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I Nt roducti on

The purpose of this paper is to devel op a decision
anal ytic framework for choosing indicator species for
ecol ogi cal assessnents at Superfund sites. The Conprehensive
Envi ronnent al Response, C eanup, and Liability Act (CERCLA)
anended by the Superfund Anendnents and Reaut hori zati on Act
(SARA) charges the Environnental Protection Agency (EPA)
with ensuring that remedi ati on efforts chosen for a site are
protective of human health and the environnent.

To ensure that the natural comrunities in the vicinity of
a site are being protected, the Environnental Protection
Agency perfornms an ecol ogi cal assessnent. |ndicator Species
are used in the ecol ogi cal assessnent nethod. |ndicator
speci es are organi sns who by their presence or absence
i ndicate the extent of environnental contam nation in
natural communities. The Environnental Protection Agency
does not currently use indicator species in ecol ogical
assessnents, but is interested in using themfor nonitoring
cl eanup effectiveness after renedi ati on.

Choosi ng i ndicator species involves information that is
difficult to quantify and the use of expert judgnent.
Deci si on anal ysis structures the decision problem and
formally i ncorporates the expert judgenment that is involved
in choosi ng indicator species.

The paper begins with a di scussion of the use of

ecol ogi cal assessnment by the Environnental Protection Agency
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and how i ndi cator species may be used. This is followed by a
di scussion of the history of the indicator species concept
and a review of the use of indicator species in terrestri al
and aquatic environnents. Criteria for choosing indicator
speci es are then summari zed. These criteria are then
incorporated into a franework for choosing indicator species
in the next section. This section includes a sensitivity
anal ysis of the paraneters of the problem The final section
of the paper is a case study site which illustrates the

application of the framework for choosing indicator species.
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Ecol ogi cal Assessnent and | ndi cat or Species

I nt roducti on
The followi ng section is a review of ecol ogical
assessnent as used by the Environnental Protection Agency
(EPA 1984, EPA 1986, EPA 1988, EPA 1989b, EPA 19890). This
revi ew covers the definition of ecol ogi cal assessnent,
outlines the regulatory franework for ecol ogi cal assessnent,
briefly descri bes nethodol ogi es, and exam nes the role of
i ndi cat or speci es.
Ecol ogi cal assessnent is a single conponent of a
hazar dous waste site evaluation. O her areas of eval uati on
i ncl ude cheni cal analyses to establish the fate and
di stri bution of contami nants, and the assessnent of threats

to human health to the site.

The Environnental Protection Agency's Environnent al

Moni tori ng and Assessnent Program (EMAP) is devel opi ng

envi ronnental indicators for a nunber of areas: near coastal
wat ers, inland surface waters, wetlands, forests, arid

| ands, and agroecosystens. The EMAP strategy identifies
three nain types of indicators: 1) response indicators, 2)
exposure or habitat indicators, and 3) stress indicators.

| ndi cator species are a response indicator, providing a
measure of the overall biological condition of the
ecosystem Although EMAP' s focus is on providing policy-

rel evant ecol ogical nonitoring information on regiona

scales (rather than site-specific information as is needed
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at Superfund sites), EMAP may provide useful insights into

t he use of indicator species for ecol ogical assessnents.

Statutory and Regul atory Basis of Ecol ogi cal Assessnent

The Comprehensi ve Environnental Response, Conpensati on,
and Liability Act (CERCLA) as anended by the Superfund
Reaut hori zati on and Anendnent Act of 1986, charges the
Envi ronnmental Protection Agency with protecting human health
and the environnment fromrel eases or potential rel eases of
cont am nants from abandoned hazardous waste sites. The
proposed revi sion of the National Contingency Plan (NCP)
calls for the identification and nmitigation of environnental
i npacts fromthese hazardous waste sites and the sel ection
of renedial actions that are "protective of environmental
organi sns and ecosystens." Conpliance with these | aws nay
require evaluation of a site's ecological effects and the
nmeasures needed to nmitigate those effects.

Statutes of CERCLA and SARA require that remedi ation
actions chosen for a site protect both hunan health and the
envi ronnment. The Conprehensive Environnmental Response,
Conpensation, and Liability Act (CERCLA), as anended by the
Super fund Anmendnents and Reaut hori zation Act (SARA),
requi res EPA to protect the environment in terns of the
sel ection of renmedi ation alternatives, and the assessnent of
t he degree of cl eanup necessary.

Ecol ogi cal assessnents only need to be perforned at sites

where there are substantial ecol ogical resources potentially
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at risk. It would be inappropriate to perform an ecol ogi cal
assessnent in areas where the biota is m ni mal due to urban
or residential devel opnent, or in areas where only

groundwat er or geol ogi c strata are cont ani nat ed.

Ecol ogi cal Assessnent and Ecol ogi cal Ri sk Assessnent

, Ecol ogi cal assessnent can refer to any type of assessnent
related to actual or potential ecological effects resulting
from human activities. Because ecol ogical inpact and ri sk
assessnent are energing fields, the term"ecol ogical risk
assessnent" has been used in nmany different ways. Strictly
defi ned, ecological risk assessnent refers to a quantitative
procedure that estimates the probability of specified | evels
of ecol ogical effects occurring in an ecosystem or part of
an ecosystem due to stress from ant hropogeni c chem cal s.
Ecol ogi cal risk assessnent has four conponents: receptor
characteri zati on, hazard assessnent, exposure assessnent,
and ri sk characterizati on (ORLN 1986). The Envi ronnent al
Protecti on Agency often uses the term ecol ogi cal risk
assessnent in reference to nmany types of ecol ogica

assessnent whi ch the agency uses to support regul atory

deci si on maki ng that do not involve estinmates of ri sk.

Ecol ogi cal Assessment is a "qualitative and/or
quantitative appraisal of the actual or potential effects of
a hazardous waste site (HW5) on plants and ani nal s ot her

t han peopl e or donesticated species" (EPA 19a9b).
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An ecol ogi cal assessnent includes several areas. The
current status of selected parts of the biological comunity
are assessed. Then the current |evel of ecol ogical effects
due to contam nants at a site is determnm ned based on
sel ected ecol ogi cal endpoints. An estimate is nmade of the
extent and variability of toxic effects. Finally, to the
extent possible, the Environnental Protection Agency
determ nes the extent to which these effects have been
caused by toxic chem cals rather than factors such as
habitat disruption or variability of species distribution
( EPA 1989c) .

| ndi cat or species can be used in a CERCLA Type B Nat ural
Resour ce Damage Assessnent (DO 1987) where site-specific
assessnents are perforned based on data collected in the
field. An assessnent using indicator species is perfornmed to
determ ne the present adverse effects of contam nants in an
ecosystem and to nonitor the success of clean-up after
renmedi ation efforts. This type of assessnent is nore
properly referred to ecol ogi cal assessnent than ecol ogica
ri sk assessnment. However, the data from ecol ogi ca
assessnents of this type may provi de val uabl e case study
data for ecological risk assessnents.

An ecol ogi cal assessnment is conducted to quantify the
ecol ogi cal effects occurring at a hazardous waste site.
Ecol ogi cal effects refer principally to community-|evel
effects on terrestrial and aquatic organi sns and ecol ogi cal

processes. The extent of ecol ogical effects is determ ned by
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t he eval uati on of sel ected ecol ogi cal endpoints that are
t hought to represent reasonably the health of biol ogica
popul ati ons and conmruniti es on and near a hazardous waste
site. An ecol ogi cal assessnent does not include the
predi ctions of future ecological effects at a site, an
assessnment risk at a site, analyses specific to optim zing
renedi al actions, evaluation of fate and transport of
ant hr opogeni c chenicals at a site, or conprehensive
ecol ogi cal studi es (EPA 1989C). However, an ecol ogi ca
assessnent may contribute to any of these areas.

An ecol ogi cal assessnent may be conducted to:

- Determ ne actual or potential damage to the ecol ogy of a
site to support a proposed renedi al action

- Determ ne the extent of site contam nati on and adverse
ecol ogi cal effects of contam nants.

- Devel op renedi ation criteri a.
- Deternmi ne the ecological effects of various renedi ati on
alternatives, as part of a feasibility study. (EPA 1989B)
An ecol ogi cal assessnent provides input into the
deci si on- naki ng process for Superfund sites, including site
prioritization, waste characterization, site
characteri zation, cleanup or renedi ati on assessnent, and
site nonitoring (EPA 1989C). In this paper we are concerned
primarily with choosing indicator species to nonitor the
success of renediation efforts at a site.
The results of an ecol ogi cal assessnent are descriptions
of the relationship between ant hropogenic chem cal s and

ecol ogi cal endpoints of interest. In our case this endpoint
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is nortality for indicator species. A nunber of different
endpoi nts can be used for indicator species, but nortality
is the nost common. Different endpoints would require

di fferent sets of criteria for choosing indicator species,

therefore we will focus on devel opi ng a deci sion franework

for the nbst common usage of the term

Endpoi nts

Assessnent endpoints are those describing effects that
drive the decision maki ng process. They represent socially
or ecologically inportant val ues. Measurenent endpoints are
those used in the field to approxi mate t he assessnent

endpoi nt when the assessnent endpoint is not neasurable or

obser vabl e.
Endpoi nts can be either structural or functional.
Structural endpoints include indicator species, species
di versity and abundance, biomass, indices, and guild
structure. Functional endpoints such as cellular netabolism
i ndi vi dual or popul ation growth rates, and rates of nateri al
or nutrient transfer are | ess commonly used. They are nore
difficult to neasure and have been nore recently devel oped
t han structural endpoints.
Cheni cal anal yses, ecol ogical surveys, and toxicity tests
are all necessary to establish that a cause-and-effect
rel ati onshi p between toxic chem cals and ecol ogi cal effects.
Chem cal anal yses of water, air, and soil provide

i nformati on on the presence, concentrations, and
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variabilities of toxic chenmicals at a site. Ecol ogi cal
surveys establish that adverse effects to biota have
occurred at a site. Toxicity tests establish a |Iink between
t he adverse ecol ogical effects and the toxicity of the
wastes. Wthout these three types of data we coul d not
elimnate other potential causes of ecol ogical decline such
as habitat alterations and natural variability. The only
capacity in which indicator species have been used in

ecol ogi cal assessnents at Superfund sites is as toxicity

t est speci es.

Ecol ogi cal Aesessneni: Het. hodol ogi es

An appropri ate net hodol ogy for an ecol ogi cal assessnent
shoul d:

- Measure the exposure of biota to contani nants.

- Deternine the adverse effects on ecosystens due to
contam nants at the organi smal, popul ation, and comunity

levels, as well as effects on conmunity processes.

- Sel ect ecol ogical endpoints that characteri ze ecosystem
responses to cont am nant s.

- Sel ect ecological indicators that neasure the state or
rate of change of those endpoints.

- Determine the role of uncertainties in environnental
deci si on maki ng (Harwel |l 1990).

Site-specific characteristics influence the assessnent
strategy and nethods at a site. For exanple, the potenti al
list of "appropriate, relevant, and applicable regul ati ons”
(ARARs) from CERCLA and SARA provide a basis for selecting

met hods appropriate at a given site (19890
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A detail ed ecol ogi cal assessnent involves the neasurenent
of structural and functional rel ationshi ps of biota at the
|l evel s of individuals, populations, comunities, and
ecosystens. This is the role of field surveys. |ndicator
species are a nethod of field survey. Field sui'veys have
sever al advant ages:

- Organisne at a site serve as conti nuous nonitors of
adverse effects, integrating possible fluctuation in

exposure over tine.

- Organisns at a site directly reflect adverse effects and
no | aboratory extrapol ati ons are necessary.

- Results of field surveys are directly interpretable
since the results are quantified on the resources directly
at risk (EPA 19890).

I ndi cat or species are a popul ati on-1evel assessnent.
Popul ati on-1 evel assessnents are generally nore useful in an
ecol ogi cal assessnent than organi snmal, comunity, or
ecosystem responses for several reasons:

- Loss of a whol e popul ati on of organi sns has nore
bi ol ogi cal and social inportance than the | oss of
i ndi vidual s within the popul ati on.

- Popul ati ons of many species (such as sports fish) have
econom c, recreational, aesthetic, and ecol ogi cal
si gni fi cance.

- Methods for eval uati ng popul ati on responses are better
devel oped than those for organi smal, conmmunity or ecosystem

responses. Popul ati on responses have been used | onger and

nore research has been done on them than on responses at
ot her | evel s.

