different results. An additional problem
with petroleum studies is the vast difference in the composition of
crude oils from different locations. The availability of four stan-
dard oils provided by the American Petroleum Institute has facili-
tated comparison among, studies employing those oils, but these
standard oils are in Limited quantity and their continued availabil-
ity is not certain.

Methodological problems with heavy metals largely center on
the differential toxicity of chelated and non-chelated metal ions
None of the investigations of heavy metals with decapod larva~
have addressed this problem, and as the degree of chelation is pro-
portional to the concentration of organic material in the wat«~ it
is difficult to compare results of studies done with water take~
from different areas.
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ECOLOCICAL SIGNIFICANCE OF MEASURED RESPONSES

The responses that have been measured for decapod larvae have
obvious ecological significance; it would be difficuLt to argue that
factors such as increased mortality in a population, changes in
rates of development, or behavior abnormalities would not have
large effects on a species. However, the concentration at which
most toxins have been sho~n to cause even long-term, sublethal ef-
fects is considerably higher than that found in all but the most pol-
luted of natural environments  Epifanio L979!. One could then con-
clude that few of the toxins tested affect decapod larvae in natural
systems, Alternatively, one could suppose that synergistic interac-
tions occur among the many pollutants in natural systems or that
sublethal effects more subtle than those observed in the laboratory
occur at lower, more environmentally realistic levels of a toxin.
Neither argument is very satisfying.

Nevertheless, the results of laboratory studies constitute an im-
portant tool in environmental management. In the ideal situation,
laboratory experiments would simulate natural conditions, and re-
sults would be directly applicable to field situations. But, in fact,
this has proved difficult, and the majority of toxicological studies
with marine organisms  indeed, all of the studies with decapod lar-
vae! have simply measured the toxicity of a given compound under
some standard, controlled conditions. Therefore, direct inferences
from the results of such studies are limited to comparisons of the
toxicities of various compounds to a particular type of organism.
For example, we can conclude that insecticides are more toxic to
crab larvae than are suspensions of crude petroleum oil, but we
cannot conclude much about the actual effects of insecticides in
the natural environment. So, while the setting of an exact limit
for the concentration of a particular toxin in a body of water is, to
a large degree, arbitrary, differences in the limits for compounds
of greatly diff ering toxicities are well-defined by laboratory exper-
iments. Clearly, the situation is similar to that found in other
areas of toxicology where limits on the quantities of a given com-
pound that may occur in a food or drug are extrapolated from lab-
oratory-based studies with artifically high levels of the material.
In both the environmental and the food-and-drug situations, the in-
vestigator infers effects at lower concentrations rather than meas-
uririg them directly. It is unlikely that these types of studies will
ever yield direct correlations between a laboratory response and an
actual effect in the field. But in this limited context, decapods
can serve as useful organisms in bioassays. Research to date has
defined those responses that provide appropriate information, and
the literature allows a base for comparison. The fact that decapod
development includes discrete stages allows detection of differen-
tial sensitivity throughout development, and comparison of similar
responses by larvae and adults of the same species allows yet an-
other perspective on the potential effects of a toxin.
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INTRODUCTION

The advantage of using, tissue abnormalities in wild fish as a
measure of fish health is that the abnormality, unlike sensitive bio-
chernical anomalies, cannot be said to have occurred during cap-
ture or transport to the lab. It usually takes hours, da,ys, weeks and
sornetirnes even months for abnormal tissue pathologies to develop.
The researcher can be confident that some factor in the field
caused the abnormality. When an abnormal fish is captured, logical
questions appear at four different levels: �! What is the structure
or morphology of the abnormality? Many scholarly articles by his-
topathologists describe in detail tissue anomalies observed in field
specimens. At this level the focus is on the pathology itself. �!
What is the incidence of the pathology in the population? How
many are afflicted, old or young, male or fernale? Here the focus
is on the species population. �! Can the incidence of a fish disease
be linked to environmental pollution? Here the focus is on correl-
ating pathology with pollution. �! What factor or factors  chemi-
cal, physical andjor biological! in the polluted waters caused the
pathology? This is probably the most difficult question to answer
and is the subject of this paper. Answers to the first three ques-
tions must be found before attempts can be made to answer the
fourth. If a specific fish disease can be linked to a specific xenobi-
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otic, then another tier of questions arises: �! %hat is the signifi-
cance of this to human health and well being? Is a food source di-
minished? Are humans ingesting fish containing toxic chemicals?
%hat is the aesthetic/economic cost versus the industrial/economic
gain of having continued pollution? Answers to these questions are
beyond the scope of this paper, which will focus on the question of
whether there are pollutant-specific pathologies in marine fish.

CAUSES OF TISSUE ABNORMALITIES IN FISH

From the results of voluminous laboratory studies it is known
that many chemicals and other agents can cause abnormalities in
fish. But what are the natural causes of anomalies in the field that
will complicate designation of a lesion as anthropogenic? Some of
the most significant causes of disease in marine fish are biological
agents such as viruses, bacteria, fungi, protozoa, heLminthes and
parasitic copepods  Sindermann 1966, 1979; Love et al. 1981!.
Many of these infections result in tumors and lesions that persist in
the living fish. Fish are also subject to epizootics or plagues in
which large percentages of a population are simultaneously killed
or infected by a single infectious pathogen. Outbreaks of the fun-
gi ~ hg*,~ihh h hf*, h g f h
Atlantic have been known since 1898, and Sinderrnann �966! re-
ports that in l954-55 an estimated one-half of the entire herring
population of the Gulf of St. Lawrence was killed by the disease.

Another disease with a long history of epizootic preva.lence is
h "ggi "f i ghffihi
literature dating back to 1718 records repeated and severe out-
breaks on the coast of Italy throughout the eighteenth and nine-
teenth centuries  Sindermann 1966!. There is evidence that epi-
zootics occur when fish populations reach high densities and when
summer terAperatures allow the rapid proliferation of bacteria
 Sinderrnann 1966!. The possibility that fish pathogens are also hu-
man pathogens cannot be ruled out. For example, Love et al.
 l9$l! isolated a Vibrio from naturally occurring skin uicers on a
damselfish and from human wounds.

Inherited abnormalities and inherited propensities for disease
undoubtedly also exist in the field. Unfortunately data in this ares
are scant. Gordon �954! reviewed the genetics of fish diseases.

Another cause of deformed fish in the field is starvation.
O' Connell �980! found irregular shaped anchovy larvae off the
coast of San Diego, Calif., and concluded that their emaciated con-
dition was very similar to that induced in laboratory animals by
total food deprivatio~. A condition known as "je!lied" flesh that
occurs in several flatfish species in cold water  Templernan and
Andrews 1956! may also be caused by starvation. Other causes of
anomalies in wild fish can be grouped under the heading of physical
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environmental factors such as salinity, temperature, pH or 0 con-
centration. Table I summarizes the categories of disease-causing
factors in wild fish. lt must be em hasized that multi le factors
can be involved in an disease occurrence. For example, warm
water may induce a microbial infection of a genetically predis-
posed population. A toxic chemicaL may cause irnrnunosuppression
in a population which then contracts a viral disease. A starving
population may be killed by low oxygen when a well-fed population
would survive.

Table 1. Causes of anomalies in wild fish,

Nutritional  starvation, etc.!
Biologicai  bacteria, viruses, fungi, protozoans, helrnin-
thes, etc.!
Genetic
Physical environmental  pH, temperature, salinity, 0,
etc.!
Chemical  red tide, xenobiotics, petroleum, etc.!

2.

3.

5.

VARIATION IN DISEASE PREVALENCE IN MARINE FISH

Disease in Pristine Ala~Am Waters
An excellent example of a comprehensive survey of disease

prevalence in wild fish is that of McCain et al.  l979! in Alaskan
waters. A review of this study will further illustrate some of the
kinds of variance that exist in disease prevalence. Presumably the
Bering Sea stations used in this study  Figure 2! were relatively

The prevalence of anomalies in fish populations may vary with
geography, time, age, sex and diet. Figure 1 shows the geographic
incidence of two diseases of flatfish. Skin papillornas, a disfiguring
protozoan disease of flatfish, occurs in the Pacific but not in the
Atlantic. By contrast, the weLk-studied viral disease lymphocystis
occurs primarily in the North Atlantic flatfish with no recordings
in the Pacific south of Alaska. Superimposed on the global distri-
bution pattern, however, are local variations in tumor presence
from 58 to 0.0196 of a population  Stich et al. 1977!. Temporal
variation in prevalence of disease is best illustrated by studies of
epizootics. Sinderrnann  L966! lists a sequence of events in the Ich-

h dl fh lg Ilhl ld 1 g * 1 dh
of very low prevalence  < 0.196!, several years of rapidly increasing
incidence which reaches an epizootic peak when about 25% of the
individuals are infected and acute infections are common, then
several years of rapidly declining incidence and return to the en-
zootic phase.



Figure l. The distribution of two microbial diseases of flatfish
Black dots show sample stations where the disease was found.
Open circles show stations where disease was absent.  After Stick
et al. 1977!.
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pristine. A total of 36,615 fish were captured and examined f
pathological conditions. Of the 26 species examined only four had
detectable abnormalities. Among Pacific cod, 8.7% had pseud~
branchial tumors, and 1.696 had skin ulcers. Among walleye
lock, l.7% had pseudobranchial tumors. Of yellowfin sole
had lyrnphocystis and 1.0% of rock sole had epidermal papillomas
Pseudobranchial tumors. like the papillomas are caused by prot~
zoans  Dawe 1979!. The tumors of the cod and pollock were di~
tributed throughout the sampling area. The highest frequencies of
sole with lyrnphocystis were in the southeastern Bering Sea. Figure
3 shows a composite of frequency-length profiles for four of the
species along with lesion incidence. Note that a higher percentage
of the small pollock  young! had tumors than the large. Also note
that young male rock sole had a higher frequency of papillomas
than young fernale sole. McCain et al.  l979! suggested that the
occurrence of papillomas was depth related since the young indi-
viduals were captured in shallow water and the old in deeper water.
This study illustrates the importance of patchiness, sex and age
differences and species specificity and the need for large numbers
of fish and sample sites for understanding variance in disease prev-
alence.

Deformities Near Los Angeles
Valentine's {l975! survey of gill raker deformities in barred sand

bass from Southern Calif. presents data on a field anomaly that
may have been associated with pollution. Here there were two
sample areas. One area included six stations located between Los
Angeles and San Diego; the other was 500-700 miles south of San
Diego in Baja, California. The incidence of severely deformed gill
rakers in Southern Calfornia was 30.5%; the incidence in Baja was
0%. Figure 0 shows the relationship between size and incidence of
the deformity in California fish. Valentine asserts that sand bass
are not migratory and that two additional species, the California
grunion and the barred surf perch, also exhibited gill raker abnor-
malities when captured in California waters. Unfortunately we do
not know whether the grunion and surf perch from Baja had lesions.
During the time that this study was conducted �967-197l!, hun-
dreds of kilograrns of PCBs and DDT were being discharged into
Los Angeles coastal waters  Schmidt et al. 197 l! along with tens of
thousands of kilograrns of phosphates, nitrates, coliforms, metals
and other substances. Valentine specUlated that the abnormalities
were either of genetic origin or caused by pollution and cited
references showing that heavy metals, DDT and PCBs all can inter-
fere with calcium metabolism: here was a study that comes as
close as most to implicating pollution. Unfortunately, the con-
centrations of pollutants in the sample areas were not f ully
known. The concentrations of toxicants in the fish were not deter-
mined and the distribution of sample sites was too restricted-
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There are many other exarnpl.es in the literature that indirectly im-
plicate anthropogenically contaminated environments with anoma-
lies in feral fish, without direct proof of the association.

Liver Cancer in the Du+amish River
An example of a single species survey in which pollution effects

are suggested but not proved is that of Pierce et al. �975! using
data for fish in the Duwamish River Estuary, Seattle, Wash. Figure
5 shows the four stations used: %est Point and Alki Point are both
sewage outfalls and the Duwamish River is a highly polluted ship
channel. Point Bully was the single control site Figure 6 surnrna-
rizes the results of the analyses of English sole livers collected
from the four sites. Eleven types of liver lesion were distin-
guished; for example, type l was fatty liver, type ll was hepa-
torna. Clearly, most of the flatfish in the Duwamish River pos-
sessed diseased livers. Fish from both Alki and West Points also
exhibited high incidence of lesions  although no cancer!. Even fish
from the control area  Point Bully! exhibited lesions.

Duwarnish River sole contained 1-5 ppm PC& as a body burden.
The authors cited laboratory studies showing PCBs caused lesions
in fish similar to those seen in the sole, with the exception of hepa-
tornas and concluded that "although environmental chemical con-
taminants were suspected as being the etiologic agents for the
liver lesions, the establishment of cause must await additional in-
vestigations...." Although inclusion of more control sites with
docurnentably distinct populations would have strengthened the
study, a correlation between pollution and fish tissue anomalies
does appear to exist. Taking the next step  answering question 7/4!
and determining the precise cause of liver lesions presents a chal-
lenge to the researchers. Like most cities, Seattle waters are pol-
luted by a highly complex mixture of chemicals which interact with
each other, the environment and biota in numerous ways.

Fin Erosion or Fin RotThis abnormality is the best example of a disease of fish inhab-
iting polluted waters. Sinderrnann's  l979! review covers the rele-
vant literature. An association between occurrences of fin rot and
high sediment coliform counts  Mahoney et al. 1973! and high con-
centrations of heavy metal in sediments  Caromody et al. 1973! has
been reported. The signs of disease can be produced experirnental-
ly by exposure of fish to polluted sediments, by laboratory exposure
to 3-5 P g L ' of Aroclor 1259  Couch and Nimrno 1975!, or by
exposure to 0-5 pprn crude oil  Minchew and Yarbrough J.977!. Fin
erosion has been observed in striped bass overwintering in heated
effluents of power plants in the NLiddle Atlantic states  Sinderrnann
1979!. At least 50 species of fish have been captured with fin rot.
Many, on the other hand, appear to be immune to the disease. For
example, the English sole with the very high levels of liver abnor-
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Figure 5. Locations of the four sar@pie stations used in the DU-
wamish River study.  After Pierce et al. l978!
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rnalities in the polluted Duwarnish River  Pierce et al. 1973! had
only a 0.5% incidence of fin erosion while as many as 60' of
stargazers  Uranosco us a onicus! from Suruga Bay Japan
eroded fins Nakai et al. I973. Bascom �982! rejects bacteria
abrasion, rnacroparasites, fin nipping, H~S in interstitial water and
high metal concentrations as causes of fin erosion and suggests a
principal chemical cause. This favoring of a principal chemi al
cause is also put forth by Sindermann �979!. And Wellings et al.
{1976! also suggest "that the incidence of fin erosion in a particular
population is related to an interaction between genetic constitution
and multiple environmental variables, including a variety of chem
ical pollutants." Thus, the specific cause of the best known poilu
tant-associated fish disease remains unknown.

H!rpothetical Correlations of Lesions and Pollution
Before specific chemicals can be implicated as causative agents

of fish lesions  question 0!, a positive correlation between inci-
dence of a lesion and incidence of anthropogenic pollution must be
established. Figure 7 illustrates four potential hypothetical rela-
tionships that could exist between lesion occurrence in a fish popu-
lation and a site of pollution. There are, of course, many ways to
plot the data. The curves presented do not allow for patchiness
and water born pollution probably would not emanate from a city in
a symmetrical fashion. Nevertheless, Figure 7 demonstrates that
pollution can have opposite effects on disease incidence. In case
A, disease in a given species exhibits no change in incidence among
individuals in the polluted region; a possible example could be the
case of the anisakine roundworm infection of fishes off California,
where visceral tissue of 41.696 of the fish examined �268 fish, 68
species! contained worms  Dailey et al. 1980!. In case B the inci-
dence of disease decreases among individuals in a polluted area;
this could be interpreted as the additional stress of the degraded
environment killing off many of the diseased animals. In case C,
the incidence of disease increases in a polluted area, where the im-
mune system of normally uninfected individuals may be repressed
in the polluted area so that a larger percentage of individuals con-
tract the disease. Finally, in case D, the disease is found only in
fish inhabiting a polluted area, with fin erosion apparentiy one of
the f ew known examples. Relationships among most of the
diseases of wild fish and environmental contamination with cherni-
cals are largely unknown. To establish such a correlation, the pol-
lution source must be well within the range of fish sampling sites
and must include appropriate control sites. Furthermore, fish must
not migrate among the sites. In addition, the fish sampling sites
should serve as chemical sampling sites, where levels in tissue, sed-
iment and water of indicator pollutants are measured. Ideally,
pathology and chemistry are done in the same laboratory.
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PATHOLOGIES INDUCED IN HSH BY CHEMICALS
IN THE LABORATORY

Interspecies differences in the rnetabolisrn of xenobiotics can
be dramatic. Figure 8 summarizes results of a p  f3 bjpaccumula
tion study in which the same five PCB mixtures were fed to dif fer
ent vertebrates and each species accumulated a different amount
of isomers  Sparling and Safe 1980!.

Some species show no reaction to doses of toxicants that afe
lethal for other species. When a chemical causes a lesion in a spe-
cies, the question to be asked is whether that lesion is specific to
the chemical. There have been many laboratory studies of cherni-
cally-induced histopathological changes in fish. The impact of pe
troleurn exposure on fish has received attention, and such studies
illustrate the difficulty in gaining an understanding of pollution ef-
fects when a polluting material contains thousands of different
chemicals  Malins and Hodgins 1981; Malins 1982!. Often the rele-
vance of these studies to the field are questionable because the
doses of toxicants employed were higher than most feral fish ever
encounter. Single chemicals are often used when, in the environ-
ment, pollution is usually a multi-chemical bornbardrnent. Also,
fish avoidance behavior can be blocked by confinement. Whether
relevant in the field or not, laboratory exposure studies have clear-
ly shown that man chemical a ents ma cause similar tissue ath-
~olo ies. This apparent difficufty in using tissue responses to spe-
cific chemicals may be overcome, perhaps by relying on syndromes
of responses and not on single, limited effects. Responses obtained
in multiple end point studies can then lead to a holistic linking of
cause and effect, in certain cases  Couch et al. 1977!.

Fatty Liver
Known causes of triglyceride accumulation in Eiver  fatty liver!

are many and these include starvation, low protein diet, high fat
diet, hormone imbalance, anoxic factors, bacterial toxins and
chemical poisons  Popper and Shaffner 1.957; Alpers and Isselbacher
1975!. The best studied of the chemical poisons are carbon tetra-
chloride, chloroform, phosphorus and trinitrotoluene. Agents that
cause fatty liver in captive fish include !Benison tags  Saddler and
Cardwell 1971!, rancid fat  Smith E979!, hydrogenated fat  Cowey
et al. I976!, l ppb PCB in the diet �ensen et al. 1970! and crude oil
in aquarium sediments �00 g g dry sediment!  McCain et al.
l978!. In an extensive review of the effects of pesticides on livers
of fishes, Couch �975! reported that the most commonly encoun-
tered liver lesion was abnormal fatty accumulation. Thus, fatty
liver is a useful, nonspecific indicator of stress in fish, but it is a
questionable indicator of the presence of a specific chemical. The
ultrastructure of fish liver cells is nearly identical to that of marn-
mals  Welsch and Storch 1973 Peute et al. 197' Schoor and C«ch
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1979!. Some species, however, store reserve fat in their livers
naturally �5%-67%!  Aure 1967!. These species have lear f1~,h
and are generally sluggish bottom dwellers, such as cod snapper
haddock, perch and whiting. Other species store fat in m�scle and
possess lean livers identical to rnarnrnals �%-5%!, for example,
salmon, mackerel, herring, shad, sturgeon, and tuna  Bilinskj 1979.
Welsch and Storch 1973; Bishop et al. 1976!. Thus what may
pathological condition in one species can be normal in another, For
a more complete discussion of hepatic toxicology in fish, see the
excellent review by Gingerich �982!.

GiH Hyl'~1asia
Another nonspecific chemically induced lesion in fish is gill hy

perplasia and hypertrophy which can lead to fusion of gill lamellae.
Solangi and Overstreet �982! found that two estuarine fish exposed
to south Louisiana whole crude oil and/or its water soluble frac-
tions developed gill epithelial hyperplasia. They noted, however,
that similar lesions occur frequently in a variety of fishes exposed
to various irritants such as heavy metals, pesticides, insecticides,
ammonia and suspended sediments  Eller 1975; Smith and Piper
1975; Walsh and Ribelin 1975; Hodgins et al. 1.977; and O' Connor et
al. 1977!.

Hepatema O.iver Cheer!
Fish appear to be susceptible to all the types of cancers that

humans get, and metastasis  spreading of the tumor to other tis-
sues! appears to take place, although somewhat mare slowly than in
homeotherrns  Lucke and Schlumberger 1949; Ashley 1969!. Hepa-
toma formation has been induced in several teleost species by ex-
posure to known hepatocarcinogens, including dimethyl-nitrosa-
mine, acetylaminofluorene, urethan, thiourea, p-dimethylamino-
azobenzene  Ashley 1969; Dollar et al. 1967; and Halver 1967!.
Hepatoma formation in hatchery-raised rainbow trout caused by
contamination of their food supply with aflatoxin has been well
documented  Yasutake and Rucker 1967; Ashley 1967; Dollar et al
1967; Hendricks 1981!. In addition to the study by Pierce et al.
�973! cited above, liver neoplasia has been found in feral hagfish
 Falkmer et al. 1976, 1977! and feral white suckers  Dawe et al.
1960!. Thus, like other nonspecific lesions cited above, i.e., fatty
liver and gill hyperplasia, liver cancer occUrs in wild fish and a
variety of agents may cause it.

hx9usicm BcxSes
When metals and organics are bioaccurnulated, they can be

stored in accumulation or inclusion bodies that may be at l~a~t <-
agnostic of classes of toxicants if not specific chemicals. Ho'w-
ever, a harmful effect is not necessarily indicated. Lead, gold~
iron, bismuth, uranium, beryllium, mercury, copper and arsenic ar
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a few of the metals that can be deposited intracellularly  Sorenson
and Smith 1981!. Intranuclear arsenic inclusions have been ob-
served in hepatocytes of the green sunfish exposed to arsenic but
not in channel catfish  Sorenson and Smith 1981!. In the channel
catfish 15 pprn arsenic exposure for 6 months caused a significant
incr ease in the number and size of liver hemosiderin granules. Pre-
sumably these iron rich particles resulted from arsenic-induced
erythrocyte lysis. Electron probe X-ray analysis data showed that
about 30% of the hemosiderin granules contained small amounts of
arsenic  Sorenson and Smith 198l!. Thus, arsenic is related to the
presence of different inclusion bodies Oesions! in different fish spe-
cies and only in the green sunfish, ~Le omis ~canellus, is the lesion
an arsenic rich inclusion body.

Hawkes et al. �980! examined the effects of petroleum hydro-
carbons and chlorinated biphenyls on the morphology of Chinook
salmon intestine. They found that after dietary exposure to petro-
leum hydrocarbons, the intestines contained inclusion bodies mor-
phologically distinct from inclusion bodies that occurred when
chlorinated biphenyls were f ed to the f ish. Unf ortunately the com-
position of the inclusion bodies was not determined.

One of the best known of the chemically induced inclusion
bodies in mammals is the "membrane whorl" or multilamellar body
 Figure 9! that occurs in liver and other tissues. Recent electron
micrographs of tissue from rats exposed to DDT and PCS show that
these whorls are endocytotically expelled from the hepatocyte into
the bile canaliculi �onsson et al. 1981!. This is the most convinc-
ing evidence to date supporting the hypothesis that membrane
whorls may be one vehicle whereby cells discharge specific hepato-
toxic substances. More than 30 amphiphilic cationic drugs cause
membrane whorls in mammals  LQIman et al. 1978!, and these lyso-
somally derived bodies appear to be the major site of toxicant ac-
curnulation  Matsuzawa and Hostetler 1980!. Proliferation of rough
endoplasmic reticulum occurs in fish liver following exposure to ar-
senic  Sorenson et al. 1980!, petroleum  McCain et al. 1978! and
benzo a!pyrene  Schoor and Couch 1979!. And proliferation of
smooth endoplasmic reticulum occurs in Chinook salmon liver fol-
lowing dietary exposure to 5 ppm chlorobiphenyls for 28 days
 Hawkes 1980!. Characteristic ER whorls  myelin figures! also oc-
cur in hepatopancreatic cells of shrimp exposed to the PCS, arm
clor 1250  Couch and Nimrno 1970!. Indeed, these findings of PGB
effects on the ultrastructure of cells in an invertebrate  shrimp!
anticipated the later findings in fishes cited above. Unfortunately
membrane whorls have not been isolated from toxicant-exposed
fish and compositions of the whorls determined. They appear, how-
ever, to be lesions suitable for further study since they may con-
tain the causative chemical agent. It is not suggested, however,
that these whorls necessarily constitute a harmful effect.



Figure 9. A fiver membrane whorl  induced by DDT and PCB! that
is undergoing exocytosis into the bile canaliculus.  Drawn <rom
jonsson et al. 1981!
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P lh y dl l I ldd
cific lesions occur in organisms in response to environmental chem-
icals and few if an lesions have been roven to be toxicant s
cific. Isolation and chemical characterization of inclusion body
lesions in wild fish may be the best means of determining causes of
abnormalities in field specimens.

5COLIOSIS, KEPONE AND THE 3AMES R1VER FlSH KILL~
COMBINED FlELD AND LABORATORY STUDIES

The following case study clearly illustrates the usefulness of
experimental pathology in determining the probable cause of an ab-
norrnality in field specimens. In the spring of 1973 and 1970, mas-
sive kills of bluefish, spot and croaker entering the James River
from the ocean occurred. R.J. Huggett  personal communication!
observed that when sewage chlorinators draining into the river
were turned off, the fish kills ceased. When they were turned on
again, the fish kills occurred. Many of the species that were killed
had broken backs  Figure IOC!. It was then demonstrated in lab-
oratory studies that chlorine could kill juvenile croaker, though no
broken backs were observed in the chlorine-killed fish. Recently,
Couch �982! at the U.S. EPA Laboratory examined specimens of
~Cd ~i *p d hl   d hyp hl
laboratory toxicity tests. Fish that died after exposure to lethal
concentration to chlorine showed.no vertebral damage  Figure 10A!
nor did fish swimming in water containing sublethal concentra-
tions. Couch believes that the evidence strongly suggests that
Kepone, alone, is a sufficiently specific toxic chemical to elicit the
vertebral effect. Specimens of dead fish with broken backs taken
from the James River were preserved in alcohol and stored. In
1973-74 the discharge of Kepone into the james River had not been
thoroughly investigated. In J.976, Couch studied in the laboratory
the effect of Kepone on the sheepshead minnow and found among
other observations that Kepone caused scoliosis, a lateral deviation
of the spine; at high doses Kepone caused the back to break during
tetanic convulsions  Couch et al. 1977!. This breakage was estab-
lished as a dose dependent, time dependent, predictable response.
The spinal break occurred  Figure IOB! after exposure of fish to
parts per billion concentrations of Kepone. Subsequently, the
James River specimens that had been stored in alcohol for 3-4
years were analyzed for Kepone, and the fish muscle and preserva-
tive alcohol were found to contain parts per million concentrations
of Kepone. Scoliosis has been observed in a number of the fish
species as a result of parasitic infections, dietary deficiencies,
exposure to heavy metal and after organochlorine, organophos-
phate, and carbonate poisoning  Couch et al. 1979!. What killed the
James River fish? Probably a combination of events and causes,
with Kepone poisoning a major factor. Perhaps other factors, such
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as chlorine poisoning, also acted to trigger the lethal events. The
garnes River is polluted with many chemicals, as are many rivers
and estuaries in the United States. Sorting out causes of anomalies
in field specimens thus remains a challenge.

CONGX.USIONS

Severe pathologies occur in some marine fish populations,
sometimes tentatively associated with pollution, but usual-
ly the association is tenuous and difficult to draw conclu-
sively.
In aimost all cases the etiologies of the lesions, including
cancer, are unknown because nonspecific lesions normally
occur, field specimens are collected from regions that are
contaminated by many different chemicals, and the site of
exposure of mobile species is often unknown,
The type of lesion offering the best potential diagnosis is
the nonspecific inclusion body type of lesion which may
contain the toxicant eliciting its formation.

2.

3.

RECON MENDATKONS

Establish a strong correlation between pathology in the fish
in the wild and degree of anthropogenic pollution.
A test species from the pollution region must be found that
survives the highest pollutant concentration, exhibits the
severest pathologies  e.g., cancer!, and can be cultured in
aquaria or pools.

2.

The best test species appear to be the flatfish, which
are easy to maintain in aquaria and often enter the most
polluted environments where they are in direct contact
with the sediment and feed on contaminated benthic
organisms. Although flatfish often do not die immediately
or become repelled by heavy pollution, their tissues, par-
ticularly liver, appear to be quite sensitive to pollution
stress. Thus, flatfish represent an underutilized organism
with significance in the field.

The approach would be to introduce the test species
 caged or tagged! into a polluted region and collect and ex-
amine specimens periodically for progressive pathological
changes, and to induce the pathology in laboratory tests

If an anomaly in a field specimen is thought to be caused by a
specific toxicant, it is necessary to:
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employing sediment or food from the polluted area. The
sediment or food can be fractionated and the agent causing
the lesion isolated and tested in a bioassay.

This approach has been successfully applied by Ishio et al.  l972
a, b! to isolate the cause of tumors in the commercially important
marine alga ~Por h ra tenura in 3apan. In bioassays carried out
with the alga over a 38-day period, they isolated two chemical car-
cinogens from sea bottom rnuds. These carcinogens caused algal
abnormalities and were subsequently traced to a coal chemical
industry. Thus, although there are undoubtedly additive and syner-
gistic factors involved in any pollution-induced lesion, there may
be only a few specific toxicants that act as primary agents in the
etiology of a given lesion. This study by Ishio et al.  l972 a, b>
shows that the cause of tumors in a marine plant population can
indeed be traced to ~secific chemicals in the environment of that
plant, a useful model for similar studies in the future.
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Chapter 7. Mesocosms
and Field Systems



Introduction: Ecology as an
Experimental Science and Management
Tool

Candace A. Oviatt
Graduate School of Oceanography
University of Rhode Island
Kingston, Rhode Island 02881

Mesocosrns and field enclosures enable us to experiment with
whole ecosystems. This approach provides a new dimension ta rna-
rine ecology. Most field ecology has been descriptive. Much of the
laboratory work has been directed to the study of single processes
of single species. The best ecological mathematical simulation
modeling has synthesized both types of information yet has re-
mained descriptive rather than predictive. Ecology as an experi-
mental predictive science is so new that we have much to learn.
We are still dealing with basic questions such as how to formulate
meaningful hypotheses, to state assumptions, to make use of con-
trols and to know statistical requirements. A,ll of these are the
first steps of experimental science.

Whole ecosystem experiments have comprehensive applicability
to environmental management and yet remain intellectually chal-
lenging to scientists. Experiments can be performed on routes,
rates, metabolic products, reservoirs and effects of whatever
pollutant is of interest to management: hydrocarbons, metals,
toxic organics, sewage effluents, and so forth. The design of the
whole ecosystem will test the experimenter's knowledge of natUral
systems. We were amazed at how well the Marine Ecosystems Re-
search Laboratory  MERL! mesocosms duplicated the behavior of
the natural system  Table 1, Figure l!. One of the main findings
from examining a controlled system and comparing it with the nat-
ural system has been that the chemical functioning of a marine
ecosystem is not dependent an and does not go through econornical-
ly important large species such as bluefish. The mesocosm data
from Figure I were derived from a sediment gradient experiment
in which three tanks contained sediments from the polluted Provi-
dence River, three tanks contained sediments from measurably pol-
luted mid-Narragansett Bay and three tanks contained sediments
from relatively clean Rhode Island Sound. These data compare fa-
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vorably with two field survey data sets. In a nutrient addition ex-
periment which started in 3une 198l, three tanks acted as controls
and six tanks received increased levels of nutrients in sewage de-
rived ratios. The nutrient inputs spanned the known range of sew-
age nutrient loading to estuaries from clean lower Narragansett
Bay to the inner New York Bight. A strength of these gradient ap-
proaches is that we can see ~here compounds will go and how dif-
ferent processes occur under different environmental conditions.
%'ith all perturbants we can observe how systems will redesign
themselves to accommodate new substances. In the same manner
physical parameters and ecosystem components can be manipulated
to change food chain dynamics to answer, for example, questions
on fish larval survival and recruitment. Interactive laboratory ex-
perirnents  crossover experiments, diel studies, bioassays! inform us
of detailed mechanisms of change. For example, how do pH
changes along a eutrophication gradient affect copper speciation
and therefore toxicity to phytoplankton? Field studies inform us of
the predictability of rnesocosm results.  For example, under eutro-
phic conditions those same pH changes have been observed in the
field!. This interactive approach among laboratory, rnesocosrn and
field ecosystem experiments will simultaneously provide manage-
rnent with estimates of "assimilative capacity," and permit scien-
tists to investigate "ecosystem behavior."

The science challenges experimenters to integrate results. The
ecosystem experiment by its nature provides integrated answers
which no one scientific discipline can reveal. Specialists in many
aspects of ecology, biogeochemistry and engineering must work to-
gether to reveal those answers. This requires a discipline foreign
to the reductive mind. Also one group such as engineering must
not dominate over scientific output. Thus the interdisciplinary
team that designs, operates and maintains the ecosysterns, con-
ducts the experiments and writes the papers must work together
and be stable over long periods of time. In this context, whole eco-
system experiments provide integrated answers to problems in en-
vironmental management.

ADVANTAGES AND DISADVANTAGES

awhile there are a number of advantages of ecosystem experi-
ments, attention is often directed at disadvantages. Among the
latter are high cost, lack of higher trophic levels, wall effects,
field validation requirements, results not of public concern and the
fact that complexity obscures causal relationships  Table 2!.

Neither initial nor running costs are high compared with other
field and laboratory studies. For example, in comparison with lab-
oratory studies the cost to buy and operate a gas chromatograph or
a nutrient autoanalyzer is the same. In comparison with field
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Table 2. The perceived disadvantages and advantages of using
experimental ecosysterns to answer questions for environmental
rnanagernent.