The use of nethods such as indicator species is a
toxicity-based approach to ecol ogi cal assessnent. This is
t he approach nost commonly used. It is also possible to

perf orm an ecol ogi cal assessnent using a chenical - based
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approach such as chem cal anal yses and | abor at ory-gener at ed
water quality criteria to estimate toxicity. |If
concentrations in air, water, or soil exceed the criteria

limts, then the concentrations are considered to be toxic.
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Terrestrial and Aquatic | ndi cator Species

The | ndi cat or Speci es Concept

I ndi cat or Species Definition

An indicator is "an organi sm or ecol ogical comunity so
strictly associated with particul ar environnental conditions
that its presence is indicative of the existence of these
condi tions" (Morrison 1986). The presence or absence of
i ndi cator species is commobnly used to assess adverse inpacts
on ecol ogical communities. |Indicator species are organi sns
that are selectively adapted to certain pollution
conditions, either heavily polluted or clean. The term
"indi cat or speci es" has al so been applied to organi sns that
bi oaccunul ate toxi c substances in their tissues that are
present in trace anmounts in the environment. These organi sms
are nore properly referred to as "chem cal nonitor species"
(Connell and MIler 1984). It has al so been used to descri be
organisns in a healthy or stressed state under a given set
of environnental conditions. These different types of
i ndi cator species would have di fferent objectives they are
being used to fulfill. The problemthat | am addressing is
the choice of indicator species that reflect environnenta
contam nati on through their presence or absence.

| ndi cat or species can be divided into two types, class |

and class Il (Ryder and Edwards 1985):
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Class | Indicator Species. Cass | indicator species are
speci al i zed organi snms that have narrow tol erances for nost
envi ronnental properties. These are stenoeci ous organi snms
(organi sns that have evolved to be specially adapted to
pristine conditions). Selected attributes of C ass |

i ndi cator organi snms may serve as early warning indicators of
perturbations such as chem cal stress froma hazardous waste
site. The attribute nost often chosen is popul ation decline.
Class | organisns tend to signal environnmental degradation
earlier than Cass Il organisns. Class Il organisns fill the
ni ches which are enptied by the decline of class |

or gani sns.

Class Il Indicator Species. Class Il indicator species are
| ess specialized organi sns that have relatively broad

tol erances for many environmental properties. These

organi sns are euryoecious (not evolved to fill a highly
speci alized niche) and are outconpeted by stenoeci ous
organisns in the environnents to which the latter are
specially adapted. Class Il organisns therefore tend to be
present in |ow nunbers in healthy ecosystens. However,

tol erant organisns are better adapted to the degraded
conditions of a stressed system Thus an increase in the

popul ations of Class Il organisns can signal the degradation

of environnental conditions.

13
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H Btory of the | ndicator Species Concept

Communi ty conpositi on has been proposed to assess the
effects of organic pollution on aquatic ecosystens
(Kol kowitz and Marrson 1908). They devel oped |ists of
organi sns associ ated with vari ous zones of pollution
differenti ated accoi ~ding to the degree of organic matter in
t he saprobi an spectrum These zones range fromthe
pol ysaprobi c (|l arge anopunt of deconposabl e organic natter
and a | ow di ssol ved oxygen concentration) through the al pha
and beta zones of recovery, to a clean water oli gosaprobic
zone. As we nove fromthe polysaprobic to the oli gosaprobic
zone, deconposabl e organic matter decreases and di ssol ved
oxygen i ncreases. Zones are the "centers for optinmum growh
and devel opnent” for the organi snse associated with them An
i nvestigator collects and identifies the organisns at a
|l ocati on, and conpares themwith a list to deterni ne the
|l evel of organic pollution.

This system was refined by various scientists in Europe
(Sl adecek 1965, Thonmas 1975). However, this systemrelied on
speci es sensitivity to dissolved oxygen content in water and
did not take into account the toxic pollutants present
today. The inportance of the saprobien systemis its

i ntroduction of the indicator species concept.
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Chemnmi cal Stress and | ndi cator Species

For areas such as hazardous waste sites the enphasis on
i ndi cator species needs to be shifted from di ssol ved oxygen
sensitivity to toxic substance sensitivity. For toxicants,
there are large differences in susceptibility anbng species
(Sl oof and De Zwart 1983). Differences in susceptibility of
speci es occupyi ng key places in the food web may have
drastic consequences for the structure and function of an
ecosystem Changes in chem cal conditions can result in the
appearance of characteristic taxa, although these often
represent |arge popul ation increases in previously
i nconspi cuous taxa rather than col onization (Ford 1989).

Changes i n species conposition may involve the
elimnation of only one of the nbst sensitive species. This
speci es nmay be of mnor ecol ogical inportance or concern.
However, if this is a major species such as a fish or an
i mportant fish-food organism this may give rise to a great
deal of concern (Hawkes 1982). Mbre intense chem cal stress
may affect |arge nunbers of organisns in an ecol ogi ca
community. Chem cal stress can result in individual species
repl acenents when stress-tol erant species replace stress-
sensitive ones. Other effects on species are nore common
than straight-forward nortality. Sensitive species |osses
may not be directly attributable to the chem cal stress, but
the stress may | eave the organi smopen to other threats such
as fungal or insect attacks, or failure in pollination due

to deleterious effects on honey bees or other sensitive


NEATPAGEINFO:id=88759A92-A8AC-466D-94F6-C6E70DF11789


ani mals (Borman, 1983). Activities such as resource
gat hering and reproduction nay also be affected. Shifts in
dom nance nmay occur at different trophic | evels.

| ncreased | evels or duration of chem cal stress not only
cause the di sappearance of Class | indicator species, but
lead to i ncreases in the nunbers of Class |1l indicator
speci es. Bl oons of opportunistic species nornally controll ed
by conpetition or predation appear. Bl oons create new food
suppl i es for deconposer species, and can |lead to a tenporary
i ncrease i n deconposer species (Ford 1989).

The ecosystem response to a chenical stress depends upon
the place of the affected species in the food web. A proper
ecol ogi cal assessnent based on indicator species requires a
t horough know edge of the rel ati onshi ps between the type of
stress and the response of the system Wen dealing with
di sturbance caused by toxic chem cals, know edge is often
i nsufficient and envi ronnental assessnent is seriously

hampered (Sl oof and De Zwart 1983).

Advant agea of the | ndicator Species Approach.

The I ndi cator species approach has many advant ages:

- Indicator species are a relatively easy, inexpensive and
accurate ecol ogical neasure if chosen correctly.

- Indicator species serve as conti nuous nonitors of
pollution at a hazardous waste site, integrating
fluctuations in exposure over tinme. |ndicator species can
al so denonstrate when conditions are returning to nornal.

16
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- Indicator species are a direct neasure of the effects on
the ecol ogy of an area. There is no need to extrapolate from
| aboratory tests.

- Effects on indicator species populations are easily
under st ood by managers, regulators, and the general public.

- Indicator species are useful in identifying specific
species at risk (EPA 19a9b).

Karr (1986) wites that indicator species are a useful
neasure of the biotic integrity of an area. He defines
biotic integrity as the ability to support and nmaintain "a
bal anced, integrated, adaptive comunity of organi sns having
a species conposition, diversity, and functional

organi zation conparable to that of the natural habitat of
the region." Systens with biotic integrity can wthstand

nat ural and human-i nduced stresses or rapidly recover from

t hese stresses when they are renoved. Systens w thout biotic

integrity are often already degraded and when further
perturbed are likely to change rapidly to even nore degraded
states. Karr uses the "index of biotic integrity" he

devel oped as applied to fish to determ ne perturbations to

aquati c ecosystens.

Di sadvant ages of the Indicator Species Approach.

In recent years there has been a grow ng dissatisfaction
anong scientists with the use of indicator species (Cairns
1986, Ford 1989). Ecol ogi sts have been pushing for a whole
ecosystem approach. A whol e ecosystem approach invol ves

measurenents of interactions between species and the health
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of the entire ecosystemrather than neasurenents on
popul ati ons of species. The health of these populations is
used to extrapol ate the health of the ecosystem as a whol e.
Whol e ecosystem studi es are a great deal nore costly and
time consum ng. They al so require even greater know edge
than the indi catoi - speci es approach. The argunents agai nst

i ndi cat or species are outlined bel ow

- No single taxa have energed as the accepted standard
anong all biologists (Cairns 1974).

- Ant hr opogeni ¢ chem cals may cause stress to exposed
organi sns that | eads to gradual degradati on and cunul ati ve

changes rather than i medi ate | oss of organi sns (Wi nstein
and Birk 1988).

- Absence of indicator species nay be due to factors other
t han ant hr opogeni ¢ chem cals, such as conpetition,
predation, |lack of colonization potential, inadequate
sanpling intensity, and chance. Presence of i ndicator
speci es can also be m sleading as they may be present in | ow
nunbers i n undi sturbed systens.

- The signal of the response to chenmical stress nay not be
di scernable fromnatural variations in species popul ations
(Kelly and Harwel | 1989).

- If an ecosystemis subject to nbre than one chenica
stress, as is often the case at hazardous waste sites, the
i ndi cat or speci es concept nmay be difficult to apply as
di fferent species respond differently to various sets of
stresses (Ford 1988). A variety of toxic chemcals wll
result in a non-specific decrease of species richness and
popul ati on size (Sl oof and De Zwart 1983).

- Although many indi cator species are conmpn, nany ot her
are uncommon or rare in a comunity, and their presence and
especially their absence nmay be difficult to denpnstrate.
Under ideal circunstances, a biological nonitoring program
woul d i nclude many taxa on different trophic |evels, but
time and noney do not usually allow this (Cairns 1974).
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Concl usi on

Whet her or not species are strongly associated with
specific environnmental conditions and share these
associations with others is currently under debate (Mannan
et al. 1984). The use of indicator species has not been
critically evaluated. The circunstances under which plants
or aninmals nmay provide insight into environnental
degradation, or the specific organisns that may best serve
as the indicators of degradation have not been well defined
(Morrison 1986). The following two sections of this paper
will briefly outline what information is available for plant
and ani mal indicator species in aquatic and terrestri al
ecosystens. The value of the indicator species approach is
low in the absence of other supporting data. But careful
choice of indicator species applied to well-defined probl ens
may be useful in detecting regional and site-specific
contam nati on. The value of the indicator species approach
| S enhanced if groups of indicator species are used. It is
particularly useful if they are chosen fromdifferent guilds
or trophic levels (Kelly et al. 1988). If groups of
i ndi cat or species all begin to show | arge popul ati on changes

then it is nore likely that these declines are caused by

chem cal stress.
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Terrestrial O ganl ens
Aquatic Versus Terrestrial Qganieins

| ndi cat or speci es have been nmuch nore extensively used
for aquatic ecosystens than they have for terrestrial
ecosystens. |In forest ecosystens, the dom nant producers are
trees. Trees reproduce and grow slowy. If they are killed
it may be years before they are replaced. A gradual novenent
frompollution-sensitive to pollution-resistant species

occurs in both terrestrial and aquatic ecosystens. This
trend is nmuch slower in terrestrial ecosystens. The turnover
tine for terrestrial ecosystens nay be years or centuries

i nstead of days. Therefore changes are not detectable nearly
as early in terrestrial ecosystens as they are in aquatic
ecosystens. However, it will also take a lot longer for a
terrestrial ecosystemto recover so detection of
perturbati on may be even nore inportant in terrestrial
ecosystens (Schindler, 1987). Terrestrial soils tend to
concentrate pollutants, thus exposing the primry producers
to toxic chemcals. In aquatic ecosystens the key primry
producers are phytopl ankton. They are exposed to toxic

pollutants only if those pollutants are water sol uble.

I nt roducti on

When examning terrestrial ecosystens, an investigator

needs to know ecosystem properties such as soil type, slope,

precipitation (anmobunt and distribution), and soi

~0
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pernmeability to water and air. Wen a terrestrial ecosystem
is exposed to a xenobiotic (human introduced) chem cal, nany

organisns are likely to be sensitive to the chem cal

Evol uti on woul d not have had tine to elimnate sensitive
species. Various organisms in a terrestrial ecosystem are
differentially susceptible to toxic conpounds.