Initial capital costs are high.
Need stable funding to maintain rnultidisciplinary team of sci-

entists.
Large animals are too scarce to sample routinely.
Wall effects.
Horizontal advection is ignored,
Field validation is a requirement.
Time to produce integrated papers is long.
Experimental results cannot be extrapolated to areas of public

concern: commercial species, aesthetics, human health.
Complexity obscures causal relationships.

Inexpensive to operate.
Simple engineering; flexible design; physical boundaries and

parameters def ined.
Biogeochemicai complexity of the natural system and natural

system behavior.
Multidisciplinar y.
Simple sampling logistics.
Biogeochemical budgeting ability.
The same populations can be re-sampled repeatedly over an-

nual cycles.
Crossover experiments, diel studies, tracer studies and similar

add-ons multiply information gained.
Results can be integrated.
Experimental results are extrapolatable to the natural sys-

tems.

Field validation tool.
Experimental science.

studies, the cost to manage and operate a mesocosm facility such
as MERL is $500 a day compared with $6000-$7000 a day for ship-
time. Small boat operations cost about the same as MERL but the
potential sampling intensity is much greater in rnesocosms.

The investigation of higher trophic levels in rnesocosrns is a
lively area of research. The Controlled Ecosystem Populations
 formerly Pollution! Experiment  CEPEX! bags were large enough
to conduct fish larval studies. At MERL larger animals have been
placed in the tanks for short periods of time, and tank effluents
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have been used in downstream studies of fish and larval growth.
Large predatory animals such as a solitary crab or moon snail in
the tanks have been controlled, However, ctenophores, juvenile
fish and benthic infaunal predators are simply monitored or enu-
merated at the end of experiments.

Field validation of mesocosms is required and very informative
 Table I, Figure I!. First, the behavior of control mesocosms can
be shown to be within the range of variability of the natural system
over the annual cycle for ail parameters of interest: productivity,
zooplankton, nutrient levels, benthic fauna, respiration and so
forth. Second, the results from perturbation experiments can be
compared with laboratory and field studies to prove causal rela-
tionships and predictive capability. These comparisons dernon-
strate credibility, reliability, replicability and predictability.

In discussing disadvantages many advantages have revealed
themselves, One is the fact that simple, flexible engineering de-
signed with defined physical boundaries and parameters can devel-
op into complex living models of natural systems. In these systems
substances of interest can be budgeted, the same water column and
benthic population can be sampled for 2 years or more and the data
can be used to validate field and laboratory experiments and math-
ematical simulation models. The environmental gradient experi-
ments can be used to generate key rate terms or functions for
mathematical models of different kinds of environmental condi-
tions. Conceptual and mathematical models should be tied to
mesocosrn definition of processes. lf the processes are unknown,
and if the relationships between major components of the eco-
systern are unknown, it is impossible to develop a. model.

Mesocosms are an integrative tool in and of themselves and
provide integrated answers for information on indirect effects.
Most of the scientific community still has difficulty trying to ad-
dress the regulator's need. The fact that the mesocosms exist and
interdisciplinary teams are there compels a degree of integration
that would not otherwise exist. Environmental gradient experi-
ments define assimilative capacity and can be used to develop rna-
rine dumpsite criteria. These experiments avoid the confrontation
situation � all-or-nothing effects. They forecast at what levels ef-
fects are likely to begin for different environmental conditions.

APPLICATIONS: MES~K:OSMS AND FIELD SYSTEMS

The use of enclosures for tracer studies has applicability to
both aquatic and estuarine systems, as Santschi's and Pilsan's
papers indicate in this section. In lakes, tracer studies have been
conducted to study questions related to eutrophication, acid rain,
industrial and power plant emission and release from fossil fuel
combustion. At 54ERL tracer studies have been conducted on
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about 30 metal isotopes and C-LO labeled organic compounds: ben-
zanthracene, dirnethybenzanthracene, pentachlorophenol and tolu-
ene. Both groups of studies indicate that the enclosure technology
is adequate to answer many questions for rnanagernent, such as
particle and non-particle transport rates for generic classes of
compounds through the water column and into sediments. The re-
suspension of sediment dominates the removal behavior of particle
reactive substances with similar rate constants in rnesocosms and
natural systems. In terms of fates many substances are controlled
by benthic bioturbation. The rate constants, including biodegrada-
tion, photochemical degradation, volatilization, sedimentation, and
sediment back diffusion, modeled together help predict the field
exposure concentrations of substances. However, as Santschi
points out, pollutant concentrations as opposed to tracer concen-
trations may affect biological processes and therefore rate con-
stants.

One of the frustrations of plankton ecologists is the problem of
resampling the same population in the field. Attempts to observe
the effects of perturbants must take into account horizontal ad-
vection. As Grice's paper points out, large in situ enclosures avo id
that problem. %hole water columns of various dimensions can be
captured, and various experimental manipulations can be carried
out. Three general observations emerged from the CEPEX experi-
ments:

The susceptibility to pollutant stress was related to the
generation time of the organism.

2. The levels of pollutants that caused mortalities in zoo-
plankton were well below those from laboratory tests.

3. Pollutant and natural stress effects were similar in that
phytoplankton tended toward small species.

The strength of the CEPEX design is the fact that it is big enough
to directly study larval and juvenile fish recruitment under differ-
ent environmental conditions and different pelagic food chain dy-
namics.

Donaghay's contribution considers five different experimental
designs for mesocosrns with regard to system configuration, usage
and statistics. Four of these have been used at MERL: tracer
studies in single tanks, paired system without replication as i.n the
therrnocline experiments, replicate controls and treatments and
simple gradients such as the nutrient addition experiment.

The advantage of the gradient design is that it directly defines
assimilative capacity in terms of dose-response. An entire range
of conditions can be simulated. Boundary conditions can be estab-
lished. It defines at what level problems occur for various compo-
nents of the system. Since a range of conditions is being observed,
processes become more clearly defined. For a material that has
both beneficial and harmful effects, the management question of
how best to dispose of it in the marine environment can be ad-
dressed.
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Regression analysis rather than analysis of variance is used to
detail ef f ects. This analysis evaluates potential cause-and-effect
relationships.

For the future, complex gradient analysis has been proposed for
determining fate and effects over a range of pollutant conditions
 e,g� the behavior and effect of a trace metal from oligotrophic to
eutrophic conditions!. This approach should increase the ap-
plicability of results to various field sites. Other designs for mim-
icking site specific conditions increase in engineering complexity.

Interactive laboratory, mesocosrn, and field studies multiply the
strength of each approach, The Grassles conclude the chapter with
a call for this interactive approach. They suggest that determining
the dynamics of the most abundant infaunal species in mesocosms
and the field is more usef ul than measuring derived indices,
Laboratory studies on processes such as feeding and reproduction
increase our understanding of how a species adapts to its envi-
ronrnent. Some numerically dominant species such as Nucula are
not sensitive indicators of pollution. Another dominant such as
Mediomastus, which is more opportunistic, is a sensitive indicator
of acute disturbance or pollution. Interactive studies of dominant
species enlarge our understanding of pollution impacts.





The Enclosure as a Tool for the
Assessment of Transport and Effects of
Pollutants in Lakes

Peter H. Santschi, Urs Nyfleler, Robert Anderson and Sherry Schiff
l amont-Doherty Geological Observatory of Columbia University
Palisades, New York 10964

INTRODUCTION

Many pollutants of concern today are natural chemical sub-
stances at elevated concentrations, The effects of pollutants on
biological processes in lakes cannot be studied without a well-
founded knowledge of the rates and mechanisms governing chemi-
cal cycles in natural waters. Enclosed ecosystems have been used
in ecological studies for several decades, but only in the early
l970s did environmental scientists recognize the value of enclo-
sures to study questions related to chemical transport. At that
time scientists from the Freshwater Institute  Winnipeg, Manitoba!
and from 1-DGO of Columbia University started to use experimen-
tal ecosystems in the Experimental Lakes Area  ELA!, Northern
Ontario, Canada  Schindler 1973, l930!. Processes investigated in-
clude nutrient limitation of primary productivity, rates of gas ex-
change and vertical mixing, the rneasurernent of primary produc-
tivity, and mechanisms and rates of trace metal removal. Their
pioneering efforts to make the "lirnnocorral" a valuable tool for
lake management resulted in many comparisons between responses
to perturbations by whole lakes and responses to similar perturba-
tions in enclosures. Many of these were drastic perturbations of
the lake  such as additions of nutrients, heavy metals, radio-nu-
clides, nitric and sulfuric acid!, almost impossible in any other area
of the world. Enclosed water columns coupled to the benthos were
often used as test systems first, and then if the study was success-
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ful, whole lake experiments followed. Eventually, L-I0 rn size
 both in diameter and depth! limnocorrals became accepted tools
for chemical limnologists all over the world to study questions re
lated to eutrophication, acid rain, industrial and power plant emis
sions and releases from fossil fuel combustion. A description of
different enclosure designs can be found in Schindler et al. 1980,
Gachter l979, Grice and Reeve 1982, Banse l 932 and references
therein. The use of the enclosure as a test system to study
fate and effects of pollutants requires an understa.nding of biolog
ical interactions and geochemical processes  e,g., gas exchange,
vertical mixing, primary production, adsorption rates on sedi
ments!. ln order to evaluate the usefulness, advantages and disad-
vantages of enclosures for lake management, results from various
studies of geochemical or biological nature were compared.

ADVANTAGES OF ENCLOSURES

Enclosed ecosystems, as living models, can give more reliable
answers than can be obtained from laboratory-based studies such as
48 hour bioassays, single species tests or chemical studies. This is
because responses of complete ecosystems  as well as individual
compartments! to manipulation can be investigated. Enclosures
have a great advantage over field studies because of the ability to
accurately budget relevant chemical fluxes from and to all impor-
tant reservoirs and because of the relatively high degree of experi-
mental controls. Further advantages of enclosure experiments in-
clude the possibility of experimentation at near natural conditions
by adding isotopic tracers to an ecosystem and the opportunity to
test numerical transport models under near natural conditions.

MSM3VANTAGES AND PlTFALLS

Enclosures, however, are not without their problems. Enclosure
effects on plankton, due to changes in turbulence, predation pres-
sure, light quality and quantity, or due to contamination and/or ad-
sorption by wall materials, have been reported by biological and
chemical limnologists. Some of these potential problems could be
corrected after they became quantified. For example, results from
enclosure experiments should be interpreted with caution when
trace metal contamination f rom enclosure materials occurs.
Parts-per-billion levels of Zn + or Cd + can already affect zoo-
plankton abundance in lakes  Marshall and Mellinger 1930; Marshall
et al. 1981!. However. our work shows that increased levels «
Zn + in short term experiments did not significantly alter the
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 B! Comparison of removal of particle-reactive s4Co  K >10s! in enclosures of
different sizes and in a whole lake. Since Co rapidly adsorbs to particles
 fraction on particles >9096!, its removal is controlled by the rate of particle
settling. Its initial removal rate X; = S ~ f/h' =  ln2!/t / . Thus the half removal
time from the water column t,/ is directly proportional to the mean depth if
the rate of particle settling is constant. The data in this figure demonstrate this
to be the case. The value of S is 25-30 cm d '.

Figure 1,  A! The removal of ''«Cs in one of our tubes  T15, L 1 le! is compared
with that in larger tubes of Schindler et al. �980! and in a whole .'ake experiment
 Hesslein et al. 1980!. The model curves predicted from the numerical transport
model of Nyffeler et al.  l983! are shown in dashed lines. The initial removal
rate from the water column 4-! is the sum of the rates for direct sediment up-
take and particle settling,, as follows: X; = �-f!D/ z ~ h! + 5 ~ f/h', with
h=volume/sediment surface area, h'=mean depth of water column, f= fraction on
particles  =�+ KD . pmc! '! '!, D=molecular diff~sion coefficient, z=thickness of
the stagnant boundary film  ="dif fusive sub layer"!, 5=settling velocity, K 13
= distribution coefficient, pmc=particulate matter concentration. Since KD for

Cs is usually 0.5-lxl0, and the particulate fnatter concentration is in the
range of 1-3mg L, the fraction of s Cs adsorbed to particles is quite small
 «10%!. Thus, the initial removal rate of 's«Cs is mainly controlled by the
value of z. Soon after spike addition, the rate of is«Cs removal is slowing down
because of control by the rate of diffusion and particle mixing  D~! within the
surface sediments. The model fit is thus initially fixed by the value of z and
later by the value of D~  here 3.5xl0 scmz s i!. Since the magnitude of z is con-
trolled by the wind induced turbulence in the water overlying the epililnnetic
sediments, the variations of a factor of two in values of z needed to model fit
the different data are understandable �.0ri crn in Lflb and L224, 0.08 cm in
L 223!.



IXI

 c!
'I.O 0
.9
.8
.7
.6

c .5
C
'a 4

K,3

C 0 IJ .2

.09 l2 24 36 48 60 r2
Days

Figure 1  C!. The removal of 6sZn in enclosures of l.2 rn  Tube l5, Lll4!, 2.2 m
 tube D, L223, Schindier et al. 1980! and whole Lake  L224, Hesslein et al. 1980'
is shown. Since K~ for 6sZn is intermediate in these El A lakes  K =l0" to
LOs!, the removal o7 ssZn is controlled both by particle settling and Sy direct
adsorption at the sediment-water interface. The indirect proportionality of X; to
h implies that the values for both 5 and z are relatively constant in these lakes.

 D! The removal of radioactive 6sZn in tubes LS and l6 of Lake lL4 reflects
closely the removal of stable Zn, which was added simultaneously with the radio-
tracers to the enclosures in Lake L14. No effect of stable element addition on
radiotracer removal was noticeable since the results of the controL tube did not
deviate from those in the trace metal tube. Both removal and back-diffusion
 after HCl addition! curves are predicted by the numerical transport model of
Nyffeler et al.  in preparation! if the same physical~rameters  z+,D>! as those
obtained from soluble ' "Cs and particle-reactive ' Co, and the pH sensitivity
of Kp as experimentally determined in the laboratory, are used.
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transport parameters of different radioisotopes  Table l, Figure 1!
compared with control tubes.

Physical  e.g., light intensity or water turbulence!, chemical
 e.g., levels of nutrients or trace metals! or biological  e.g., phyto-
or zooplankton biomass! conditions can be different inside and out-
side enclosures. Sometimes, however, the differences appear to be
related to the size of the enclosure, for example, differences in
turbulence levels. Turbulence levels appear to deviate from lake
levels more in larger and deeper enclosures �2.5 rn depth! than in
shallow ones of 1-2 m depth  Table 2!. Very early on it became ap-
parent that scaJing the size of the enclosure to the nature of the
problem is crucial to the success of the study. Where the responses
sought must develop over at least a few days, such as species suc-
cession of plankton or the transport of pollutant trace metals, rnin-
irnizing container effects becomes of utmost importance. Only
large enCloSures, suCh aS bagS, large tubes Or lirnnOcorral, or Con-
tinuous in-situ cultures have proved adequate. lf, however, varia-
tions in many experimental parameters and sufficient statistical
replication are necessary, and if results develop over short time
scales  i.e., less than a few days!, then smaller containers such as
small tubes and in-situ bottles are more appropriate.

A possible pitfall is the extrapolation of the enclosure results to
a natural environment which is considerably larger and more corn-
plex. Very rarely can an enclosed water column be totally repre-
sentative of the behavior of a whole water body where conditions
at times may be locally quite extreme. The simulation of extreme
conditions such as hypolimnetic processes which are often charac-
terized by seasonal anoxia, or the resuspension of epilimnetic sur-
face sediments caused by storms, and the effects of different lake
morphologies on the ecosystem are much more difficuJt to predict
from average enclosure experiments. Short term in-situ incuba-
tions, or the coupling of different experimental containers having
different treatment conditions might then be a better approach.
Nonetheless, average conditions in average epilimnetic waters,
which are more closely linked to human needs and health, are rela-
tively easy to simulate in enclosures.

VALIDhTlOH OF ENCLOSURE RESULTS

How to validate insights gained from studies in enclosed water
bodies always remains an important question. There are basically
three different approaches for the validation of enclosure results
that have been used in the past. One obviously is to compare re-
sults with those obtained from studies of equivalent processes in
the whole lake. Another is to compare enclosure results with those
obtained from model predictions based on laboratory data. A third
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is to compare results gained from enclosures of different sizes,
which incorporate varying degrees of complexities. Examples of
the first approach include  I! trace metal removal in lirnnocorrals
an  whole lake studies; Figure l shows that removal of radioactive
Zn + and Cs+ in Lake 229 with a 6.5 m deep epilimnion  Hesslein et
al. 1980! is consistent with that observed in enclosures of Lake 223
 Schindler et a.l. I980! and Lake 110  from our unpublished work!;
�! vertical mixing studies of Quay �977!, Hesslein and Quay
�973!, Irnboden et al, �979! and �! gas exchange studies of
Emerson et al. �973!, Bower and McCorkle �980!, Bower �98l.!
and Torgersen et al. �982!. The examples given strongly suggest
similar rates in enclosures and small lakes  Table 2!. The second
approach is more difficult and there are fewer examples:  I!
Bower and McCorkle �9SO! compare the primary productivity in-
side a limnocorral with that predicted from the incubation method
of Fee �973!, and �! Nyffeler et al. �982! compare removal rates
of Mn and Cs isotopes and stable Mn from the enclosed water
column and response to acidification to pH 4.6 with predictions
based on a numerical transport model using distribution coefficient
measurements in the laboratory. Both examples show that
laboratory based predictions can be verified in enclosures.
Examples for the third approach can be found in Marshall and
Mellinger �980! and Marshall et al.  $981!, where the responses of
z~ and phytoplankton to additions of various amounts of Cd + or
Zn + in dif ferent sizes of containers and hung in diff erent lakes are
compared. Similar effects on zooplankton were observed in in situ
bottles  SL Carboys! and large limnocorrals, in both lake Michigan
and in an ELA lake. Examples of stress studies in various container
configurations, compared for different lengths of time, can be
found in Marshall and Mellinger �980! and DeNoyelles et al.
�980!. Cood replication of effects of Cd + on plankton in various
in situ enclosures was found, whereas similar stress tests in
laboratory based continuous cultures using f iltered lake water
produced less than satisfying results because of the development of
abnormal plankton species. Further examples of the third approach
will be demonstrated by comparing the rates of transport of trace
metals inside containers of different sizes, carried out at dif ferent
times and in different lakes  Schindier et al. 1950; Baccini et al.
l979; and our work!. The two main transport mechanisms, the
removal of dissolved trace metals by adsorption or incorporation
onto falling particles and by adsorption at the sediment-water
interface, appear to operate at similar rates in different types of
environments when corrected for the different mean depths. The
initial removal rate from the water column Qi! is then as follows:

 I!
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where h � volume/sediment area, h = mean depth of water column
 cm!, D � molecular diff usion coefficient  cm d '! as taken from Li
and Gregory �970!, f = fraction on particles, z = stagnant boundary
film thickness  crn!, S = settling velocity  cm d !. The fraction on
particles  f! is either predicted from laboratory adsorption experi-
rnents or is measured in situ. The settling velocity on particles  S!
can be determined either from  L! measurements of primary pro-
d«t;o»nd algal standing crops or �! from particle flux measure-
ments in sediment traps  or particulate element flux! and particu-
late matter concentrations  or particulate element concentrations!,

S = flux  g crn d !/concentration  g cm !2 1 �!

or �! from measurements of init l removal rates  X'! of a
particle-bound radioisotope  such as Co! where f is independently
determined, as

S = X.'h'/f.
1

Removal of heavy metals in lake enclosures in Canada and Switzer-
land indicates settling velocities S! of 25-00 cm d in the epilirn-

1 .

nion of different lakes, which are typical for 5-15 pm plankton
 Table 1 and Figure 1!. The film thickness  z! can be determined
from numerically modeling the removal of a more soluble tracer
such as '~" Cs  Figure 1! or from the rate of dissolution of gypsum
mounted on a flat plate at the sediment-water interface  Table 1,
and Santschi et al. 193,2!. Film thicknesses ranging from 0.00 to
O.l cm fit all tracer profiles inside l-2 m enclosures and in a whole
lake  Table 1 and Figure L!. Radioactive and stable Zn~+ are al-
most equally affected by these two rnechanisrns of removal. Since
their initial removal rates in enclosures and whole lakes appear to
be inversely related to the mean depth, this implies that both 5 and
z are relatively constant in these lakes.

ENTERRELATION OF FATES AND EFFECTS

Fates and effects of pollutants are interrelated. Whereas the
initial statement that effects of a particular pollutant cannot be
effectively studied without considering, its fate in the ecosystem is
certainly justified, its reverse is also true. Gachter �979! and his
co-workers describe an enclosure experiment in Lake Baldegg in
Switzerland for investigating effects and fates of various trace
metals at concentrations close to the maximum permitted for
flowing water bodies. The observed effects on the living biota de-
scribed in a series of papers  Gachter 1979; Gachter and Geiger
1979' I-ang and Lang-Dobler l979! could change the different



Table 3. Ecosystem response.

Examples of pollutant trace metal effects, tcken from Gachter, l979:

Effects Chan es in trans or t rome ter s

Primary productivity decrease

Zooplankton biomass decrease

2ooplonkton grazing decrease

Dg !  short term>

D~ ! {tctng term!

Growth of heavy meta! tolerant
phytoplankton organisms with
l ower so r ption capacity

Benthic polychoete biomass
increase

Bent hic pol yc ha e te d e l a y ed
reproduc t ion

Particle flux $
Organic C flux $

Nutrient 8 trace metal

recycling efficiency
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transport parameters in the ecosystem  see Table 3!. increased
concentrations of pollutants such as heavy metals appear to favor
growth of phytoplanktan organisms with lower metal sorption
capacity  Gachter and Geiger l979!, thus lowering the rate at
which a pollutant is removed from the water column, and adversely
af fecting most strongly the organisms at higher trophic levels, such
as zooplankton, benthic rnacrofauna and fish. Decrease in zoo-
plankton biomass and filtering rate could negatively affect nutrient
and trace metal recycling efficiency and could, at times when zoo-
plankton control the phytoplankton biomass by grazing, diminish
the flux of fast settling fecal pellets and thus decrease the overall
settling velocity of particles. Owing to better oxygen conditions of
the sediment water interface, caused by a decreased organic car-
bon flux to the sediments, the benthic oligochaete biomass in-
creased over the course of the experiment. This would probably in-
crease the bioturbatian rate  D>! of the surface sediment thus in-
creasing the storage and assimilation capacity of the system for
pollutants. Since the aligochaetes showed delayed reproduction as
a sign of stress, their biomass might have diminished again over
longer time periods, and thus caused a decrease in D< .

The potential for altering the community structure by higher
levels of pollutants can thus make the prediction of rates and fates
at low concentrations a difficult task. The same can be said, of
course, for the reverse situation.

CONCLUDING REMARKS

Present day enclosure technology is adequate to answer many
questions for successful lake management. The assessment of en-
closures in lakes is also applicable to estuarine and coastal marine
environments, with some exceptions. Strong tidal currents and
more frequent storms make long term, large scale, controlled eco-
system experiments more difficult in the near shore marine envi-
ronment. Various types of enclosures, strong enough ta withstand
the more energetic marine environment, have been used in North
American and European coastal waters. They are reviewed in
Grice and Reeve  l9S2! and Banse �982!.
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Use of Enclosures in Studying Stress
on Plankton Communities

George D. Grice
Woods Wole Oceanographic Institution
Woods Hale, Massachusetts 02543

INTRODUCTION

The increasing concerns about oceanic pollution in the late
1960s led to the development of large experimental systems  meso-
cosms! in which natural cornrnunities could be enclosed, maintained
and experimentally manipulated. Large plastic enclosures  " bags" !
suspended from modules floating at the sea surface were developed
and used by three programs whose objectives were to evaluate the
response of pelagic ecosystems to pollution. These programs were
located in Den Heider, Holland  Kuiper 1977!, Loch Ewe, Scotland
 Davies and Gamble 1979!, and Saanich Inlet, Canada,  Menzel and
Case 1977!. Drawing especially on the results of the Controlled
Ecosystem Pollution Experiment  CEPEX! in Saanich 1nlet, Canada,
this review �! describes the three types of enclosures, �! considers
the advantages and limitations of large enclosure systems for pol-
lution research, �! reviews major results of pollution experiments
on plankton and �! indicates areas of research on natural plankton
communities that can be carried out in large enclosures.

STRUCTURE AND OPERATION OF DEN HELDER,
LOCH E%'E AND CEPEX ENCLOSURES

Size The sizes of the enclosures  Figure 1! are 1.5 and 16 m �.75~
1.5 rn in diameter; 3.5, 20 m deep! at Den Helder; 100 and 300 m
�, 4.7 m in diameter; 17 m deep! at Loch Ewe and 68 and 1300 m
�.4, 9.$ m in diameter; 16.1, 23.5 m deep! at Saanich inlet. The
enclosure fabric coosists of one to two layers of translucent poly-
ethylene or vinyl reinforced with nylon. The lower end of the Loch
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Ewe and CEPEX  Sa.anich! enclosures are cone shaped and terrni-
nate in sediment collectors. Sediment and its contained diatom
spores can be pumped back into the top of the water column by
means of a hose that extends from the collector to the surface.
Den Helder enclosures have rounded lower portions and no sedi-
ment collectors. The tops of all the enclosures are attached to flo-
tation collars and are open to the atmosphere.

Deployment
The usual method of filling enclosures consists of first lowering

the plastic into the water column through the center of the flota-
tion collar until the top of it reaches a depth at least equivalent to
the length of the water column to be enclosed  i.e., the length of
the bag!. It is then raised to the surface manually or automatically
by means of a counterweight system. Generally, more than 9096 of
the water column is captured in less than 3 minutes. Pumps are
used to add what water is required to fill the enclosure. In this
way several enclosures can be raised and filled simultaneously at
any time of the day or night. In early Loch Ewe experiments and in
some Den Helder experiments, bags were entirely filled by use of a
diaphragm pump. Aprons of polyethylene are suspended 8 m deep
inside the large CEPEX enclosures and serve as fouling skirts.
They are scrubbed once a week to control the amount of fouling.
At Loch Ewe the outer surfaces of the bags are scrubbed weekly.

Managem cot
The rnanagernent of enclosures depends on the objectives of the

experiment. In general, periodic nutrient additions are required,
especially in the larger bags, to prevent depletion or serious reduc-
tion in phytoplankton. Nutrients are usually introduced through a
diffuser which is raised and lowered within the upper few meters in
CEPEX bags. In Loch Ewe, nutrients were added near the bottom
of the bags. A light screen can be placed over an enclosure to re-
duce the growth rate of phytoplankton, and a continous air bubbling
system or mechanical stirrer can be provided to promote mixing.

Manipulations
Following the confinement of natural plankton communities, a

number of experimental manipulations can be imposed on the popu-
lations and their responses compared with unstressed or control
populations. Most manipulations consist of exposing populations to
selected pollutants, those frequently used being mercury, copper,
cadmium and petroleum hydrocarbons. The pollutants can be in-
troduced in single doses or periodically ta maintain a prescribed
concentration.

Manipulations can also mimic natural stresses. For instance,
upwelling can be imposed within the enclosures and differing quan-
tities and proportions of nutrients or predators  fish larvae! can be
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introduced. These stresses directly or indirectly influence the
structure of the plankton communities, and subsequent ecosysterr
changes are reflections of the upward ramification of physical/
chemical manipulations or the downward ramification of predation
on prey and their food.

OPEN OCEAN VS. ENCLOSED SYSTEMS
FOR EVALUATING STRESS ON PLANKTON

More than two interacting trophic levels, each having
more than one species, can be maintained for periods up
to 6 or more weeks.
The same natural populations can be revisited and sam-
pled.
Communities can be physically, biologically and chemical-
ly manipulated.
Spatial  vertical! and temporal distributions of species can
be examined.
Trace quantities of polluting substances can be intro-
duced, and their biologicaily mediated fate can be ob-
served over time.
Vertical biological and chemical transport in a natural
system free from effects of advection or turbulent diffu-
sion can be examined.
Mathematical models can be compared with actual obser-
vations obtained from enclosures.
Research within enclosures imposes consid~;able rigor on
investigators in that major population fluctuations must

2.

3.

6.

7.

Enclosure systems were developed largely because of the many
difficulties of determining the effects of pollutants in the open
ocean. Population assessment in the ocean, a necessary part of any
pollution program, is a major task because of patchiness, organism
migration and advection. Moreover, estimates of production rates,
population fluctuations and trophic interactions within the study
area must be known and predictable. Yet the acquisition of this in-
formation is contingent upon the ability to quantify patchiness and
vertical distribution, an ability that requires elaborate collection
and analysis programs. Observed population fluctuations could be
due to a variety of causes including climate, fishing pressure or
pollution; and distinguishing among them would probably require
years of comparably collected data. There is no easy way to meas-
ure zooplankton production. Finally, the ocean cannot be experi-
rnentally manipulated.

Given the above limitations and constraints of assessing the ef-
fects of pollutants in the field, the use of enclosures for pollution
research offers the following advantages:
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be explained because they cannot be related to advection
or migration of organisms.

There are, of course, limitations in using enclosures for pollu-
tion research. Once physical barriers are erected to isolate col-
umns of water from the natural environment, horizontal and verti-
cal mixing will differ from those mixing outside, thereby creating
stress on the contained populations. It is difficult to estimate the
magnitude of this stress, but it must be considered in both the de-
sign of experiments and interpretation of results. Using enclosures
has these limitations:

Reduction of vertical and horizontal mixing.
Impossibility of controlling initial conditions as bags cap-
ture the biota in the water column at the time they are
raised to the surface.
Wall effects, especially in bags with large ratios of sur-
face area to volume.
Inability to use present enclosures in open ocean because
of fragility of structures.
High costs of enclosure construction, deployment and
maintenance may limit the number of replicate units.

l,
2.

31

5.

POLLUTANT STRESS STUDIES

The susceptibility of pollutant stress is related to genera-
tion time of the organisms, those with faster generation
time generally being more sensitive than those with slow-
er generation time  Menzel 1930!. ALthough bacteria
were impacted first, their rapid generation time  hours to
few days!, numerous species or strains and mutational
ability resulted in rapid recovery  i.e., return to control
levels! of heterotrophic activity  Azam et al. 1977;

Many pollution experiments have been conducted in Den Helder,
Loch Ewe and CEPEX enclosures over the last 10 years, and exper-
iments continue at Den Helder and Loch Ewe. These enclosure
studies were supported by laboratory studies on fecundity, feeding,
digestion time, pollutant incorporation rates, and so forth as such
experiments are an essential part of enclosure research programs.
Summaries of Den Helder experiments with mercury are provided
by Kuiper �977, 1982!, on Loch Ewe experiments with copper by
Gamble et al. �977! and with mercury by Davies and Gamble
�979!, and on CEPEX experiments with copper and petroleum by
Menzel �977! and with mercury by Grice and Menzel  L978!. From
observations made in enclosures and in laboratory studies several
hypotheses emerged from the CEPEX experiments:
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Vaccaro 1977!. Zooplankton, having few species and long
generation time, recover most sLowly  Grice et al. L977!
Phytoplankton with intermediate characteristics were in
termediate in their recovery rates  Thomas et al. L977!.
Ln mixed trophic level assemblages that occur in enclos-
ures, the levels of pollutants that cause significant mor-
talities in zooplankton are well below those that result
from traditional short-term toxicity tests conducted in
the Laboratory  Reeve et al. L.976; Gibson and Grice 1977!.
The events produced by pollutant stress in phytoplankton
do not appear to differ from those that occur over much
Longer periods of time in natural environments in response
to natural stresses  Menzel 1980!. The natural sequence
manifests itself first at the primary producer level fol-
Lowing a reduction of nutrient levels in the water column
by forcing the succession of phytoplankton populations
from relatively large centric diatoms to small phytoplank-
ton. A very similar course of events is induced either by
pollutant stress, by reduced vertical mixing in the enclos-
ures, or during times when nutrients are depleted or
during low light conditions, in the naturaL environment.

2.

3

Although these hypotheses suggest that we have gained, through
the use of enclosures, some general ability to predict the effects of
certain pollutants, the actual rnechanisrns controlling the observed
changes are still inadquately understood. This inadequacy is relat-
ed to the fact that many pollutants, once introduced into enclos-
ures, act simultaneously on all components of the system, making
it difficult to establish specific causes for the observed changes.
For example, it could not be determined whether the detrimental
effect of mercury on herbivorous zooplankton was a direct effect
of the pollutant on the copepods or was due to changes in their
food which also resulted from the pollutant  Sonntag and Greve
1977; Grice et al. l977; Beers et al. L977!. Similarly, observed
changes in phytoplankton species composition following pollutant
introduction may be a direct effect on the phytoplankton or it may
be a result of differing grazing pressure due to the pollutant's
effect on herbivores

There is another consideration in interpreting observed popula-
tion changes in enclosures, following their exposure to pollutants.
This relates to the difficulty of distinguishing population change
due to stresses caused by the reduction of advection and turbulence
from changes due to stresses caused by the pollutant  von Brockel
1982!.
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NATURAL COMMUNITIES

As indicated earlier, many of the observed effects of pollutants
on plankton communities in enclosures are similar to those that oc-
cur in nature in response to changes in light, nutrient availability,
turbulence or possibly predation. Thus, to explain fully the re-
sponses of plankton to pollutants that were observed in previous
experiments and in future enclosure experiments, major efforts
should be directed at understanding natural rnechanisrns that con-
trol the structure and functioning of pelagic food webs. Predators,
such as larvae and juvenile fish, should be integral parts of these
experiments because recruitment processes and the success of year
classes of cornrnercial species are related to both trophic interac-
tion and physical processes.

Because enclosed water columns can be well characterized bio-
logically, they off er unique opportunities to examine natural
stresses that are exerted at the bottom and at the top of plankton
communities in nature. Manipulations of the lower trophic Level
 phytoplankton! can be induced by physical  light, turbulence! or
chemical  nutrients! means while alteration of higher trophic levels
can be carried out by introduction or removal of predators  fish
larvae, invertebrate predators!. Thus, food chain responses to
"bottom up" and "top down" control strategies can be evaluated.
Some preliminary experiments using naturaL stresses have already
been conducted in CEPEX  Grice et al. l980; Harris et al. L982!
and Loch Ewe  Steele and Gamble L982! enclosures. Not only will
these contribute to pollution related experiments, they will also
provide insights into topics of current biological oceanographic
importance such as food chain efficiency, fisheries recruitment and
levels of harvestable yield.

The types of work that can be conducted on natural plankton in-
clude the following:

The ability to experiment with a multi-trophic and inter-
acting food chain provides opportunities of investigating
production processes, food chain efficiencies, species in-
teraction, predator-prey dynamics--alL in a well-charac-
terized biological environment. As an example, the spring
bloom of phytoplankton with its resulting food chain rami-
fications can be simulated  Figure 2!. This can be seen in
the sequential upward propagation of a biomass maximum
over a 30-day period.
Cohorts of copepods and other zooplankton can be gener-
ated by appropriate stimulation of phytaplankton, thus
permitting the estimation of population parameters such
as recruitment, stage residence time, mortality, genera-
tion time and secondary production.
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Figure 2. Results of simulation of spring bloom and subsequent
food chain events in a CEPEX bag through nutrient addition on day
three.  Modified from Figure 27-1 in Harris et al. 1982.!
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Trophic factors relating to cause and persistence of mi-
croscale patches of plankton can be evaluated.
Growth and processes affecting recruitment of fish larvae
under defined conditions can be quantified.
Plankton models can be tested and predictive models vali-
dated.

3.

5.
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Should We Know the Fates of
Pollutants?

Michael E. Q. Piison
Graduate School of Oceanography
Llniversity of Rhode Island
Narragansett, Rhode Island 02882

The title of this paper is a rhetorical question. The answer is
YES,IVly purpose in using such a title is to draw attention to what I
believe has been a relatively neglected part of the general problem
of attempting to understand or predict the effects of pollutants in
the coastal and oceanic marine environment. While everyone pro-
fessionally involved with this problem is aware that knowing the
effects requires a prior knowledge of the exposure concentrations
to be expected, it is my impression that most experimental re-
search directed towards the study of pollution has focused only on
the study of effects. In this category I place both conventional
bioassays and the study of effects in whole ecosystems, as done at
the Marine Ecosystems Research Laboratory  MERL!, and by others
in other ways. Much less ef fort has been devoted to an analysis of
the fates of substances that might enter the marine environment,
so that we are woefully weak in our ability to predict the exposure
concentrations that might realistically exist for a given discharge
into a body of seawater.

My aim is to point out the primary importance of determining
the fates of pollutants. If we do not know what happens to a par-
ticular substance, we cannot design an appropriate bioassay, far
less carry it out. The necessity of finding out where substances go,
or may go, is well recognized  e.g., statement of Hurd in O'Amours
1982!, but has not been adequately addressed, perhaps because of a
perception that we do not have the technicaL capacity to do it very
well.

It has been estimated  Gunkel and Gassmann 1980! that several
tens of thousands of papers have addressed the effects of petrole-
um in the marine environment. Many of these, of course, have de-
scribed the results of gross oiling of birds, etc., but a large a.nd
mercifully uncounted number have reported experimental results
 " Effect of petroleum hydrocarbons on the photosynthetic rate
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of...," etc.!. hAany hundreds or thousands more papers have report-
ed the effects of numerous other pollutants on many species, life
history stages and physiological processes.

In reviewing some portion of this literature  Olsen et al. 1982!
we noticed a frequent neglect of the physiological and ecological
relevance of the experimental concentrations employed. This is, of
course, especially evident in bioassay experiments where the re-
sponse is reported on the basis of the amount of petroleum poured
into an aquarium, even though most of the oil floated on the sur-
face or evaporated. The difficulties are seen to be more subtly
pervasive, however, when it is realized that most of the petroleum
entering, the coastal marine environment is actually from urban
runoff and discharge from sewage treatment plants  Olsen et al-
l982! and is generally in a partially weathered and particle-bound
state, but that very little attention has been devoted to experi-
mental study of the effects of hydrocarbons in this condition.
conclude from this evidence that, in the marine literature at least,
there has been too frequently a lack of focus on the need to estab-
lish realistic exposure states and concentrations for the substances
of interest.

No doubt there are many reasons why so little attention has
been paid to the fates of substances in marine waters, in compari-
son with the situation in lakes and rivers. It is easy in concept
 however difficult in practice! to construct mass balances of sub-
stances in lakes  Figure I!. One has measurements of the volume
of the lake, the flows of water in and out, and the necessary con-
centrations, and can therefore estimate the inputs and outputs.
The lake can be thought of first as a simple chemostat, and then
one can add to the analysis such features as the development and
temporal behavior of the therrnocline, uptake and release by sedi-
ments and transport by organisms.

The coastal marine environment is much more difficult to rnod-
el, because so much of it is open to the vast ocean adjacent  Figure
1!. The exchange of water is affected by fresh and salt water rnix-
ing processes, winds, tides and ocean currents. Even in relatively
enclosed bays and estuaries the combination of tides and two-layer
flow makes it difficult or, at the very least, expensive to measure
and calculate the parameters of the basic hydrologic regime, need-
ed to assess accurately the dilution, mixing or transport of sub-
stances discharged into the bay. In favorable circumstances it is
possible to use the salinity of the water as a tracer, so that sub-
stances coming in with the fresh water are assumed to be diluted
by a factor calculated from the salt content. This wor'ks for sub-
stances showing "conservative" behavior; that is, they are not act-
ed upon by any process except the mixing of salt and fresh water.
Most substances of interest in the context of pollution studies show
non-conservative behavior, however, caused by one or many proc-
esses acting on each substance  Table l!. In the last two decades it
has been popular to spend large sums of money to develop rnath-



U DO0 0 0 0
W

a

LIJ



57B I Mesocosms and Field Systems

ematical models, the intention being to predict the fates and ef
fects of substances. According to Platt et al.  l981!, whole ecosy~
tern models have by and large not fulfilled the expectations of
those who have funded them, and, with some limited exceptions, it
seems we are not yet in a position to use them for predictions and
management decisions. The building of such models is both useful
and necessary; their greatest value is that they make us think pf
the important processes and interactions, and realize where it is
that we most need quantitative data

Table l lists processes that might act on some substance. Their
complexity, their rates, their interactions, their dependence on
temperature, salinity, sediment type or on the type of ecosystem
involved, are simply staggering. The difficulty of obtaining quanti-
tative information on the rates of each process measured in the
laboratory one at a time, and on the many physical equilibria iri-
volved, and of extrapolation to the field, ensures that we can never
have a perfect prediction of the behavior of any substance in
coastal marine waters. However interesting and valuable in them-
selves, studies of individual processes in all their complexity will
not easily enable us to make quantitative predictions of the trajec-
tory of any average molecule in time and space.

Table l. Processes that can affect the corieenrrttio of a sub-
stance entering the coastal marine environment.

Mixing and advection

Evaporation

Uptake by sediments, or release by sediments
 a! Directly
 b! Via particles in water column

Biological uptake and transport
 a! %ithin water column
 b! Yo sediment

Photochemical transf ormations

Chemical oxidations

Biochemical tfansformations, in water column or sediments
 a! Total oxidation
 b! Production of new structures
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To know what will ~reall happen to some substance discharged
into marine waters, there is probably no perfect substitute for do-
ing the real experiment. Discharge the substance. Then we will
have a chance of knowing, provided that a great deal of effort is
put into following the substance in question. The technical diffi-
culty of this approach is not always appreciated. Despite decades
of investigation, we still lack, for example, a well-constrained bud-
get for total fixed nitrogen in any estuary or other body of marine
water  Nixon and Pilson L983!. If we have so far not done better
with a substance of such wide general interest, what hope do we
have with some other individual pollutant, perhaps not yet studied
at all?

An additional difficulty with doing the experiment in nature is
that a number of our past experiments of this type  e.g., methyl
mercury in Minamata Bay, japan; DDT in California coastal
waters! have brought us considerable grief. There were horrible
illnesses and deaths of people who ate contaminated shellfish in
3apan, and pelicans were nearly eliminated from the coast of
southern California- Few people would advocate that these experi-
ments be repeated.

Despite the many difficulties, we need some way to acquire at
least a reasonable estimate of the possible fates of the many sub-
stances that are now discharged or may be discharged in the fu-
ture. Without reasonably well-informed estimates of the fates of
substances, it does not seem possible to predict exposure concen-
trations and consequent effects on the ecosystem. ln the simplest
case, that of a conservatively acting substance, the primary re-
quirement is a good approximation to a three-dimensional hydrody-
narnic model, For the great majority of substances of interest,
however, the other transport and transformation processes will
often dominate. For these it seems that both guesses and esti-
mates based on physical properties  quantitative estimates of par-
ticle reactivity, ease of metabolism, fat solubility, etc.! combined
with direct experimentation are necessary. Since the experiment
in nature is generally undesirable or unsatisfactory, the laboratory
information needs to be supplemented by direct experimentation in
living models of nature.

In the last several years it has been demonstrated that it is pos-
sible to maintain a considerable realism in various enclosed experi-
rnental marine ecosysterns, and because of this I believe the ap-
proach has come of age, or nearly so. Microcosms  Ciesy 1980! or
mesocosrns  Grice and Reeve 1982! of marine ecosystems can, in at
least some circumstances, be used with confidence to examine
chemical and biological processes in coastal waters. Following is a
series of examples from the systems I know best.

At MERL, we have set up living models  rnesocosms! of the
coastal marine ecosystem  Figure 2!. These systems have been
studied extensively for several years  Pilson et al. 1980; Pilson and



!- 4
IX K
K O

x0

Al
R

O
a us

C
0 0

o Pl
I ~

C4

&, E
tJ

O Q

vl
O

IA

V ~

C pg
0vw

OJ W
8 Q,Q

0
Q,w
X 0.-

0 ooE'
C

+' aOz

o 0 5
5~ZI

~Qp
p W

C ~W
W

h~ OV

+ c~
<n

~ V
C M
td bO Q

V 0
0~~
N 0
>Wg
E �

P V
9

Q
C

eO
E g

Q r5
Z

VDW

I Q w
0~~

& '~ O
0 ~e

C C
0

4 g
UV~
CPA p
B

e<-
U

V
C 'v

>vi

ob

eOC 3



Fate of Pollutants / 581

Nixon 1980! and they have shown a. remarkable fidelity to the adja-
cent reference system, Narragansett Bay, R.l. For example, the
nutrient concentrations in the systems follow the sa.me pronounced
annual cycles that are observed in the bay. This is demonstrated
for phosphate in Figure 3. The dynamics of nitrogen and of silicate
are different, but bay-to-tank comparisons are equally convincing
 Pilson L952; Pilson et al. 1980!.

From data such as those in Figure 3, I conclude that the sum
total of all the processes that poise the phosphate concentration in
the bay must operate in a remarkably similar and apparently nor-
mal way in the MERL tanks as well. Many processes are known or
thought to be important in the cycling of phosphorus. These in-
clude uptake by each of the 70 or more species of algae identified
in the systems, feeding and excretion by zoopLankton, transport by
fecal pellets to the sediments, remineralization by benthic organ-
isms, transport in particulate form into the sediments by bioturba-
tion, remineralization at depth, adsorption and desorption by sedi-
ment particles and release back to the water column. These proc-
esses must all be working at normal rates, or at least their net bal-
ance must be normaL. These tank-enclosed systems are living mod-
els, and to a considerable extent they appear to recycle the nutri-
ents as necessary.

It is not only the nutrient elements that are appropriately
transported and recycled. Santschi and his co-workers have rneas-
ured the haLf-removal times of several metals from the water col-
umn in the MERL tanks, compared with balf-removal times pre-
dicted from investigations in Narragansett Bay  Figure 0!. The
predicted and observed values are remarkably similar. The rernov-
al of at least some particle-reactive substances is related to the
flux of sediment particles through the water column. In Narragan-
sett Bay this varies from time to time by a factor of nearly 100. It
is somewhat less variable in the tanks, but in the tanks as well as in
the bay it is much greater in the summer than in the winter, appar-
ently because of the activities of benthic organisms. Some metals,
of which manganese has been the most studied, exhibit a large
transport in a dissolved form from the sediments to the overlying
water and they are apparently recycled back to the sediments in a
particulate form  Hunt and Smith 1980!.

We have measured many parameters that define the state or
function of the ecosysterns in the MERL mesocosms. Although
there are a few exceptions, which provide some insight into the
ways that rnanne ecosystems operate, it has been for the mast part
difficult to distinguish the ecosystems in the tanks from the eco-
system in Narragansett Bay  Table 2!.
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Figure 3B. Concentrations of inorganic phosphate observed weekJy
in MERL tanks, compared with concentrations observed at the GSO
dock. Average values from three control tanks are plotted for
each week. These tanks were run with a flow-through of bay water
sufficient to replace the volume in 27 days. Average values for
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are also plotted. The same three tanks were on floe-through from
August through September, and comparison with the controls pro-
vides an indication of inter-tank variability.

Figure 3A. Concentrations of inorganic phosphate measured week-
ly at or near the Graduate School of Oceanography  GSO! dock in
lower Narragansett Bay, through the course of several annual
cycles �972-73 data from S. Nixon and 3. Kremer, pers. communi-
cation!. Our present understanding of phosphate dynamics is not
sufficient to enable us to predict quantitatively the concentrations
observed, but the annual cycle is fairly well defined and evidently
is constrained by processes that show considerable seasonal regu-
larity  Pilson et al, 1980!.
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TabIe 2. Features of the chemical and biological processes and
concentrations observed in the "A E R L rn esocosrn s and
Narragansett Bay. In every case noted the mesocosrn values
appear to lie within the range of values observed in the Ray, or the
qualitative evidence does not seem easily distinguishable.

Nutrient concentr ations

Annual nutrient cycles

Metal concentrations

Annual metal cycles

Photosynthetic production

Respiration - water column

Respiration - benthos

Phytoplankton species and biomass

Zooplankton species and biomass

Benthic species and biomass

Sediment mixing rates

Sediment-water exchange rates

If most of the natural geochemical rate processes that we
know, including transport to the sediments, proceed in the rneso-
cosms at rates within the observed range of rates in Narragansett
Bay, then it seems reasonable to suppose that the transport and
fates of more exotic pollutants can also be investigated in the
mesocosms.

One example of such a study is an experiment we carried out
using radiocarbon-labeled benzanthracene  Hinga et al. 1980!-
added about l rng of the material to one tank, and followed the
radio-tracer label for about 200 days  Figure 5!. During the time it
remained in the water column the benzanthracene was rapidly me-
tabolized to CO > Some also appeared in other metabolic products~
and the fraction of parent compound or other products was meas-
ured in phytoplankton and zooplankton as well. However, the total
material not metabolized to CO > rapidly left the water column and
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SUMMARY

Studies of pollution in the coastal marine environment have em-
phasized the investigation of effects, to the considerable neglect
of fates. Knowledge of fates is, however, a prerequisite to the
study of effects.

The fates of substances can be predicted to some extent by an
analysis of the physical, chemical and biochemica1 properties of
the substances. In addition it is now technically possible to carry
out apparently realistic studies in living models of the coastal ma-
rine ecosystem. The experimental study of model marine ecosys-
terns is only in its infancy, and there is much to learn both of the
processes that control the functioning of such systems, and of the
fates and effects of substances in the coastal marine environment.
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Utility of Mesocosms to Assess Marine
Pollution

Percy L. Donaghay
Graduate School of Oceanography
University of Rhode Island
Kingston, Rhode Island 02881

INTRODUCTION

Marine mesocosms have considerable potential for assessing
pollution effects. In contrast to field studies, rnesocosms provide
sufficiently contained marine ecosystems to allow the experirnen-
tai manipulation and repetitive sampling necessary to permit fate,
exposure and effects assessernents and to allow elucidation of con-
trolling processes. The ability to manipulate and replicate these
systems allows for valid experimental designs and the testing of
models about pollutant fate and effect, and ecosystem function.
The major disadvantage relative to field studies is the need to as-
sure field validity of the systems. In contrast to laboratory
studies, rnesocosrns permit simultaneous measurement of fate and
effects at the ecosystem and all other levels of organization, en-
suring that the response parameters can be significant at the eco-
system Level. The general applicability and validity of the results
can be increased by measuring fate and effect over seasonal cycles
or by manipulating the mesocosrn to enhance the diversity of envi-
ronmental conditions. The major disadvantages of mesocosms rela-
tive to laboratory studies is how best to measure ecosystem re-
sponse and how to detect effect against the background of natural
variability  both are also field problems!.

In attempting to evaluate how well mesocosms have achieved
their potential, it has become clear that the utiLity of these sys-
terns has depended on selection of appropriate mesocosm systems
and experimental designs, and the degree to which an interdisci-
plinary effort is used to elucidate the processes controlling the be-
havior of the system and pollutants within the system. Further-
more, it appears that there is considerable uncertainty on the part
of the scientific and administrative communities as to the most ap-
propriate rnatch of system design, experimental design and inter-
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disciplinary effort to solve a given pollution problem  manse I9g2!
It is therefore the objective of this paper to try to define the ad
vantages and limitations of existing systems and experimental de
signs, and subsequently to consider how combinations of existing
and potential systems and experimental designs could be used to
address unsolved marine pollution problems. lt will not be our ap
proach to review every mesocosrn experiment, but rather to discuss
those that illustrate a particular point.

SYSTEM DESIGN

The term system design refers to the physical structure of the
model ecosystem and the ability of water, organisms and pollutants
to move from compartment to compartment within the system.
Since the behavior of coastal ecosysterns  Nixon l982! and the fate
and effect of pollutants within those systems  Santschi l982, for
review! appear to be strongly affected by the degree to which ver-
tical physical structure or mixing depth limits the interaction of
planktonic and benthic processes, our classification of system de-
signs is based on the degree of pLanktonic-benthic coupling  Figure
1!. It is our contention that this difference is more important than
differences between land based or floating rnesocosrns. Throughout
the foHowing discussion of system design, we will consider physical
system design, potential usage, the ability to define exposure and
control loading, and the field applicability of the design.

Single VeH-@lixed Benthic Coupled Sysh~
This system design involves a single mesocosm composed of a

well-mixed water column in direct contact with sediment and ben-
thos. The system can be run with or without seawater input and al-
lows direct input of pollutants. The fate and effect of added pollu-
tants and the behavior of the ecosystem are controlled by plank-
tonic and benthic processes and their interactions. Planktonic or-
ganism exposure in this system is controlled by the rate of pollu-
tant addition, the rate at which it is degraded or buried in the sedi-
ment and the rate of loss due to total degradation, volatilization or
washout. Exposure for all elements of the plankton will be identi-
cal as long as adequate mixing is maintained ta prevent spatial in-
homogeneities from developing. Exposure for benthic organism~
wiH vary depending on the route of exposure for a particular organ-
ism  via water column, sediment or interstitial waters! and the v«-
tical profile of pollutant within the sediment.

This system has been standard at the Marine Ecosystems Re-
search Laboratory  MERL! {Nixon et al. 1980!. It has been used fo r
modeling fates and effects of a variety of pollutants; it has also
been used in a variety of experimental designs. The major advan-
tages of this system are  I! the applicability of results to a wi«
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TsesisMERl 1077Plankton

Increased 120%Phytoplankton, as
Chlorophyll a

Bacterioplankton Abundance
Ciliate Microzooplankton

Biomass
Mesozooplankton Abundance
Macroben thos

Total Abundance
A m phipod Abundance
Dominant Deposi t

Increased

Increased 200-300%
Changed Species

Com posi tion
Decreased 43%

Increased
No Effect

Decreased

Decreased 27%
Decreased 98%
S low Decrease 37%

Decreased
Decreased
Oil Contam-

inated
No MortalityBivalves Abundance

Meiof ana
Nematode Abundance
Harpacticoid Abundance
Ostracod Abundance

Decreased 4796
Decreased 5296
Decreased 100%

Decreased
Decreased
Decreased

variety of benthic coupled field sites as defined by extensive field
validation; �'! the capability for precise definition of loading and
exposure to all components of this system; �! the demonstrated
ability to define fates and effects, and �! the ability to manipulate
the system to define underlying processes.

The field validity of this system design has been extensively
tested both in terms of the similarity to field systems of ecosystem
function and in terms of the similarity of fates and effects of pol-
lutants. Major ecosystem components such as seasonal cycles of
nutrients and primary and secondary producer biomass and cornpo-
sition have been shown to be similar to those occurring in a benthic
coupled field system, Narraganett Bay  Pilson et al. 1980; Oviatt,
this section!. More importantly, major ecosystem processes have
been shown to be similar to the bay  Santschi, this volume!. Ex-
periments using this system design have been able to predict fate
and effect of pollutants in both Narragansett Bay and other coastal
systems {Gearing et al. 1979; Wade and Quinn 1980; Gearing et al.
1980; Elrngren and Frithsen 1981!. For example, Elmgren and
Frithsen  l982! have shown similarities between effects of the
MERL oil experiment and the Tsesis oil spill  Table I!. The striking
similarity of results is a good test of the field validity of these sys-
tems and indi.cates that rnesocosms can be meaningful and opera-
tional tools for predicting environmental effects of pollutants. The
oil rnesocosm study was not only able to predict the qualitative ef-
Table 1. Comparison of effects of oil as measured in the MERL oil
experiment and the Tsesis oil spill. Repr'nted from Elmgren and
F rithsen �982!.
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fects observed in the spill, but also provided the quantitative esti-
rnation of effect that is not obtainable from any field spill study.
The ability to estimate effect quantitatively was also dependent on
using the appropriate replicate experimental design. ln addition, as
pointed out by ELrngren and Frithsen  L982!, the mesocosrn study
suggested which elements in the ecosystem were most sensitive in-
dicators of effects and thus which factors should have been moni-
tored in the field. The abilities to predict effects quantitatively
and to define sensitive indicators are two major advantages of con-
ducting mesocosrn studies as an integral part of pollution assess-
rnent programs.

Single Stratified System
This system design involves weLJ-mixed top and bottom layers

separated by an unmixed thermocline, halocline or pycnocline  Fig-
ure L!. Only the bottom layer is in contact with the sediment and
benthos. This system can be run with or without seawater input to
top or bottom layers. Input of pollutants may also occur to either
layer. In contrast to the weil-mixed benthic coupled system, the
surface Layer of this system is dominated by planktonic and cross-
pycnocline transport processes. The bottom layer of this system is
dominated by interactions with the benthos and sediment and by
organic input from the surface layer  by settlement and vertical
migration!. Pollutants introduced into the surface layer are lost by
flocculation, sedimentation and photodegradation, and by biotic up-
take, degradation and transport to other layers. Pollutants directly
introduced into or otherwise reaching the bottom layer will be par-
titioned between the lower water column and the sediments and
benthos. Photodegradtion and volatilization should be much less
significant in controlling fate in the lower than in the upper layer.
Once reaching the lower layer, pollutants will be introduced into
the surface layer at rates limited by cross-pycnocline mixing and
upward transport of biota. Exposure of organisms living solely in
the surface layer can be easily defined as in the well-mixed sys-
tem. Estimates of exposure for organisms residing in the thermo-
cJine, or for organisms migrating through the thermocline are de-
pendent on  I! detailed vertical profiling of pollutant distribution
over time in terms of concentration and bioavailability and �! de-
tailed definition of the patterns of vertical movement of organ-
isms,

The stratified system design has only recently been developed
at MERL  Donaghay and Klos 1953! to address specific questions
about the fate of ocean dumped acid waste  Brown and Kester
1983!. Experience indicates that the stratified systems have con-
siderable potential for  L! defining the fate and effect of pollutants
in stratified coastal ecosystems, and �! defining the importance of
verticaL stratification in controlling ecosystem and pollutant be-
havior. The ability to run comparative fate and effect studies in
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stratified and well-mixed systems could become very useful in de
veloping site selection criteria.

The field validity of these systems has not been as extensively
tested as that of the well-mixed systems. The biotic, physical and
chemical profiles developed in these systems are similar to those
observed in stratified field systems  Figure 2!  Donaghay and clos
1983!. The field validity of the fate results from these systems
has, however, been carefully evaluated by Brown and Kester  L983!;
half-lives calculated for the waste in the surface layers of the
rnesocosm were quite similar to the surface layer half-lives deter-
rnined at the ocean disposal site. The similarity of the mesocosm
and field results suggests that stratified mesocosrns may have the
field validity necessary for studying fate and effects of pollutants
in stratified coastal ecosystems. Additional tests are needed.

fn addition to providing evidence of the field validity of strati-
fied mesocosms, the acid iron waste experiment illustrates the
benefits of coupling field and mesocosrn studies. Prior field studies
of acid iron waste had provided estimates of rates of lateral dis-
persion not obtainable from mesocosrn experiments  Brown et al,
1983!. The mesocosrn experirne;its provided more precise esti-
mates of waste half-Lives than were available from the short period
the waste could be followed in the field  Brown and Kester 1983!.
More importantly, the mesocosm studies allowed definition of the
behavior of the waste in the thermocline and below, thus answering
questions raised in the field study as to whether vertical stratifica-
tion could retard the settling of the waste and thus alter its fate
 Brown and Kester 1983!. The rnesocosm study demonstrated that
although vertical stratification could retard settling of the waste
and thus lead to concentration on the pycnocline, the effect was
transitory: most of the waste was gone from the water column in
160 hours  Brown and Kester l983!  Figure 3!. The complex layered
structure of the waste in the pycnocline suggests that more than
simple physical gradients are controlling the distribution of waste
and therefore biological exposure in this zone. The steepness of
the biotic and pollutant gradients in the pycnocline  compare Fig-
ure 2a and Figure 3 at 6 hours! emphasizes the importance of
knowing the distribution of both pollutant and organisms in at-
tempting to assess exposure in stratified systems. Similar gradi-
ents for organisms and pollutants also need to be examined in the
field.

Single System without Benthic Coupling
This system design is intended to model fates and effects in

stratified deep water systems with no benthic coupling. Planktonic
processes are intended to dominate such syste~s. In such systems>
once a waste penetrates the pycnocline, it is effectively lost from
the system. This system design has been used at CEpEX  Me»el
and Case l977; Grice et al. f980!, Loch Ewe  Davies and Gamble
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f979! and at MER1  Figure I!. The criteria for this design are met
by existing systems only when great care is taken to ensure that all
sedimented material is removed from the bottom of the system be-
fore recycling can occur. If this condition is met, the pollutant
loading is extremely well defined since recycled products from the
bottom will have no effect on loading. In practice, this condition
can only be approached. As long as the system is well mixed, expo-
sure will be highly defined. Development of vertical physical
structures may result in altered exposure as in the vertically strat-
ified systems. The results from systems that meet the design cri-
teria are broadly applicable to non-benthic-coupled deep water sys-
tems.

The field validity of benthic decoupled systems varies consider-
ably depending on the duration of the experiment, system design
 bag or tank! and type of system simulated. The applicability of
large bag enclosures is covered by Grice  this chapter!.

KXPERMENTAL DESICN

The term experimental design refers to statistical design of the
experiments. We consider here the advantages and disadvantages
to mesocosrn studies of different experimental designs. The under-
lying tenet will be that scientific and financial resources for meso-
cosm studies are limited and therefore efforts must be made to
maximize the information gained and the statistical rigor of the
analysis while minimizing the number of systems analyzed. On the
absence of this constraint, replication at all levels is always desira-
ble.! Four different experimental designs have been used with ma-
rine mesocosms  Figure 0!. We will consider the nature of each de-
sign, its most appropriate usage, the statistical assumptions under-
lying usage, and the kind of statistical analysis that can be ap-
plied. ALL the experimental designs are compatible with all the
system designs described.

Single SystemThis design involves a single system without replication. Many
mesocosm experiments have been run using a single tank, bag or
other containment device The most appropriate use of this design
is to determine the fate of materials, that is, rates, routes and
reservoirs  see Santschi 1982 for review!. These experiments usu-
ally involve the spike addition of a material followed by a period of
intensive sampling to define the fate of that material. Many of the
experiments done in single systems have been tracer experiments
involving either radioactive tracers or trace levels of materials
 see Pilson this chapter, for review and examples!. Such experi-
ments assume that the contaminant input is a tracer that does not
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perturb the balance of the ecosystem, and that the tracer rapidly
reaches equilibrium with the existing components of that material
and therefore its behavior is identical to that of the existing corn-
ponents of that material. This assumption is currently being tested
by Santschi  personal communication!. If this assumption is not
valid, alternative experimental designs are required, Single system
experiments can be replicated by repeating the spike addition at a
later time. Without such replication, the results of single system
experiments are purely descriptive. One can define the time de-
pendent decay rates and pathways with detailed definition of sam-
pling error statistics. Under optimal conditions these errors can be
reduced to a few percent  see Santschi this chapter!. Such sam-
pling statistics should not be confused with the estimates of vari-
ability resulting from multiple experiments at one time or one ex-
perirnent repeated multiple times. Variability in decay rates be-
tween experiments run at the same time tends to be less than a
factor of 2; between experiments run at different times it tends to
be less than a factor of LO  Amdurer et al. 1982!. Large numbers
of temporal replications can provide excellent statistics as to the
range of possible fates and rates of removal. Repeating these ex-
perirnents under slightly different environmental conditions can
provide information on what processes are dominant in controlling
the fate of the material as well as an even better estimate of the
range of possible f ates and rates of removaL  Gearing and Gearing
1982!.

There have been a few attempts to use single systems to define
pollutant effects. Although such experiments can be useful in pro-
viding preliminary insights, effects cannot be statistically defined
because of the time dependent nature of biological variability. The
statistical problems are identical to those of field spiLL or dump
studies, but without the additional difficulty of following the ex-
posed system in the field. As in the field, detail.ed before and after
measurements cannot be used to solve this statistical problem.
There are still no controls.

Paired System %'ithaut Replication
Fate studies have also been run with paired systems composed

of a single treated system and a single control. In the oil fates
experiment  Gearing and Gearing 1983!, acid waste dump experi-
rnent  Brown and Kester 1983! and many of the CEPEX experi-
ments  Grice, this chapter!, the contaminant is often not present in
tracer quantities, but the intent is still to define the fate of the
material. For example, in the acid iron waste experiment  Brown
and Kester 1983!, the waste was purposely added at concentrations
similar to those observed during ocean disposal of the material.
The intent was not to trace the natural cycling of iron and other
metals, but rather to determine the fate of the waste under cur-
rent disposal practices. The objective of the single control in such
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experiments is to define effects of covariant parameters  such as
the effects of temperature, vertical structure, etc., on recyclng
and resuspension rates!. The normal procedure in such cases is to
follow in detail both systems over an initial period to demonstrate
whether the two systems track in behavior, and then to dose one,
The statistical validity of such a procedure assumes that diver
gence of the two systems would not increase in time.

As in the case of the single system, repeating the experiment in
time would be required for the statistical variability in rates and
fate assessment. With replication, the same statistical analyses
that were applied to replicated single systems couLd be applied, and
covariance anaLysis could be added. For example, in the acid iron
waste experiment, iron was observed to accumulate along, and then
gradually disappear from the thermocline following the dump of
acid iron waste  see Figure 3 above!. Since no similar accumula-
tion occurred at the same time in the control tank and since the
levels in the treatment tanks eventually returned to predurnp and
control Levels, it was clear that the accumulation on the thermo-
cline was waste iron, and was not due to some other factor altering
iron distribution in the tanks. The ratio of iron to chrorniurn was
also used to identify the origi~ of iron in the vertical profile
 Brown and Kester 1983!.

Despite the power of paired systems to define fates, their
power to define effects is very weak and depends on repetition of
the experiments. The statistics resulting from repeated sampling
of a single experiment  with single control and treatment! cannot
be substituted for repeating the entire experiment to define ef-
fects. For example, in the acid iron waste experiment, based on
sampling statistics from LO replicate benthic cores, there was a
statistically significant lower level of benthic rnacrofauna in the
waste treated tank �. B. Frithsen personal communication!. How-
ever, since these were not replicate tanks, the differences cannot
be uniquely attributed to the waste dump.

Repeating the experiment in time is a less powerful method for
detecting effects than simultaneous replicates. The ability to sta-
tistically detect effects is a direct function of the similarity of the
replicates as compared to the differences between treatments and
controls. Since mesocosrns run sequentially are less likely to have
similar biological and chemical character than those run at the
same time, greater differences between treatments and controls
are required to statistically detect effects. As a result, sequential
replication will almost always result in the inability to detect any
but the largest effects.

Replicate Controls and Treatments
Replication of controls and treatments provides the first statis-

tically rigorous method that we have considered for defining bot"
fates and effects. As pointed out in the earlier discussion of the
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oil experiment  Table L!, such experiments provide clear and statis-
tically quantifiable estimates of fate and effect. Because of the
requirement for multiple containers, the use of such experimental
designs has been limited. The major studies were the MERL oil ef-
fects  Oviatt et al. l983 and references therein; ELmgren et al.
1950! and the MARL sediment gradient experiments  Kelly l983;
Hunt and Smith 1983!. Both of these studies involved the compari-
son of three replicated treated mesocosms with three or more re~
licated controls.

Experimental designs ~sing replicated controls and treatments
have a minimum of statistical assumptions. Problems of system di-
vergencee and other types of variabiLity are directly measured in
both control and treated systems. Rigorous statistical testing of
fates and effects can be accomplished using standard analysis. Ad-
ditional statistical analyses can be run to determine whether the
natural variability between systems evident in the controls has
been constrained by the contaminant, as was observed in the oil ef-
fects study  Oviatt et al. 1982!. For such experiments to be gener-
alLy applicable, it is essential that they be run for at least one-half
year to allow assessment of differences in fates and effects due to
seasonal changes in biological and chemical activity. Despite the
fact that this experimental design provides defined statistics for a
given dose level, it provides no information about the sensitivity of
the results to slightly different dose Levels. For example, two dose
levels were examined in successive years in the MERL oil effects
experiments to provide some statistical evaluation of the steepness
of the dose-response relationship. Evaluation of the dose-response
relatonship can be more cost-effectively accomplished using gradi-
ent experimental designs {see below!.