M cr oor gani sns capabl e of detoxifying and breaki ng down
xenobi otics are not likely to have devel oped significant
popul ation sizes, if they exist at all. Studies by Sheehan
and Wnner (1984) found that pollutants tend to affect
speci es conposition and successi on by replaci ng advanced
communities with species of earlier serai (successional)

stages (see al so Wodwel | 1983, COdum 1985).

Pl ant s

Early use of indicator species primarily took the form of
pl ants used to identify habitat types. Dom nant autotrophs
| argely determ ne ecosystem structure, so nmuch has been done
to study changes in these organisns (Winstein and Birk
1988). Pl ants have been used in studies of both soil and air
pol lution (Jones and Heck 1981, Martin and Coughtrey 1982,
Dewit 1983, Eijsackers 1983, Ernst 1983). Ten Houten (1983)
found that plants are generally nore suitable for air
pol lution studies than ani nals because they "ask | ess
attention and react frequently with characteristic synptons

to | ow concentrations of specific air pollutants". Air
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pollution fromvolatile organics is an inportant
consi derati on when determ ni ng ecol ogi cal danmage at
Super fund sites.

Pl ants have several advantages and di sadvant ages as
i ndi cat or speci es:
Advant ages:

- Sedentary.

- Easy to identify and usually do not need to be
col | ect ed.

- Ubi qui t ous occurrence.

Di sadvant ages:

- There is not a great deal of data about plant
sensitivity to toxic chem cals. The focus of npbst research
has been on ani nal speci es.

- Do not bi oaccunul ate hydrophobi c chenicals and therefore
are not useful when nonitoring for these conpounds
(Farri ngton 1989).

- May react less rapidly than aninmals (Eijsackers 1983).

Pl ants may take up chemicals with | ow |l og P val ues
t hrough their roots (A log P value is the |logarithm of the
oct anol -wat er coefficient "Kg") that predicts
bi oaccumnul ati on of conpounds in the oils of fish and fat of
ani mal s) (EPA 1989B). Pl ants can't transport significant
anounts of conpounds wi th high nol ecul ar wei ghts or high | og
P values. Plants may becone contam nated by soil or water,

or by the volatilization (into the air) of chemcals at a

site.
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Patton (1987) clains that plants are the best indicators
of environnental change. Plants are non-nobile, easy to
count, and indicate change through their presence or absence
with a high degree of certainty. Perennial plants are the

best plant indicators because repeated neasurenents can be

made at the sane | ocati on.

Hutton (1984) exani ned the inpacts of airborne metal
contam nati on on a deci duous woodl and system He exani ned
two species, the grass Hol cus | anatus and dog's nercury
Mercurialis perennis that display tolerance to cadm um
contami nati on. These speci es showed a strong correl ation
bet ween abundance and degree of metal contam nation. These
speci es were useful in this situation because there was data
avai |l abl e on the tolerance of these plants to cadni um and
because the substance was not a hydrophobi c bi oaccunul ati ng

conpound.

|l nvert ebr at es

Terrestrial invertebrates have been used to sone extent, but
not to the overwhel m ng extent they have been in aquatic
environnents. Rosenburg (1986) reviewed the use of
terrestrial insects in nonitoring studies. Soil is the mgjor
terrestrial sink for pollutants, so invertebrates are often
heavily exposed to contam nants. |nvertebrates have nmany

advant ages and di sadvantages inplicit in their use:
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Advant ages;
- Hi gh species diversity.
- Ubi qui t ous occurrence.
- Often abundant and easily sanpl ed.
- Potentially rapid response.

- Ecol ogi cal and econonic inportance for deconposition of

organic matter; provision of food for wildlife (Rosenburg et
al .~ 1986).

Di sadvant ages t

- Small and cryptic in coloration and behavi or -not as
easily observed as birds or mammal s.

- ldentification and anal ysis of sanples is time consum ng
and expensi ve.

- Species level taxonom c data are often | acking (Wit by
and Hut chi nson 1974).

- Soil types need to be characterized to determ ne whet her
a speci es should be present or absent.

Deconposer organisns in the litter |ayer appear to be
relatively sensitive to netals because of their intimte
exposure to them (Hutton 1984). For exanple, earthworns are
efficient accunul ators of both netals and organochl ori ne
conpounds, and give a neasure of the relative anpunts
entering the foodchain. The species Al obophora calliginosa
has been shown to be especially sensitive in studies with
copper, cadmum zinc, fly ash, and sewage sl udge
(Ei j sackers 1983). Earthworns burrow through the upper soi
| ayers (20-100 cm thus integrating the toxic conponents of
these different |ayers. Organisns that are soil ingestors

i ke earthworns are particularly useful because they are

hi ghly exposed to pollutants in soil. Soil organisns are not
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useful however, when the contami nant is not trapped by soil
particles. Terrestrial invertebrates have not been used
extensively as indicator species, and data are often

| acki ng. However, there is sensitivity information on this

speci es of earthworm which makes it a useful indicator.

Ver t ebr at es

Vertebrates have not been used extensively to nonitor for

envi ronnent al cont am nant s.

Advant ages;
- High ecol ogical, economc, and social val ue.
- Conspi cuous and easily observed.

- Extensive taxonomc, life history and chenica
sensitivity infornmation.

- Upper trophic | evel organisns which are especially
suscepti bl e to bi oaccumul ati ng conpounds.

Di sadvant ages:

Ef fects of environnmental contam nants occur relatively

ate when conpared with smaller organisns w th higher
ur

t nover r ates.

- Popul ations tend to be small and absence may be due to
denogr aphi cs or inadequate sanpling.

Birds are the nost extensively used vertebrate indicator
speci es (Roberts 1985, Block et al 1986, Block et al 1987).
Birds are often the nobst conspi cuous organi sms wthin

ecosystens (Morrison 1986). They al so appear to be nore

sensitive to environnental contam nants than ot her
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vertebrates (Stickel 1975, Gue et al 1983). Rats, mce, and
rabbits are other vertebrates that have frequently been
favored as indicator species. This is not because of their

i nherent sensitivity but because of the wealth of |aboratory
data avail abl e which aids in correlati ng popul ati on
decreases with the presence of environnmental contam nants.
Syl via Tal nage (1989) assessed the nerits of using snall

manmal s as nonitors for environnental contam nants. There
was a correl ati on between the anpbunt of contam nants in the

soil and in snmall mammal s. The concentrati on of contam nants

general ly increases with higher trophic |evel organisns.
Morrison (1986) reviews the use of birds for nonitoring
ecol ogi cal effects of DDT on British peregrines (Falco
peregrinus). Upper trophic |level species such as peregrines
are especially useful for hydrophobic bioaccumul ati ng
conpounds such as DDT. However, care must be taken in their

use because their nunbers are snall relative To | ower

trophic | evel species, and sanpling error nay account for

popul ati on fluctuati ons.
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Aquati c Q gani sns

I Nt roducti ort

The use of indicator species is nore prevalent in aquatic
than in terrestrial ecosystens (Phillips 197S, Angerneier
and Karr 1986, Peterson 1986, Courtenmanch and Davi es 1987,

Kl erks and Levington 1989). This is because aquatic

ecosystens have been the traditional receptors for nunicipal
and i ndustrial waste. Mdst of the work that has been done
with indicator species has been in regard to nunici pal
sewage. However, organisns respond very differently to
sewage than they do to toxic chenicals. Hi gh concentrations
of poorly treated sewage favor organi sms that can survive in
environnents with a | ow di ssol ved oxygen content. Toxicity
is the main concern with cheni cal conpounds at hazar dous
wast e sites.

In contrast to the relatively slow reactions of
terrestrial ecosystems, aquatic systems are very dynam c
Het erogeneity is a particularly severe problemin aquatic
ecosystens (Ford 1989). It is often difficult or inpossible
to neasure the variability of a system This is particularly
i mportant in weighing the presence or absence of a speci es.
Even nornmal seasonal successional changes are nore variable

than in terrestrial systens (Ford 1989). The | arge nunbers
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of chem cal s and ecosystemtypes nake the two very difficult
to match in ternms of expected effects and changes.

Large | akes are tenporally stabl e physi ocheni cal
environnents that can al so be surprisingly patchy and
changing in terms of community structure. Stratification and
m xing lead to differences in speci es abundance and
ecosystem structure. The sanpling intensity necessary to
account for ecosystemvariability can be great.

Ri vers and streans are at the other extrene from | ake
ecosystens. Lotic systens are tenporally variable and a
| onger nonitoring period nmay be necessary to characterize
lotic systens than non-noving systens. This can be overcone,
however, by nmonitoring a section of streamupstreamfromthe
site as well as a section that is being affected by the site
(Stauffer and Hocutt 1980). This allows for conparison
bet ween the two sections. Care nmust be taken that the
ecosystemtypes of the two sections and extraneous factors
are not significantly different.

For aquatic systens it is necessary to determ ne
ecosystem properties such as dissol ved oxygen, substrate,
flow, and tenperature. In nost aquatic ecosystens the best
i ndi cators of stress include changes in sensitive short-

i ved species and changes in conmunity structure resulting

fromthe elimnation of keystone predators (Schindler 1987).
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Peri phyt on

Peri phyton are conpl ex assenbl ages conpri sed of
autotrophs (al gae) and heterotrophs (fungi, bacteria, or
protozoa) attached to substrates in lotic environnents. They
are sonetines are sensitive indicators of environmental
contam nants in lotic (river and strean) ecosystens (Lew s
et al 1986). Non-di atom species predonm nate in polluted and
recovering areas. Studies have shown declining species
di versity and species richness which denonstrate a | oss of
sensitive species wth a concurrent increase of nore

resi stant species (Crossey and La point 1988, Steinman and

Mel ntire 1990).
Advant ages;

- Small and rapidly reproducing, are anong the first
organi sns affected (EPA 19890

- Ubi qui tous occurrence
- Easy to coll ect

- Ecological inportance i.e. a food source for higher
trophic | evel organisns

Di sadvant ages;

- Relatively little information avail abl e on species
sensitivity (EPA 19890

- Difficult to identify

- Little taxonom c data avail abl e

Crossey and LA Point (1988) exam ned periphyton comunity
structural and functional responses to heavy nmetals. They

found that diatom cell abundances increased significantly in


NEATPAGEINFO:id=8A4DE3DD-3A9A-411D-AF2A-8766FC855993


contam nated sites relative to control sites, but diatom
diversity was significantly lower. This indicates a decline
in community conplexity where non-di atom speci es

predom nate. There is presently little information on

pex'iphyton, but as nore research is performed on themthey

shoul d becone nore useful indicator species.

Phyt opl ankt on

Phyt opl ankt on have not been used extensively as
i ndi cators of chem cal contanm nants (Shubert 1984). Changes
i n phyt opl ankt on speci es conposition are thought to be anong
the nost sensitive indicators of ecosystem stress, but
collection and identification problens have kept
phyt opl ankt on from bei ng used (Schindler 1987). Patrick and
Strawbridge (1963, 1964) exam ned effects of contam nants on

di at ons.

Advant ages:

- Anong the first organisns to show changes in species

dom nance because they are small, rapidly reproducing, and
di sperse widely (Shubert 1984).

- Are sensitive to a | arge nunber of conpounds:

or ganochl ori nes such as DDT and PCBs, and trace el enents
such as copper, zinc and nercury (Schindler 1987).

Di sadvant ages;

- Difficult to obtain and sort sanples i.e. species
identification (Schindler 1987).

Rapi d speci es succession can cause acute responses to be
nasked -little tinme integration (Schindler 1987).
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- Have not been used extensively i.e data are | acking.

Macr oi nver t ebr at ea

Aquati c macroi nvertebrates are the nost conmonly used
organi snms for the ecol ogi cal assessnent of environnental
contam nants (Resh and Unzi cker 1975). Many studi es have
been performed using aquatic nmacroi nvertebrates (Lenat et
al . 1983, Schaeffer et al. 1985, Hilsenhoff 1988). Because
pol lutants are generally nore concentrated in sedinents than
in the water columm, benthic macroinvertebrates are exposed
to greater concentrations of pollutants than pelagic or
pl ankt oni ¢ organi sms. Thus benthic organi sns are the
macr oi nvertebrates nost commonly chosen (Mrse 1983). Mny
bent hi ¢ organi sns are anong the nost sensitive higher
aquatic species, even to pollutants such as acids which are
not concentrated in sedinents (Schindler 1987).