Despite the statistical advantages of replicated control and
treatment designs, some practical problems are often encountered
in evaluating the statistical results. These problems are usually
the result of having to detect effects against a background of large
fluctuations in biotic and chemical processes and concentrations.
These fluctuations are not simply stochastic; they are the response
of the systems to seasonal fluctuations in light, temperature, nutri-
ents and other important environmental variables. Simple averag-
ing techniques may obscure major effects. For example, lags in re-
sponse of a few days between replicate tanks can result in such
large error estimates that only the largest differences are statis-
t c lly detectable. Solutions to these problems would appear to in-i a
volve a variety of more sophistcated statistical techniques. e
ppl cation of multivariate analysis techniques  multiple discrimin-

ate analysis and distance analysis! has been useful in statistica yi all

quantifying effects in spite of time Lag problems. However, such
rocedures have not revealed any effects that were not already ob-

pvious from a visual examination of the raw time series d  
et al. 1980!. The utility of such statistical techniques may be en-
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hanced in the future  I! by selecting measures of ecosystem re-
sponse that are less time variant than factors such as system struc-
ture or form of components, and �! by defining the frequency of
oscillation of important parameters to ensure that sufficiently fre-
quent data are collected to allow appropriate filtering of the time
series data before statistical tests are made. These problems are
not unique to rnesocosm work; they are the bane of most field work
and of monitoring in particular  see discussion by Smayda, Chapter
8!. Biologicai oceanographers are only now beginning to use such
techniques.

Single Gradient hoalysis
Single gradient analysis is a technique designed to determine

the dose response relationship of a pollutant with statistical preci-
sion rather than the fate and effect of a single dose level. The
technique depends on regression analysis to define the dose-re-
sponse relationship and to define the statistical confidence limits.
The statistical power of this analysis increases dramatically with
range of dose levels and the number of treatments over that
range. The range must be great enough that measured changes in
fate or effect over that range are much greater than the inherent
variability of the system at one level. At the same time, there
must be a sufficient number of treatments at intermediate dose
levels to define response between the extremes of no effect and
massive ecosystem failure. Increasing the number of dose level.s
also increases the statistical power of regression analysis. Early
application of single gradient analysis  Kuiper 1982; Grice et al.
1977; Menzel and Case 1977; Takahashi et al. I977! usually bad
only two or three levels of dosing plus one or more controls. Re-
gression analysis does not appear to have been extensively applied
to interpret these data, probably because of its limited statistical
power resulting from only a few treatment levels. In contrast, re-
gression analysis has been used extensively to analyse the results of
the MERL nutrient gradient experiment  currently in progress at
MERL and described by Donagbay et al. in prep.!. In this experi-
ment six dose levels plus three controls were used to cover the en-
tire range of antbropogenic nutrient loading to coastal waters  Fig-
ure 5!. In gradient analysis, replication at any given treatment
level is not statistically required, Replication at any given level
may be employed to meet specific research objectives. For exam-
ple, in the nutrient gradient experiment, multiple controls were
used to achieve better statistical definition of the dose-response
relationship at the lower end of the regression where effects might
be harder to detect  Figure 6!. In addition, multiple controls allow
definition of differences at any given level from the controls.
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The gradient approach requires the use of regression analysis
rather than analysis of variance to detect effects. !n order for
regression analysis to be effectively employed, the respose over
the rarbge of loadings must be sufficiently good to exceed natural
variability as defined in the controls. The response must also be
some smooth linear or curvilinear function of loading factor in
order to statistically define the coefficients of the dose-response
relationship. Analysis of data for the first 0 months of the nutrient
experiment  Donaghay et al. in prep.! indicates that both of these
conditions may be met for a variety of measures of ecosystem re-
sponse to nutrient loading. For example, total system respiration
increased as linear function of the natural log of loading  r' = .965!
 Figure 7a!, while macrofaunal abundance increased as a linear
function of loading  Figure 7b!. ln each case the variability be-
tween the controls is similar to that observed in previous experi-
rnents, but is a small fraction of the total response. ln other cases
such as zooplankton abundance, no clear response to loading can be
defined  Figure 7cII. The ability to define dose-response relation-
ships for different processes or functional components of the eco-
systems allows one to test statistically for differences in sensitiv-
ity to loading and to test hypotheses about dose-response relation.-
ships. For example, the differences between the responses of ben-
thic macrofauna and zooplankton  Figures 7c and d! contributed to
the statistical rejection of the hypothesis that increased nutrient
loading would lead to proportional enhancement of production or
biomass at all trophic levels. This hypothesis was also rejected be-
cause of differences between the dose-response relationships for
metabolic activity of various ecosystem components. For example,
planktonic respsiration increased much more rapidly with nutrient
loading than with benthic respiration  compare Figures 7a and 8!.
Further, the difference between the slopes of the dose-response
function for benthic metabolism as measured by 0 consurnpton2
and as measured by NH regeneration clearly indicated a change in
the fundamental nature of the metabolic processes occurrinq in the
benthos at nutrient loading levels of l6 x �0 m rnoles N rn day !
and above  Figure 8!. These abilities to define ecosystem level
dose-response relationships at both the organism and process level
and to test hypotheses concerning those relationships are the most
important advantages of gradient analysis.

The above example of benthic metabolic activity illustrates an
additional advantage of gradient analysis: the ability to define
boundary conditions for the operation of critical ecosystem proc-
esses. From a comparison of the two measures of benthic rnetabol-
isrn, it appears that an important boundary occurs between 8 and
l6 X �5-50 m males N m day !. Below that boundary, aerobic
processes could consume all organic inputs; above that boundary
anaerobic processes become very important, if not dominant. Both
the location and temporal stability of such boundaries can be very
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Figure 7. Response to nutrient loading as measured by  a! integrat-
ed total system respiration;  b! September macrofaunal abundance;
 c! average zooplankton biomass  excluding benthic polychaete lar-
vae!; and  d! September macrofaunal biomass. All values are for
the first four months of nutrient loading in a MERL nutrient gra-
dient experiment  June 1 to September 30, l982!.
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important since they can affect the biotic and chemical behavior
of the system. For example, as the importance of anerobic metab
olism increases, the chance of anoxic events increases and the de-
gree to which primary production is converted to fish decreases. If
the effects associated with crossing these boundaries are suffi
ciently undesirable, such boundaries may ser ve as critical end
points for managing loading. Any such management must also take
into account the steepness of the dose-response relationship as the
boundary is approached. For example, considerably greater risk
would be involved in exceeding a boundary condition if a cubic
rather than a linear dose-response relationship were involved. Such
power function relationships have been defined both in the field
 Mearns L981! and in the nutrient gradient experiment. lf properly
designed, gradient analysis experiments can provide estimates of
both the shape of dose-response relationships and the location of
boundary conditions.

Hypotheses concerning system responses that cannot be defined
by determining integrated or average valises can be tested with
gradient analysis if appropriate sampling design and interactive in-
terdisciplinary research approaches are used. For example, at the
beginning of the nutrient gradient experiment it was hypothesized
that eutrophication would not enhance diei or longer term oscilla-
tions to the point where direct or indirect toxic effects would be
induced. Routine sampling indicated that major oscillations were
induced in phytoplankton biomass, oxygen, nutrient flux and pH
 Donaghay et al. in prep.!. In the case of oxygen, these oscillations
were sufficient to exceed toxic levels for a variety of aquatic or-
ganisrns and thereby supply sufficient evidence to reject the initial
hypothesis on the basis of direct effects. Indirect effects were,
however, demonstrated only by using routine sampling to identify
possible effects, and then designing additional analyses and ex-
perirnents to measure them. For example, by late in the first sum-
mer of the nutrient gradient experiment diatorns had been excluded
from the intermediate level treatments and primary production
was severely depressed  discussed in detail by Donaghay et al. In
prep.!. This depression could not be explained by a lack of nutri-
ents, but was correlated with pH depression. Correlation suggested
that the depressed pH had sufficiently altered metal availability «
induce toxic or limitation effects. Non-routine chemical analyses
 involving measurement and modeling of metal speciation! and bio-
assay and transfer experiments were initiated. These analyses re-
jected a variety of alternative explanations and supported the idea
of pH induced changes of metal availability as the cause of the La«
surnrner phytoplankton changes,

The above example of detecting indirect effects illustrates one
of the greatest challenges in executing mesocasrn experiments in
general and gradient designs in particular. The challenge is to be
able to collect the routine data so necessary to defining average or
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integrated responses and the presence or absence of oscillatory
phenomena, yet at the same time remain sufficiently aware of
changes in the experiment to design and execute additional sarn-
pling or experiments to define mechanisms and effects, lt does
not, at this point, appear reasonable to suggest that these addition-
al analyses become routine because of the effort required for their
execution. The gradient design tends to increase this challenge
since it increases the number of systems on which the measure-
rnents must be made, and because it tends to increase the need for
such sub experiments because of its ability to dramatize deviations
from expected responses. The latter characteristic is the direct
result of the broader range of environmental conditions inherent in
using gradient analysis.

Experience with gradient analysis has thus far been very posi-
tive. However, it should be noted that experience is still very
limited, both in number and in iength of experiments. Problems
with such a design might be expected to increase as an experiment
continues since the divergence of replicate systems may increase
with time  Smith et al. 1982!. This tendency, however, may be
largely neutralized if, as has thus far occurred, the tendency for
nutrient loading to control ecosystem behavior continues to rein-
force itself by radically constraining potential behavior. Only the
continuation of this experiment and the conduct of similar experi-
ments will permit a rigorous evaluation of gradient analysis.

POTENTIAL MODIFICATION OF SYSTEM
AND EXPERIMENTAL DESIGNS

As we have seen from the preceding discussion, there is consid-
erable flexibility in system and experimental design that can be
taken advantage of to address specific questions. All of the meso-
cosm designs described in this section could be developed by con-
necting existing mesocosms in a series allowing flow of water,
organisms and pollutants laterally from one compartment to an-
other. The major technical problem in developing such serial sys-
tems will be to ensure that organisms as well as water will flow as
desired from one system to another and that all interconnecting
surfaces can be cleaned to prevent fouling. Here we consider the
advantages and disadvantages of further modifications of system
and experimental design. Many of these designs have been pro-
posed  See Parsons 1982 for examples! to more accurately simulate
particular marine environments. In evaluating the designs, the
potential benefits of their use must be balanced against the costs
in time and money for their development, testing and field valida-
tion. These costs can be expected to increase dramatically as new
systems develop from existing systems.
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Potential System Design
Benthic Cou led Serial Gradient 5 stem
This is a slight modification of the simple benthic coupled sys

tern wherein the outflow from the first mesocosm in a series is the
inflow to the next  Figure 9!. This design can be used to examine
the effect on higher trophic levels of changes in any rnesocosm
without allowing the activities of those higher trophic level organ
isms to alter the behavior of that rnesocosm. This usage is cur-
rently being explored to examine the effects of eutrophication on
fish larvae growth and survival without allowing the resultant Iu
veniles the opportunity to exert excessive predation pressure on
their food resources. Another potential usage of such a system
would be to model the downstream effects of a pollutant away
from the source. Such a system ~ight also be very useful in deter-
mining if the degradation products of a waste are more toxic than
the original waste or in investigating the process of waste differen-
tiation. For example, if a complex waste were discharged into a
coastal current, rapidly settling materials might affect the benthos
in the first mesocosm of the series, but planktonic effects of dis-
solved fractions might not be observed until later in the series.
For the first mesocosrn in the series, contaminant loading and ex-
posure are well defi~ed; for subsequent rnesocosms, loading is a
function of unused contaminant plus degradation and recycling
products from all preceding mesocosrns. Exposure is thus more
complex, but still definable. The field applicability of results from
such systems should be broad to moderate in well-mixed benthic
coupled systems. The flow rates used should begin to affect appli-
cability only at extremes where dilution begins to alter the fate of
the material. This latter property might be useful to study alter-
nate disposal practices such as controlling initial dilution to regu-
late flocculent transport of waste to the bottom.

Serial Gradient Stratified S stern
The stratified systems can be used to achieve the same objec-

tives in a serial gradient mode as in the benthic coUpled serial gra-
dient. The design allows one to model fates and effects in strati-
fied coastal systems dominated by strong longshore currents. Suc"
systems potentially result in longshore separation of the effects on
the benthos from those on the plankton. They also result in a
strong Longshore displacernent from the input site of the effects of
recycling through the thermocline. The field site applicability is
very narrow since the flow rates in the top and bottom layers rela-
tive to the rate of waste penetrating the therrnocline define t"e
loadings to varous parts of the system. This dependence could~
however, be very useful for understanding particular sites o«or
separating effects  as in the benthic coupled serial gradent sys-
tem!.
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Wind Driven U wellin Serial Gradient S stem
This potential system is designed to model fates and ef fects of

pollutants introduced into wind driven estuaries  Rattray L965! or
along coastlines dominated by upweliing. The system is composed
of at least three tanks, one being well-mixed and the others strong
ly stratified by temperature. Sea water input would occur predorn
inantly in the bottom layer farthest downstream from the well
mixed  or upwelling! tank. Additional inputs to the surface layer
could occur if it were desirable to mimic entrainment of surface
water along the length of an upwelling plume. The density struc
ture in each of the stratified tanks would be maintained solely by
temperature; cross therrnocline mixing would be limited. Estima
tion of exposure and loading to individual parts of the system would
be complex, but still simpler than in thermohaline systems  see be-
low!. Results from the upwelling serial gradient system would be
broadly applicable to all such systems. Consideration of flow rate
would become site specific only at the extreme; as with the ben-
thic coupled serial gradient system, the only rationale for use  in
preference to a single well-mixed or stratified design! would be to
test for downstream effects.

Therrnohaline Driven Estuarine Serial Gradient S stem
This system design is intended to model fates and effects along

complex physical gradients typical of thermohaline driven estu-
aries. The major feature of such a system is a physical mixing gra-
dient ranging from well-mixed to highly stratified as one moves
downstream. This gradient is maintained by freshwater input at
the upper end and seawater input into the bottom layer at the
downstream end of the system. Such a system has been attempted
 Cooper and Copeland L973! but it is extremely complex in design,
operation and interpretation. It has all the complexity for defining
loading of the serial gradient plus recycling of contaminant from
downstream. The increase of salinity as one moves downstream
may radically alter the pollutant behavior in terms of both fate and
effects The behavior of the system and of a pollutant in the
system will be very sensitive to flow rates, salinity, temperature
and vertical stratification gradients downstream. As a result, the
field site applicability of results from any given system will be
extremely narrow and will be restricted to sites with the' given set
of characteristics. These problems could be overcome giver
sufficient time and financial resources.

Potential Experimental Design

Com Lex Gradient Anal sis
Complex gradient analysis is a potentially powerfuL, yet un-

tried, technique for determining fates and effects: it makes use of
a pair of single gradients Located at the bcmndary condition of a
second input gradient. Complex gradient analysis is designed to
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determine if the fates and effects of one contaminant are affected
by differences in a second factor such as degree of stratification or
eutrophication. These second factors often represent important
differences between dif ferent ecosystem types or sites, For exarn-
ple, the results of the nutrient gradient experiment suggest that
eutrophication might severely alter the sensitivity of ecosysterns

heavy metal pollutants. Since the effects observed should be
functions of both the system sensitivity and the loading of a metal
such as copper, the most appropriate experimental design might be
to apply a series of dosing levels of copper to one group of
rnesocosms receiving low nutrient loadings  P = I X, Figure l0! and

z
to a second group of rnesocosms receiving h>gh nutrient loadings
 P = 8 X, Figure IO!. The results from such complex gradient
experiments could not on].y be more broadly applicable, but could
also contribute to the solution of the dual problem of field-to-field
extrapolation and development of criteria for ocean disposal site
selection. For example, repeating of a waste dump experiment
 similar to the acid iron experiment of Brown and Kester I983!
along a mesocosm gradient of increasing degrees of stratification
and at two levels of nutrient enrichment would allow description of
the f ate and ef f ects of the waste at potential sites with varying
degrees of stratification and euthrophication. !n the northeast
United States, most potential durnpsites differ principally in regard
to these two parameters. The information could be critical to de-
veloping criteria for waste disposal sites. Complex gradient analy-
sis could also be used in development of better models and field
monitoring strategies. Such gains, however, must be balanced
against the need for performing experiments with large numbers of
rnesocosrns to achieve the same level of gradient resolution as in
single gradient analysis.

The assumptions inherent in such an experimental approach are
identical to those for a single gradient. In order to be the most ef-
fectively used, there is a need for information on the ecosystem
response to the second variable P . This might generally be

2achieved by having first run a single gradient experiment with that
variable. In the first example above, this would be the nutrient
gradient experiment. If the ecosystem responses to the second
variable are linear, or simple mathematical relationships, then ap-
propriate selection of P levels can reduce the variance in response
that is normally associated with the uncontrolled variance in P in
the ecosystem. This could be extremely useful if the ecosystem
response to P is very steep relative to our ability to measure or
control it in mesocosms. For example, variation in benthic nutri-2

ent flux between mesocosms might significantly contribute to dif-
ferences in plankton responses. Any addition of nutrients will tend
to reduce the magnitude of the effects of that inherent variability
simply because it will reduce the relative importance of the natu-
ral variability in flux to the total flux perceived by the plankton.
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SUMMARY AND RECOMMP.NDATIONS

ht recommendations can be made regarding the use of ma-
socosrns for measuring marine pollution effects.
Field validated marine mesocosms have now developed to
the point where they are ready to be used to measure rna-
rine pollution effects. lf appropriate systems and experi-
mental designs and research approaches are used, meso-
cosrns can meet the three criteria of meaningful measures
 valid experimental design, field validation and significant
response parameters at the ecosystem level!.
Mesocosms, which for many substances are the only tool,
should be used to define the processes that control the fate
of wastes and to identify classes of similarly behaving
compounds. Such fate studies can have sufficiently rapid
turnaround times  less than 6 months under good condi-
tions! to allow them to become a part of both short and
long term waste rnanagernent decisions.
Field validated marine mesocosrns should be used for defin-
ing both the fate and effect of materials that are highly
toxic and/or will be discharged chronicaliy and/or in large
quantities into the marine environment. These systems are
currently the only way to achieve a strict definition of
both the fate and effect at the ecosystem level. Effects
studies require significantly greater investment of time,
funds and integrated research effort than fate studies.
Field validated marine mesocosms should not be substitutes
for bioassays and chemical analysis as initial screening
tools for large numbers of chemicals  i.e., pre-manufactur-
ing licensing!. They should, however, be used to test the
validity of standard laboratory screening procedures for
protecting both species and ecosystem function. Such test-
ing can ac 'ebe hieved by comparing dose-response relation-

nents in theships defined for individual ecosystem components in t e
laboratory with the dose-response relationships for these
same species in the mesocosm and for the ecosystem as a
whole.

Eig
rine me

l ~

2.

3.

Statistical evaluation of fates and effect in complex gradients
would be by regression analysis as in single gradients. Additional
analytical power would come from use of factorial analysis and
from the inherent increase in replication present in this experi-
mental design. The use of these more sophisticated analytical
tools coupled with any realized reduction in natural var iabili. ty
caused by P  as above! could greatly increase the ability to define
effects.

2
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5. Field validated marine mesocosms should be used to help
resolve major analytical questions that affect our ability to
monitor for pollutants or to predict potential field sensitiy
ities to those pollutants. For example, the ability to con
struct mass balances in mesocosms allows one to determine
how important analytically undetectable degradation prod
ucts are as fates for a given compound and therefore how
much risk might be involved in using a monitoring strategy
to protect the environment against that compound, The di
versity of conditions possible in these systems might aiM
allow rapid and cost effective  i.e., single site and time! in-
tercalibration of analytical and/or biotic measurement
techniques where significant disagreement between meth-
ods exists, for example, metal speciation.

6. Although rnesocosms suitable for immediate use have been
developed, three questions still need to be addressed that
strongly affect the general applicability, analytical power
and cost effectiveness:  l! How important is system size
to the kinds of information derived? �! How can we irn-
prove measurements of critical ecosystem processes  and
what are those processes or elements!? �! How broadly
can the results of mesocosrn studies at one location be ap-
plied? Question �! can be answered by comparing results
of fates and/or effects studies run on systems of different
size. Questions �! and �! can be answered only by exam-
ining how the natural factors that vary between coastal
ecosysterns alter the behavior of those systems. The major
factors are nutrient loading, temperature  average and ex-
tremes!, predation and physical structure  stratification
and mixing!. These questions should be answered by care-
fully designed mesocosm experiments coordinated with
field studies of these environments. Some level of funding
should go to answering these questions while rnesocosms
are being used as operational tools to assess marine pollu-
tion problems. Our understanding of how these factors af-
fect critical ecosystem processes will form an essential
step to solving the dual problem of developing site selec-
tion criteria and extrapolating data from field site to field
site. Such studies could also increase the cost effective-
ness of both mesocosms and field sampling programs.

7. The need to compare the results of mesocosm studies with
field results will continue even after the field fidelity of a
given mesocosm design has been established. This should
not be viewed just as a search for possible artifacts of
mesocosrn studies, but rather as a tool to allow reinterpre-
tation of field data, to identify problem areas requiring
further research or to identify more sensitive field moni-
toring tools. Such field validation should be a joint cooper-
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ative effort of those running the field program and those
running the rnesocosrn studies.

8. There is a need for better coupling of mesocosm studies
with the development of mode}s and other analytical tools
to describe ecosystem response to pollutants and other fac-
tors. This will require more than the application of exist-
ing mode}s and statistical techniques  which have proved
inadequate!. The application of more process oriented
modeling and statistical time series analysis techniques
may be helpful. Ultimate}y, such models and analytical
tools will be invaluable in management of ocean pollution.
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INTRODUCTION

Pearson and Rosenberg �978! have recently reviewed benthic
field studies on the effects of organic enrichment and pollution in
the marine environment. Particular species were singled out as
useful in interpreting effects of pollutants  e.g., ~Ca itella spp.,
~Pld pp.,~Sbl i M 4 i ~SII i fili,Md
mastus ambiseta, P~~os do ~ele ans, Mulinia lateralis . Generaliza-
tions derived from a comparison of field studies and field experi-
ments were weakened by the confounding effects of organic en-
richment as a source of food for benthic species, versus the dele-
terious effects of reduced oxygen concentrations resulting from
high levels of organic matter in poorly flushed systems, in addition
to the often poorly defined effects of pollutants from multiple
sources, and of a variety of chemical species, that today charac-
terize most coastal marine environments. For this reason studies
at the Marine Ecosystems Research Laboratory  MERL! at the Uni-
versity of Rhode island have used replicated mesocosms to study
the effects of single pollutants on samples of the water column and
benthos taken from the middle region of Narragansett Bay. This
report discusses the separate effects of No. 2 fuel oil and organic
enrichment on benthic populations in the mesocosrns, and touches
on parallel studies on fluctuations in the source field populations at
Station l in mid-Narragansett Bay. The discussion focuses on fluc-
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tuations in density in a single polychaete species 'Aedjomastus am
biseta  Hartman 1947!, the dominant macrofavnal bent'nic species
at Station 1 and in The mesocosms. This focus demonstrates the
utility of analyzing the results of such exper jmental studies, and of
field studies as well, in terms of single species populations rather
than by the use of derived indices. It also highlights the gaps jn o�r
knowledge of the biology of this species, a species that appears to
be ubiquitous in shallow coastal environments on the eastern coast
of the United States.

It may be important to emphasize at the beginning that the jn
tention here is not to substitute 'Mediornastus arnbiseta for "Capi-
tella capitata" as a marine pollution indicator species in the sense
that the term was formerly used  Grassle and Crassle 1976! but
rather to point out the complexities in the responses of a single
species to single pollutants within the context of the whole com-
munity. Single species populations are sensitive indicators of
pollution only when one has a thorough knowledge of the biology of
each species.

MED1OMASTUS AMBISETA CARTMAN 1947!
SYSTEMATICS AND DISTMSUTION

In our benthic studies in %'ild Harbor, Buzzards Bay, New Bed-
ford Harbor and Narragansett Bay we have folLowed Hobson �97l!
in calljng the Mediomastus found in almost all samples from mud
and muddy sands Mediomastus arnbiseta  Hartrnan 1947!. The type
species for the genus is Mediomastus californiensis  Hartman 190'!
which Hartman �969! described as having hooded hooks in all ab-
dominal setigers. Hartrnann-Schroder �962! pointed out that
~Ca itita ambiseta  Hartman 1907! should in fact be Mediomastus
ambiseta. Hobson �971! examined specimens from Station R
rSanders 1960! in Buzzards Bay coiiected in 1969, and from Wild
Harbor  collected in October l969 and 3une 1970!. Hobson �971>
Figure 2c! showed M. ambiseta to have small subdermal eyes dor-
sally in the prostomiurn. The peristomium Lacks setae, segment»-
5 bear capillary setae, and the remaining 6 thoracic segments bear
hooded hooks. The largest specimens Hobson examined were 20
mm long and 0.3 mm wide and had & segments a "digitate caudal
appendage on the pygidium" was noted but not figured by Hobso~-
She noted that ripe females with eggs of maximum diameter 6o
yn were present in 3une and 3uly samples. Hartman �969! de-

scribed Mediomastus  ~Ca itita! ambiseta with 70 segments and "a
posterior end terminating in a midventral digitate process exceed
ing the length of the last three asetigerous segments. Last 25 or
more setigers with single long spines."

Hartman �969! illustrates a third species of this genus M.
acutus, a generally smaller species, with 69 or more setigers9 dis-
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tinguished by having the parapodia at the very posterior end of the
elongate abdominal segments, and a prostomium that is longer and
more acute than that of M. californiensis. In this species too "the
posterior end terminates in a long slender process." But Ewing and
D �981!h | h ~ai m . p.i p
ly synonymous with M. acutus. The genus Arnasti os was first de-
scribed by Piltz �977!. Ewing and Dauer 1981 provide a key to
identification of capitellid species occurring in Chesapeake Bay.
The species include both Mediomastus ambiseta and M. californien-
SLS ~

Rasmussen �973! has described yet another species of Medio-
mastus, M. ~fra ilis, from a variety of depths and sediment types
from the Danish Isefjord. In 1956 Rasmussen referred to this spe-
cies as Heteromastus filiformis  Claparede!,a species that also oc-
curs in the Isefjord. There seems no doubt that many of Rasmus-
sen's remarks on M. ~fra ilis  = H. fiBformis in Rasmussen 1956! do
indeed apply to a species of lAediomastus, and not Heteromastus,
since the number of thoracic segments conforms to the definition
of the genus Mediomastus. M. ~fra ilis in the  sefjord reaches a
length of 50-60 mm with more than l00 segments. Spawning oc-
curs during a very circumscribed period in early April when the
temperature reaches 6-7'C. Globular jelly egg masses  8 mm in
diameter! containing greenish-yellow eggs 100 pm in diameter
 notably larger than the coelomic eggs measured by Hobson 197 lj
in M. ambiseta! were attributed to M. ~fra 'lis. Rasmussen 1956,
Figure~23 has described the larval and early postlarval morphology
of the embryos contained in these egg masses; his figure shows a
recently metamorphosed juvenile with four thoracic setigers with
capillary setae, six setigers with hooded hooks, and a pygidiurn with
a "finely wrinkled anal cirrus with dorsally placed anus". Rasmus-
sen �973! described M. ~fra ilis as living in permanent vertical
sandy tubes and forming mounds of fecal pellets � that is, he in-
ferred a limited mobility for this deposit-feeder.

With the description of three similar species of Mediornastus
from inshore areas in the southwest and western United States it is
often difficult to know whether results of pollution studies report-ing dominant or subdominant abundances of M. ambiseta or M. cali-
forniensis, or even Mediomastus sp., are referring to the same spe-cies or to closely related species  Barnard 1970; Flint l931; Hollandet al. !973; Reish and Winter 1954; Reish 1956; Swartz et al. 1980!.
Most workers on the east coast have identified their Mediomastus
as M. ambiseta  Appy et aL 1980; Dauer and Simon 1976a,b;Grassle and Grassle 1974; Hobson 1971; Lizarraga-Partida 1974;Maurer et al. 1979; Rowe et al. 1982; Sanders et al. 1980! butEwing and Dauer �981! have identified both M. ambiseta and M.
californiensis from Chesapeake Bay. The sites represented in these
field studies range from the Bay of Fundy in Maine into the Gulf ofMexico to Tampa Bay and Ensenada Bay, |t is at present impossi-
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ble to say what the affinities are between animals identified as M.
ambiseta that have been reported, for example, from Passama
quoddy Bay in Maine  Appy et al. 1980! and from the San Gabriel
River in California  Reish l956!, or among M. californiensis from
Galveston Bay, Texas  Holland et al. l973!, from the type Locality
 Hartman L944! and from Chesapeake Bay  Ewing and Dauer 19gi!.

Sanders �960! reported small numbers of an unnamed capitellid
in dredge samples from Station R in 5uzzards Bay  the species
ranked twenty-second in numerical abundance and f ormed Q,L5+ of
the fauna!. Voucher samples from that study have been reexam-
ined and identified as M. ambiseta �.F. Grassle unpublished data!.
Whitlach  personal communication! has resarnpled Station R and
shown that there has been a general increase in the relative abun-
dance of M. arnbiseta over the last 20-30 years.

Studies on larval recruitment into azoic sediment in the shallow
Mediterranean  Guerin and Masse l.918; Masse and Guerin l978!
have shown that an unnamed species of Mediomastus is almost al-
ways present in relatively high densities, with Notomastus later-

,Pi ii 4~Pl p.i iii i iii% i
total individuals in all experiments regardless of the season at
which the sediments were exposed or the length of the exposure
period  Guerin and Masse 1918!, although the peak period of larval
recruitment was in May-june and 3une-August intervals  Masse and
Guerin 1975!. lt is now known  Hannan 1981! that benthic species
recruiting as larvae into off-bottom collectors of the kind used by
Guerin and Masse may not do so in direct proportion to their avail-
ability in the plankton or to the number recruiting to the bottom.
Cylindrical collectors may over-collect or under-collect certain
particles depending on the hydrodynamic regime and the intrinsic
properties of the particles, and certai~ species may survive prefer-
entially in the collector where the azoic sediment is enriched by
the fine particles of organic matter that also accurmulate there.

This discussion of the systematics and distribution of M. ambi-
seta and other species in the genus is intended to highlight the need
for giving priority to modern systematics studies as a key part of
all environmental studies. Uncertainty about species identifica-
tions within a genus such as Mediomastus is the most obvious prob-
lem. Since the species name is the only retrievable way of enter-
ing information about an organism into the scientific literature,
whether the information deals with physiology, biochemistry or
changing temporal patterns of distribution and abundance, misiden-
tifications mean that the efforts expended in gaining such informa-
tion have been totally wasted. Those who regard taxonomy
too expensive should consider the profligate waste of time and
money that has resulted from large scale environmental studies
where too little support was provided for good taxonomy. But we
need to go further in our systematics studies to determine the»o-
logical affinities between species that have been alloted the same
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species name. Our own studies on sibling species within the genus
~Ca itella  Polychaeta!  Grassle and Grassle 1976! have made it
clear that extreme morphological similarities may conceal clusters
of species that ecologically behave in extremely different ways.
Such clusters of species may be rather common among the opportu-
nistic polychaete genera  Crassle 1980!, and their existence should
be regarded as an opportunity for improving our understanding of
how different species exploit disturbed habitats.

TVfO RECENT FIELD STUIES

%'est Falmouth, No. 2 Fuel Oil
Following the 1969 spill of No. 2 fuel oil in West Faimouth Har-

bor, M. ambiseta formed an increased percentage �5-9596 of total
individua~ls of the benthic fauna at subtidai, but not intertidal, sta-
tions that received intermediate degrees of oiling in the summer
immediately after the spill. At some of these stations the densi-
ties were very high indeed, for example, 600,000 rn at Station 10
 Sanders et al. 1980!. This paralleled the dominance and high den-
sities of ~Ca itella sp. l at heavily oiled intertidal and subtidal sta-
tions. The dominance of M. ambiseta was still marked at some sta-
tions in the second summer following the oil spill, but was reduced
still further the following year. This study suggests that M. ambi-
seta Larvae, postlarvae and adults were tolerant of intermediate
levels of components of No. 2 fuel oil in the sediments  Sanders et
al. 1980! but also that the high densities of M. ambiseta were
favored not only by the low densities of other species of benthic
deposit feeders, but also by increased levels of organic rnatter
resulting from the decomposition of dead fauna and flora. AL-
though M. arnbiseta was not recorded at intertidal Wild Harbor
River stations from 1969 to 1973  Michael et al. 1975! it now
occurs at low densities at those same stations �.P. Grassle unpub-
Lished!. It is also common at stations in New Bedford Harbor �.P.
Grassle unpublished!, an area that is heavily impacted by PCBs and
heavy metal pollution.

Tampa Say: Remkaaization After Defaamatioo Fallowing~ a Red
Tide Bauer and Simon �976a,b!, in their study of sandy intertidal
sediments following substantial defaunation caused by a red tide of
G mnodinium breve, classified Mediomastus  ~Ca itita! ambiseta
with their Group IV species, polychaetes that became and remained
dominant throughout the second year of recolonization, especially
at the station just below mean low water. M. ambiseta first ap-peared in the samples 6 months after the defaunation occurred.
Bauer and Simon �976a! explained the earliest recolonization at
the shallowest station by ~Pol dora ~li ni as a result of early removal
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by wave action of "detrimental conditions � decaying fish, anaero
bic overlying water mass, sediments, etc.," but no assessment was
made in this study of the possible positive effects of organic en-
richment on facilitating the survival of postlarval juveniles of this
and other species such as M. arnbiseta. Earlier studies reviewed by
Pearson and Rosenberg �978~suggest that organic enrichment may
often play a role when M. ambiseta reaches high densities,  Barnard
1970; Lizarraga-Partida 1974; Reish 1956; Reish and %'inter l97g!.

MEDIOMASTUS AMBISETA IN NARRAGANSETT BAY

The source community for the benthos in the MERL rnesocosms
is brought from Station 1 in rnid-Narragansett Bay. Monitoring of
the communities there from 1976 to 1980 has confirmed that ',g,
ambiseta was the dominant species  or co-dominant with Nucula
annMata! for ali 5 years and at all seasons. The sharp declines in
M. arnbiseta densities in the summers of l977, l978 and l979 are
noteworthy  Figure l! and are discussed further below. Benthic
communities in control rnescocosrns have beeri very similar to
those at Station I and have replicated well, although densities of
individual species are often lower than in the Bay  Figure 2!. Sam-
ples from three stations spaced along Narragansett Bay  Provi-
dence River, Station I in the rii--ay and a lower Bay station! in-
dicated that while M. ambiseta is present at all three stations, its
peak densities occur in the mid-Bay.