Aquati c nmacroi nvertebrates exhibit a steady, predictable
response to heavy netals and ot her conpounds. In streans
extensively polluted with heavy netals, all species except
for tubificid worns and chironom ds were virtually
elimnated (Wnner et al. 1980). Mayflies were found to
occur only at the least polluted areas while heavily
pol l uted areas were dom nated by m dges. Chironom ds
conprise a very small fraction of the fauna in unpoll uted
streans in North Anerica, but conprise 40-75% of the fauna
in streanms contam nated with heavy netals. Caddis flies were
elimnated at the nost seriously polluted parts of streans

but were co-dom nant with chironom ds in noderately polluted
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parts of streams (Sheehan and W nner 1984).

Macr oi nvertebrates are the nbst extensively used indicator
speci es, but species indentification is sonetines a problem
For exanple, a species-level identification of chironomds
requi res dissection and exam nati on of nbuth parts of the

organi sm under a mi croscope.

Advant ages;
- Large enough for easy coll ection.

- Are not nobile enough to | eave an area of pollution
rapidly.

- Can be studied in | abs easily.
- Exist in all aquatic environnents.

- Life cycle is short enough that short termeffects of
pollutants will not be overcone until the foll ow ng
generati on (EPA 1989c).

- Communiti es het erogeneous, several phyla usually
represented, therefore chances are high that sone groups
will respond to environnental contam nants (Hellawell 1986).

Di sadvant ages:

- Quantitative sanples may be difficult to obtain because
of spatial heterogeneity.

- Species that drift my be found in areas where they
normal ly don't occur (Lenat et al. 1983).

- Sorting and identifying species may be tine-consumn ng
and expensi ve (Berkman 1986).

- Species level taxonomc and life stage infornmati on may
be | acki ng.

- Chenmical sensitivity data are often | acking.

- Under certain circunstances bent hic macroi nvert ebr at es

may not be affected by pollution discharges of short

duration that may affect organisnms in the water columm
(Hawkes 1982).


NEATPAGEINFO:id=BD1E6FB7-E1E6-4DFA-AAB6-34CAA1E4194C


Fi sh

Fi sh are commpnly used as bi oassay organi sns, but they
have rarely been used in conprehensive nonitoring studies.
Fi sh are beconi ng nore popul ar as indicator species. Mny
scienti sts have decided that the advantages of fish as a
nmoni toring speci es outwei gh the di sadvantages (Karr 1981,
Hocutt 1981).

VWhen there are nany non-nigratory species of various ages
and normal growth rates, then pollution has not |ikely
occurred recently. The presence of fish is nore useful than
t heir absence because of their nmotility (Goodni ght 1973).
Karr (1986) has found both the proportion of ommivores and
presence of top carnivores to be inportant in deternining
pollution |l evels. Omivores constitute | ess than 20% of the
fish in an unpol |l uted ecosystem A proportion of omnivores
of greater than 45% i ndi cates gross pollution. Presence of
top carnivores indicates a relatively healthy and

trophically diverse ecosystem

Advant ages;

- Commonly used as a bioassay organism there is a great
deal of data on chem cal sensitivity.

- Econonmic, recreational, and aesthetic val ue.

- ldentification is relatively easy conpared to smaller
organi sns.

- Much informati on avail abl e on the environnent al
requirenments and life histories of fish (Karr 1986).
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- Fish are "integrators” of |ower trophic |levels
(Hendricks et al 1980).

- Long lived i.e. tenporal integration.
- Speci es occupy many trophic |evels.
- Most species reproduce once a year |eading to stable

popul ations in the sumer when nost sanpling occurs (Hocutt
1981) .

- Contain upper trophic | evel species which wll
bi oaccunul at e hydr ophobi ¢ conpounds.

Di sadvant ages:
- Mobil e and can npove away from cont anm nated areas.

- Nunbers are fewer than with small er organi sns, | eading
to a greater chance of sanpling error being responsible for
presence or absence. It nay al so cause sanpling to affect
t he success of a species at the site.

- Quantitative sanples are difficult to obtain.

- Have rarely been used; They are not tried and tested.
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Karr (1981) developed the "Index of Biotic Integrity," an

i ndex of fish community structure, to nonitor the health of
an aquatic ecosystem At Black Creek in Allen County,
I ndi ana, he found a correl ati on between the trophic

structure of the fish community and the anopunt of

envi ronnental contam nants. He notes, however, that fish

have not been used extensively in biological nonitoring, and

sanpling nmust be extensive to avoid sanpling error.

Concl usi on

In terrestrial environnments, the use of indicator species

has been sparse relative to aquatic environnments. Plants are

useful i ndicators of substances of herbici des and subst ance
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with low log P values. Soil dwelling nacroinvertebrates are
useful indicators of contanmi nants that tend to be trapped by
sedi ments. Vertebrates are the nobost useful indicators of

bi oaccumul ati ng subst ances.

In aquatic environments, the use of indicator species has
been extensive. VWhen an ecol ogi st conducts a field survey in
a lotic habitat, fish or invertebrates are nbpst conmmonly
used. In standing water, the gradual decrease in effects

further fromthe site is nore difficult to detect. In

standing water, a fish residue or toxicity test utilizing

wat er or sedinents fromthe site is often nbpre useful than
moni toring for presence or absence of species (EPA 1989C).
It is difficult to reconmend a specific trophic level to

f ocus on because of site-specific and contam nant-specific
di fferences. However, in certain situations specific types
of indicators species are superior.

Macr oi nvert ebrates are nobpst often used for several
reasons: they are ubiquitous; they are easily sanpl ed; and
in nost cases they can be quickly identified by an expert.

There are sone situations where fish are better indicator
speci es than macroi nvertebrates. Fish are good neasures
bi oaccunul ators substances. Fish are often inportant when
social (i.e. sportsfish) or econonic (i.e. commercia
fishery) issues are invol ved.

In many cases neither nmacroi nvertebrates nor fish

experience significant popul ation increase or decline due to
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nutrient enrichnent or herbicides.

phyt opi ankt on

is then recomended.

The use of

peri phyton or

36
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Criteria For Choosing |Indicator Species

I nt roducti on

The selection of a suitable organismis one of the first
and nost inportant tasks in environmental assessnents once
t he decision to use indicator species has been nmade. An
incorrect decision at this stage nmay render the ecol ogica
assessnment usel ess. The species choice will be influenced by
t he needs of the survey as well as by site-specific

characteristics of the hazardous waste site. The choi ce of

the site should reflect the aquatic and terrestri al

resources at ri sk.
Two different branches of the federal government have

al ready devel oped criteria for choosing indicator species.

The United States Fish and Wldlife Service (USFW5

1980a, b,c) and the United States Forest Service (Code of

Federal Regul ati ons 1985) have devel oped criteria for

choosi ng indicator species. The United States Fish and

WIildlife criteria are as foll ows:
Ecol ogical Criteria;
- Sensitivity to specific environnental factors.

- Keystone species (exert a major influence on the
conmmuni ty).

- Single species representative of a guild.

- Soci oecononic Criteria;

- Hi gh public interest val ue.

- Hi gh soci oecononi c val ue.
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The United States Forest Service has devel oped criteria for
choosi ng "managenent i ndi cator species":

- Recovery species; those identified by state or | ocal
gover nnent as threatened, endangered, or rare.

- Featured species; those of high soci oeconom ¢ val ue.

- Sensitive species; those identified by regiona
foresters as having habitat requirenents particularly
sensitive to managenent activities.

- Ecol ogical indicators; those used to nonitor the state

of environnental factors, population trends of other
speci es, or habitat conditions.

Specific goals, objectives, and standards for nanagenent

i ndi cat or speci es appear in each National Forest Plan that
the United States Forest Service is required to devel op
(Code of Federal Regul ations, 1985). These criteria were
devel oped to nonitor the inpact of nanagenent activities on

federal | and rather than to nonitor for ecol ogical

contam nation with toxic chem cal s.

Conf oundi ng Factors

I Nt roducti on
Choosing indicator species is a difficult task. A nunber

of factors confound the choice of an indicator species.
Speci es may be present or absent due to factors other than
chem cal contamnm nati on.

Even wel | -defi ned ecosystemtypes have a variety of

redundancy characteristics. One organi smnmay provide an

i rrepl aceabl e food source for a nunber of species, or there
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nmay be ot her organisns that could take its place. Key
speci es and processes may also vary (Ford 1989). Thus
different species are inportant in different ecosystens and

t hese species can vary widely in their sensitivity to a

nunmber of chem cal contam nants present at a hazardous waste
site. Several floral and faunal groups should ideally be
i ncorporated into an i ntegrated ecol ogi cal assessnent.
(Roberts 1985). Practical consideration such as tine and
noney often require that a single species be used. This
makes the choice of a proper species crucial.

It is difficult to choose between nonitoring for the
presence of a tol erant species or the absence of an
intol erant one to determ ne environnental degradation
t hr ough chem cal contam nati on. An ecol ogist at a site nust
be concerned with sanmpling error that may cause an i ndi cator
speci es to appear to have a higher or | ower popul ati on than
it actually does. Having a sensitive species appear present
or a tolerant speci es appear absent when the opposite is
true would constitute a fal se negative for ecol ogical
damage. Having a sensitive speci es appear absent or a
t ol erant speci es appear present when the reverse is true
woul d constitute a fal se positive for ecol ogi cal danmage.
Monitoring for indicator species that have | arge popul ati ons
would mnin ze the risk of false positives and fal se
negati ves. Sensitive species with | arge popul ati ons nust
decline i n abundance before the | ess conpetitive tol erant

speci es can i ncrease in abundance. Thus sensitive species
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are an earlier indicator of environnental degradation.
However nobst scientists use the presence of a tol erant
species in determ ning cheni cal contani nati on. However,
tol erant species are not always present at a site. Organi sns
have a wi de range of tolerance to pollution conditions.
Ther ef ore absence of non-tol erant species is of greater
significance than the presence of tol erant species (Lenat et
al 1983). Absence cannot al ways be determ ned for a species
because it nay be present in | ow nunbers but appear absent.
Cairns (1974) however, has a different point of view He
notes that the presence of a species indicates that certain
m ni mal envi ronnental conditi ons have been net. The absence
of a species is the nore risky choice because of possible
conf oundi ng factors:

- The environnental conditions are unsui tabl e.

- The speci es has not had a chance to col oni ze the area
but woul d do so i f i ntroduced.

- Anot her speci es has assuned the functional niche.
The presence of an indicator species is generally nore
useful, but the absence of species can be equally useful if
a nunber of species which are all sensitive to the chem cal

experi ence popul ati on decl i ne.

Speci es present./absent due to factors other than
tol erance/i ntol erance. Species may be present or absent due
to a nunber of factors. Species are affected by nmany factors
such as fire or drought, extrene weather conditions, or

unknown conditions in areas such as migration routes or
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W ntering grounds. Natural variability and successi ona
changes within the ecosystem may cause changes in species
conposi tion over tine.

Conpetition, predation, and disease are factors which can
cause the presence or absence of a species. These three
factors, however, are in turn affected by environmental
contam nants. Chronic exposure to toxic chem cals can | ead
t o weakness or behavioral abnornalities in organisns. This
can cause a species to lose its ability to conpete with
ot her organi sns or escape a predator. A predator nay be
affected by a chenical conpound and be killed or unable to
catch prey as successfully. This could lead to a shift in
the conpetitive bal ance of | ower trophic |levels. Toxic
chem cals nay al so nake a species nobre susceptible to
disease. It is inportant to try to separate out the
i nfluence of these factors while at the sanme tinme eval uating
how nmuch toxic chem cals contribute to the presence or
absence of speci es.

Differences in conparing one site to another. An
i ndi cator that is appropriate in one area nmay not be
appropriate in another area. Even adjoining areas nay appear
sim | ar but have subtle differences. These differences can
occur in the dom nant or subdom nant species of plants and
animal s, and/or in species performng vital ecosystem

functions. There can be different natural disturbances in

the areas, and habitat and resource patchiness. A species
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living in one ecosystem may not be a resident species in the
second ecosystem

Anbi guous, and ill-defined criteria. Criteria for
choosi ng i ndi cat or speci es need to be unanbi guously and
explicitly defined (Landres et al 1988). A species used to
fill one criterion should not be used to fulfill a second
criterion unless it explicitly neets the needs of the second
criterion. For exanple, a species with a high soci oeconom c
value will sonetines be used to fulfill an ecol ogi ca
criterion. This is not appropriate unless it fulfills both
criteria. Species should not be used for multiple rol es
unl ess research has verified that the species is appropriate
for both criteria. The reasons for having each criterion
shoul d be explicitly stated.

Sources of subjectivity. Al of the sources of
subjectivity in selecting indicator species must be
identified and defined. These sources will vary dependi ng on
the attributes of the site and the ecosystem and speci es
types found on the site. Al assessnents and technica
deci sions inherently contain val ue judgnents which should be

di scussed so that the nerits and difficulties of each may

det er m ned.
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Criteria For Choosing |Indicator Species

When using the criteria, candi date organi sns nay be
arranged by taxononmic class for ease of conpari son and
organi zation. An ideal organismwould fulfill all of the
following criteria. However, the following criteria are
extensive, and it nmay be difficult or inpossible to find one
organismthat fulfills all the criteria. However, severa
organi sns taken together should be able to fulfill the
criteria and provide inportant information for an ecol ogi cal
assessnent. These criteria were identified through a
literature review of criteria that have been used to choose
i ndi cator species. The following criteria will be
i ncorporated into a deci sion franmework for choosi ng

i ndi cator species in the next section of the paper.

Speci es Sensitivity to the Contam nant. | ndi cator Species

shoul d be chosen based on their sensitivity to the specific

envi ronnment al cont ami nants whi ch nmust be nonitored.
Sensitivity to toxic chemicals is a crucial elenent in
choosi ng an i ndi cator species. Those species that are nost
sensitive to contam nants potentially make the best

i ndi cator species (Szaro and Balda 1983). Sensitivity is
often neasured in terns of LC50 val ues (the anpbunt of a
cheni cal necessary to cause 50/C nortality in a species in a
given tine period). Organisnms differ in their relative
abilities to take in, accunul ate, netabolize, distribute ,

and elimnate contam nants. Toget her, these attri butes
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result in often extrene differences in species' relative
sensitivities to environnental contam nants (see Table 1).
However, these attributes can differ dranmatically from
chenmical to chem cal. Consequently, exposure to two
di fferent chem cals can produce two narkedly different
responses. It is inportant to determ ne the contam nants of
concern at a site and to match these contam nants with
species that are relatively sensitive or insensitive to
t hem

The organi sm chosen should be at one end of the range,
either extrenely sensitive or extrenely insensitive to toxic
chemcals. It may al so be useful to choose species that by
t hensel ves or in conjunction with one another will exhibit a
graded response to a range of increasing | evels of
envi ronnment al contam nati on. For exanpl e, Sheehan and W nner
(1984) report that in streans polluted with heavy netal s,
mayflies were a significant part of the insect conmunity
only at the unpolluted sites. Caddis flies were co-doni nant
with chironom ds at noderately polluted sites while they
were elimnated at the npbst grossly polluted sites.
Chi rononi ds were nbst abundant at the nobst grossly polluted
sites. Thus the | evel of contam nation could be roughly

determ ned by the relative proportions of the three types of

i nsect s.
Sensitivity to the contam nants of concern should have a

direct cause and effect relationship, rather than a

correlation. This can be determ ned by toxicity tests that

44


NEATPAGEINFO:id=D68D694A-0268-4FC6-B81B-2E825D60FCF7


clearly denpbnstrate that a species' population decline is
due to the contami nant in question. O herwi se the effect of
cont am nants on popul ati ons nay not be separable from ot her

regul ati ng factors such as conpetition, predation, and

di sease (Landres et al. 1988).

Sensitive organi sns have a relatively rapid response to
envi ronnental contam nants. The length of tine it takes for
a species to be affected by toxic chem cals depends on both
speci es sensitivity and exposure.

Pal eoecol ogi cal studi es are becom ng nore inportant in
det ernmi ni ng speci es sensitive to pollutants (Schindl er 1987,
Ford 1989). They offer the opportunity to exam ne changes in

comunity structure at sites that have al ready experi enced

chem cal stress.

Tenporal Conti nuum of Reproduci ng Stocks. A speci es which
has been a part of the ecological comunity at a site for a
long tine and has several generations existing at once
serves a nunber of purposes. It assures that the organismis
a permanent part of the ecosystemwhich is unlikely to
i ncrease or di sappear for other reasons. It also allows for
conti nued nonitoring of successive generations to determ ne
i mprovenent or further degradation at the site (Ryder and
Edwar ds 1985). The organi sm should be sufficiently | ong
lived for the exanm nation of nmore than one year class if
desired (Ryder and Edwards 1985). This nay be confounded by

reproductive toxicity in a speci es.
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High Reliability and Specificity of Response. The organi sm
shoul d exhibit high reliability and specificity of response
(Landres et al 1988). In order for this to be happen,
several factors nust hold true. The popul ati on i ncrease or
decline due to the chemical stress nust be large in
conpari son to nornmal popul ation fluctuations. Alternatively,
the contribution fromeach significant source of variation

must be identified (Sl oof 1983).

Wde Distribution. Potential indicator organisns shoul d
be widely distributed in the area. This will allow for
conparison with other sites in the area. Candi date species
shoul d be screened for organi sns whose geographi c range does
not i nclude the area of the hazardous waste site or who
requi re special habitat features not found at the site (Fry
et al 1986). The species should al so be abundant enough to

be easily found. This nininmzes the risk that a species wll

be nisclassified as present or absent. It also mininizes the
risk that the populations will be affected by any sanpl es
t aken.

Resi dency Status. Wien nmonitoring for the absence of an
intolerant indicator species it is inportant for the
organismto be indi genous and stabl e conmponent of the

ecosystem Such an organismw || be adapted to relatively

unperturbed conditions (only for absence). |ndicator species
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shoul d be permanent residents of the site. Mgrating species
are affected by many offsite factors. However, nigrating

species are often included for other reasons such as

soci oeconom c factors (Landres et al. 1988).

Exposure to Environnmental contam nants. Exposure to
environnental contam nants is an extrenely inportant
consi derati on when choosing indicator species. It is
inportant to pick the species which is highly exposed to the
contam nated nedia. The prinmary uptake routes of the
organi sm shoul d be consi dered. Because organochl ori nes tend
to be associated with particulate matter, a soil organi sm or
filter feeder should be chosen (Phillips 1980). Synthetic
organi cs such as poly-chl ori nated bi phenyls and di oxin are
soluble in fat and thus a species with a | arge proportion of
body fat would be appropriate (Farrington 1989). Trace
metal s such as cadmi um exist alnpost totally in solution so
an organismthat exists in the pelagic zone of an aquatic
ecosystem woul d be appropriate. Landres et al (1988)
cautions that netal pollution in organisnse may result from
mobi lity and transport of the pollutant within the ecosystem
rather than being directly related to pollution
concentration in the environnent. Therefore it is often
i nportant to consider species uptake and netabolism
al t hough such information is often |Iimted.

Wat er sol ubl e conmpounds shoul d be investigated for

potential exposure routes to aquatic species. Water sol uble
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conpounds nmay al so nove through the aqueous phase of sone
soils, increasing the |ikelihood of exposure to soi
or gani sns.

Conmpounds with low water solubility may be trapped in

soil particles and nay affect organisns living on or in the

ground. Contaninants trapped in soil particles may al so be

carried by erosion to aquatic or other terrestrial sites.
Hydr ophobi ¢ compounds tend to bi oaccunul ate and an upper
trophic | evel organi smnay be appropriate (Farrington 1989).

Dose is an inportant el ement of exposure when | ooking at
i ndi cator species. Dose can be high for a short duration
(acute exposure) or low for a long duration (chronic
exposure). A high dose or acute exposure w |l induce
nortality rapidly. A low dose or chronic exposure wll
inpair the functioning of sone biological process within the
organi sm (Wi nstein and Birk 1988).

The speci es chosen shoul d preferably be sedentary at nost
stages of its |life cycle and especially at the |ife stage of
interest. The organismw || be nore representative of the
site the site if it does not spend part of its tinme off-
site. An organismthat spends part of its life off-site wll
not be as fully exposed to the contanm nants at the hazardous
waste site as an organismwhich is sedentary. Once the
medi um which will yield the greatest contam nant exposure
has been determ ned, a sedentary organismin that nedium

shoul d be chosen to ensure the greatest possible exposure.
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Easily and Accurately Collected and Monitored. It is
i nportant to use a species that can be collected and

neasured easily to determ ne the standing stock in terns of

nunbers and bi omass. This will decrease the tine and cost
expendi tures of the environnmental assessnent and i ncrease
the accuracy of the results (Berkman 1986). In order for a
species to be easily collected and nonitored it must have a
fairly high popul ation density. Organisnms with a | ow
popul ati on density lead to sanpling problens which may nake
an accurate assessnent inpossi ble despite the organi sm bei ng
a good indicator in other ways. Long-termresearch is needed
on each indicator species to assess natural variation in
popul ati on density not related to environnental contanm nants
whi ch may confound results. Popul ati on density nust be
bal anced with species sensitivity however Frecknan et al
(1980) showed that | ess abundant species are relatively
sensitive to adverse i nfluences. Szaro and Bal da (1983) said
that organisns with the following three attri butes were
rel atively easy to nonitor:

- Conspi cuous by sight and sound.

- Easy to recognize in the field without the observer
having to capture the species to identify it.

- Active during daylight hours.

Sui tabl e for Laboratory Experinents. The organi sm shoul d
be suitable for |aboratory experinents, especially those

designed to investigate cause and effect relationships. Most
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ecol ogi cal assessnents need a conbi nation of field
observation and | aboratory experiments of organisns. It is
essential to quantify species sensitivity to an

envi ronmental contanminant in a |l aboratory setting.

H storical Information- Species should be chosen based on
the informati on avail able on the species' history in the
ecosystem Information is necessary on the species' natura
baseline condition and its range of variation in the
ecosystem This information is often avail able for sports
fish. The species should have one or nore historic data
series for conparison with the present. The data shoul d show
quantifiabl e evidence for the relative abundance or scarcity
of an indicator species during a period of relatively little
contam nati on. However, this information is often | acking.

I nformation on the species at the site can be suppl enent ed
with informati on from previous studies on the species in
sim lar ecosystens. By conparing present popul ation |evels
with historical population |evels, an ecol ogi st can

det erm ne whether a species' popul ation | evel may have been
affected by chemi cal contam nation at a site. An alternative
to this is to have a simlar site for conparison with the
contam nated site, but if this is done care nust be taken to
consi der confounding factors, i.e., differences in food web
structure, nutrient abundance, disease incidence, habitat

type.
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Avail abl e I nformati on and Data. The bi ol ogy of the species
shoul d be known in detail. This should include life history
and interactions with other species. This will aid in the
eval uati on of an organism s response. The organism s

physi ol ogi cal responses to a wi de range of environnental

condi ti ons should al so be known (Lenat et al 1983). This

will help ensure that environnental factors other than
chenical sensitivity will not be responsible for an the
presence of a tolerant species or the absence of an

i ntol erant species. Niche requirenents and habit at
characteristics should be known and supported by adequate
scientific information. This will allow the investigator to

determ ne that the organisnis absence is not due to unnet

ni che needs or unsuitable habitat at the site.

Usi ng quantity of available infornation as a sel ecti on
criterion reduces tine and costs in terns of additional
research that nay have to be done on the organi sm (Landres
et al 1988). This often has the drawback of reducing the
rel evance of the organi smfor an ecol ogi cal assessment.
Little information nay exist for a relatively sensitive
i ndi cator while a great deal of infornmation exists for a
| ess sensitive one. The | ess sensitive indicator nay be
chosen al though the nore sensitive species is the better
i ndi cator of environnental conditions. This criterion nust
be used carefully and in conjunction with the relative

sensitivity of the organi sm
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Maxi mi ze Useful ness of Infornation Gat hered. Species
shoul d be chosen in such a way that they conpl enent the
other information used in the ecol ogi cal assessnent (Ryder
and Edwards 1985). Different indicators should refl ect
different trophic levels. A certain anpbunt of redundancy in

information is useful in confirm ng ecol ogi cal danage, but

this nmust be bal anced with the need to characterize the
state of the natural comunities at a site to the greatest
extent possible. It is desirable to deternmne if severa
species on the sanme trophic | evel being affected because
this would confirmthat significant danmage is being done to
this trophic | evel. However, information needs to be

gathered for other trophic levels of the ecosystem al so.