MERL ME5CK:OSM EXPERIMENTS

Hfects of Lax Levels of No. 2 Fuel Oil on M. ambiseta Populations
MERL mesocosms have been used to examine the effects of No.

2 fuel oil on the whole community  Eimgren et al. 1980; Grassie et
al. 1981; Elrngren and Frithsen 1982; Vargo et al. 1982; Oviatt et
al. 1982!. In the first chronic addition experiment the average
water column concentration was 180 ppb over l68 days; in the sec-
ond the average concentration was 90 ppb over 122 days. In both
experiments M. arnbiseta densities were significantly reduced in
the three oiled tanks compared with controls  Figure 3!; there was
no recovery even I year after oil additions had ceased, and total
hydrocarbons in sediments were reduced to IO-2096 of the total 40
gm added  Elmgren and Frithsen 1982!. There was, however, a
clear difference between the two experiments. In the first, M. am-
biseta populations also declined in the control tanks. An exarnina"
tion of the stow-flow delivery of seawater designed to achieve a 3o
day turnover time in the mesocosrns showed that xooplankton indi-
viduals could avoid introduction to the mesocosms and escape
through an overflow device, and that the amount of suspended par-
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Figure 1. Density of Mediornastus arnbiseta populations at Station
1, Narragansett Bay from 3une 1976 to August 1980. Error bars
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ticulate rnatter entering the tanks was also reduced. Jt was theo
rized that this additional source of organic rnatter was cruciaJ for
successful recruitment of larval M. arnbiseta. In the second oil ex
periment in which seawater was introduced to the ITlesocosms by
intermittent fast flow, no decline in M. ambiseta populations in
control tanks was observed, dramatizing the significant effects of
the lower oil concentration  90 ppb! on the M. arnbiseta populations
in the oiled tanks.

A Shelrt Term OrganiC Addition Experiment
At the end of the second oil experiment we took the opportuni

ty to examine the effect of organic additions to three tanks  dried
AAbAII d dd*d 4 k t M yt 7 ly
18 at the rate Of J.II3 g d '!. We fOund inCreaSed reCruitment Of
juveni/e M. ambiseta in two out of three of the organic addition
tanks comparece with controls  Figure rr!. There was also increased
recruitment of ~pol dora ~li ni and amphipods to these tanks  Figure
5!. This suggested that the periodic summer declines in V. ambi-
seta populations in Narragansett Bay  Figure 1! might occur as a
result of respiration exceeding production during the high tempera-
tures of August  C. Oviatt personal communication!, and that this
effect could be mitigated by an increased input of organic matter
that could readily be assimilated by M arnbiseta postlarvae.

h4ERL MESOCOSM KXPERlMENTS: EUTROPHlCATlON

On 3une l, 198l, a eutrophication. experiment was initiated in
the MERL rnesacosrns. The benthic community introduced to the
mesocosrns was collected in May from Station I, Narragansett Bay,
and was dominated by relatively low densities of M. ambiseta
 the range in starting mean densities in nine experimental tanks
waS 10-29/5 cnl COre = 20,000 � 58,000 m !. Three tankS were
used as replicate controls; six tanks received six levels of nutrient
loading in a logarithmic series  xi, x2, x0, x8, xl6, and x32!, the xl
level approximating anthropogenic nutrient loadings in Narragan-
sett Bay  Donaghay, this chapter!. This experiment is still in prog-
ress, and not all cf the monthly benthic samples are analyzed-
Here we report on the effects of these nutrient additions on M.
ambiseta densities determined from just two 5 cm' cores taken
monthly from each tank and immediately Jive-sorted. Previous
sampling has shown that data obtained in this way for dominant and
codorninant species such as M. arnbiseta and Nucula annulata are
very simiJar to those obtained by the routine sampling and analysis
of ten 5 cm cores per tank per month. Figure 6 shows the almost
linear relationship between M. ambiseta densities in August and
September and the level of nutrient additions. This enhanced re-
cruitrnent of Mediornastus in the x32 treatment was already evi-
dent in 3uly samples taken only 63 days after the experiment was
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Figure 0. Organic addition  A. nodusum! experiment March-3uly
1979: density of bil. arnbiseta juveniles in control and experimental
mesocosms. Error ba~rs are � S.E.
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initiated. That is, there was no delay in the translation of the ef-
fect of increased primary production in the water column to the in-
creased recruitment and survival of M. ambiseta postlarvae. The
elevated density of M. ambiseta in the x32 treatment persisted on
into the fall and winter. The fraction of individuals in the largest
size category was higher in this treatment, and many of these indi-
viduals were much bigger and contained more gametes than any M.
ambiseta previously observed from Narragansett Bay or rnesocosm
samples. This increased individual growth and fecundity was
achieved at densities equivalent to approximately 800,000 m s,
higher than the highest densities reported for subtidai stations in
the first summer after the Vest Falrnouth oii spiB. Figure 7 graph-
ically illustrates that not all species respond in the same way to
the increased nutrient levels. At the highest nutrient level  x32!
the recruitment and survival of the two polychaete species ~Pol-
d ~Ri 6~Sbl i b Hi t' h M. TN 6
evident in the August samples, 00 days after the effect on M. am-
biseta was first noted. The elevated densities of S. benedicti in
this treatment appear to have persisted through the winter. On the
other hand there is no significant effect of nutrient level on re-
cruitment, survival or growth rate of Nucuia annulata. Previous
sampling in Narragansett Bay at the three stations in the upper,
middle, and lower Say had shown that peak densities in N. annulata
were found at the lower Bay station, and almost no individuals at
the Providence River station. Moreover, N. annulata did not re-
spond to the trial organic addition experimenttpigure $! with in-
creased juvenile recruitment.In the current eutrophication experiment MuHnia latera}is has
shown massive recruitment in a single tank with an intermediate
level of nutrient addition  xg!  Figure 7j. Although M. iateraiis isll-k I ti ly pp ' ' b' M p ' ~tt
lieved to respond positively to the effects of eutrophication, and
although a number of laboratory and field studies have been carried
out on this species  Boesch et ai. 1976; Calabrese 1969, 197+
3ackson 1968~ Levinton J,97/ Rhoads et al. 1978; Sanders l956,
1931; %ass 1965!, we have no good explanation for this response. 1t
may be-that the veliger larvae that were present in the tanks in
3uly could not survive in the extremely dense phytoplankton bloomspresent in the xi6- and x32 treatments. Previous safnplirig in Nar-
ragansett Bay showed that peak densities of hL laterails werefound at the upper Say  Providence River! station wh~ere an opo-
genic nutrient levels «pproxirnaie -the xS mq:!erimentai creatnmrat.
M. lateraiis.are patchily distributed in the rnesocxem benthos. The
apparently Qucbsatinl densities in Figure 7 reflect this patchiness
-which is exaggerated in theme two-core-per-tank data. $t does ap-
pear ivswewsr, that the high dewities of M. lateralls in the x8
treatrntmt have persisted at feast until the end of 2anuary 1 982.
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UFE HE%TORY DATA ON M. AMBl5ETA
PROM LNKNVETORY STUKMES

Mediomastus is a relatively fragile capitellid and needs careful
manipulation in the laboratory. It is, however, readily maintained
in static cultures under conditions similar to those used for ~C
tella sibling species  Grassle and Grassle i976!.

Rasmussen's i1973! description of Mediomastus ~fra iiis forming
vertical, semi-permanent sandy tubes and nearby mounds of fecal
pellets also describes the Life habit of M. ambiseta in the iabora
tory. The tubes of M. ambiseta that project above the secliment
surface are flexible, thin-walled mucus tubes, often covered with
fecal pellets. From this tube the caudal filament projects into the
water. It is extremely extensible and well vascularized in life and
fecal pellets are deposited in mounds a short distance from the
tube  the anus is at the base of this caudal filament!. In iaboratory
cultures the sediment is not more than 5 mm deep so the worms
perforce must feed "at the surface." When the sediment around
the tube has been exhausted  i.e., all the fine-grained sediment has
been pelletized! the worms move to another part of the culture
dish. Given the smaU size of M. ambiseta, their tube formation
and habit of farrowing fecal mac&!s with a projecting caudal fila-
ment, it seems unlikely that they feed at any depth in the field.

In Living mature worms it is possible to distinguish males and
females  males with some difficulty!. Mature females have the an-
terior abdominal segments crammed with eggs that are free in the
coelom. When these eggs are released into seawater they have a
diameter of 7> y rn. The number of ripe segments is very variable
but at a maximum these segments occupy tw~thirds to thref~uar-
ters of the total abdominal length. In fully ripe maies stellate
CluSterS Of sperm Can be Seen in the dorMi-lateral parts of the an-
terim abdominal segments. In cultures of ripe males and females
in the Lalxxatory we have -never observed or been able to induce
spawning. Nor have we obsmfed any jelly egg massgm of the kind
Rasmussen 09%! has attributed to M. infra ~ either in the labora-
toryp or in mesocosm samples

Et is possible te study fertilizaticm and Larval development in M-
ambisfeta by stripping ed ancl sperm from mature worms. FertUi-
zatkon and deve to a swimming trochophore larval stalP
MR3d F tk C. L f 4 *t f~fh dM
chriefs completed their pfanktonic development, settied and meta.

It«u-l1dy ~ HC. S ~ f
obsewved in the larvae after 7 days, ~y I~me had $-6 meta-.

Larvae had I 3 sgg~ts and sg~ settled' wNIc
others delayed as long as $ more days. At IS days the early set-
tling irxSvic4als had small camiak fBammts.- These juveniles grew
raptly in the laboratory. In one experiment we foL3nd a Ieoc~tion
time of 74 days at I~-
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Mature M. ambiseta are observed in the field in Narragansett
Bay and in the mesocosms in small numbers in April in some years,
but generally not until May. Recruitment first becomes evident in
samples sieved on a 0.3 mm screen in 3uIy in most years. Settling
larvae are about 250 ym in length, so many of these pass through
the sieve used to separate the macrofauna and are first seen in the
meiofaunal fraction. In 1978 some recruitment was seen as early
as April in one control tank, suggesting that ambient temperature
may not be the only cue triggering spawning. Attempts to induce
spawning in the laboratory by small, acute temperature increases
were never successf ul.

In the current eutrophication experiment recruitment into the
smallest size class continued into the sampling of October 20,
I981, suggesting that spawning, development and settling may con-
tinue under conditions of organic enrichment until the end of Sep-
tember. No detailed growth studies at different temperatures have
been carried out but the rapid growth of laboratory raised animals
at IS  a generation in 70 days! indicates that there is sufficient
time each year for some early recruits to grow to maturity and
spawn that same summer. Winter populations consist of animals
that are very variable in size and show no macroscopic evidence of
garnetogenesis until April or May. These populations include a
small number of MOld" indiViduals; by analOgy with Observations on
~Ca itella spp. individuals of known age, the blood of these animals
has lost its bright red color, and instead, small accumulations of
dark heme pigments are seen in the coelom.

Some samples of M. ambiseta from Narragansett Bay and from
the mesocosms included a high percentage of animals showing evi-
dence of regeneration at the posterior end, that is, foreshortened
abdomens with small caudal filaments. Observations on the frac-
tion of animals regenerating led us  Grassle et ai. 1980, Table 3! to
compare predation levels in the mesocosms and the 5eld. In 1975
SO-70% of mature M. ambiseta in June, July and August samples
from three control tanks showed evidence of regeneration. ln July
1979, only 0-8% of mature animals were found to be regenerating
in mesocosrn samples, and 9-1 l% in animals sampled from Station 1
Narragansett Bay. These differences in the fractitm of M. ambi-
seta regenerating were taken to be some measure «f the relative
intensity of one kind of predation on M. ambiseta-Leavy in the
mesocosms in 1978 and light in both the mesocosms and the Bay in
3uly 1979. Subsequent labf~tory ob.ovations on Ll. ambise& re-s ' NQI~G l, pal'~!l ~lit t
they are very rapi+ indeed At 25 C all worms, whether fed or
starved, whether gravid or not, whether the head was also ampu-
tated or not, regenerated a, new caudal filament witNn 48 hours.
After I week the worms also regenerated a number of small seti-
gers, more in fed than in starved worms  although the number of
expenmental animals was too srneii in these preliminary experi-
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ments to state that this difference was significant! and one or two
"segments" lacking setae  Figure 8!. At 1 week the abrupt change
in segment length in the regenerate makes it possible to identify
the worm as regenerating � the segment length in the new segments
is approximately equal to the width and approximately one-fifth of
the length of the original abdominal segments. But the process is
so rapid that it is unlikely that regenerating worms could be identi
fied after 2 weeks at these temperatures. Our identifications of
regenerating worms in 1978-79 were always conservative. For ex
ample, animals with possibly broken abdomens  i.e., with no posi
tive evidence of regeneration! were classed as non-regenerating, so
a finding of 40-70% of mature animals regenerating indicates in-
tense predation by a "nipping" predator species such as ~Cran on

f. Of

able on the Level of predation by predators that take whole worms.
In the gladden Sea Netherlands workers  DeVLas I979! have esti-
mated that posterior ends of another large capitellid, Heteromas-
tus filiforrnis, provided a significant, renewable  i.e., regeneration
occu~rs food resource for flatfish.

Biomass of Mediomastus jmeasured as decalcified ash-free dry
weight! was .50 + .17 g m in samples taken from four control

-2
tanks in 3une 1978  mean density was low at 22,000 rn = 1 I indi-

2 + 2 zviduals/5 cm core! and 1.71 + .38 g m in five 35 cm Bay cores
-2

 mean density was somewhat higher at 74,000 m !. Biomass
estimates f or the current eutrophication experiment will be
available from the MARL facility  Rudnick and Frithsen, personal
communications!. A species such as Mediomastus, that responds
quickly to elevated nutrient levels with high recruitment, good
postlarval survival, rapid growth, high fecundity and the capacity
to quickly regenerate parts of the body that are readily available
to predators because of its life habit, may be a significant food
resource to juvenile fish.

CONCLUSION

In separate mesocosm experiments we have shown that Medio-
mastus ambiseta populations were severely reduced by component~
of No. 2 fuel oil reaching the sediment as a result of chronic Iow
level additions, and that they did not recover within I year after
oil additions ceased. %e have also shown in two experiments that
M. ambiseta responds rapidly to increased primary production re-
sulting from elevated nutrient levels. The response include~ en
hanced recruitment and survival of postlarvae, rapid growt" to a
large maximum size, increased fecundity, and survival through the
winter at densities much higher than have been observed in the
source communities or in previous rnesocosm experiments with arn-
bient nutrient levels. These results suggest that when M. am»«ta
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densities are observed to increase rapidly in field studies under di~
turbed conditions  e.g., following an oil spill, at a sewage outfall
or following a natural defaunation event that included some organ
ic enrichment! that the primary cause is the increased amount of
readily available food. Where the source of organic enrichment
persists {e.g., in the vicinity of a sewage outfall! the dominance of
M. ambiseta may be expected to persist. Where the source de
clinchese.g., foilowing the West Falmouth oil spill! it is not surpris-
ing to find summer peaks in density that diminish over several
years. The occasional "natural" low summer densities for Medio
rnastus conversely may in fact be attributed to a lack of these crit-
ical food supplies for the postlarvae that appear in the benthos in
3uly, just as the time approaches when respiration often exceeds
production in these sediments  the "August effect"! {C. Oviatt per-
sonal communication!. The gradual increase in Mediomastus abun-
dance over the Last several decades in rnid-'Narragansett Bay and at
Station R in Blizzards Bay indicates gradual eutrophication. It
seems paradoxical that since this species is now one of the most
abundant macrofaunal species as a result of its response to increas-
ing eutrophication, sudden reductions in its abundance are the most
sensitive indicators of acute disturbance or pollution. Unlike
Mediomastus ambiseta, Nucula annulata is historically an abundant
element of shallow coastal communities in the northeast--its abun-
dance has not changed under the nutrient additions that so favor M,
ambiseta. Mesocosm experiments confirm the sensitivity of N. an-
nulata to low levels of No. 2 fuel oil, and a lack of response to ele-
vated nutrient Levels.

This discussion has not touched on competition between infaun-
al benthic species for space or food. ln the eutrophication experi-
rnent it is apparent that high densities of M. arnbiseta and Strebio-
~sio benedicti have persisted together through the winter in the
x32 treatment, while the initially high densities of ~Pol dora ~li ni
have declined. In the xg treatment Nucula annulata persists in nor-
mal densities together with exceedingly high densities of Mulinia
lateralis. We expect, as the nutrient additions continue through
the summer of 1953, and the tanks are then allowed to recover,
that it will be possible to examine the outcome with some interspe-
cific interactions in mind.

In this report we have focused on experimental mesocosrn stud-
ies on Mediomastus and how they help to explain the results of
field studies. We have merely touched on the very different re-
sponses of some of the other species. Laboratory studies on live
Mediornastus have increased our understanding of how this speci~~
makes its living although many gaps in our knowledge still exist
much better understanding of the systematics of this genus is re-
quired, most particularly studies that will indicate the genetic re-
latedness of Mediomastus ambiseta populations over its whole' re-
ported range. We still know very little about the spawning cues
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and actuaL mode of reproduction, although we have very good in-
formation about the time of year at which this occurs and the
length of time available for larval dispersal. We especially need to
know how M. ambiseta larvae and postlarvae are able to out-hustle
almost all other benthic species for organic matter that has re-
cently originated in the water column under conditions of eutrophi-
cation.

SUMMARY

Results of MERL rnesocosm studies on the effects of No. 2 fuel
oil and eutrophication on the dominant benthic species  Mediomas-
tus arnbieseta! in the mesocosms and in the source community in
mid-Narragansett Bay are discussed in the Light of previous field
studies that documented the effects of several kinds of environ-
mental disturbances on whole cornrnunities. M. ambiseta recruit-
rnent was shown to respond quickly and positively to increased nu-
trient levels in a way that suggests that increases in densities of M.
ambiseta in the field in recent years are due to gradual eutrophica-
tion. M. ambiseta populations were shown to be reduced by low
level, chronic additions of No. 2 fuel oil to the mesocosrns. ln situ-
ations where disturbance included both organic enrichment and the
presence of No. 2 fuel oil, and M. ambiseta populations reached
high densities  West Falmouth!, it is suggested that the positive ef-
fects of organic enrichment temporariLy outweighed the negative
effects of the oil. Comparison of the responses of other species in
experimental mesocosm studies and in the field indicates that con-
sideration of species one at a time, when the biology of those spe-
cies is well understood, is the most meaningful approach to study-
ing pollution effects. Carefully coordinated experimental meso-
cosrn and field studies will be meaningful only when accompanied
by studies on modern systematics and population biology of the in-
dividual species.
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Introduction:
Field Assessment of Marine
Pollution Effects:
The Agony and the Ecstasy

Donald F. Boesch
Louisiana Universities Marine Consortium
Chauvin, Louisiana 70344

Documented and quantified measures of marine pollution ef-
fects in the field  i.e., in nature! are ultimately the most conclu-
sive and, therefore, meaningful measures of pollution. Resolution
of doubts concerning the realism of experimental approaches in the
laboratory and in simulations of various scales--microcosms, meso-
cosms and field experiments � relies implicitly on field data. How-
ever, the ecstatic appeal of such defi~itive resolution is tempered
by agonizing limitations.Not the least of these limitations is that field monitoring is in-
herently retrospective, allowing effects of an activity to be ob-
served, but not predicted. Rolf Hartung discusses this dichotomy
between prospective, experimental approaches and retrospective,
observational approaches: there are distinct limitations to both,
and clearly they can be complementary. Hartung endorses a holis-
tic approach, integrating a variety of prospective and retrospective
methods. No one would seriously disagree with that recommenda-
tion. But how does one implement it? The impediments to such in-
tegration are cultural as well as conceptual. I will leave these is-
sues for the broader synthesis to follow. Rather, l will here outline
some other sources of agony confronting field assessments in order
to set the stage for the papers to follow, which, I believe, cast
some rays of optimism on the briars of our passion for field study.

Specifically, field assessments have generally been criticized
because of  l! generally weak or ineffective design  tbis is usually a
retrospective evaluation!; �! the difficulties in relating observa-
tions to specific causes; �! the difficulty in gauging the broader
importance of an observed modification to an ecosystem cornpo-
nent; and �! the difficulty regulators have in codifying the prod-
ucts of even the best field studies in the context of existing regula-
tions, and frequently even in subsequent actions.
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Field assessments have been criticized as basical ly unscientific
in that they involve only observation and not hvpothesis te,ting'
Many field assessment programs have not been clearly pl~oned t
address explicit questions. Moreover, many field programs were
not based on an appreciation of the dominant sources of natural
spatial and temporal variation, sornetirnes resulting in "controls»
that are in vastly different habitats. Once a monitoring prograr
has begun, there is a reluctance to change the design because of
the need for consistency, which may simply perpetuate initial mis-
takes. ALL too frequently, there is an implicit assumption that if
enough biological and chemical parameters are measured at the
same place and time, truth will mysteriously "~ge from statis-
tical analyses, liberally applied to bless the proceedings.

Roger Creen provides sound advice regarding the need to iden-
tify the purpose, question, hypotheses and underlying model for the
development of sampling and experimental designs. He asserts
that biologically defined objectives should dominate and determine
the statistics.

The variability of nature is legend. In simple terms, variations
in biological populations and rates of processes in time and space
constitute statistical noise from which the pollution effects must
be deciphered. However, some understanding of the causes, or at
least the patterns, of natural variation must be gained in order to
properly design sampling. It is not sufficient to treat natural pat-
terns merely as statistical variation. Nonetheless, there is always
the Lingering doubt whether causes other than the pollutant or hu-
man disturbance factor in question were responsible for an ob-
served biological change or difference. The variability of natural
systems and the resultant difficulty in relating observations to spe-
cific causes have brought into dispute the validity of the baseline
and monitoring approach  Gray 1976!. Such concern was one rea-
son, for example, for the abrupt termination of the Bureau of Land
Management's  BLM! extensive baseline studies of continental shelf
environments prior to oiL and gas development  Burroughs L981!
The lack of focus and simplistic assumptions of the BLAM baseline
studies were widely criticized by the scientific community, al-
though, in fairness, the prematurely standardized design of t"e
studies was based on the collective recommendations of the scien-
tific community � a scientific "tragedy of the cornrnon".

Notwithstanding its inherent limitations, the environmental
monitoring approach remains our ultimate "ground truth," and b't-
ter understanding of the causes of natural variations in space and
over long " periods is urgently required. Therefore Srnayda pr~
sents the results of his unusualLy long-term study of the plankt~~
community in Narragansett Bay. Plankton communities are n«or'
ously highly variable, and, for this reason, have often been «s-
counted as a useful subject of applied environmentaL monito~i~g
Srnayda's study illustrates that temporal variability of phytop»nk
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ton is indeed the usual, but can be related to env roo environmental factors
operational over various time scales. Determinatio f ' f l
biological alterations due to human effects depends on such under-
standing coupled with suitable experimentation.

The quantitative determination of human effects on a biological
population is the objective of most field assessments. This would
be sufficient if the underlying philosophy were that any resultia any resu Ing

biological change is undesirable and, therefore, should dictate fur-
ther control or elimination of the pollutant or activity. This is not
practical, however, particularly given the current policy revisions
that allow waste disposal as a legitimate use of the ocean. One
needs to know to what degree these effects will reduce or interfere
with other resources or uses. As marine environmental scientists,
we need to be prepared to answer in quantitative terms the "so
what" question and thus contribute to an assessment of whether the
ef f ect constitutes "unreasonable degradation." Unfortunately, very
few marine environmental research programs are designed to an-
swer this question. Sponsors consequently become upset with the
analyst when they are told that their discharge is resulting in rnor-
talities of larvae, for example, and demand conclusions that this
effect is insignificant to the adult populations. However, they
shortsightedly may not have specified a design or allowed flexibil-
ity adequate to address even the spatial extent of the effect. The
analyst is often forced to borrow data and assume certain relation-
ships that significantly reduce the quantitative rigor of the assess-
rnent  Boesch l982!.Robert Livingston's studies of coastal ecosystems of the Florida
Gulf Coast illustrate the necessary complexity of multifaceted re-
search designed to place changes in biological populations in a
broader ecosystem context. Alan Mearns and Thomas O' Connor
seek to place documented alterations in the common perspective of
spatial scale. Furthermore, Mearns and O' Connor are able to dem-
onstrate relationships between the magnitude of waste inputs and
the spatial scale of effect, which allow feedback to waste rnaoage-
ment decisions. This addresses, in part, the question of signifi-
cance and also the fourth limitation l initially identified � the use
of results in decision-making.Although field assessment approaches require general irnprove-
rnent and continued development, disparate currency and timing of
observations and regulations are at least as much the fault of the
regulatory institutions and mechanisms as of researchers. Theecologist should not be blamed for the fact that environments de-
teriorate in complex and subtle ways as a result of human activi-
ties.
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Some Guidelines for the Design of
Biological Monitoring Programs in the
Marine Environment

Roger H. Green
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INTRODUCTION

Statistics in environmental studies are overused and are often
superficial. They have been too much used as an after-the-fact
salvage operation, and as a window dressing of respectability for
demonstrating the "significance" of studies that were not designed
to test any clearly formulated hypotheses in the first place. %hat
is needed is ~ariori design of environmental studies validated
by some preliminary sampling of experimentation, so that the re-
sults � effectively displayed � can speak for themselves.

With hypothesis-testing statistics in particular, most of the sta-
tistics � including  I! estimates of the replication needed to obtain
specified power in the test and �! description of multivariate
structure to provide a basis for choice of variables and good de-
sign � should be done on preliminary data. ln the final report good
graphic display should suffice to show what is going on. In descrip-
tive studies, on the other hand, statistics can play a major role in
the final report, and multivariate statistical methods are often ap-
propriatee.

NONSTATISTICAL CoiNSIDERATIONS

Many authors have emphasized that in the design, of any study
there shouM be a logical flow of purpose question ~ hypoth-
eses ~ model ~ sampling  or experimental! design ~ statis-
t>cal analysis ~ tests of hypotheses ~ interpretation and presen-
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What does constitute change of a kind and of a magnitude to
cause concern? Who decides? The politician, the manager, the
ecologist? Certainly it is one of these; it should not be the profes-
sional statistician, who if competent will tell the ecologist consult-
ing him to begin by clearly stating his objectives, questions and hy-
potheses. Then and only then will he proceed to advise on design
and analysis. If, however, ecologists claim � as many of us do these
days--to be both competent ecologist and competent statistician
rolled into one professional person, then they assume a responsibil-
ity to decide what the meaningful questions are for a given envi-
ronmental problem as well as to design the study properly and to
analyze the results and present them effectively. I think that we
often do not realize what we take on when we agree, and even pas-
sionately argue, that we are capable of performing this dual role
for society. For one thing we cannot blame poor results on a ~aive
ecological conception of the problem, or on poor design, insuffi-
cient sampling effort, failure to do preliminary sampling, and the
like. I would argue strongly that the role of the statistical!y com-
petent ecologist, difficult as it may be, is vital to environmental
research and management.In attempting to answer the question "How big a change is eco-
logically significant?" one has to come back to the question "On
what time scale?" Is the concern one of short term ugliness and
the fouling of a few very visible and lovable animals such as birds
and seals? Or is it long term deterioration of the environment in
some sense? When gradual, long term, perhaps irreversible envi-
ronrnental impacts are not tied in with any sudden spectacular
mess, it is most impossible to generate concern or research money.
Perhaps the only solution to this problem is to have a core of inter-
nationally respected environmental scientists who receive steady
year-to-year funding, and who have a mandate to study the prob-
lems they believe to be most important in the long run. Such an
approach to research funding is not at all in fashion these days; in-
stead we have short term impact studies" which must generate
immediate results and fast decisions, Eutrophication, heavy
metals, PCBs, oilspills--each comes and goes in pulses of urgency
and financial support. Never mind that we lack a basic understand-
ing of these natural communities and ecosystems. This may repre-
sent good politics, but it is certainly not a sound way to conduct
environmental science.For that matter what is environmental deterioration? Individu-
al oil spill.s may cause short term messiness and deaths af some an-
ima|s  usually not of whole populations!, medium term increases of
biological productivity in the region, and few demonstrable long
'term effects. A more important concern � as with nuclear power
station accidents � may not be the average or typical incident at
all> but the very improbable and very worst ones. Most important
of all is the cumulative effect on the world's oceans of a century of
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average incidents. If these things are what matters, then what role
is there for short term environmental studies in general, or sophis
ticated statistical analyses in particular? Statistical estimation in
the tails of distributions is notoriously imprecise and often biased,
and here we are estimating for distributions whose parameters are
unlikely to remain constant over time.

At the least we must convince the politicians and managers
that significance of impact effects  represented by the numerator
effect in an F-test, for examp}e! must be tested against a, meaning
ful null hypothesis error term  the denominator in the F-test!.
would argue that the appropriate error term is usually among-year
variation in the unimpacted situation. The common practice of us-
ing replicate sample observations within the impact and control
area for this purpose is particularly inappropriate. This is an es-
tirnate of sampling error, not of meaningful naturaL variability in
the system. Can we possibly convince those who approve and fund
our studies that years of work, enough years to provide adequate
among-years error degrees of freedom for robust tests, are not
only legitimate but necessary? It will not be easy, but we can
point to a trade-off: more time and money wilL be needed for a
given study but any rejection of the null hypothesis  concLuding
that there is an impact effect! will be much more meaningful.
Trivially "significant" impact effects, judged against inappropriate
error terms with excessive pseudoreplication, will preoccupy the
politicians and managers less frequently.

Within-year temporal variation can be of great importance
 e.g., high discharge of nutrients, pollutants and sediment Load
from rivers into coastal areas in the spring! but this importance re-
lates to the numerator in the test  the impact effect! rather than
to the denominator  the null hypothesis error!. Time of year can,
and should, be controlled or stratified in the design  e.g., spring
runoff time only, or each month!. Use of yearly averages is rarely
good practice. There is no way to stratify or control among-year
variation, and there will not be unless predictable long term cycles
in natural phenomena of interest to us are convincingly demon-
strated.

What are Appropriate Criterion aod Predictor Variables?
Criterion variables should represent a direct, robust linkage to

the question and the hypotheses. There are three possible situa-
tions. In some cases, the criterion variable is defined as part of
the question, for exampLe, "Are lobsters in the vicinity of spoiL
sites picking up PCBs or heavy metals?" The design and execution
may be difficult but it is at least clear what the subject of study
is. Of course the question of temporal and spatial scale remains
For example, over what length of time  the maximum lengt»f Li«
of a lobster?! and what area  how far do lobsters disperse~! may
accumulation of heavy metals occur? Against what temporal scale
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o f variation in "natural" heavy metal concent t'concentrations wiII any
apparent increased levels be judged?

In other situations ecologists are presented thwi apparently
val ue-f ree questions, f or example, "Does the impacte impact cause a
change of any kind? If so, describe it." In such a case thsuc a case t ere are

choices to be made but without any ~ariori rationale for doing so.
guch studies are easily trivialized, in that some change of some
kind can probably be demonstrated. The difficult and completely
nonstatistical job of deciding what really matters has only been
postponed and passed on to the person who receives the results of
the study. Unfortunately, when the managers finally do decide
what is important socially, economically and politically � in relation
to a given problem � it usually turns out to be something that was
not optirnally treated by the sampling design or the choice of cri-
terion variables.

These "Describe any change that occurs" problems often lend
themselves to multivariate approaches. It is analogous to the situ-
ation in numerical taxonomy where any variation among specimens
is of potential interest. A recommended strategy �neath and
Sokal 1973! is to use a large and representative sample from the
universe of possible variables, assuming that there will be little in-
formation in omitted variables that is not contained in  = correlat-
ed with = predicted by! included variables. A similar strategy may
be employed by the environmental biologist faced with this kind of
problem. He may choose as a criterion variable set an assemblage
of organisms that is easily and reliably sampled {e,g., the benthic
community in freshwater or marine studies!. Then field sampling
can be visualized as a random sample from that universe of vari-
ables, using numerical abundance, biomass, percentage cover or
whatever measure seems most appropriate. There is usually high
redundancy among taxa in the information they contain about spa-
tial and temporal structure of both natural and impacted communi-
ties  Kaesler et al. 1974; Green 1979!. Despite the passionate be-
liefs of devotees of particular measures  e.g., biomass as opposed
to numerical abundance!, there is also high redundancy among dif-
ferent measures of taxonomic variables. For example, in a recent
study of marine benthic species  molluscs, crustaceans, polychaetes
and others! in demersal fish diet, it was found that 9496 of the spa-
tial and temporal variation described by measures of numerical
abundance, wet weight and frequency of occurrence was contained
in one principal component. The best  = containing the most irdor-
mation about all measures and variables! measure, numerical abun-
dance, contained 9096 of the total information  Macdonald and
Green, in press!.The process of choosing the best variable  in the above sense!,
then the next best, and so on, can be done by one of several rnulti-
variate "dimension reduction" techniques. The most efficient re-
duction  in the sense af the greatest percentage of the variation



652 / Field Monitoring Programs

being described by the fewest variables! will be accompl}shed by
eigenvalue-eigenvector technique such as principal components
analysis. Another approach, which is usually only slightly less effi
cient and has the advantage of retaining the identities of the orig
inal variables  species, say! is to use a variable subset selection al-
gorithm such as that proposed by Orloci {L973!. Another approach
to dimension reduction is to use diversity indices or cumulative
species abundance curves, but such criterion variables are not
clearly and logically related to any generalizable environmental
reality. They are also not robust empirical indicators of any im-
portant "environmental health" correlates of biological systems, in
that they are strongly influenced by naturally varying environment
al parameters. Finally, they carry no information about species
identities. See Green  L979! for further discussion of diversity in-
dices.