Critical Species. In order to assess whether the ecosystem
is being adversely affected by chenical contani nants, the

i ndi cator organi smshould be a critical species. A critical
species is a species that perforns a vital ecosystem
function in the cycle of biological processes in an
ecosystem (Winstein and Birk 1988). A critical species
hel ps maintain the cycle which provides all organisns in the
community with sufficient energy and nutrients. As a result,
a disruption in these species would result in a disruption
of energy and nutrient pools. For exanple, Sheehan (1984)
noted a buildup of soil litter at sites contam nated with
heavy nmetals. This was due to the loss of critical litter-

deconposi ng organi snms and led to a bl ockage of the fl ow of
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energy and nutrients to the biota in the ecosystem
Ecosystem stability and viability depends upon the conti nued
success of critical species. Ecosystemdecline will be

signal ed by the decline of these species. Recovery of

ecosystens is also closely linked with the recovery of
critical species (Winstein and Birk 1988). Critical species
al so i nclude top predators which keep popul ati ons under
control and mai ntain species diversity.

VWhen | ooking at critical species, it is often useful to
|l ook at shifts in the doni nant species in an ecosystem
These shifts tend to be nore ecol ogically damagi ng than
changes to | ess doni nant species (Ford 1989).

The critical species concept applies to tolerant as well
as intol erant species. The rel ati ve abundance of species
with short life cycles changes to favor those that can
mai ntain critical ecosystemfunctions in the early stages of
ecosystem stress. Such organi sns are val uabl e i ndi cators of
stress and nmay serve as an early warning of contam nant
probl ens (Schindler 1987). The critical species criterion is
sonetines difficult to apply because few critical species

have been identified although research is continuing.

Low Redundancy and | mm gration. The species should occupy
a place in the food web where both redundancy (nunber of
speci es perform ng an inportant ecosystem function) and
imm gration are low. These are the species that are nost

inmportant to comunity structure and stability. If few other
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speci es performthe species' ecosystem function (such as
litter deconposition) and immigration is unlikely to occur,
then adverse effects to the organismcould significantly

effect the food web.

Life Stage. When choosing an indicator species it is
inportant to consider the life stage of interest. A species
may have a life stage that is particularly vul nerable to
envi ronnental contam nants. For exanple, adults of a species
may wi thstand a short-term di scharge of a contam nant, but
this discharge may kill all of the juveniles of a species.

To cause injury, chenical exposure nust occur at a
vul nerabl e | ocation during a vul nerabl e period (Winstein
and Birk 1988). The life stage of interest nmay cover any one

of a nunber of areas:

- Reproducti ve success as neasured by the survival of
ganetes, larva, juveniles, or enbryos.

-Longevity of adults.

-1 nci dence of disease, including physiological and
behavi oral abnormaliti es (EPA 1989b).

Ecosysten Integration. The organi sm chosen shoul d di spl ay
at |l east a noderate | evel of ecosystemintegration. It
shoul d interact with many ot her natural conponents of the
comunity. An organi smwhich interacts with many other parts
of the community will generally have nore inportance to the
system and therefore nore rel evance in nmeasuring the

degradation of the ecosystem For exanple, an ommi vorous
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predator that feeds on a | arge nunber of |ower trophic |evel
organi sms woul d have hi gh ecosystemintegrati on. However a
parasitic species that feeds on only one speci es woul d have
| ow ecosystemintegration. Ecosystemintegration is
qualitatively rather than quantitatively deterni ned. An

i mportant consideration when determ ni ng ecosystem
integration is that the nore an organismis studied, the
nore ecol ogists will recognize a species' interactions with

ot her speci es.

Social Value. It is often hel pful to reduce the nunber of

possi bl e species by | ooking at those which are inportant to
humans. The speci es nmay be val uabl e for aesthetic, economc,
educational, scientific, or sporting reasons. These include
t hr eat ened and endanger ed speci es whi ch appear on current
state and federal lists. Species inportant for hunting,
fishing, and trapping can be determ ned using |lists obtained
fromstate departnments of fish and gane. Species of high
social value are the species for which we have the nost
informati on. They are al so the species we are nost concerned
with protecting agai nst the del eterious inpacts of

envi ronnent al cont am nants. Soci al val ue has often been the

primary criterion when choosi ng indicator species (Landres

et al. 1988).
Al ternatively, organisns which are a vital food source
for an organi smof social value may be chosen. The species

may al so be one which has a breeding habitat at the site or
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whi ch uses the site as part of its migration route. The

problemw th m grati ng speci es however

by many off-site factors.

is they are affected
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Franewor k For Choosi ng | ndi cat or Speci ee

I Nt roducti on

Deci si on' anal ysi s has not been previously been applied to
choosi ng i ndi cator species for ecol ogical assessnents at
Superfund sites. It has not applied to ecol ogi cal probl ens
to a great extent, although there are sone exanples in the

literature (Maguire 1986, Keeney 1977, Hil born and Walters

1977) .

When choosi ng i ndi cator species, the decision nmaker is
faced with a conpl ex probleminvol ving val ue tradeoffs
bet ween conflicting objectives. A great deal of the
infornati on concerning the objectives is difficult to
quantify and invol ves expert judgenent. Decision analysis
structures the decision problemand fornmally incorporates
the expert judgenent that is involved in the decision of
choosi ng i ndi cator species. A person not famliar with
deci sion anal ysis techniques may find this formal structure
difficult to use. There are a nunber of books on deci si on
anal ysis for further readi ng (Keeney and Raffia 1976, von
Wnterfeldt and Edwards 1986, French 1986, C enen |In
Publ i cati on) .

The decision analytic franework which I will lay out in
this section of the paper is purposefully general in order
to be applicable to a | arge nunber of Superfund sites. It

may be altered to fit the characteristics of a specific site
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or the preferences and val ues of a specific decision naker.
This franmework i ncludes a nunber of steps:

1. Creating an objectives hierarchy

2. Choosing attributes for objectives

3. Assessing single attribute val ue functions

4. Assessi ng scaling constants

5. Screeni ng potenti al indicator species

6. Aggregation i nto nodel

7. Eval uati ng candi dat e speci es

The Probl em
The problem which | am addressing in this paper is to

think systematically about ranking a set of indicator

speci es when each individual indicator species is described

in terns of perfornmance val ues on many attri butes.

The Deci si on Maker

The deci sion naker in the problemis an ecol ogi st
experienced with the biota at a Superfund site who is
responsi bl e for choosing i ndicator species and then justify
themto EPA. The deci si on nmaker nay want to consi der al
species of plants and aninals at a site, or after a site

visit the decision naker nmay have already informally

narrowed the list down to a |Ilimted nunber of candi date

speci es that he or she wi shes to choose anobng.

The Obj ect”ives Hierarchy
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The objectives hierarchy is the first step along the way

in the decision analytic franework. An objective has two
features: 1. It identifies a general concern; and 2. It
establi shes an orientation for preferences (seeking to
either maxinize or mnimze the objective). The objectives
are then structured in an objectives hierarchy that
enconpasses all of the inportant elenents in the decision.
The hierarchy starts with an overall objective at the top,
and lists nore specific objectives at each | ower |evel. The
maj or obj ectives provide a basis for defining the | ower

| evel objectives. Attributes only need to be identified for
the |l evel of the hierarchy the decision nmaker w shes to
evaluate in making his or her decision. The objectives

hi erarchy for a problemis not unique. A different decision
maker may have a different objectives hierarchy. So | ong as
everything of inportance to the decision nmaker is included,
the formis not inportant.

The obj ectives hierarchy | have devel oped is for choosing
i ndi cat or speci es whi ch denpnstrate environnment al
contam nation through their presences or abscence (see Table
C) . Indicator species used for other purposes would have
di fferent objectives hierarchies.

The hi ghest | evel of the hierarchy is the Alevel in
which | identify the overarching goal of choosing the "best"
i ndi cator species for a Superfund site. Fromthis overal
goal, | identified five areas of concern that conprise the B

| evel of the hierarchy: signal to noise ratio, rapid
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response, ease and econony of nonitoring, ecologica
i mportance, and social value. These five categories can then
be further broken down into the C |evel objectives. These
obj ectives are described in detail in pages 30-43 of the
paper .

In this hierarchy there are si xteen | owest | evel
objectives with associated attributes g», . . ., G*~g, (see Figure
1). Thus a given candi date species could be described using
a 16-part value function. But this would be too burdensone
for evaluating a nunber of indicator species, and it is not
necessary to do this in order to proceed. In this problemwe
wll quantify preferences at a higher |evel of the
obj ectives hierarchy. W can work with the objectives B]"-B5
rather than the Iowest |evel of the hierarchy C'-CM. Each B
is a subjectively assessed conposite of its |ower |evel
obj ectives C. Even though we are working on the B level, it
is useful to continue the hierarchy down to the C | evel
because the qualitative structuring of the | ower |evel
obj ectives associated with Bj*-Bs will help the decision
maker think nore clearly about Bj”-Bs. The hierarchy at the C
| evel serves as a qualitative checklist of things to
consider. For many of the objectives on the Clevel, it is
often inpractical or inpossible to gather the necessary
information. Thus it is useful to consider these objectives

as qualitative parts of a larger objective which the

deci si on nmaker assesses.
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The above objectives will all neet the requirenments for
inclusion in the objectives hierarchy in nost cases. To be
i ncluded, there nust be a difference to which an objective
is achieved by at least two different species, and this
di fference nust be significant relative to other differences
bet ween the species. At a specific site however, the species
bei ng evaluated nmay all be very simlar in achieving a given
obj ective, and that objective nay be dropped fromthe
hierarchy in that situation.

By creating an objectives hierarchy for our problem we
ensure that no large holes will occur at the different
| evel s of the objective hierarchy. One level follows clearly
fromthe next and any major gaps at |ower |evels would be
obvi ous. Redundancy can al so be easily identified. This
hi erarchy provides a basis for devel opi ng and eval uati ng
screening criteria which will be discussed later in the
paper .

An ecol ogi st at a Superfund site may, because of personal
preference or site characteristics, choose somewhat

different objectives. The decision naker would then create a

di fferent objectives hierarchy to schematically represent

t hese obj ecti ves.

Single Attribute Val ue Functi ons
Now t hat the objectives hierarchy has been established,
and we have decided on a | evel of the objectives hierarchy

to use in evaluating alternative species, we need to
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establish atti~ibutes for this level of the hierarchy. In
choosing attributes, we need to keep in mnd that these
attri butes shoul d:

- Completely cover all aspects of the problem

- Be useful in choosing and justifying a decision

- Reduce the conmplexity and focus the anal ysis

- Avoi d redundancy

- Reduce the tinme and cost necessary for the study

For the five objectives, we will neasure Signal to Noise
Ratio in terns of proxy attributes. H gh Exposure to the
Envi ronnment al Cont am nant and Ease and Econony of Monitoring
interns of with a direct attribute, and Ecol ogi cal
| nportance and Social Value in terns of qualitative scales.

The Signal to Noise Ratio category contains five

el enment s:
1) High Species Sensitivity to Pollutant (p.43)
2) Long Tenporal Continuum of Reproduci ng Stocks (p.45)
3) Hgh Reliability and Specificity of Response (p.45)
4) Wde Spatial Distribution in the Region (p.46)
5) High Residency Status at the Site (p.46)
Because there are five elenments to the objective there is
not one scale we can use to nmeasure the objective. O these
five elements, sensitivity is by far the nost inportant.
Sensitivity can be used as a proxy attribute for Signal to
Noi se Ratio. A proxy attribute uses a scale that relates to

t he achi evenent of the objective, but does not directly
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measure it. Sensitivity can be estimated in terns of LC50
values for a species in a lab (this is the ug of substance
that causes 50% nortality in a species in a lab). W wll

use sensitivity as a proxy attribute for Signal to Noise
Ratio. It makes up a large part of the Signal to Noise
Rati o, but the signal to noise ratio nmay vary slightly up or
down because of the other factors involved (Kelly and

Harwel | 1989). This variation could be accounted for using a
probability distribution. The decision naker could judge how
likely it is that a given score on a proxy attribute

approxi mates true value of the objective. For exanple, the
deci si on naker nmy decide that there is a 20% chance t hat

B* =0.4, a 50*/. chance that B* = 0. 5, and a 307. chance that
B = 0.6. This would give a conbi ned val ue of

Bi = 0.2(0.4) + 0.5(0.5) f 0.3(0.6) = 0.51.

Hi gh Exposure to the Environmental Contam nant is an
i mportant consideration when choosing indi cator species
(p.47). The exposure should be large and early for an
i ndi cator species relative to the other organisns in an
ecosystem A species with a high exposure to the contam nant
will generally respond nore rapidly than a species with
| onwer exposure. Concentration can be neasured in many ways,
such as organi sm body burdens or water and sedi nent
concentrations. The neasurenent used wll depend on the

deci si on naker's preferences and the informati on avail abl e

to hi mor her.
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Ease and Econony of nonitoring incorporates four factors:
1) Mnimze Infornmational Overlap (p.52)
2) High Collection or Mnitoring Ease <p.49)
3) High Suitability for Laboratory Experinents (p.49)

4) Extensive Historical Information (p.50)

5) Extensive Available Information and Data (p.51)
These factors can all be translated into the costs of
nonitoring a particular species. The decision naker can
assign a dollar value estimate for the collection and
nonitoring of a particular species and conpare it with the

costs for nonitoring other species.

Ecol ogi cal inportance contains five categories:

1) Highly Critical Species (p.52)

2) Low Redundancy and I nmigration (p.53)

3) Exam ne Mbst Affected Life Stage (p.54)

4) High Ecosystem | ntegration (p.54)
When choosing indicator species, we wsh to choose indicator
speci es that have high ecol ogi cal inportance. Because no
natural scale exists for ecological inportance, we wll use

a qualitative scale based on expert judgenent.

Soci al val ue does not contain any |ower |evel objectives
(p.55). Like ecological inmportance, social value does not

have a natural scale. W will also use a qualitative scale

for this attribute based on expert judgenent.

Assessing Single Attribute Val ue Functi ons
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We need to assess the value functions for the vari ous
attri butes. These assessnents will vary fromsite to site
and deci sion maker to decision maker. For attributes B", B2,

and B3, we wll use the bisection nethod (see von

Wnterfeldt and Edwards 1986). These three attri butes
represent continuous and easily quantifiable scales that

Il end thenselves well to the bisection nethod. In the

bi section nethod, the decision nmaker assigns the endpoints
of the scale values of 0 and 1. Then the deci sion nmaker is
asked to find the point that is halfway between the two
endpoints in ternms of value. Continued subdivision |leads to
refi nement of the value scale. Then the decision naker finds
the point on the scale that is equivalent to a val ue of
0.50. Next he or she determ nes the point on the scal e that
is equivalent a value of 0.75. Athird point determ ned for
the value of 0.25. By continued bisection additional points
can be plotted until the value function curve can be drawn
(see Figure 2).

We performthis for the three attributes Bj», B2, B3. For
exanmple, we neasure the first attribute B*, signal to noise
ratio, in terms of sensitivity (See Figure 2). This is done
interms of LC50 values. This is the ug (per liter of water
or kg of sedinent) of substance that causes 507. nortality in
a species inthe lab in a given tinme period. The decision
maker determnes that for a given chemcal, sensitivity for

different species ranges fromalnost 0.1 to 100 ug. For

sinplicity, we will set the |lower end of the scale at 0. 1.
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The nore sensitive to a chemcal a species is the greater
its value as an indicator species. Therefore we will assign
100 ug a value of zero and 0.1 ug a value of 1. \W begin

with the mdpoint of the scale and ask the decision maker if
the first 50 ug increase in benefit of the attribute is

equal to the increase in benefit of the second 50 ny. This
I's determned using expert judgenent. W\ keep questioning
the decision nmaker until we find the point where the first x
amount of the scale is equal to 100 - x anount. Suppose we
find this value to be 60 ng. The first 60 ng of is equal to
the last 40 in terns of value. The value of 50 is hal fway
bet ween the value of 0 and 100. If we define the m dpoint of
between 0 and 100 mg as nD "“qq then:

v(m0 100) = v(60) = 0.5v(0) + 0.5v(100) = 0.50

W can then find the mdpoints between 0 and 60 and between
50 and 100. Suppose upon questioning the decision nmaker, we
find that the mdpoint between 0 and 50 is 40 and the

m dpoi nt between 60 and 100 is 85, then:

v(nD”50) = v(40) = 0.5v(0) + 0.5v(60) =0.75

and

v(nE0 100> = v(85) = 0.5v<60) + 0.5v(100) = 0.25

Wth these three points we are then able to plot the value

function for the attribute. Further bisection can be
performed if necessary to refine the shape of the curve.
Once we have used attributes B, B2f and B3 in the

screening process, we will determne values for the
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remai ni ng candi date species for attributes B4 and B5. In
eval uating species on attributes B4 and 85, we will enploy a
direct rating method. Direct rating is useful on small sets
of alternatives such as we have when we've screened species
list dowmn to a list of candidate species. Direct rating is
easy to use and works well with attributes that do not have
a natural scale. In direct rating we do not explicitly
construct an attribute scale but directly assign single
attribute values to the candi date species. There are four
steps in the process:

1. Wien using direct rating, the decision naker first
uses expert judgenent to choose the best and worst species
interns of a given attribute. These species then becone the
endpoi nts of the scale.

2. The decision maker then ranks the species frombest to

wor st between the two extrenes.

3. Next the decision nmaker must change qualitative
information in ternms of the attribute into a quantitative
val ue scale. To acconplish this, the decision nmaker perfornmns
a nunerical rating on a scale. The scale has two endpoints
in the best and worst species, with the worst assigned a
val ue of 0 and the best assigned a value of 1. The renaining
alternatives are rated i n between. The deci sion nmaker
carefully considers the relative spacing of the candidate

speci es, because the relative spacing reflects the strength

of preference of one species over another.
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4. Finally the decision naker needs to performa series
of consi stency checks. These checks are to nake sure that
the relative spacing of the candi date speci es does in fact
reflect the decision naker's relative strength of preference

for one species over another. The deci si on nmaker may ask

hinself if the difference between A and B on an attribute is
really greater than the difference between C and D.

Consi stency checks may leads to revisions in the relative
spaci ng of candi date species. The scal e constructi on process

st ops when the decision naker is confortable with the

assessnents.

Attri bute Wi ghts

Once the single attri bute val ues have been determ ned for
t he candi date species, we need to assign weights to the
various attri butes before we can aggregate themin a nodel.
Wei ght assessnent i s necessary because we assi gned equal
endpoints in value (0 and 1) to each attribute. If we did
not have weights for the attri butes, we would be inplying

that increases in strength of preference fromthe worst to

best | evels of an attri bute are the sane for all attri butes.
INn nNnbst cases this is not true.

W will use cross-attribute strength of preference to
wei ght the attri butes (see von Wnterfeldt and Edwards
1986). The deci si on naker conpares his or her relative
strength of preference of b"* over b”,, the best over the

worst attribute |evel across attributes. Assum ng al
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attributes are at their | owest |evels, we ask the deci sion
maker which attribute he or he would |like to raise to its
best | evel. Then we ask which attri bute he or she would Ii ke
to raise next, and so on until we can order the attributes
fromnost inportant to | east inportant. The nobst i nportant
attribute will have the | argest weight and the | east
inmportant will have the smallest. Let's assune the decision
maker detei”m nes an order of h~ > b2 ~ b3 > b4 > b (nost

i nportant objective to | east inportant objective).

To determ ne how nmuch | arger b4 is than b5, the decision
maker reduces b4* to an internediate |evel of b4 and keeps
adjusting the value of b4 wuntil he or she is indifferent
between raising b4, to b4 and raising bg* to b5 wth all
other attributes assuned to be at their | owest |levels. This
indifference inplies that WAV4(b4 ) = WV5(b5*). By
rearrangi ng the equation we get Wo/ M = V4(b4 )« By
conparing all the other attributes to the | east inmportant
attribute bg in this way, we determ ne the relative weights
for the attributes, generating equations of the form
AfN*5 ~ N AN N» where 1 equal s attributes 1 through 4. This
requires only four conparisons for the five attributes, but
nmore can be perforned as consi stency checks. To determn ne
t he exact values of the weights, assum ng the weights add up

to one, we can solve the equation

*i o~ Ak 1A A
I AL

sumnvjVj O™ )

This can be done for all five attri butes.
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Screeni ng Procesa

Soneti nes because previous work at simlar sites, the
ecologist at a site will already have in mnd a nunber of
candi date i ndi cator species which are few enough in nunber
that they can be evaluated fully w thout paring down the
list. Also, the nunber of potential indicator species at a
site may be small enough that species do not need to be
screened out. In either of these cases, the ecol ogist could
skip the screening procedure directly evaluate the species.
However, in nost cases, the ecologist at the site is going
to have to cut down the list of potential . indicator species
to a manageabl e nunber of candi date species that can be
fully evaluated. For this elimnation process, we will use a
deci si on anal yti c screeni ng nodel .

The screening process allows the decision naker to
rapi dly focus on the best possible candi date species in
areas of high species diversity. It can also help a decision
maker determine if there is a worthwhil e candi date speci es
at a site with | ow speci es diversity.

There are a great nunmber of species at any given site
that may be potential indicator species. Many, and often
nost of the species can be elimnated as inappropriate for a
variety of reasons. Sone can easily be elimnated from
further consideration because they are domi nated by other
species in terns of every attribute. Often however, after
the easy cases are elimnated, there are still too nany

potential indicator species to evaluate thoroughly. The
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deci si on nmaker nust reduce the nunber of potential indicator
speci es to a nanageabl e nunber of candi date species which
will then be thoroughly eval uated. The deci sion nmaker nust
bal ance t he advant ages and di sadvant ages of the screening
procedure. A thorough screening procedure can greatly
sinplify the task of choosing indicator species by weeding
out the inferior candi dates. This nust be bal anced however,
agai nst the likelihood that extensive screening procedures
may i nadvertently elimnate sone or all of the best

i ndi cator species. We will elimnate this possibility by
usi ng a decision anal ysis screeni ng procedure.

There are several inportant considerations that are not
addressed i n nost screening nodels. Al assunptions in the
screeni ng process nust be clearly stated. There is the
assunption that all species achieving the sane attri bute
| evel are equal. Cutoff |evels nust be carefully determ ned.
Consi stency anbng screening criteria nmust al so be addressed
(a cutoff level on one criterion should be equal to a cutoff
Il evel on another attribute). Al so, a value tradeoffs
mechani sm needs to be addressed in terns of one attri bute
conpensati ng for another.

When using a decision anal ysis screening nodel the
concerns stated above are all addressed. Value judgnents are
clearly stated, explicit, and quantified. Scal es and cutoff
levels are clarified and justified.

The screening process is conducted attribute by

attribute, with species being elimnated from consideration

71


NEATPAGEINFO:id=274C2C34-F5E7-4B2A-B1C7-A01AF6FDC03A


72

if they fall belowthe cutoff level on a given attribute. W
make a | arge assunption in elimnating species that fall
bel ow a cutoff level. W nmay elimnate species that are
adequate with respect to several criteria but fall just

short of the cutoff values on one or two. However, this
approach provides a mechanismfor rapidly focusing attention
on candi date species that have a higher probability of being
t he best indicator species. The advantages in ternms of tine
saved when applying each criterion individually outweigh the
di sadvant ages of possible elimnation of some legitinmate
candi dat e speci es.

A screening criterion is made up of two parts, the
attribute and its cutoff level. The attribute is necessary
to determ ne how well a particul ar indicator species
fulfills the decision nmaker's objectives. The cutoff |evel
is used to determ ne what is an acceptable value for a
candi date species in ternms of an attribute and what is not.
In order for the screening procedure to be efficient, it
shoul d be easy to determ ne whether a potential indicator
speci es does or does not satisfy the particular criterion.
Proxy attributes are often used as screening criteria
(Keeney 1980).

In carrying out the screening procedure, the decision
maker starts with the nost inportant criterion and
elimnates all of the species that fall below the cutoff
| evel . Then the decision nmaker noves on to the second nost

inportant criterion, and so on, until the list is reduced to
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a reasonabl e nunber of candi date species that can be
eval uated fully.

The ordering of the screening criteria should be based on
the inportance of the criterion and how many species can be
screened out as a result of the data. Finally, there should
be a clear relationship between the screening attribute
| evel s and the objectives. Based on these considerations, |
chose to use the attributes created for single attribute
val ue functions (step 3. in the framework) as screening
attributes so that their relationships with the objectives
woul d be cl ear.