Most often ecologists are handed problems that fall between
these extremes of  a! criterion variable explicitly defined as part
of the question, and  b! unspecified criterion variables, which can
be chosen on purely statistical grounds without ~ariori constraints.
For example we may be asked, "Does the power plant effluent
cause deterioration of environmental quality in that estuary?"
These in-between problems are the most difficult ones because
they imply that the ecologist can and wiLL make nonstatistical judg-
ments about what the concern is, judgments that have ethical and
political consequences and must precede choice of criterion varia-
bles.  They must also, of course, precede choice of appropriate
spatial and temporal scales for the sampling and experimental de-
sign.! The ecologist usually accepts this responsibility, often im-
pLicitly rather than explicitly, but in my experience does not al-
ways effectively discharge it. This is where the greatest weakness
in environmental studies lies, rather than in the statistical after-
math. Multivariate approaches can also be useful here, for exam-
ple, in selecting a subset of the variables that are most informative
about the natural spatial and/or temporal variation of the commun-
ity  as described above! and then selecting from those the variables
that previous studies or laboratory toxicological experiments have
shown to be most sensitive to the impact in question. ideally one
wants  I! socioeconomically meaningful" variables that are �!
sensitive to the impact and �! relatively invariant in the unimpact-
ed naturaL" situation. However, criteria �! and �! may often be
correlated, in that "sensitive" species may be sensitive to envir'on-
mental variation whether natural or impact related.

What of the predictor variables? They must represent the p«s-
ence/absence  the latter being a control! of the impact, or the
tensity of the impact. Also they must represent any important
non-impact environmental variables that might influence the «L-
terion variable s!. Ideally the sampling design should hold constant
any such extraneous environmental variables, or if that is not pos-
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sible then it should explicitly include them as controlled levels of a
fixed effect  e.g., as depth strata offshore from I drom a power plant de-
velopment!, Less desirable is their inclusion as uncontrolled varia-
bles measured along with the criterion variables during the sarn-
pling; they will not then be Model I fixed effects, and their is no
guarantee that the distribution of their values will represent a bal-
anced design. If the result is a statistically significant impact ef-
fect, but level of impact is correlated with an uncontrolled eviron-
rnental variable, then interpretation of the result will be difficult,
Ignoring potentially important environmental heterogeneity, and
not including measures of it at all, is of course the worst approach.

SUMMARY

My theme has been that statistical methodology rests on know-
ing what the question is, and that environmental biologists worry
too much about statistical methodology and too little about what
they are monitoring for. To play the difficult role of statistically
competent ecologist as honestly, as ethically and as effectively as
possible, we must first choose our level of concern. Let those who
wish to fight all change do so; we cannot afford the loss of energy,
of time, or of credibility that such a pointless and unending fight
requires. For example, we cannot man the trenches in the face of
every threatened species extinction. Neither should we equate all
environmental change with loss of environments. In thousands of
years most of North America's ecosystems will inevitably be
different from what they are now, just as long term natural
processes have made them very different now from what they were
in the late Pleistocene. To influence the eventual result of large
scale processes of change  patterns over large areas changing over
long times! is a reasonable and attainable ambition for ecologists;
to stop them, or even to totally control them, is not.

Related to choosing our level of concern is the necessity of be-
ing aware that the time and space scales of greatest importance to
our economic and political masters do not usually coincide with
what an ecologist sees as being of greatest importance to the envi-
ronment. In most environmental studies the concern, the money
and the deadlines are roughly on the scale of the life of a govern-
ment, the length of a term in office, or the period of a researchgrant. Too many ecologists accept such time scales willingly. Thequestion "What is a simple, easily and cheaply determined index of
damage to ecosysterns?" is very much like the question "Have youstopped beating your wife?" The proper response in both cases isthat the implied terms of reference are unacceptable. Perhaps thetraining of ecologists requires more emphasis on the large temporaland spatial scale arts and sciences, such as geology, geography, his-tory and even the better quality science fiction, and less emphasis
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on ever more sophisticated statistical methods for fine tuning an
swers to temporally and spatially coarse-grained questions,
must learn to look at environmental problems on a realistic time
scale. On the scale of a human generation or, at the other ex-
treme, on the scale of geological processes, the importance of hu
man impact on the environment is relatively slight. It is on the
time scale of half-centuries to millenia that the most important
changes take place. The role of paleoecologists in environmental
studies certainly should increase. Rhoads and Lutz �959! provide a
state-of-the-art review of methods and examples of application to
marine organisms and environments.

I believe that ecologists are responsible, as a matter of profes-
sional ethics, for looking beyond the wording of the problem as it is
given to us, to the real environmental problem on the time scale
that really matters. %'e must argue for the importance of long
term studies, to obtai~ reliable estimates of "baseline" variation on
the among-years time scale and to determine the long term effects
of impacts on complex systems. We should also insist that planning
of short term studies include time and money for publication of the
results in the refereed primary literature, so that it can be easily
accessed by others later on. In the long term, this will provide
genuine replication, though admittedly of a qualitative nature, of
given types of impact {e.g., of impoundments, of ocean dumping, of
heated effluents! and their lasting biological effects.

There is no ~e kind of study that is the answer. We need the
mix: the long term sophisticated study at one locatio~, the broad
geographic survey over a short time period, and spatially and tem-
porally restricted "impact studies" But the assessment of natural
variation over years, and of long term effects of impact on natural
ecosystems, must be included in the mix. Maturity is the accep-
tance that same things require long term solutions. We should hope
that ecologists, politicians and the public will acquire the maturity
to support studies that will yield rewards only on a time scale of
decades or longer. The attitude of the last decade or two, that all
can be solved by impact studies of I or 2 year duration, may-with
luck � be an immature stage we will outgrow.

%e must say that any single variable, whether it is a diversity
index or the first principal component or the incidence of lesions or
any other measure, cannot represent more than one thing that is
going on in the system. It is a mathematical impossibility for it to
represent more than that, and loosely coupled marine ecosystems
cannot be effectively described by the single most important thing
that is going on. Certainly techniques such as principal compo-
nents analysis or nonrnetric multidimensional scaling can
should more often be used on preliminary data to determine the
minimum dimensionality for adequate representation of the system
under study. However, no ecologist should encourage a nan-biolo-
gist manager or politician who wants to search for that elusive
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goal, the single variable that can be easily and inexpensively deter-
mined and that represents human impact on natural ecosystems.

Finally, we must insist that any statement of statistical signifi-
cance include a statement  in simple English--not statistical jar-
gon! of what null hypothesis error term is being used in the con-
trast. If it is claimed that the impact is "significant," then "rela-
tive to what" must also be stated and justified. Year-to-year nat-
ur al variation? Replicate sampling error? Something else? With-
out that information the result cannot be evaluated.
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Assessments of the impact of pollutants in any system can be
divided into two major categories. The first, prospective or pro-
tective assessment, tries to predict the immediate effects of a
certain pollutant dose rate on organisms, as well as the eventual
effects on an ecosystem. The basic goal is to prevent adverse ef-
fects by establishing acceptable release rates of chemicals subject
to control. Characteristically, protective assessments compensate
for any perceived errors in the estimation of "safe" exposure rates
by the use of safety factors, uncertainty factors and/or conserva-
tisrn built into the assessment methodology. The compensation is
usually one-sided; that is, poor data result in the use of greater un-
cer tainty factors.

The second category, retrospective assessment, tries to predict
the impact of a known ongoing exposure, or the residual effects of
an exposure that has been terminated only recently. This category
actually embraces a continuum from obvious, major impact to mi-
nor or even undetectable impact. In situations of obvious impact,
cause-effect relationships are not really in doubt, and thus the
major goal of the assessment may be to determine the qualitative
and quantitative aspects of the impact. At the other end of the
continuum are situations where it may be known that certain pollu-
tants are being released into the environment, but elucidation of an
effect or a cause-effect relationship is difficult. Ideally, findings
from retrospective studies can be used to assess the validity of
predictions made as part of protective assessments.

The types of experimental designs used in these two assessment
approaches can be very different, and by necessity the types of er-



658 / Field Monitoring Programs

rors that can be made are also very different. Each assessment
category is plagued by different gaps in knowledge and unde,sta�d
ing. In prospective or preventive assessment we use many labora
tory tests which are readily executed using generally accepted sta
tistical methodologies. These tests are understood in terms of
their chemical and physical principles, their superficial biology,
biochemistry, genetics, etc. The one exception is when we try to
analyze the low end of the dose/response curve; in this, we are at-
ternpting to evaluate minimal responses in test species after long
periods of exposure, and to utilize this information to predict what
might happen to other species exposed to even lower doses for
longer periods of time. Since relationships among various species
sensitivities and exposures are often poorly understood, the predic-
tive reliability of such analysis can be disappointingly poor.

5imilarly, retrospective studies that attempt to evaluate eco-
system responses are usually hampered by a lack of understanding
of the functioning of the ecosystem as a whole Most studies that
seek to evaluate impacts on ecosystems are based on an identifica-
tion of the species present and an estimate of the number andjor
mass of the individuals representing each species. The implied
hope is that fluctuations in the arrays of individuals per species
will reflect something about the structure or functioning of the
ecosystem as a whole. It is usually perceived that an ecosystem is
a level of organization that exhibits more phenomena than the pop-
ulations of the species that make up the ecosystem. Thus any anal-
ysis based purely on species enumerations and abundances is likely
to miss aspects of ecosystem structure that are as yet only poorly
understood. Understanding in this area may be particularly diffi-
cult to come by.

While many of us enjoy and feel an affinity to coastal marine
life, we are nevertheless poorly equipped visitors in a very foreign
environment. %'e are not even equipped to register the inputs that
are meaningful to individual marine organisms! How do we sense
the low frequency pressure waves that fish experience through
their lateral line system? How do we distinguish among the
"smells" in ocean currents as the salmon may do to find their an-
cestral home? How can a terrestrial semi-urban human understand
the grand design and functioning of a marine ecosystem? The' hu-
rnan, including the marine biologist, is blind to some of the very
important stimuli that shape behavior at the individual level, the
species level and certainly at the ecosystem level. Thus our inter-
pretations regarding marine ecosystems are Likely to represent a
curious mixture of truths, half-truths and wishful thinking- One of
the biggest problems may well be that we often do not know
whether we are dealing with truths or falsehoods. Our systems for
collecting data and analyzing them may incorporate misconcep-
tions that inherently invalidate the data, irrespective of sampling
design or analytical precision.
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Let us examine some of the problem areas of predictive assess-
ments in greater detail. In almost ail instances this type of assess-
ment is based on laboratory studies involving single chemicals or
perhaps single process streams tested on single species. The com-
plex environmental situation, involving many individual compounds
where duration of exposure and concentrations change continuous-
ly, is essentially never studied for predictive purposes. This is so
for the the simple reason that the complexity of the varying pa-
rarneters transcends our capabilities to analyze them properly.
Another problem is that we are able to study only a few models,
often under highly artificial conditions, as predictors for all the
species present in the ecosystem. The species most commonly
selected for such studies have not been chosen for their ecological
importance. 0 am not sure that we can objectively gauge ecologi-
cal importance. Pcological predominance might be a better and
more testable concept.! Species have commonly been selected for
their adaptability to laboratory conditions, and for unstated subjec-
tive preferences on the part of the investigator. Characteristical-
ly, many phyla are not represented in the testing scheme.

Predictive assessments for ecosysterns tend to contain more un-
certainties than predictive assessments for the protection of hu-
man health. The latter assessments characteristically examine the
responses of several species whose physiological and biochemical
relationships to humans are backed by a vast amount of previously
gathered information and experience. The responses are then ex-
trapolated to the most likely response in the human species. %'e
have spent comparatively vast resources in our own self-interest
for the simple task of drawing conclusions from several species to-
wards ourselves. The resources required to provide relatively reli-
able predictive and protective assessments of ecosystem responses
may be even greater, unless we are willing to tolerate far larger
uncertainties for the protection of ecosysterns.

In the case of retrospective assessments we find ourselves in a
situation similar to that of the human epidemiologist. %'hile the
methodology establishes associations, it cannot readily establish
cause-effect relationships, and often has to rely on controlled lab-
oratory experiments to establish those relationships. Dose levels
and time courses of exposure are usually only poorly defined.
Chemical analyses are usually few and far between.

The choice of analytical methodology is more often governe ydb

expediency or regulatory demands than by toxicological considera-
tions. For example, metal analyses usually do not differentiate be-
tween the chemical forms of the metal  i.e., whether the metal is
ionic, chelated, adsorbed onto particles, or existing in mineral form
in suspended particles!. These various forms can have quite differ-
ent dose effects when absorbed by the exposed organism. The form
in which an organic chemical is present in the environment also is
significant. An organic chemical may occur inur in true solution in
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water, or as rnicelles, or dissolved in lipids inside other organisms
or adsorbed onto particles. Again, the bioavailability of these var,.
ous forms differs.

Some of the same problems are found in experimental situations
in laboratory testing for predictive purposes. For instance, metals
are often added in the form of a soluble salt, but depending on
treatment conditions, they end up as an unresolved mix of ionic
metal, hydroxides, carbonates, oxides and organic complexes.
highly questionable whether the responses of organisms exposed to
a mix of metal forms in nature are comparable with responses
when the organisms are exposed to an unknown mix of metal forms
resulting from experimental expediencies.

Similar problems pertain to organic chemicals. Monitoring data
usually measure total concentrations for each xenobiotic. This
total is usually a mix of dissolved, adsorbed and bioconcentrated
chemicals. During experimental testing, such chemicals are com-
monly dispersed into the test chamber in solvent and surfactant ve-
hicles. The final solution contains a mixture of dissolved and mi-

cellar xenobiotics. The biological availability of the xenobiotics in
the test chamber is again likely to be very differert from that in
nature.

One dilemma is that our present analytical techniques cannot
determine various chemical and physical forms at very low concen-
trations. However, the state of the art of analytical chemistry is
much further advanced than present routine environmental analy-
ses would lead one to suspect. In this respect, regulatory require-
ments have stifled the introduction of state-of-the-art techniques.

The majority of laboratory tests employ single species. Such
tests fail to explore interactions between species, such as symbio-
sis, parasitism and predation. A number of experiments have been
conducted on species interactions, usually simple two-species in-
teractions. Such studies have a Long way to go before they can be
verified in the field. Since each species normally is expected to in-
teract with many other species, multi-species tests might be more
applicable as an intermediate step of experimental complexity-
research technique that seeks to bridge the gap between single-
species tests and the environment as a whole employs microcosms
and rnesocosms. Problems still unresolved in these systems include
scaling and species selection for tests with specific purposes-

As problems are resolved there should be a convergence be-
tween the results of prospective and restrospective assessments.
In summary, the validity of such assessments will strongly depend
upon a proper understanding of  I! the environmental dynamics of
the pollutants, �! appropriate chemical analyses, �! knowledge of
ecosystem structure and function, �! knowledge of the responses
of individuals, populations and ecosystems to specific dose rates
for specific durations, �! knowledge of interactions of chemicals
acting on biota at various levels of organization. Not all of the~
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problem areas seem to be susceptible to early solution, and for
some our understanding is pathetically poor. But l believe it is pos-
sible to move towards a more holistic analysis of our present pollu-
tion problems in the marine environment and elsewhere, although
we seem to be missing opportunities to do so. On the way towards
that goal we may even find that our early attempts to reconcile
predictive and retrospective assessments of pollution impacts will
increase our understanding of ecosystem functions that currently
escape our vision.
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INTRODUCTlON

Natural variation is the essential baseline against which any ef-
fects of man-induced changes in the ocean are to be detected,
measured and predicted. A major problem in monitoring anthropo-
genic effects on life in the sea, however, is separation of these ef-
fects from those induced by natural climatic and hydrographic
changes in the environment. Fishery biologists discovered this long
ago. Natural variability, fluctuations and change are probably the
least understood of the major characteristics of marine ecosys-
terns, notwithstanding numerous descriptive and process-oriented
studies and, more recently, mechanistic numerical modeling of the
structure and functioning of marine ecosystems. Unfortunately, as
Longhurst et al. �972! have reported, natural fluctuations in cer-
tain animal stocks have already been attributed incorrectly to the
effects of pollutants. Presumably similar errors have been made
with regard to other components of the food web and environrnent-
al properties.The natural variations which characterize plankton cornmuni-
ties in terms of species composition, abundance, dynamics and tro-
phic structure largely have been ignored by pollution analysts. This
is so partly because the widely scattered literature  not reviewed
here! indicative of such variation is usually not applicabie to pollu-
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tion assessment, either because the data tiirie series was too sho~t
 the normal time series duration is usually one year or less! or rele
vant variables were not measured. For exainpie, plankton coinmu
nity structure is often analyzed without atterition to nutrients
Monitoring� therefor e, usually cannot separate anthroppgenic ef
fects from those due to natural climatic and hydrographic variabii
ity.

Some insight into long-terin variability is available from an on
going 23-year process-oriented time series �959-198l!, based on
weekly sampling, for the unpolluted waters of lower Narragansett
Bay, Rhode Island. This data set  probably the most extensive con-
tinuous record of pJankton dynamics in the coastal waters of the
United States! illustrates that significant short-term and long-term
variations and changes characterize ph>toplankton abundance, spe-
cies com positi on, seasonal cycles and pr i m ar y production and,
based on Jess extensive data, nutrients and zooplankton abundance.
A synopsis of the pertinent results from this data set is presented
here.

Narragansett Bay �1 30' 5, 7l 20' 4!, a well-mixed, shallow es-
tuary 451 km and 9 rn in mean depth, extends inland approximate-
ly 40 km from its connection with Rhode Island and Fetlock Island
Sounds. It is a phytopiankton-based ecosystem, Quantitative
weekly samples were collected at 0, 4 and 8 rn depths at a perma-
nent station located �l'34'07" 8, 71 23'3l" W! in the lower Bay
near its entrance, where the mean depth is 8 m. Weekly measure-
ments included temperature, salinity, phytoplarikton species com-
position and abundance as cell numbers, chlorophyll, ATP-carbon>
phosphate, ammonia, nitrate, silicate, water column extinction co-
efficient, incident radiation, and zooplankton species compositio~
and abundance as dry weight. Some of these observations are sum-
marized here. Also measured, but not discussed here, were zoo-
plankton abundance as carbon and nitrogen, ctenophore abundance
and dry weight, phytoplankton primary production, phytoplankton
carbon growth rate and generation time  d '!, turnover of the»-
trogen and phosphorus nutrient pools, nitrate reductase and alka-
line phosphatase.

Climatologic Changes
Signif icant long-term climatological changes have occurred

over the 23-year time series since 1959, with measurable effects
on river runoff and in situ conditions of temperature and irradi-
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ance, factors which influence plankton dynamics. Figures 1 and 2
show the progressive decrease in annual mean wind speed and inci-
dent light intensity. Note the significant decline in annual mean
incident light  based on daily measurement!. The years since 1973
can be characterized as the "dark" decade, This long-term pattern
of decreasing irradiance available for photosynthesis is also evident
in the annual mean in situ irradiance levels calculated from the in-

cident irradiance and water column extinction coefficient  Figure
3!. Note the considerable year-to-year  i.e., short term! variations
within the iong-term pattern. This is a general characteristic of
the data set. Temperature shows the opposite trend  Figure 0!. A
significant warming period began in 1969, but note the relatively
cool period during 1976-1978. Precipitation and river runoff have
also varied, elevated river flow generally characterizing the years
since l972.

Clearly, monitoring programs must sort out short-term and
long-term variations in both community dynamics and environ-
mental conditions caused by environmental properties  i,e., mixing,
light, temperature and runoff! which are naturally variable and un-
der climatologic influence. These can exhibit considerable interan-
nual variations and significant Long-term trends. Moreover, statis-
tically significant correlations were found between annual changes
in phytoplankton abundance and annual temperature and light con-
ditions. That is, the phytoplankton are indeed responsive to clima-
tologic variability in these two key growth factors.

Nutrients
Nutrient data, although less extensive, also exhibited signifi-

cant variations and trends. Annual mean phosphate levels exhibit-
ed significant year-to-year changes with an inter esting pattern
 Figure 5!. A "phosphate-rich" year was followed usually by a
"phosphate-poor" year. For example, the mean annual phosphate
concentration of about 15 mg-at m > in l971 decreased to 7 mg-at
m in 1973, then increased the following year. A similar pattern
is evi ent or ni ra e,'d f 't te although the data suggest that nitrate levels

Fi ure 6!. Whilehave increased significantly since the early 1960s {Figure . i e
variations in nutrient levels are also under g'un er direct climatologic
regulation through precipitation and runoff, nutrient levels obvi-
ously are influenced significantly by the utilization and recycling
mechanisms characteristic of marine ecosys
levels and oscillations are u~der the dual reg ulation of climate and
trophodynamics. This characteristic po pases a rticularly great

problem to monitoring programs which at p' h attem t to sort out the eu-

trophic links and signals from the naturally variable ones.

PhytoplanktaaFi ure 7 shows the significant year-to-year variar variations  about

threefold! in mean annual diatom abundance in g
<gure s ows 'n lower Narra ansett
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pay. A clear long-term trend is not evident, but, as pointed out,
these fluctuations and annual mean temperature levels are related
statistically.

The interannual variations and annual successions in the occur-
rence and abundance of phytoplankton species have been subjected
to Principal Components Analysis and Stepwise Discriminant Anal-
ysis  SDA!. Multivariate analyses were also applied to the light,
temperature and nutrient data to establish trends in these environ-
mental variables which might relate to successional patterns, tern-
poral variability and change in phytoplankton. These multivariate
statistical analyses of the occurrence patterns of the phytoplank-
ton species provide a numerical approach towards the identifica-
tion of species groupings and their relationships to each other and
to environmental conditions, and facilitate evaluation of the extent
to which the taxonomic structure of the phytoplankton assemblages
may have changed in Narragansett Bay during the 23-year time
series. Approximately lo00 sample dates involving V9 significant
phytoplankton species  using log-transformed cell counts! have
been anaLyzed in 37 different treatments, two of which are shown.

Figure 8 illustrates the mean SDA values for each year between
1959 and L980. The position of these mean values is a rel.ative
measure of the similarity of species occurrence patterns within
each yearly group. The proximity of the points representing l959-
l965 indicates a high degree of repetition in species composition
and succession during these years. Note that 1969 is distinctly sep-
arate fr orn this cluster, and marks the beginning of a different phy-
toplankton pattern in the early 1970s, which continued to evolve in
1980. Notwithstanding this trend, a sequence of 5-year cycles pri-
or to l975 is evident. The years 1959-l963, l960-L968 and l970-
1970 represent interannual periods of greater phytoplankton sirni-
larity, each period characterized by a similar 5-year pattern of
var iabili ty.A similar analysis based on the five most abundant species gives
a very different pattern, however  Figure 9!. A distinct separation
between the 1960s and l970s is not evident, nor the sequence of
the three 5-year cycles prior to 1975. This indicates that the
interannual differences in yearly phytoplankton successional se-
quence patterns in Narragansett Bay are primarily due to yearly
differences in the frequency and magnitude of occurrence of the
less abundant species of the 09 species in Figure 8. This result is
consistent with other field and experimental observations that the
major phytoplankton species simply become more abundant upon
exposure to eutrophication. Hence, the search for marine ecosys-
tern phytoplankton equivalents of the "miner's canary" as indicators
of incipient or more advanced stress, prior to permanent ecosystemchange, has not been a very productive approach. However, this
finding that most of the annual variability in phytoplankton assem-
blage composition and response in Narragansett Bay was due to
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variations of the less abundant species requires assess t f hires assessment of the
extent to which it reflects episodic species-introductions or vari-
able responses of the resident community. Such assessment would

preliminary to more detailed evaluation of the applicability of
the "indicator species" and "early warning community" concepts to
marine pollution assessment. Should this variability primarily rep-
resent the response of the resident community, then in situ moni-
toring programs should take special care to assess the less abun-
dant species, a group usually ignored.

Interannual variability also characterized the total zooplankton
assemblage which exhibited a 9 to 10 year cycle and was due pri-
mari}y to variations in the copepod component The rneroplankton-
ic component remained quite similar from year to year, however.

Thus, in addition to long-term changes in plankton and selected
environmental variables characteristic of the Narragansett Bay
time series, both the phytoplankton and zooplankton communities
exhibited cycles in their structure and dynamics. Phytoplankton
assemblages appear to cycle in 5-year units and zooplankton in LO-
year units. That is, the annually varying phytoplankton assem-
blages and their dynamics are generally more similar to each other
during a given 5-year cycle than to those in other 5-year cycles.
The associated characteristic of this cyclical behavior is a precipi-
tous annual shif t into a new cycle, a phenomenon most notably ex-
hibited by the 1969 year-class  Figure 3!. Such cyclical variability
during long-term environmental change complicates significantly
the evaluation of short-term  = ephemeral! and long-term environ-
mental ef fects of marine pollution.

Environrneotal Correlations
Theoretically, measurement of the relative importance of envi-

ronmental parameters in regulating phytoplankton succession and
community change Can be evaluated from the correlations occur-
ring between a successional rate parameter and the rates of change
of various environmental factors  Smayda 1980!. We have applied
Lewis' �978! summed difference index  g! of succession rate, de-
fined as

as = Ei   d bi t!/B t!! Idt
which is estimated over the short time interval as

os= Z,- ! b; t,!/B«,]-  ,  ! ! !]
t -t

where b- t! is the abundance of the ith species at time t, and B t! is
the size of the community at time t. This index is insensitive to
changes in community size unless there are accompanying changes
in relative abundance of the species. A value of zero obtains for a
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shrinking or expanding community, if all species are changing at
identical rate. The entire narragansett Bav phytoplankton
series of weekly observations from 1959 through 198' was a�a
lyzed.

Correlation of the 22-Year time series succession rate indices
with environmental variables revealed the follow ing. The succes
sion rate index was positively and significantly correlated with
light and temperature in the 1960s, but not with nitrate and sili
cate concentrations. However, in the 1970s ~s v as positively and
significantly correlated with nitrate and silicate concentrations,
but not with light and temperature. o was also positively and sig-
nificantly correlated with phosphate concentrations during the en-
tire time series. These correlations reveal that the apparent rela-
tive importance of an environmental variable, or combination of
regulatory variables, in the regulation of phytoplankton can change
over time.

Of the other variables, o was positively correlated only with
the rate of change in zooplankton biomass per unit time: I ~ dry
weight/ ~t I. It was not correlated with the abundance of total
zooplankton, total copepods, Acartia hudsonica and Acartia tonsa
 h d i p pd!, d ph~~Ml~d
with their rates of change with time. Neither was the succession
rate index correlated with phytoplankton production rates ex-
pressed in various ways, unlike that found for a tropical lake  Lewis
1978!.

Multivariate statistical analyses clearly showed that the shift in
yearly patterns of light and temperature from the 1960s to the
l970s  Figures 2-0} was primarily manifested during the winter
months, and that winter temperatures were rTiore repetitive during
the 1960s than during the 1910s. Independently, the succession
rate index, 4, correlated positively and significantly with light and
temperature during the 1960s, but not during the l.970s. Multivari-
ate statistical analyses also established that variations in nitrate
concentrations were particularly pronounced, and exhibited dis-
tinctly different behavior between the 1960s and 1970s. Silicate,
temperature, phosphate and light, in that order, followed in the
degree to which they exhibited interannual variability. Interest-
ingly, % was significantly and positively correlated with riitra«
and silicate levels during the 1970s but not during the l960s.
fact that os always correlated with phosphate concentrations, a nu-
trient rarely limiting to phytoplankton growth in Narragansett >ay~
based on experimental evidence  Smayda l974; Hitchcock and
Smayda 1977!, is notable and poses a problem: it suggests that +
correlates with nonlirniting variables. If this is correct, then the
appropriate interpretation of the results is the converse, namely~
that nutrients, and not temperature or light, were limiting  mo«
often! in the 1960s, and that in the l970s nutrients were no long«
limiting and, thus, light and temperature were. Monitoring pro-
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grams without benefit of experimental data are no less vulnerable
to such potential misidentification of cause-and-effect combina-
tions ~

Nonetheless, the significant finding is that long-term variation
and changes in phytoplankton assemblages are evident upon statis-
ticai analysis, and that two independent analyses suggest that these
were accompanied by long-term changes in light, temperature and
nutrients. Although statistical correlations were found, these are
presumed to reflect parallel trends rather than cause-and-effect
features. The data have also been subjected to rigorous statistical
anaLysis, correlating between the variables when expressed in
terms of their annual, quarterly and monthly means, and the week-
ly levels. These analyses confirmed that the relative importance
of a given variable in regulating plankton dynamics varies consider-
ably between seasons and years. Thus, plankton dynamics are
under multivariate environmental regulation. While the growth
factors remain the same, their importance and factor-interaction
effects in regulating in situ growth are variable. This compromises
in situ monitoring programs, which usually cannot evaluate factor
interactions and which usually focus on a limited number of vari-
ables because of the incorrect assumption that they exert an un-
varying and similar regulatory role.

Phytoplankton-Zooplankton-Phosphate Interactions
It has been emphasized that lower Narragansett Bay appears to

be an unstressed ernbayment characterized by significant natural
variability in its plankton dynamics and environmental properties.
W'e have some data relevant to this and, especially, to the problems
of eutrophication, assimilative capacity and in situ biological rnoni-
toring. Between l973 and l979, the annual mean phytoplankton

d zooplankton biomass levels progressively increased. he rela-
tionship between these annual mean standing stocks between 19 73
and 198L is especially provocative  Figure 10!. There is a strong,
highly signi icant rf' t  r = 0.62! direct relationship between annual
mean zooplankton  predator! and phytoplankton  prey! a un ance,
h h f flows the classic yield-dose response. Moreover, it sug-wic o ows ec

s that there isan ~~nial mean ca~ryi~g capaci
ton in lower Narragansett Bay of about L.O g dry weight m ~ an
that annual mean phytoplankton standing stocks exceeding about p

g C m ~ represent surplus production not accompanied by
increased zooplankton bio

These variations and build-up in annual mean p ytop an
ted with temperature, light inten-

ass as carbon were not ce or silicate, but correlated positive y wi
annual phosphate level  Figure ll!.  The mar e y a
in Figure ll represents 1979; exclu g podin this int yie s a ig

significant correla iation coefficient of r = 0.67; it woul
! iven this rovocative and un-t"e f978 datum were also dropped.! Given is p
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Figure 10. Relationship between annual mean standing stocks o
zooplankton dry weight and phytoplankton carbon in lower Narra-
gansett Bay for the years 1973-1981. Dashed kine, drawn by eye~
goes to origin.

Figure 9, Steps ise discrirninant analysis of annual mean abundance
of five most dominant phytoplankton species in lower Narrangan-
sett Bay. See legend, Figure S.
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Figure 11. Relationship between annual mean phytoplankton car-
bon and annual mean phosphate concentrations in Lower Narragan-sett Bay for 1973-1981. Correlation coefficient r = 0.67  highly
signif icant! excluding aberrant l979 datum.
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expected correlation indicating that annual variatiors in phosphate
input or recycling regulated annual mean phytoplankton arid
by, zooplankton biomass levels, the potential sources of phosphorus
were evaluated. The annual mean phosphate levels were inversely
related  statistically significant! to the volume of inflow from
Blackstone River, which accounts for about ~J% of he fluvial dis-
charge inta Narragansett Bay.  The other nutrients ~ere not cor
related with river flow.! Despite this correlation, there was no
correlation with the flux of phosphate in this flow, nor was water
column phosphate correlated with the benthic flux of phosphate,
either solely or when combined ~ith the river flux. This suggested
that since the annual mean phosphate levels represent only the re-
sidual remaining after uptake, the rates of phosphorus recycling
and amounts found in the plankton needed to be considered.

These analyses revealed that the annual mean phosphate con-
centrations present in the phytoplankton + zooplankton + water
column have progressively increased since l973. That is, a phos-
phorus build-up has been occurring in lower narragansett Ray with-
out any evidence for an increase in dissolved phosphate levels  Fig-
ure 5!. A positive statistically significant correlation  r =- 0.65! oc-
curs between the annual river flux of phosphorus, from v hich the
annual mean dissolved levels were subtracted  i.e., it represents
unused phosphorus!, and phytoplankton biomass converted to phos-
phorus on the basis of the ratio between phosphorus and chloro-
phyll. Moreover, a highly positive and statistically significant cor-
relation  r = 0.68.! occurs between the annual mean phosphorus flux
from rivers and benthic processes and the annual mean phytoplank-
ton + zooplankton biomass converted to phosphorus.

These correlations implicate riverine influxes of phosphorus as
a factor contributing to the apparent increased buildup of plankton
biomass in Narragansett Bay over the last decade. However, as
emphasized earlier, climatological trends during this period have
resulted in lower in situ light levels  Figure 3! and higher tempera-
ture  Figure 0!. Statistically, temperature and diatom abundance
are positively correlated, while in situ irradiance and total phyt~
plankton abundance are negatively correlated. lt must also be ern-
phasized that there is no nutrient evidence for an increasing eutro-
phication of lower Narragansett Bay, yet increased biomass re
quires increased nutrient availability, and riverine inputs are irnpli-
cated. And so we are left with a dilemma. Js there a progressiv~
eutrophication occurring in lower Narragansett Bay which is n«
detectable through nutrient assessment? Alternatively, have the
observed long-term climatologic trends, with which phytoplankton
abundance is correlated, simply altered the rates of nutrient recy-
cling and other processes significant to p}ankton dynamics? lf t"e
latter, then the observed annual variations and long-term increase
in plankton abundance might simply reflect the natural range of
eutrophication  f ertility} characteristic of lower Narragansett Bay
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CONCLUSIONS

Variability is an intrinsic characteristic of climate, hydrography
and plankton communities. !ts documentation here for Narragan-
sett Bay illustrates, therefore, a general property of marine eco-
systems and environments rather than a unique situation. The re-
sults revealed correlations between climatological variations and
plankton processes, and they revealed that the correlative factors
were operational on a time scale of a year, 5 years and even 10
years. Moreover, the relative importance of growth factors varied
with time. The results even suggested that there may be an on-
going eutrophication process in lower Narragansett Bay hidden
within the patterns of normal variability, modified by climatologic
trends, and without any obvious signals of the kind sought in rnoni-
toring programs.

It is well known among marine ecologists that plankton and en-
vironrnental surveys are powerless to identify cause and effect; the
latter can be identified only by experimentation. Surveys are,
after all, mere descriptions of a phenomenon; and biological rnoru-
toring is a survey, nothing more. Monitoring as usually applied
within a pollution assessment context serves only to give warning
or documentation of apparent change, and can indicate neither the
causes of such change, nor the relative importance of the various
factors and trophic processes contributing to the change. It may
be argued that the role of biological monitoring is truly descrip-
tive � to document change. Upon evidence of change, however, a
manager must decide whether the change is the result of a pollu-
tant. This requires data interpretation which carries with it the

dneed to sort out changes due to natural variability. But, as pointe
out, biological monitoring never deals with the problem of natural
variability; the time series surveys are too short. Thus, biological
monitoring is inadequate in two key methodological procedures:
the survey itself arid quantitative procedures.

A cess-oriented in situ study involving rate measurements is
needed to help establish causes and effects of oscillations in eenvi-

ronmental variables and associated plankton dyd namics. It follows,

t en, t a in si uh h t 'n situ monitoring as traditionally carried out cannot
meet i s asic j't b objectives namely, to discover whether c ang
due to anthropogenic or natural causes, whether it wi on y
temporary transient dysfunction or disruption, pand to redict ensu-

ing changes. n assessment ro-What revised scientific form should pollution ass p
grams take to provide answers to such basic q uestions? First, one

back to first principles and incorporate the approach ofmust gp c o surve in techniques must becontemporary marine ecology. The surveying ec q
quantitative and statistically sound, and th yhe surve must be carried
out on the relevant properties over a suffi ' p'cient time eriod. Sec-

ond, key processes must be measured by means of ex rirnents us-pe
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ing suitable experimental design and analytical equipment. Third
meso-microcosm experiments using entrained communities which
can be manipulated are needed. ln this procedure, the influence of
selected perturbants on selected communities, or community corn-
ponents, including their influence on key rates  processes! and
routes  transformations!, is tracked under controlled conditions
This "hybrid" between the classical monitoring approach, in situ
process-oriented studies, and meso-microcosm experiments, 1 aiTi
convinced, is not merely suitable for scientific evaluation of prob
lems of pollution, it is essential. All three activities must cpmple
ment each other, rather than be carried out piecemeal. An ap
proach short of this represents a flawed conception of how marine
systems work, and ignores the functional holism that exists be-
tween climate, habitat and biotic structure.
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Aquatic Field Monitoring and Meaningful
Measures of Stress

Robert J. Livingston
Department of Biological Science
Florida State University
Tallahassee, Florida 32306

INTRODUCTIOH

One basic question underlies the effort to understand poliution-
induced changes in aquatic systems: what is required to predict
the environmental effects of a given toxic or stimulatory substance
on a given ecosystem? The basic differences between field and
laboratory approaches to this problem are well known and will not
be reviewed in detail here. However, over the past two decades,
toxicological methodology has evolved to a point where cornpara-
tive toxicology is a well-established method for evaluating the
acute and chronic effects of toxicants on laboratory populations.
Unfortunately, field evaluations of such effects on aquatic popula-
tions and communities are not as welL developed. The reasons for
this lack of certainty are well known. Natural systems undergo ex-
trerne variation in space and time. A given population responds to
multiple stimuli. Thus, the response to anthropogenic effects is
superimposed over natural environmental variability in a manner
that precludes generalizations from species to species and habitat
to habitat. Natural variability is high in many estuarine and coast-
al areas, where the ecosystem is constantly in flux. The overall re-
sponse of the system represents the sum total of countless interac-
tions among various populations, each of which is characterized by
its own peculiar needs and sensitivities to both natural and anthro-
pogenic forms of stress. In short, field ecology has yet to achieve
the level of reproducibil.ity and predictability that has been at-
tained through standardized toxicological techniques.
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FIELD APPROACHES AND THE VERIFICATION PROCESS

A concise review of the problems of applying field result~ to
the verification process is given in Figure l. Field background
variability  IA!, which includes spatial and temporal components
the single most important problem in the design of field ex~ri
ments. Scaling problems  ll! are associated with various aspects of
variation How does one take a representative field sample~ Al-
ternatively how do laboratory artifacts limit the applicability pf
experimental results to field processes", These questions represent
obverse sides of the same problem. The definition of the scope of
field sampling that is necessary to answer a specific question is the
essence of the scaling dilemma. Lack of an adequate definition of
the scope of the research effort remains a stumbling block in that
microhabitat distribution is difficult to reproduce in the laboratory
and is often poorly understood in the field. Essentially, scaling
should include those habitat characteristics and biological interac-
tions that define a given environmental process Depending on the
species, the scaling process must consider spatial and temporal as-
pects of climatological phenomena, microhabitat conditions, water
quality factors and specific biological interactions that are effec-
tive at the population Oll! and community  LV! levels. Reproduction
and recruitment of individual species will eventually be reflected
at various levels of organization within the context of food web
processes and patterns of energy distribution. This problem can be
investigated in the field through experimentation under full field
and semi-field conditions. However, there is still no consensus
among field researchers concerning the relative importance of
competition and predation to community structure  Peterson 1979!.

Primary productivity, the source of energy for a given system,
should be an important part of any cornrnunity evaluation. Under
laboratory conditions, processes such as primary and secondary
production are usually difficult to simulate. Natural processes of
predation, reproduction and recruitment are not usually a part of a
given experimental procedure. Without simultaneous calibration of
the laboratory system with background field data, the step between
the bioassay and a field situation is indeed a long one. Extrapola-
tion and verification of bio-may information should thus be qual>-
fied by natural history information and background  field daTa!.
The observational data can provide the basis for field experirnenta-
tion and manipulation which, in turn, will allow an insight into t"e
ecological processes involved in a given situation.

The problem of realistic simulation in laboratory tests rests on
the identification of those aspects of the experimental systerr that
most accurately represent the natural condition. Resolution « t+'
problem can go only one way: from the field to the laborato ry.
Such an effort rests on baseline and monitoring programs that are
not always easily linked to "effects" studies. These problems ha«
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been reviewed in a cooPerative research rePort  ICES 197'! in
which monitoring data are defined in the broadest possible sense,
For example, there should be some attempt to define well being in
morphological, physiological and behavioral terms. A given bioa~
say test should be qualified by field data from areas with an ident,
fiable potential of risk from pollutio~. Specific techniques in the
laboratory should be field tested for the detection, measurement
and evaluation of effects induced at actual environmental levels of
field exposure. For example, in cases where there is a definable
gradient of a given pollutant  e.g., heavy metal content of sedi
ments}, the field response of a given population or community can
be defined, and such field results can be compared with bioassay
results for the same pollutants. This approach can lead to field
transplantation experiments and a coordinated field/laboratory ap-
proach whereby both research efforts contribute to an ultimate
resolution of the question. In this case, no single fi,eld sampling ap-
proach is likely to be adequate; what is needed is a suite of proce-
dures that involve various taxonomic and functional levels. Fate
and effects monitoring should thus be used as cornplernentary  not
mutually exclusive! approaches to the bioassay procedure. Experi-
mental approaches should ideally extend from laboratory bioassay
 single species, multispecies! through semi-f ield testing {enclo-
sures, exclosures, manipulative experiments! to full-field condi-
tions.

CASE STUDY: NORTHEASTERN GULF OF MEXICO

My Florida State University research group has been involved in
continuous studies of two bay systems  Figure 2! along the Florida
Gulf Coast since l97 I. A multidisciplinary approach  Figure 3! has
been used to define research problems in a continuous process of
hypothesis testing between the field and laboratory. Continuous
field data have been taken since l971-72 concerning the interac-
tion of various physicochemical factors and leading biological com-
ponents. The original research questions were related to the im-
pact of kraft pulp mill effluents on grassbed areas in Apalachee
Bay and the impact of pesticides and upland forestry operations on
the Apalachicola estuary. These studies are not completed and
have been expanded into a comprehensive analysis of the spatial
and temporal variability of system function, population and com-
rnunity response to habitat gradients  temperature, saLinity> pH~
dissolved oxygen, pollutants, etc.!, sources and direction of energy
flour, trophic interrelationships and the influence of feeding habits
of key populations on community structure. There have been asso-
ciated efforts to develop an integrated computer system for analy-
sis of extensive rnultidisciplinary data sets. In addition to various
key physicochemical functions, the field monitoring data include
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detritus-associated organisms, benthic macrophytes  seagrass and
algae!, benthic infauna and benthic epifauna  fishes and inverte-
brates!. Cooperative research with other investigators in the pri-
rnary study areas includes analysis of rnicrobiota, phytoplankton
and zooplankton. The entire data base has been utilized to develop
models of projected population/community distribution and phased
biological response to key physical factors and predator-prey inter"
actions. These data are currently being prepared for publication.
Associated laboratory studies include plant and animal bioassays,
behavioral studies and the development of rnultispecies rnicro-
cosrns. Such laboratory efforts are directed at specific questions
related to findings in the field program.

The overall research program has been divided into several
p:  /> ~L/ /~//: E*/

conducted at the Florida State Marine Laboratory concerning the
influence of color and kraft pulp mill effluents on the productivity
of dominant grass species such as Thalassia testudinum. 1n cooper-
ation with Dr. David C. White of the Department of Biological Sci-
ence, microcosms have been developed for determination of energy
flow in laboratory simulations of field-tested food web associa-
tions. Associated studies have been conducted concerning impact
on ATP/ADP/AMP functions and activity patterns of estuarine
fishes. Other. analytical determinations have been made concern-
ing dissolved and particulate contributions  carbon/nitrogen rela-
tionships! to the energy budgets and biological assemblages of the
subject bay system. �! Field: Continuous physicochemical and
biological monitoring of coastal assemblages has been conducted to
determine basic mechanisms of short- and long-term variation. A
major effort is now under way to analyze long-term �-year!
changes of feeding habits of fishes in formerly polluted areas of
Apalachee Bay and to relate such changes to the succession of re-
covering grassbeds which at one time were polluted. Such data are
being compared with data from an unpolluted estuary. Ultimately,
there will be a comparison of long-term changes in the two study
areas relating the turbid, river-dominated Apalachicola estuary
characterized by high phytoplankton productivity and rich alloch-
thonous detritus to the adjacent Apalachee Bay, which is distin-
guished by extensive benthic rnacrophyte development. �! Statis-

M/~il: / // / it/ 0 . ~ A. //
FSU Statistics Department, we have analyzed over 50 years of data
concerning river flow fluctuations, temperature ' pare and rainfall pat-
terns to determine the importance of Long-term cycles of meteoro-
logical phenomena to biological response in associa c y
«ms- This analysis includes a uniform statistical analysis of the
field results  time-series analysis! and the development of models
of long-term biological variation. This effort w' ' gwill be inte rated

with engineering models  developed by Dr. Ber. Bendt Christensen of
the University of Florida! concerning Mini ysalinit distribution and
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water quality parameters in the areas of study..Also associated
with this work are statistical treatments of LA.'iDSAT data relat
ing changes in upland configurations  clear cutting and drairiing
lated forestry operations! to observed cha~ges in watei quality
biological functions in receiving portions of the drainage system
The computerized analysis combines a comprehensive, interactive
method for data manipulation v ith an extensive, rnultidjmensio~L
data base to answer questions concerning complex changes and bio
logical variability in these two bav systems. 5 recently completed
study of the impact of pulp mill effluents on three river systems in
South Carolina, Mississippi and Alabama will be added to the corn
parative analysis.

Increasingly, this research effort has been directed toward tro
phodynarnic interactions including organic carbon/nitrogen rela
tionships, fluctuations of particulate organic rnatter  POM!, nutri-
ent distribution and the relationship of fluxes of organic rnatter in
wetlands systems  UD. Geological Survey! with estuarine biological
organization. The energetics of physiological  ATP/ADP/ AMP!
and behavioral responses of fishes have been studied. ln addition,
the trophic reiationships of blue crabs  Cailinectes ~sa idus! and
various other crustaceans have been analyzed. Microhabitat influ-
ences on the key components of the benthic inverteberate fauna
are being detailed, while assessment of the trophodynamic signifi-
cance of prey availability to the feeding habits and distribution of
coastal fishes is now in the final stages of completion. Dayj night
feeding habits of fishes and activity of invertebrates have been
analyzed. The emphasis on field experimentation and microhabitat
diversity is cornplernentary to the ongoing, long-term field work.
Thus, after ll years of careful collection of field and laboratory
data, we are now using these data to design a new program with an
emphasis on field experimentation and analysis of the validation
process

SCIL CeSERVA&~S ~D CONC'.VSIONS

Our central theme involves delineation oj "meaningful measures
of marine pollution effects." The term "meaningful" is difficult «
interpret without full qualification of underlying assumptions in the
experimental process. Unless a given research question is scale«n
an orderly way, controversy regarding generalization of results >s
almost inevitable. From our recent long-term effort, certain «n-
tative observations and conclusions can be made concerning the de-
velopment of a research effort to answer specific impact q«s-
tions.

I. The bioassay approach can be extremely useful in an assess
ment of the boundaries of a given problem, but it is not necessarily
predictive of field response. For example, Laughlin et al- ~l97~a~
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tound that blue crabs  Catlinectes ~sa idus! in the laboratory showed
a marked avoidance reaction to acidic runoff from clear-cut tirn-
ber areas above a north Florida estuary. Such effects were also
noted with test water characterized by experimentally reduced pH.
An analysis of blue crab distribution within similar gradients in the
f ield gave entirely divergent results. Indeed, small crabs were
more abundant during periods of high runoff  and low pH! than, at
any other time during the Long-term sampling program, WhiLe such
results are obviously due to an extremely complex population re-
sponse to various factors in the field, a direct extrapolation of the
bioassay results to field conditions was not feasible because of "the
limitations imposed by laboratory artifacts and unavoidable as-
sumptions"  Laughlin et al. 197Kb!. Another demonstration of this
problem is given by Koenig et al. �976!. Blue crabs were noted in
a north Florida marsh area that was contaminated with DDT and
its metabolities. Total DDT-R residues equaling 39.0 ppm and 1.43
ppm were noted in the hepatopancreas and swimmeret muscle tis-
sue, respectively. Despite bioassay data showing that blue crabs
are quite sensitive to DDT, no field mortality was noted during
suminer/fall months relative to other  uncontaminated! control
areas. Only as winter cold fronts moved through the area was
there a widespread kill noted among the DDT-exposed blue crab
populations. Thus, exposure to DDT together with reduced water
temperature produced mortality in the field, while direct extrap-
olation of the laboratory results was not applicable unless the envi-
ronmental modifying factor  i.e., low temperature! was taken into
account. Once again, field response to multiple factors cannot be
predicted f rom laboratory bioassays alone.

An integrated field and laboratory approach can thus be very
worthwhile. Recent experiments with soft-sediment microcosrns
indicated that, under laboratory conditions {i.e., without natural
predators!, such assemblages change in a way that is more cornpat-

xcluded than
i ewi'bl th changes in areas where predators have been excl

Thus thewith those in natural unvegetated, soft-sediment areas. u,
laboratory microcosm is an artifact of the separation of the sub-
ject organisms from natural conditions  i.e., pcan provide the basis for experimental questions and hypotheses
that can then be tested in an organized fashion and under con-
trolled conditions. Field manipulation expe 'riments based on life

history information and descriptive data, caan be useful for analysis

of d narnic processes such as the influence pof redation and corn-

petition on community structure. Habitat
o y t alteration can influence

such relationships, leading to subtle y pet irn ortant structura
uch factors should be taken intochanges in aquatic assemblages. Such

desi n of laboratory bioassays.consideration in the experimental desig
2. The inherent spatial and temporal ' tyal variability of a given

Pact evaluation is developed. We have recently show~ that, w i e
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the response to predation by rnacroinvertebrate assemblages
coastal areas characterized by generally high salinity  Q5 35 ppt! .
pronounced  Livingston unpublished data!, such response has rot
been noted in estuarine areas characterized by low salinity a%
high productivity  Mahoney and Livingston 1982!. ThUs the qualjfi
cation of a given factor {in this case, predation! MUst be made with
respect to the specific ecological relationships of the syste~
question. The research question should be qualified by a rigorous
scaling effort to fit the question to a particular set of habitat con
ditions. Too often, one small portion of the environment is studied
as if it existed in isolation from other parts of the system, For in
stance, areas in Florida along the northeastern Gulf coast are phys
ically dominated by runoff, which has its origin not in Florida but
in Georgia and Alabama, since the primary source of freshwater
runoff for the Apalachicola River occurs in upland areas of the
Piedmont. Salinity and productivity in the estuary are thus deter-
rnined in areas hundreds of miles away from the primary study site.
Such factors may be intimately related to laboratory artifacts as-
sociated with assemblages in the associated estuarine areas. Ulti-
mately, there is no easy way to scale a particular research problem
since working from too few data will eventually complicate the hy-
pothesis-testing process.

3. Generalization from one level of biological organization to
the next is not recornrnenee, and such generalization can lead to
serious mistakes in interpretation Response time, sensitivity to
limiting factors and pollutants, and interspecific relationships vary
from species to species. The elimination of a seagrass bed in Apa-
lachee Bay as a result of a pulp mill discharge was found to be de-
pendent on seemingly slight changes in the physical environment
that, in themselves, would not have affected a wide range of ani-
mals  Livingston, unpublished data!. However, elimination of the
grassbeds almost certainly led to altered habitat relationships and
food web patterns with the resulting loss of productivity and
changes in community structure. Without detailed field informa-
tion concerning interspecific linkages and a precise laboratory
demonstration of rnacrophyte response to altered water quality>
such causative relationships would have been difficult to demon-
strate.

In addition to qualification af under lying assumptions whe»

~ ~

ven research program is designed, the experimental approach
whether field or laboratory oriented! should be carried out using
appropriate statistical models. While such a basis has been~ i"
principle, agreed upon by most researchers, there is often a ten-
dency to rely on tried and true statistical approaches, which may
not be adequate for the intended pUrpose. Meeter and Livingston
�978!, working with the application of standard statistical applica-
tions  e.g., ANOVA, multiple regression, factor analysis, canonical
correlation! to long-term field data, found that such methods w«e
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not always satisfactory because of the abrogation of assumptions
inherent in the statistical models and the natural variability of es-
tuarine systems. In any event, it is advisable that a quantitative
approach, based on appropriate statistical methodology, be used in
the design of a given experimental approach to impact analysis.

The environmental sciences represent a relatively new disci-
pline, compared with other areas such as physiology and anatomy.
However, there is already a premature fragmentation of ecologists
and pollution biologists into various subdisciplines based on paro-
chial lines. Such ideological fracturing pits the basic or theoretical
researchers against the applied, the laboratory against the field,
the experimental against the descriptive, the holist against the re-
ductionist. In part, this situation is due to the complexity of the
environmental processes that we study. However, svch artificial
limitations do not advance our knowledge of how aquatic systems
respond to natural and anthropogenic stress. Cairns et al. �981!
summarized the different kinds of information that are necessary
to evaluate the potential hazard of toxic agents to natural systems.
In a given situation, one should not be limited to any single disci-
pline or area of specialization. The essential problem is to fit the
research question to the underlying assumptions and restrict over-
generalization by relating results to a well-defined scaling of the
approach. If the question involves a system response, there is no
easy substitute for an integrated multidisciplinary effort with
careful attention to the design of experimental procedures based
on background information concerning the organisms of the area in
question. In an integrated discipline, there is little room for a
parochial or reductionist approach to the solution of system-level
problem s.

Cairns, 3., 3r., M. Alexander, K.W. Cummins, W.T. Edmondson,
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NTRODUCTIOhl

"The acquisition of data is a means to an end"  Oakley l979!.
Environmental decision-makers need to know something about

the "significance," or importance, of measured effects of marine
pollution. Too of ten, however, evaluation of significance is not of-
fered or, if it is, it is in a form so alien that it is frequently over-
looked.There always will be justifiable debate about the meaning of
any scientific measurement. However, there is one measure of
marine pollution that at least lends itself to constructive debate
and decision-making. That is the scale of damage caused by pollut-
ing activity. The questions are these: Are we not able to measure
the areal extent of biological effects and, further, are we able topredict how the extent of the damage will change as a result of
various remedial or disposal actions?4'e believe the answer to both questions is a qualified yes.
There is now a large reserve of field data showing the extent to'which pollutant inputs of various magnitudes have and have not
contaminated or damaged marine and coastal ecosys e
data reserve includes numerous in situ field experim nriments" that

show the extent to which changes in inputs have changve chan ed the scale
of impacts. And there is a growing theoretical base for makingprojections of impacts in physically complex coastal an oceanic
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ecosystems. In short, new opportunities are at '~and for evaluating
and projecting the magnitude of some biological !impacts of marine
waste disposal activities.'The goal of this report is to provide, by way of example, ~me
suggestions for evalua'ting the importance of measures of poll�tant
effects in terms of the amount of organisms and size of habitat af-
fected. Our ob}ectives are to  l! identify the kinds of scales pf
contamination and damage that have been assoc>ated with certain
disposal activities; �! derive correlations that appear to fit the re
lationships between the magnitude of certain kinds of biological ef
fects and the waste inputs associated with them; and �! suggest
what we can do to improve our ability to document, predict
convey to managers the scale of biological effects of various waste
disposal strategies. Ultimately, we hope the approach outlined
here might be used to help identify and compare impacts of alter-
native remedial and waste disposal activities, and perhaps help
identify those which are least disruptive to marine ecosystems.

Klapow and Lewis �979! viewed "scale" as an essential target
of marine pollution assessment and monitoring. We presume Teal
et al. �979! likewise were referring, to scale when they asked,
"How large a pollutant input and how long a chronic pollutant input
is required for the  biological! community to leave its normal set of
configurations entirely? How much larger a push will prevent its
return?" These questions reflect an assumption that the scale of
impact increases with waste input and, further, that there may be
an input threshold above which impacts increase markedly.

1n the 1970s scientists at the Southern California Coastal Water
Research Project  SCCWRP! attempted to relate biological im-
pacts to waste emissions from a suite of municipal marine sewage
outfalls. During the course of the work it became obvious that the
overall magnitude of benthic impacts was related to the amount of
sewage discharged and that mass emission rates were better pre-
dictors of effects than were effluent concentrations  Mearns and
Young 197K!. Moreover, data presented by Reish {1980! suggested
that 150 million liters �0 million gallons! per day represented a
"threshold" flow rate below which adverse benthic community im-
pacts did not occur in this coastal region.

Later, analysis of additional survey data identified exponential
relationships between solids mass emission rates  metric tons pe
year! and size of bottom areas with "changed" or "degraded" ben-
thic communities  Mearns and %'ord I 982!. Because these relation-
ships were exponential, the existence of a threshold was conceiv-
able. Moreover, the relationships formed the basis for predicting
the size of degraded and changed areas of the sea floor that might
occur as a consequence of several alternative sewage treatment
strategies  SCCWRP 1978; Mearns 1981; and at least five PL 92
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500, Section 30lh Applications for Waivers of Secondary Treat-
rnent .

These observations suggested that  L! spatial scale was both a
useful and a meaningful measure of effects, and �! mass emission
rates of effluent constituents were more meaningful m fe meanin u measures of
inputs than were concentrations alone.

Def imtions
This experience led to a search for similar relations elsewhere

and to qualification of our title "Biological Effects vs. Pollutant
inputs: The Scale of Things." For the present purpose we define
scale as the spatial  horizontal! distribution of biological effects
caused by a waste disposal or pollution event. We equate biological
effects to biological damage  such as direct mortality, disease or
unnatural changes in community structure! or to any response that
renders useless a productive marine resource  such as chemical or
microbial contamination that exceeds unacceptable limits for har-
vesting or consumption!. By "scaLe" we mean the size, extent or
relative proportion of a population or habitat that has, in fact,
been measurably damaged, is unusually contaminated or has been
rendered useless. For habitats such as beaches, the sea floor or the
water column, the units of measurement are length of coastline
 one dimension!, area of sea floor or sea surface  two dimensions!,
or volume of sea water  three dimensions!. By "contaminant in-
puts" we mean the amount of contaminant expressed in units that
relate to the scale of effects in a useful way. To a decision-maker
this irnrnediately brings to mind the total amount of material in
terms of mass  e.g., metric tons  mtj! or volume  e.g., m~!, and to
one concerned with a chronic situation, this may mean mass emis-
sion rate  e.g., metric tons per year [mt y >f, cubic meters per day
{ms d ~] or million gallons per day mg d t!!.

We used these definitions to search the literature for data that
would allow quantification of relationships between the spatial
scale of biological impacts and corresponding mass emission rates
of pollutants or wastes. Below is a sample of what we discovered,
together with some comments on the meaning of the relationships.

KIQAlPLES OF SCALES AND THHR RELATIOHS TO 1HPUTS
Many reports we examined identified, usually through maps,

something about the spatial scale of pollutant impacts on the seafloor or sea surface. A number of scales are noted by Gerlacb
�9Sl!. However, few relate the amount of impacted habitat, pop-ulation or community to some corresponding waste input or po llu-
tion event. The number of examples increases somewhat when lit-erature is searched first for the "effects" reports and later for the
"inputs" data.
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A suite of examples is summarized in Tables 1 through 3 and
Figures 1 through 10. The impacts include  a! DDE contamination
of mussels along the Southern California coast  Risebrough et al,
1980!, Figures 1-3;  b! lengths of coastline contaminated by various
oil spills  references as cited in Table 1, data plotted in Figure rr!;
 c! areas of surface and deep water in Puget Sound, Washington,
which contained material from pulp mills in concentrations suffici-
ent to induce abnormalities in developing oyster larvae  Cardwell
et al. 1977!, Table 2 and Figures 5 and 6; and  d! area of the sea
floor occupied by changed and degraded benthic communities, and
by unusually high benthic biomass, all resulting from known inputs
of sewage from Southern California ocean outfatls  Mearns and
Word 1982!, Table 3 and Figures 7-9.

Overall, the impacts are represented by alongshore  linear!
scales that range from less than 1 km to at least 300 km and scales
of areal impact that range from Jess than 1 km~ to nearly 100
km . Ranges of corresponding inputs are  a! 1000 to 21,000 kg y r
of DDT responsible for the contamination of mussels;  b! 7 to near-
ly 65,000 mt of oil responsible for the beach contamination;  c!
about 50,000 to nearly 000,000 kg d �8,250 to 146,000 mt y ',
dry weight! of BOD from pulp mills; and  d! 15 to 100,000 mt y
 dry weight! of suspended solids from sewage outfalls. These
ranges cover several orders of magnitude and raise the specter of
plotting data on two-, three-, and sometimes four-cycle log paper.
Below is a more detailed account of the relationships identified
from these data sets.

DDE Cantmninaticm of Intertidal Ecosystesns
During the last decade, and probably for many years before, the

pesticide DDE contaminated marine life throughout the Southern
California Bight and along more than 290 km of the adjacent coast-
al zone  Figure 1!. The major source of the DDE was DDT  mostly
DDE! discharged from the 60-m deep Los Angeles County sewer
outfall system on the Palos Verdes Peninsula  Young et al. 1978!.
When the source was identified in 197i, total sewage DDT emis-
sions were 21,600 kg y '. Control  of the offending manufacturer!
in 1971 resulted in a rapid �-0 year! decline to total emission =
1000 kg y r  Figure 2a!. During this period �971-78! several re-
searchers documented commensurate declines of DDE contamina-
tion in mussels at up to 16 stations along 290 km of the adjacent
coastline  summarized in Risebrough et al. 1980!.

These decreases were replotted in terms of the lengths of
coastline  km! occupied by mussels bearing various concentrations
of DDE  Figure 2b!. Comparison of these plots with data in Figure
2a suggests that the mussels responded to the decreased emissions
within several years.
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log,,Y = 0.737  log,,X! + 0. 0
where

Y = length of oiled coastline in km
X = amount of oil beached in mt

Solving for Y produces the exponential equation:

�}

This means that as the amount of beached oil doijbles, the length of
coastline oiled does not double but increases by about one-third.
This relation may have intuitive, if not predictive, importance.
For example, although 10,000 mt of beached oil can impact 122 km
of sea coast, it does not follow that 10 times that amount � or
l00,000 mt � will impact l220 km but rather something on the order
of 300 km �84 km is predicted!. Again, the Arrow spill is an irn-
portant deviation from this trend.

Presumably, increased volumes of oil on beaches imply in-
creased thicknesses of oil more than increased lateral dimension.
We are not prepared to speculate about the properties of the sea
coasts or the oil that result in such a relationship. However, the
example generally suggests that there may be some inherent limit
to the extent to which beaching oil can impact shoreline ecosys-
tems. Inclusion of this example, according to our definitions,
implies the assumption that there is corresponding biological
damage resulting from this contamination. We are not prepared to
challenge or support this assumption.

Size of Toxic and EUtrophic Water Masses
Several studies developed data from which it is possible to infer

relationships between waste mass emissions and the areal extent of
impacts on organisms of the water column.

Cardwell et al.  l977! found that developmental abnormalities
were induced in oyster larvae from various areas within grids of
surface and deep water samples taken offshore of several puget
Sound pulp mills  Table 2!. As shown in Figure 5, the area, in km,
of incidence of abnormalities > 5096 of the exposed oysters de-
creased in a curvilinear fashion with decreasing BOD ernissions as
several pulp mills improved treatment and reduced toxicity. The
curve at the left in Figure 5 indicates responses commensurate
with reduction of pulp mill BOD inputs into surface  <37 m! waters
0 e veref th E tt � Port Susan region. The middle curve indicates re-
sponses commensurate with reduction of pulp mill 8 inpu s in
dec  l00 rn! waters of the same region where BOD inputs were
two to three times greater than in surface wat . po'eep ers. The ints to

the right represent sea surface areas sustaining' in >50% abnormali-

ties coincident with reductions in even larg per BOD in uts from a

pulp miII discharging at Port Angeles in the 5e Strait of 3uan de Fuca.
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Figure 6. Possible exponential relationships between areal distri-
bution of receiving water toxicity to oyster larvae  km' and
changing waste mass emission rates from three pulp mill effluents;
based on log,o-log io transformation of data in Figure 5 and Table
2  from Cardwell et al. 1977!.
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When all data  x and y coordinates! are transform d t I
hall t ree curves become statistically significant exponential rema

tionships  p<.05! whose exponents  slopes! range from 3.65 to Q.99
 Figure 6!. That is, as the emissions double, the area of toxic
water increases approximately 12.5- to 32-fold  or to I/I2.5 or
I/32 of the original impact if they are halved!. These are dramatic
changes and represent the first example of direct biological dam-
age.

A.Lso shown in Figure 5 are two points confirming limited induc-
tion of abnormalities in sea urchin embryos  Oshida et al. I98I! ex-
posed to surface and subsurface waters near the mixing zones of a
sewage sludge outfall and a major sewage effluent outfall on the
open coast of Southern California from Oshida et al. l982!. Their
data indicated no effect at BOD s emissions comparable with those
in Puget Sound. While there are obvious uncertainties in comparing
oysters and sea urchins, additional uncertainties in comparing pulp
mill and sewage outfalls, and serious doubt that BOD is in fact the

5
agent causing the responses, the comparison offers some intriguing
speculation. For example, the curves and points might represent a
"family of curves" in which conditions on the left of Figures 5 and
6 suggest considerably less tolerance to the emissions than those to
the right. Is it possible that the curves represent, from left to
right, increasing amounts of water available for dilution  from a
shallow impounded lens of inshore water out to the more vigorous
Straits of 3uan de Fuca and the open coast of Southern California!?

In a study of eutrophication and phytoplankton stimulation,
Malone  i982! estimated that the area of the New York Bight re-
quired to assimilate the dissolved nitrogen input from Hudson River
runoff and sewage varied seasonally from 670 to l 350 km ' in con-
cert with changes in river flow and stratification. Since phyto-
plankton production in this area is nitrogen-limited, Garside et al.
 l976! concluded that changes in nitrogen input would change the
size  or scale! of the area in which primary production is affected
but would not alter the production rate itself. Thus, it is the spa-
tial dimension rather than the intensity of production within a
eutrophic water mass that varies with the nutrient input.

Benthic Impacts f rom Outfalls
Scales of impacts on relatively immobile intertidal and subtidal

benthic communities have been documented and related to changes
or differences in waste inputs. Figure 7 shows the spatial distribu-
tion of several measures of benthic infaunal impacts around three
Southern California outfalls. The figures are arranged from top to

d r of decreasing flows and suspended solids massottom in or er o cre th �0 m! and all areemission rates. All discharge at the same dept   m
ndricks 1977!. The figures onsubject to similar current regimes  Hendricks !. 'g

the left show isopleths indicating two major discontinuities in the
structure of the communities as measured us'ng
by Word  I979!.
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Figure 7. Areal responses of benthic infauna to three Southern
California sewage outfall systems:  a! Santa Monica Bay receiving
1215 x 10 L d ' of effluent and 78,800 mt y of suspended solids;
 b! southern San Pedro Bay receiving 675.2 x 10 L d of effluent
and 33,300 mt y ' of suspended solids; and  c! coast off Point
Lorna~San Diego, receiving 435 x 10 L d of effluent and 207500
mt y of suspended solids. Left column of figures shows distribu-
tion of "changed" and "degraded" benthic community structure as
measured by the Infaunal Trophic Index  Word 1979; Bascom et al ~
1979!. Right column of figures shows distribution of increased bio-
rnass  contour in g m !. Data are from surveys conducted in 1977
and 1978  Bascom 1979!.



Measuring Scales of Pollution / 709

These plots clearly suggest a direct relationship between the
scale of alterations in community structure and the magnitude of
wastewater emissions. On the right are isopleths defining areas of
above-normal biomass  g m s! of the communities. Here there is
no visible relation between the size of area affected  by elevated
biomass! and the magnitude of the discharges. However, there are
several areas of extremely high biomass �00 to nearly 1000 g m s!
at the largest discharge that do not occur at the smaller ones.

As noted previously, Mearns and Word �982! identified from
these and two other outfall sites several exponential relationships
between the size of area occupied by "changed" and "degraded"
community structure  as defined by Bascom et al. 1979! and the
corresponding mass emission rates of suspended solids. Equations
fitting these data are shown in Figure Sa. The exponents for the
double-log -transformed data are 2.16 for the changed" fauna
and 2.55 for the degraded fauna. Thus for each doubling of mass
emission rates of solids, the area of sea floor with "changed" com-
rnunity structure increases 0.5-fold and that of "degraded," 5.9-
fold.

In contrast, areas occupied by elevated or "excess" biomass in-
creased linearly  exponent 0.96! over the entire range of observa-
tions  Figure Sb!. However, the actual amount, or tonnage, of the
excess biomass increased nearly as the square of the input  expo-
nent= 1.75, Figure Sc!.

Flow and mass emission rates of most marine outfalls are much
lower than those represented by the five large Southern California
systems examined by Mearns and Word �982!, To determine if the
original relationships were applicable to smaller scales of impact,
additional data from several smaller sewage discharges were exam-
ined. Estimates of impacts on benthic biomass are tabulated in
Table 3, together with the original data used by Mearns and Word
�982!. The new equations and exponents  Figure 9! are not sub-
stantially different from the original ones, suggesting that the
equations may be useful in predicting scales of impacts for a wide
range of treatment plants, at least in California. It remains to be
determineJ whether these relationships are applicable to the shal-
low, semi-enclosed estuaries or embayments of the Atlantic coast.
On the other hand, the equation for "changed" fauna appears to
predict, at least within a factor of two, the 260 kms of benthic
community impact described by Boesch �982! for the New York
Bight  as anaIyzed in Mearns and Word 1982!.

Scales of impact of sewage on rocky subtidal communities and
their relation to waste inputs have also been documented. Among
these is a partial relationship between decreased solids emissions
from the Southern California Palos Yerdes outfall and the recovery

1980!; this relationship has been exploited to predict the size of the
beds  Garrison, 1981!.
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ln a similar study, Dicks and Iball �98 I! ravided data from
which it is ossible top i e o deduce relationships between the flow and

a provided data from

mass emission rates of oil from a refine ff1inery e uent and the frac-
tional area of an adjacent salt marsh d d barnage by the discharge.
The authors speculate on conditio~s that hmig t represent a thres-
hold below which the refinery effluent do t '
shallow "benthic" ecosystem.

uen oes not impact this ver

DlSCUSS!ON AND BAPLICATIONS

Our aim has been to suggest ways to evaluate measures of pol-
lution effects. We postulated that spatial scale of response was it-
self a meaningful measure of waste inputs and thus sought to an-
swer three questions, rephrased as follows:

What are the scales of observed pollutant effects in na-
ture?
How do changes in these scales relate to changes in waste
inputs?
What can we do to improve our ability to document, pre-
dict and convey to managers the scale of effects of various
waste disposal strategies?

The answer to the first question is simple. Scales of impacts
attributable to known pollutant or waste inputs can be detected
over several hundred kilometers of coastline and many tens of kilo-
meters of sea surface or sea floor. However, some observations,
such as those relating to contamination of intertidal resources by
DDT and oil, are not sufficient to determine the extent of actual
biological damage. Some biological indices are needed and a more
detailed review might reveal data that could be used to identify
and examine such relationships. In any case, some spatial scales of
damage can be documented by using simple and well-tested tech-
niques such as the larval bioassays  Cardwell et al. 1977; Oshida et
al. 1981! and measures of community structure  Boesch 1977; Word
1979!.The answer to the second question is both simple and complex.
There is indeed a reasonable correspondence between the amount
or rate of pollutant or waste input and the spatial scale of contarn-
ination or biological effects. The complexity arises when we at-ternpt to determine the nature of the relationships: some are line-
ar, as in Case l, Figure IO; others are exponential, as in Cases 2
and 3, Figure 10. For example, it appears that the increase in area
of sea floor occupied by excess biomass of infauna near sewage
outfalls is linearly related to suspended solids inputs; the exponent,0.96, approximates 1.0 and thus satisfies Case I in Figure 10. Inother words, a doubling of the input doubles the area occupied by
excess biomass.
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Figure l0. Three of several possible relationships between the
mass emission rate  input! of a contaminant and the scale of rnag-
nitude of a biological impact or contamination. Case l is linear;
cases 2 and 3 are exponential, with exponent > 1 for case 2 and < l
for case 3.
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On the other hand, for tanker spills the relation between length
of oLL-contaminated coastline and amount of oil beached is repre-
sented by an exponent much lower than 1  i.e., 0.365!; as the
amount of beached oil doubles, length of coastline increases only
by one third. Finally, most of the relationships fall into the Case 3
category shown in Figure 10. The exponents we found ranged from
1.75 for the relation between tonnage of excess biomass near sew-
age outfalls vs. suspended solids mass emission rates, to 0.99 for
the relation between sea surface area near a Port Angeles pulp mill
inducing > 50% developmental abnormalities in oyster larvae and
the pulp mill BOD input. Such relationships mean that as inputs
double, the area or amount of impact much more than doubles, in-
creased by factors ranging from 0 to 32. Alternatively, such rela-
tionships also mean that a halving of pollutant input will result in
considerably more than a halving of the scales of effects and may,
from an operational point of view, result in the "appearance" of
thresholds � the final "push" suggested by Teal et al ~ �979!,

What is needed to improve our ability to document, predict and
convey something about the significance of scales of effects'7
Documenting spatial scales means "mapping." Klapow and Lewis
�979! recognized the need for spatial mapping in monitoring sur-
veys, but we are not convinced that mapping of effects has been an
explicit objective of most surveys and monitoring studies. Rather,
replicate sampling, sufficient to demonstrate statisticalfy signifi-
cant differences between two sampling sites, is an objective of
many current monitoring programs. Given limited resources, this
approach is not conducive to mapping. Since the confidence re-
quired for mapping gradients could be somewhat lower than those
required to make sure two sites are not slightly different, the same
limited resources could be devoted to this end. Field studies should
stipulate explicitly whether mapping is an objective; we urge that
more "effects" studies be directed toward "mapping."

We also note that reports of many field studies fail to include
quantitative information about the inputs presumably causing the
alleged impacts. It would be most helpful if future reports includ-
ed such information.

Much remains to be initiated to improve our ability to predict
scales of effects of various waste inputs. There is a definite need
to find out how scales of biological effects relate to scales of sea
floor contamination projected on the basis of physical models.
Physical models, for instance, would never yield the Case 3  Figure
10! correlations between inputs and scales of contaminant concen-
tration. The correlations we have found are between waste inputs
and scales of biological response. They incorporate but do not sep-
arately identify correlations between contaminant concentration
and biological response. Some of these projections cover larger
scales than those we have considered such as the 10,000 km' of
sediment PCB contamination expected to result from ocean dump-
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irig of sewage sludge over the continental slope  Swanson et al.
1982; O' Connor et al. 1982! and the many tens of thousands of km >
of abyssal sea floor expected to be disturbed by deep ocean mining
 OOME L931; 3urnars L98L!.

Teal et al. �979! suggested experimental manipulation of
coastal ecosystem as a way of developing predictive relationships
about impacts of contaminants. %e suggest that there are many
other experimental opportunities  e.g., existing discharges! await-
ing analysis. Regardless of the approach, scale should be among
the measures. There also ought to be some possibilities for linking
mesocosm experiments such as .'AFRL  Donaghay et al. this volume!
with field operations such as monitoring and mapping, surveys
around outfalls. Both kinds of studies could be designed to con-
verge on predictions of scales of biological effects.

Scale inherently conveys something of significance or impor-
tance to managers and decision-makers. That importance can be
magnified by offering information in the manager's terms. For ex-
ample, one could offer at least rough forecasts of the scale of ef-
fects that are possible as a result of increasing or decreasing inputs
or, conversely, of identifying the inputs below which a given scale
of effect would not be expected to occur. If we wished to limit
"degraded" infauna around a Southern California outfall to less
than 0.0l km  the size of a small zone of initial dilution!, then
solids mass emission rate could be as high as 31,900 mt y ' or
176,800 lb d '. The emission rate could be converted to a rnaxi-
mum allowable average suspended solid concentration in an efflu-
ent, given the average sewage flow rate i.e., in millions of liters
per day!. In other words, it could be used as a tool to help design
the treatment system.

In this report we are not prepared to discuss why the different
wastes and different effects correlate so differently. A number of
factors must be considered, including the chemical stabiLity and
physical chemistry of the ~astes in sea water; the dispersing char-
acteristics of associated water masses; and the rates at which ma-
rine plant and animal communities die, recruit, migrate and rnetab-
olize waste constituents. Physical boundaries, such as the sea floor
and coastline, serve to place limits on the scales over which pol-
Lutants might otherwise disperse. The presence or absence of these
limitations might explain some of the dramatic exponential differ-
ences between water mass impacts and shoreline/sea floor impacts-
However, even with the open sea there are invisible boundaries to
scales of vertical and horizontal density gradients which involve
both physical and biological processes. The identification by Iles
and Sinclair �982! of physical, predictable herring "larval retentio~
areas" over the continental shelf offers both an example of lirnita-
tion to scale and a caution that the sea and its biota are not well-
mixed eve-ywhere.
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In this paper, the definition of scale has been Limited to "spatial
distribution." Scales in time have not been considered except inad-
vertently in examples of recovery of polluted ecosystems. The
persistence or reversibility of impacts is of obvious concern and
should be dealt with directly.

Likewise, we have not quite returned to the question of signifi-
cance or importance. Ln a sense that humans are worried over im-
pacts, is l0 km~ of degraded benthic communities significant for
its own sake or only if damage over that scale has consequence to
valued fisheries? We cannot answer this. However, we can suggest
that the question is more clearly debatable when the scale of the
problem has been measured or predicted and the results conveyed
in a useful form to decision-makers.
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INTRODUCTION

This chapter attempts to summarize and synthesize the weak-
nesses and strengths of environmental assessments that have been
pointed out in this book. It is an overview of some of the import-
ant problems and questions, as well as the opportunities, we now
face in developing better and more meaningful measures of marine
pollution effects. wherever possible, the chapter presents the
ideas and opinions that were generally expressed at the workshop
where these papers were first presented. However, in order to
highlight the weaknesses of presently available means for measur-
ing such effects and to suggest possible irnprovernents, it has been
neither possible nor desirable merely to restate views expressed in
earlier chapters. Instead, this chapter presents the opinions of its
authors on the lessons from past experiences and the directions
that should be taken to improve pollution assessments.

DEVELOPMENT OF ENVIRONINENTAl ASSESShIIKNT

The a ers in this volume provide a survey of the techniques
and methods presently used to assess ma p

he papers in is v
n's ollution impact on the

marine environment. At the workshop p pwhere the a ers were

presented, the participants generally agreed that assessment
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capabilities have been improved over t' he pas' decade. Ho~eyermanv participants expressed some "issatisfact.on .vith
direction and rate of that development.Such d~~satisfaction car, be traced bac'- t the relatiI+lyand somewhat chaotic einergence of strong public concernmarine pollution. During, the 1969s and 197'.s,;usti!ied public outcries set an environmenta! protection process iri 'notion be foregovernments or, for that matter, scientists ~ere adequatei~ pre-pared to recommend appropriate actions. For example, withexceptions, the first courses dealing wiith the scien< e of po!!utioneffects were introduced at .american universities at approximatelythe same time that t' he L'.S, Environmer,tal Protection Agency
 EPA! was established. Yet the net ly formed agency was man-dated to base its programs of environrnenta! protection on this still
nascent area of applied science.Even today, few universities offer training in hazarC assess-ment, that multi-disciplinar~ procedure that combines informationon pollutant loadings, fates, ecosystem effects, human health risks,and economics in order to evaluate the probable consequences ofpollution. However, it is now clear that suc",, a holistic approachmust be used to provide a satisfactory basis for rational decisionmaking. Further, the public must be informed of the need for suchan approach and thereby develop realistic expectations for po!lu-tion control effects. At present neither the public nor their legis-lative representatives have a clear grasp of the tremendous com-
plexity of this assignment.Some technical mistakes of the past--such as those pointed outby Smith and by Patton and Couch  this vo!urne!, where nonspecifiicresponses were measured in the field without valid contro's--neednever be repeated. The lessons learned from such past errors must,however, be brought to the classroom, so that the next generation
of environmental scientists is trained to recognize and follow goodexperimental design. Further, suc'h training mustbreak away fromthe narrow disciplinary approach that has dominated many environ-rnental science curricula in the past. Successful environmental
assessments have amply demonstrated the need for interactive
teams, not just superficial exchanges of information among spe-cialists. We need to train people who are comfortable in suchteams and who can understand, operate in, and interact with thearray of traditional disciplines that are required to conduct com-plete hazard assessments of marine environmental problems.

A further difficulty that has plagued the developmentapplication of environmental science is the high frequency of poor
communication among research managers, regulators and scien-tists. This situation may improve as stUdents trained in the holistichazard assessment approach move into environrnen ta l research and
management positions. Nevertheless, environmental regulator~must make decisions, whether or not these are based on scientific-
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a l l y defensible a ssess men ts. T f p g' o"n s. oo often at res

'd d ih h

d o c lt' esult that they be-pecia ties, with the r

d ocate underdeveloped or even ina
.". -- "-b-p ex pro ems.

These are not the only sturnbl bl
are subjected to intense lobb i f

ing ocks, of course, Lawawmakers
o ying rom all sides and must de end on

the advice they receive, whether good r b d A
a perennial problem. Furthermore fu d'

r goo or a . dequate fundin is

nature of the legislative process o t 1
un ing agencies by the ver

g
y

ess operate argely on one-year bud-
get cycles, thus making it difficult to maintain su

s u ies. ublic and Congressional priorities shift rap-
idly, creating an ephemeral atmosphere in which directed investi-
gations move from one crisis to the next and never expend the con-
certed effort needed to reach long-term solutions.

CRITICAL OVKRVIE% OF THE STATUS OF
POLLUTION ASSESSMENT STRATEGIES AND METHODS

Need to Apply the Scientific Method
Too frequently environmental studies, ostensibly conducted to

determine pollution effects, fail to advance beyond the preliminary
descriptive phase of the scientific method. Several papers in this
volume, including those by Leffler, Heck and Horwitz, Carpenter
and Huggett, and Green, point out the need for field studies to
move to the hypothesis and testing phases of the scientif ic
method. Heck and Horwitz contend that most field impact studies
are observational rather than experimental, and therefore cannot
establish causation. Carpenter and Huggett state that while
"emphasis on rigorous testing can be overdone when the hypotheses
are trivial, data collection without clear hypothesis formulation is
really the cause of the prevention of environmental science devel-
oping as a science." They observe that several recent expensive
government programs have collected descriptive data for purposes
that have not been clearly defined. If such programs are to help in
solving pollution problems, they must be directed at quantifying
processes connecting loadings, fates, ecological effects, human
health risks, and economic impacts related to the specific problems
under consideration. The scientific method should be adhered to
rigorously and vigorously. Hypotheses should be established withrespect to quantification of each process, and the requisite data
should be gathered as fully and precisely as required to test these
hypo theses.
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ChotCC of MC8Aing&I End poiots
One of the most pressing, Out too often 'gnored, demands 'n any

environmental assessment is to define mean,'ngful assess nent end
points, i.e., measures of impact whose i nportance is wideli
cepted. Both Duke and Green urge scientists to state clearlv
references against which the sign.'ficance of deti ctc-,~ i;npacts ha«
been judged. Not surprisinglv, researchers' diverse expertise, en-
vironrnentalists' part,'cular valises, and regulat ~rs' specific
dates often color what are viewed as meaningful end points. Grice
considers impacts on long-!ived species tc 5e especial!i imoor-
tant. 'Malins et al. suggest that measurements of t' he uptake and
effects of contarninants on organisms can Ne veri useful in con
junction with measurements on the sediment distribution of those
contaminants. Both jeffr!es an" Livingston believe that critical
end points are those reflecting ecosoc stem-~ ide responses, and
3effr~es goes further to sav that meani,gfu! einergent properties at
the ecosystem level can be defined in a straightforward manner.
Other end points suggested include mortality, fecundity, growth
rate, age distribution, population stress indices, an" communiity
change indices  Hansen, Gentile and Schimme'., ' l nton and Couct;,
Singleton et al., nizam et al., Grassle and Grassle, Sinith, and Saila
et al., inter alia!. Obviously there is litt e agreement on what
these measures should be. Two generalizations can Ne made, hov,-
ever:  I'! measures tNat can be easily judged bv human values {e.g.,
effects on commercially important fish st~mks~ are usually more
meaningful than more esoteric ones and �! impact end points re-
lated to higher levels of biological organizatior  i.e., cornrnunities
and populations! are more meaningful than those related to lower
levels  i.e., individual organisms or their organs, tissues, and cel!s!.

Proper Use of Statistics
% any papers in this volume raise questions about application of

statistics to environmental data and the use of statistics in analysis
and interpretation. Taub indicates that microcosm data have many
of the same problems that characterize data from natural eco-
systems' -time series data are not statistically independent, rep-
licate systems are often out of phase with each other, and many of
the data sets are noisy. Heck and Horwitz caution that analvsis of
variance is merely an exploratory technique that should be used to
identify consistency of association rather than causality. Further,
they contend that in the rush to appear quantitative the potential
analytical rigor of statistics has been diluted through widespread
misapplication. Carpenter and Huggett emphasize that watercol-
urnn and sediment concentrations of chemical contaminants and
their derivative species are highly variable in both time and
space. Hence, when field exposure concentrations are measured,
uncertain ty e sti ma te s  variance and standard error! should
determined and stated. Indeed, uncertainty and probability state-



Summa Ymary and Synthesis / 729

ments ma bey be a common ground between
e soc e ar ying egislation and liti atig o ~ f awmakersare apprised of the r",' bi ity of scientificave a asis for wei hintions against other soci tal d 'g ing scientific deterrnina-ie judgements,

Inadequacy of Diversity Indices
Several authors in this volume warn that diver

clearly inadequate as the l at iversity indices are
contarninants. Smith indicates that while ef

p «seay c anges in cornrnunity composition divd ces are often too insensit' be
Ho ver S 'l

' sensi ive to be ood indi
h onai a et a. re ort on a

o sue tec niques leads to detection of si nificantdifferences between a relatively d t bed tivel
disturbed environment. The bel' is ur and a relativel

ey lieve that more discriminative
d
application of diversity formulae can at I st h I
efinitive studies, Heck and Horwitz th hea e p to guide more

th d
wi z on t e other hand contendat diversity measures are too simplistic t fl h

ities of ecosytems. Finally, Green cautions that diversity indices
may merely artificial mathematical expressions that only mar-
ginally address the larger questions of ecological significance.
Need for Verification

S everal chapters in this book express concern that predictions
of chemical fates, bioaccumulation, and dose responses which are
based solely on laboratory results for single species bear little rela-
tion to actual events in the field. Field verifications for such pre-
dictions have not often been conducted, but when they have been,
the predictions have usually proven insufficient to describe events
in the real world  Pritchard and Bourquin', Cairns and Buikema!.
Hanseri points out that even simple toxicity tests are rarely con-
ducted under a sufficient variety of conditions to reflect the large
range in potential situations found in the field. Gentile and Schim-
mel show that sometimes the predictions are improved substantial-
ly when the results from a number of different tests are considered
simultaneously. Hartung, as well as Gentile and Schirnmel, makes
an important distinction between predictive and retrospective
assessments and suggests that the latter can be used to verify the
former. 8ender et al. discuss the Kepone situation as an excellent
example of the need to demonstrate field accuracy of laboratory
predictions.

Recently several innovative approaches have been emphasized
to bridge the gap between laboratory results and actual field condi-
tions. These include experiments conducted in elaborate but con-
trolled laboratory regimes that simulate many aspects of natural
regimes; studies that take advantage of accidental spills and dis-
charges; and projects that bound portions of nature and artificially
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contaminate them. These more natural test regimes have been
used to compare and calibrate simple laboratory tests. %'hatever
the approach, however, field verifications of laboratory-based pre-
dictions are urgently needed, because unverified predictions--alb{ it
often the only feasible approach at present--are nejer completely
definitive.

Appropriate Rale for Toxicity Testing
In the past, laboratory testing to determine the toxicity of spe-

cific hazardous substances to specific biological species has plaved
a predominant role in providing the basis for regulation of the
marine environment. Hansen, Gentile and Schimme!, Cairns and
Buikerna, Pritchard and Bourquin, and Hinton and Couch raise basic
questions as to ~hat role such tests should play in the future, which
tests are most meaningful, and, more specifically, what weight
should be accorded the results  e.g., LD5'3's! of such testing.

Lately there has been a de-emphasis on toxicity tests that de-
termine mortality and more emphasis on those that measure suble-
thal responses. However, sublethal effects assume significance
only when they can be placed in a larger context of what they ac-
tually mean at the level of individual organisms, populations or
communities. Sublethal effects should be related quantitatively to
mortality, growth and/or reproduction; taken alone and out of con-
text, such effects do not constitute an appropriate basis for regula-
tionn.

Further, both lethal and sublethal tests merit close examination
to eliminate artificial construction and to delineate their most
meaningful aspects. For example, it is necessary to decide which
of the many quantifiable properties of dose-response curves should
be used. It is important to ask which properties best describe ef-
fects that have impacts on other components of the ecosystem.
The slope of the dose-response curve may be more closely related
to substantiaL ecosystem effects than is the commonly used 50~~
effect level. As a first approach, the significance of various test
responses can be analyzed using one of the field verification tech-
niques cited above. Such an examination or crude validation of
presently employed "quick-fix" tests will provide guidance to chan-
nel resources into the more productive science efforts as well as
identify the value of toxicity testing in support of legi.slation and
li tigation.

In general, it can be concluded that past programs of environ-
mental regulation have tended to rely too heavily on toxicity test-
ing, probably because there have been few practical alternatives.
However, the techniques of hazard assessment have now advanced
to the state where primary reliance on such testing should no
longer occur. This does not imply, ho~ever, that toxicity testing
shoufd be abandoned. On the contrary such testing will be required
for the foreseeable future, but only as an initial part of the corn-
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Plex pro cess of hazard assessment G
and Buikema, and Pritcha d d Ben . entile and Schi mrnel, Cairns

q p ess the clear needar an our uin ex r
a irst step to guide the design of definitive fieldstudies as well as to confirm, evaluate and 'gni '

Mmsurernent of Significant Chemical Parameters
Several contributors discuss the critical d' t' ' h' ' a is inction that should
made between analytical chemistry results and the biological

s'ignificance of those results. Carpenter and H tt h
the large difference that often exists in the oceans between the
total COnCentratiOn Of a metal and the arnOUntS of that metal that
are present as bioavailable toxic species. Malins et al. warn that
when a compound disappears from the analytical window, a more
toxic degradation product which is not being measured, or even
possibly cannot be detected with the techniques presently avail-
able, may have been formed. They also agree with Carpenter and
Huggett that the bioavailability and toxicity of the species of toxic
materials found in an environment, not just the total concentra-
tions present, are the parameters of significance. Hence, there is
a general call to avoid environmental surveys of chemical contam-
inants unless other measurements that allow one to calculate and
interpret the significance of such data are included.

Interpretation of Bioaccurnijlation Measurements
Several authors underline the need for information on the

relationship between bioaccumulation and effects. Peddicord, in
fact, points out that, if we fail to discover the connection between
tissue burdens and effects, then the only utility of bioaccumulation
measurements is to determine whether seafood concentrations
exceed regulatory action limits for human consumption. The influ-
ences of biological and physical-chemical properties on the
accumulation-effects relationship should be quantified for impor-
tant contaminants. For example, Carpenter and Huggett remark
that the bioavailability of a contaminant may depend less on its
total content in the sediment than on the organic content of the
sediment and the chemical form in which the contaminant occurs.
As a first step toward studying effects of tissue burdens, 3enkins
and Brown describe studies on detoxification mechanisms which
effectively sequester bioaccumulated contaminants. Detoxifica-
tion processes are one of the reasons that there is often poor
correlation between body burdens and effects.

As discussed by Peddicord and by Young, food chain biornagnifi-
cation occurs with far fewer contarninants than once thought. A
systematic approach is needed to discove
ma nif and how the physical-chemical environment and the taxo-
noinic composition of the food chain a ect s pr
elaborates on t e i icu ieh d ff lt s in deterinining biomagnification
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potential and links these difficulties to our inability to assign
organisms to trophic levels.
Utility of Nlicre- and MesiocestnsSeveral papers emphasize the potential utility of iriicro- and
rnesocosms in environmental assessments. onaehay po,'nts out
that some systems of this type alread~ stand readi
fates and effects forecasting and in data gather:,ng for
ment purposes. Santschi et al., Pilson, and Dviattpromising directions for use of mesocosrns, particularly as models
for determining an environment's recovery potential and re overy
rate once contamination has ceased; for p~ed~cting fates and ef
fects of new chemicals, as well as those that have been used for
many years; and for determining contaminant effects on the high
est levels of biological organization. Grice states that micro- and
mesocosms can be more sensitive than corlventional toxicity tests,
at least in detecting pollutant effects on plankton. Taub suggests
that microcosms may aid in establishing t' he laboratory-to-field
link by identifying those ecological components and processes  e.g.,
nutrient cycling! that are most likely to 5e disturbed 5y a given
stress. %'ith such identificatior the response of these co riponentsand processes to contaminants canbe exam'ned:ndiiidually in con-
trolled experiments. Grice identifies an important limitation of
micro- and mesocosms-' as presently designed, they cannot accom-
modate most commercial species, although juveniles and, in a few
cases, even small adults of these species can sometimes be includ-
ed. Considering the wide experimental applications and unique ad-vantages of micro- and rnesocosrns� it behooves knowledgeable sci-
entists to explain the properties of these relatively new techniques
to the regulatory community and to recommend applications to
meet specific regulatory needs.

a~ i, ~-r s~A cail for long-term studies is made by a number of contribu-
tors, including Oviatt, Green, Livingston, Na lins e t al., and
Smayda. Although no explanation of "long-term" is offered, such
studies can be viewed as involving sufficient data-gathering efforts
in time and space so that natural variability can be statistically
separated from variability due to anthropogenic activity. Such
data bases may take years to decades to acquire. Srnayda illus-
trates the folly of drawing conclusions about impacts from a rela-
tively short time series of highly variable data. On the other hand>
Mearns and O' Connor show what can be learned from a data base
that is sufficient to establish quantitative relationships between
contaminant loadings and spatial extent of impacts. Of course, the
ecological significance must still be substantiated, but meanwhile
their study demonstrates the advantages of a sufficiently dense
data base. Several authors, including Malins et al., Creen, and Liv-
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ingston, note that long-term p
ble funding. To assure ma ' q arge amounts of sta-rm projects re uire

rn from fundinarch and monitoring spons ' g e
mitments to long-term stu

for.
s o ong-term studies when these are called

RECOMMENDATION � THE DEVELOPNlENT OF
HOLISTIC STRATEGIES

n this volume, Green emphasizes th t ' 1
usually reflect the environmental health

a a sing e index cannot

rather a proper "mix" of measure
a ea t or well-being of an area

ses the need for a "balance" between 1 b
easures is necessary. Duke ex res-
ween a oratory and field studies in

order to provide meaningful assessments, while Smayda calls for an
approach that is a "hybrid" of conventional m 'tmoni oring, process-ori-
ented studies, and rnesocosm experiments. Certainly assessments
should be carried out by combining various individual techniques,
however, this must be done in an integrated and coordinated man-
ner. In the past environmental impact assessments have often in-
cluded scores of individual studies, on the justification that an
"in terdiscip Jinary approach" was thereby achieved. Unfortunately,
such assessments routinely failed to stipulate how their parts fit
together, how conflicting indicators were to be combined, and how
the results obtained by one investigator in the "mix" related to
those of the others. The interaction of the pieces to forin a whole
has rarely been provided for. Unless we take steps to assure that
env ironmerital assessments follow a holistic approach, these assess-
ments will continue to fail in meeting even limited goals.

Under special circumstances certai~ aspects of a holistic
assessment may be shortened or even eliminated. In general, how-
ever, the following broad elements are required:

l. Determination of contaminant~foadin . How much enters
the marine environment, from which sources, and in
what geochemical forrns7

2. Determination of ~hsical ~trans ort and
fate. %'here and at what rate does the contaminant
move~ At what rate does it enter various sinks? How
quickly does it degrade? How much exists in a bioavail-
able form and in which environmental compartments~

3. Determination of ~ecole ical effects. How are primary
and secondary productivity and nutrient cycles affect-
ed~ How do food chain dynamics shift? %'hat are the
most sensitive ecosystem compartments~ At what rate
is the contaminant taken up by various organisms from
various sources. At what rate is the contaminant bio-
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transformed and eliminated". What is the effect of body
residues and biotransformation products on growth, sur
vival, and mortality of various organisms and popu!ations
throughout their life cycles". How do these population
changes affect other compartments of the ecosystem?

Determination of human risks. What are the effects of
the above phenomena on human health, fisheries, and
other human activities", What are the economic cpnse
quences of the contaminant". %'hat are the relative
values placed by society on these effects"

The holistic approach clearly calls for mathematical models of
the behavior of contaminants and the systems they enter. ln retro-
spect, it is unfortunate that a chapter on assessment modeling is
not included in this volume to evaluate the present status of fates,
hazards, and risk assessment models and their adequacy or inad-
equacy to meet assessment needs. As a first step, however, assess-
ments should be required to develop holistic conceptual models of
the systems being studied. These should then serve to catalyze the
construction of functional models and to integrate the various
components of the assessments.

A piecemeal approach to environmental assessment does not
of ten work. Non-interacting, investiga tors measuring dif ferent pro-
cesses with incompatible methods and at different times and sites
usually cannot a 2osteriori reconstruct a holistic picture linking
contaminant loading to important impacts. Rather, interacting in-
vestigators must study the same contaminant problem at the same
site, synergistically building a coherent and unified model. lt is not
the complexity of the holistic approach that stands in the way, so
much as the common failure so far to organize interactive teams
at the start of an assessment and to assure that these teams con-
sider all the elements necessary to analyze contaminant problems
of concern.

We challenge the environmental science co~munity to consider
the following issues seriously:

~ What general scientific problems are encountered in the
construction and verification of a unified, quantitative rnod-
el tracking a particular contaminant from its initial loading
to its ultimate effects on ecosystems and hurnankind-
What legislative and political problems are encountered.
How are these various difficulties best overcome~

~ Which contaminants and environments lend themselves best
to the holistic approach~ Should these necessarily be the
initial focus of attention?
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~ How best does one solicit, support, and manage a team of
specialists working on a holistic approach, especially if they
roust be drawn from geographically separated institutions?

~ How long does a holistic assessment require for some typical
contaminant problems? What should be the products of such
a program. Who will use the products, and what limitations
will the users encounter?

~ Which suite of governmental, academic, private, and other
institutions is best suited to guide debate on the above
issues? Which is best suited actually to develop specific
holistic assessments". How can public education and public
participation facilitate these endeavors?

Although these questions have been directly treated by few authors
tp this time, they point the way to the challenging and vital prob-
lems that must be resolved if we are to develop truly meaningful
en v ironrnen ta l assessments.
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5easc~ty, see Variability, natural
Sediment contaminants, see

contaminant of interest
Sediment grain size, see Grain size
Sediment resusgension, 382
Sediments, organic content, 237,

239, 240, 392, 395, 621, 625, 626,
628-630, 636, 637, 732

Selenium, 500
Sentinel organisms, 248, 292-319,

325-331
Sevin, 500, 501
Sewage pollution, see Municipal

waste
Silver, 267, 297, 307, 310, 315, 318,

329, 356
Similarity indices  see also Species

composition!, 88, 193, 197, 199,
219, 24 1-244

Source loadings of pollutants, 693-
717, 726, 727, 734

Speciation of chemicals, 148, 183,
327, 396, 401, 659, 660, 731

Species composition, effects of
pollution on  see also Similarity
indices!, $1-105, 114, l48, L83,
i93, 199, 235, 241-244, 416, 427,
434, 448, 449, 454-463, 546, 568,
663r 664< 669673

Stability of co~rnunities, 203-213,
427, 448

Standard reference material, 504
Statistical signif icance  see also

Variability, natural!, 5, 82, 294,
295, 300, 413, 429

Statistics, misuse of, 199, 201, 235
237, 242, 254, 644, 6>7-655, 728,
729

Stress indices, 205-213, 226, 234,
292, 295, 305, 307, 314, 3 17-319,
330, 369, 416, 428, 429, 434, 471-
492

Succession of species, effects of
pollution on, 205, 206, 434, 462,
67LW73, 687

Surveys of pollution and f ieid irn-
pacts  see also Baseline field
studies; Lndicators of pollution;
Field impacts!, 193, 194, 195,
2l8, 219, 226, 247, 248, 25l, 261-
262, 303, 325-326, 41 l, 412, 654,
677' 681~ 693 717' 73 l

Systematics, role in environmental
studies, 624, 625, 636, 637

Taxonomy, see Systematics
Teratogens, 408
Thermal pollution, 86, $7, 237, 239,

490, SL9
Tin, 391
Titanium, 326, 328, 329
Toluene, 344
Toxicity tests  see also Patho-

biology; Lethal concentration
 LC! values; Effective concentra-
tion  KC! values; Maximum ac-
ceptable toxicant concentration
 M~TC!
application factors, 43, 44, 58,

62, 63, 66, 74, 75, 122
d ~c/svblethal tests, 5, 59, 60-

66' 68 75m 84> 86> ST> 134' 396r
500, 503, T30

extrapolation to Low doses, 505,
658

field verification of, see Field
ver if ication

Life cycle/early life stage tests,
33, 38-44, 68-74, 415, 428,
499-505

multispecies/community tests
 see also Microcosms!, 4, 5, 3»
44-49, 81-105, 117-123, 131,
143, 21 l, 213, 660
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static vs. flow-through, 503, 504
use in regulation, 4, 33, 34, 57

76, S 1, &4, 117, 396, 505, 730,
731

use of unnaturally high doses, 576
used to design field studies, 652,

688, 731
used to identify causative agents,

532

used to predict pollution impacts,
4> 33-56, 57-76, &1-105, 117,
119, 120-122, 131, 134, 149,
150, 261-262> 279, 369, 389,
396, 411, 415, 419, 505, 658,
659, 689

variability of results, 36, 40, 42-
60> 62> 63> 66s 74> 75> Sl>

120
Transplant studies, animal, 477, 684
Triethylene glycol, 150, 1S4

Uncertainty of environmental
assessments, 2, 252, 253, 413,
415, 645, 659, 729

Uranium, 526

Vanadium, 326, 32S, 329
Variability, natural, 84, 86, 115,

162, 1S3, 185, 186, 195, 197, 205-
213, 226, 227, 235-239, 285, 293-
297, 327, 369, 3&3-394, 413, 428,
485-487, 512, 513, 516, 522, 545,
589, 601, 605, 613, 644, 645, 650-
655, 663-678> 681-691, 733

Warnings, early, of pollution im-
pacts, 204, 205, 210, 303, 328,
346> 444, 472, 677

Water quality criteria, see
Regulation

Zinc, 99, 240, 267, 269, 307, 310,
315, 318, 326, 329, 356-359, 383,
3&4, 387, 388, 391, 394, 501, 550,
553, 556