Let's suppose that when weighting the attributes, the
deci si on nmaker determ ned that the order of the screening
criteria fromnost inportant to least inportant is
Bj >B2>B3>B4>B5. By choosing the nost inportant attributes as
screening criteria, we can narrow down the nunber of species
that need to be evaluated. If the decision naker feels that
t he nunber of potential indicator species is small enough,
then he or she can nove on to evaluating the candi date
species in steps 6. and 7.

Suppose the decision naker judges that because of the
nunber of potential indicator species it is necessary to
screen themusing three screening criteria. The deci sion
maker chooses the three nost inportant attributes, B, B2»
and B3. As the first step in the screening process, we Wl

devel op a value function for the three attri butes:

v(bi, b2,b3) = wAvjA(bjA) + V@V2<h2) *  WBV3(Db3)
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where v(bjA*, A2F' AZFA A MTAy(GiA gy AZFA = Q
b* refers to the highest score anong the potential indicator
species and b, refers to the | owest score anong the
potential indicator species. Based on the above equati on,

t he conbi ned screening scores of any one species eval uated

on the attributes will be bounded between 0 and 1. The above

equation is based on the additive nodel (see von Wnterfeldt

and Edwards 1986). If the decision naker determ nes that the

obj ectives do not satisfy the conditions of additive
i ndependence then the nultiplicative or nultilinear nodels

can be enployed (see von Wnterfeldt and Edwards 1986).

An exanple wll illustrate the screening process. Keeney
(1980) devel oped a screening nodel for sites for an energy
facility which can be easily applied to screening indicator
speci es. The follow ng value function will serve as our
screeni ng nodel .

Suppose v(bjL, b2, b3) = 0.6vj"*(bj") + 0.3v2(b2) " 0. Iv3(h3>
where v, V2» and V3 are value functions scaled from0 to 1
and where vAih;**) = 1 and v*Chi*) ~ ®@M"M A~ 1» 2, 3.

The val ue judgnments of the decision maker at the site are
used to choose the aggregation nodel, and to assess the

val ue functions and scaling constants. Let's suppose the
deci sion maker determned that B} was the nost inportant
screening criterion, followed by B2 and B3 W begin by
collecting data on the nost inportant attribute (Bj*) for al
of the potential indicator species. Let us suppose that the

hi ghest scoring species has a level b* of objective B* such
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that vjL (h") = 0.90. For this species, the mniniumpossible

overall score woul d be:
v(bi', b2», b3, ) =0.6(0.90) +.3(0) + 0.1(0) = 0.54
A species with a b» level of B* such that v*(bj") < 0.3 wll

have an overall value |ess than 0.54, since even with

attributes B2 and B3 at their best |evels:

v(bji , b2* b3*) =0.6(0.23) + 0.3(1) +0.1(1) =0.54
Therefore, any species below a level of b such that vj”(bj")
< 0.23 can be elimnated fromfurther consideration.

The next phase of the screening process begins with the
attribute 82- Only the species not screened in terns of B"
wi || be considered in terns of 82. Suppose that the species
with the best level of B2 is b2 such that V2(b2 > = 0.95.
Usual Iy the species that has the best score on B will not
have the best score on B2. Suppose the species that scores
hi ghest on B2 has a value of B* such that Vj*(bj® ) =0.6
Al so suppose that the species scoring highest on B ( vj*(b]")
= 0.90) has a level of B2 such that V2(b2) = 0-5.

Then the m ni mum overall values for the two species woul d

v(bi', b2'» b3») = 0.6(0.9) + 0.3(.50) + 0.1(0) = 0.67
v(bi'', b2'', b3#) = 0.6(0.6) + 0.3(0.95) f 0.1(0) = 0.65
we woul d then check to see if there is a higher scoring
species on the two criteria conmbined. Suppose when doi ng
this we find a species that has a |evel of Bj” such that
vA(b]?) = 0.75 and a |l evel of B2 such that vj”~(bi) = 0.80.

This woul d give the species a m nimum possi bl e score of
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0.6(0.75) + 0.3(0.8) + 0.1(0) = 0.69. This new val ue of 0.69

allows us to raise the cutoff level of B* such that vj~(bj"?) =

0. 48 because even with B2 and B3 at their optimal |evels,

0.6(0.48) + 0.3(1) +0.1(1) = 0.69. W can then check to see
if we can screen by B2 alone. If we assune the maxi num
val ues for B* and B3 then we get 0.6(1) + 0.1(1) = 0.70.
Since this is higher than .69, a species could potentially

have a value of 0 for B2 and we cannot yet screen by B2

al one.

Finally, we collect data for attribute B3 for the species

t hat have not yet been screened out. Suppose the species
with the highest | evel of B3 has a value such that V3(b3) =
1. 0. Suppose that the highest overall score for the
remai ni ng species turns out to be v(bj”, b2fb3) = 0.76. On the
| ast screening criteria, we do not want to use the highest
overal |l val ue because this could elinminate all but one of
the remai ni ng species. W may therefore use a slightly | ower
cutoff value to | eave us a nunber of species to eval uate
fully. Suppose we choose a cutoff value of v(bj”, b2, b3) ~
0.71. W can check to see if we can screen by B3. If we take
the highest levels of B and B2 we get 0.6(0.9) + 0.3(0.95)
= 0.83 Since this is higher than our overall cutoff |evel of
0.71, we can't screen by B3 alone. Next we can raise the
cutoff level of B to vj”(b]”) = 0.54 because:

v(bi,b2,b3) = 0.6(0.54) + 0.3(0.95) + 0.1(1) = 0.71.
W can now al so establish a cutoff [evel for B2 of 0.23. W

can do this because even if B* and B3 are at their highest
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|l evel s, B2 would have to equal 0.23 to achieve the highest
overall val ue:
v(bi,b2,b3) = 0.6(0.9) + 0.3(0.23) + 0.1(1) =0.71
| f further reduction of candi date species is needed, we
can screen using pairs of attributes. Any species with a
conbi nation of Bj~ and B2 such that
0.6vi(bi) + 0.3v2(b2) < 0. 61
can be elimnated since even with B3 at its optimmlevel,
the overall score would not be equal to the cutoff level of
0.71. W can al so exclude any combination of B2 and B3 such
t hat
0.3v2(b2> + 0.10V3(b3) < 0.17
because in conbination with the best |evel of Bj”, the
overall value would be less than 0.71. Finally, we can
screen on the pair of attributes Bj* and B3 such t hat
0.6vj~(bi) + 0. 1v3(b3) < 0.41
because even with the highest B2 level, the overall value of

the species would fall below the cutoff |evel.

Eval uati on of Candi date Species

Once we have determned the single attribute val ues for
t he candi date species we are ready to aggregate the val ues
into a nodel in order to score the alternatives. In using
the additive nodel, we are assum ng additive difference
i ndependence. This neans that the strength of preference in
a single attribute is unaffected by other constant

attri butes. The shape of a value function would be
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unaf f ect ed when constructed at different |evels of other
attributes. This is very conplicated to prove, and for the
sake of sinplicity, we will assume that it holds true. These
wei ghts can then be entered into the equation

v(b) = sum W"Vj (X ")

whrre VjA(xj™) is the value of site b on the attribute i, w'\?
is the inmportance weight of i, and v is the value of b. Once
the values are determned for all of the indicator species,
it is easy to conpare the overall values of the different
species to determne which is the best indicator species at

a given site. At a site wth |ow species diversity, the

deci si on maker can exam ne the nmultiattri bute val ue

functions for the site to determne if there is one with a

hi gh enough value to be a useful indicator species.

Sensitivity Anal ysis

When usi ng deci sion analysis, we develop a formal val ue
structure that includes subjective concerns and quantifies
the objectives. This quantification allows us to conduct a
sensitivity analysis in order to see how the deci sion
changes when the data in the decision analysis differs from
t he best value estinmates. Sensitivity analysis allows us to
determ ne the conditions under which the various alternative
i ndi cat or speci es woul d be chosen and where the switch over
poi nts are.

Sensitivity analysis is performed when the decision maker

has structured the problem and has the nunbers and the
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nmodel relevant to it. Sensitivity analysis provides insights
into what is inmportant in the problem In sensitivity
analysis we vary the form and paraneters of the single

attri bute value functions, and the nmultiattri bute val ue
function to see how t he deci si on changes when val ues and

wei ghts are different.

Doni nated Al ternatives

The first step in using sensitivity analysis in a problem
is to elimnate dom nated alternati ves. This is what our
screeni ng nodel does, by elimnating alternatives which
could not be the best option. The options renmining after
the screening process are unlikely to be donmnated in terns
of all of the attributes, but any that are dom nated can be
el i mi nat ed.
Changes in Attri bute Val ues

We can vary the values of the attributes for the various
candi date species to see how this effects the rankings of
the alternatives. It is often useful to | ook at the best and
worst alternatives and the range of an attribute for all of
the attributes. We outline this in Table 2. Since B3 has a
fairly heavy weight and a large range, it is a clear choice
for a sensitivity analysis. A sensitivity analysis could
al so be perfornmed for the other attributes, but because the
range is not that great, it is not likely to affect the

ranki ng of the alternatives.
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We can exam ne percent changes in the overall species
scores due to percent changes of inputs for the attributes.
For exanpl e, suppose the screening process has left the
deci sion maker with five species, A- E In Table 4 we
exam ne how the percent input nunbers for these species on
attribute 83 affect the overall scores of the five species.
When using the original values the highest scoring species
is Awith a value of 0.80. Species A also donm nates in
overal |l score when the value of B3 is decreased. However,
when the input nunbers for attribute B3 are increased by

50% Species B is the highest scoring species overall

Changes in the Scaling Constants

We can vary the weights of the attributes to see how the
ranki ng of the candi date speci es changes. W can perform
this for the weights of the screening function and the
mul tiattribute value function. W can change the val ue of
one scaling constant while keeping the ratios of the other
scal i ng constants the sane.

Suppose species A - E have the values on attributes B* -
B5 as shown in Table 3- From | ooking at these values, we can
observe that Awll wn for high weights of Bj* and option D
w || dom nate at high weights of B3. W can al so see that
species B is the nost evenly balanced in terns of ail the
attri but es.

Suppose al so that the decision naker at the site is

concerned about cost and thinks that he or she may want to
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wei gh costs nore heavily. W can vary the wei ght of
attribute B3 while keeping the ratios of the other weights
constant. W can apply these weights to the single attribute
val ues for the five species, and cal cul ate the overal

scores for the species at the various weights. W can
conpare these weights in a graph of the formof Figure 3. In
the graph. Alternative A is the highest scoring at | ow

wei ghts of B3. When the weight equals 0.25, there is a
switch to B. There is a second switch to species D when the

wei ght of B3 reaches 0.35. Species C and E are dom nated

t hroughout. Alternative B is the nost evenly bal anced in
terns of the attributes and is therefore subject to the

| east fluctuation when varying the weights. Since species B
is near the top scoring species the decision nmaker may
choose species B if he or she is uncertain about the

wei ght s.
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Choosi ng I ndicator Species: A Hypothetical Exanple

I ntroducti on
In order to illustrate this franework for choosing

i ndi cator species, we will exam ne a case study site.

El emrents of this case study are real and el enents are

hypot hetical. The site and site-specific and contam nant -

specific information is real. Species-specific information

for attri butes was unvail able. Therefore information used in

scoring species on attributes and weighting the attributes

is hypothetical. The information in this case study is

hypot hetical and intended only to illustrate how t he

framewor k coul d be used. Background i nformati on on
Pol ycycll ¢ Aromati c Hydrocarbons is taken from Ron Elsler's

revi ew of PAH effects on fish, wildlife, and invertebrates

(Ei sl er 1987).

The hypothetical site is a contam nated river that flows
through two counties in Wsconsin. The river is 10.6 mles
| ong and has a drai nage area of 21 square mles. Land use in
the watershed is quite diverse. Land use is 60X rural and
40% urban in the watershed. G assy neadows, nesic hardwood
forests, agricultural |ands and energent cattail marsh are

t he dom nant vegetation covers of land along the streamin
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bot h counties. These cover types provide good wildlife
habitat for a variety of species.

There are several pollutant sources in the watershed,
bot h point and non-point. There are 7 industrial and 1
muni ci pal state permtted discharges to the river. Water
quality inpacts fromthese inmpacts is thought to be mnimal.
Pol [ ution from nonpoint sources is nmuch nore significant.
Urban [ and uses generate nore pollution per square mle than
rural uses. There is a great deal of erosion in the
wat er shed due to the hydrologic group C and D soils which
dom nate throughout the watershed. These soils are highly
erosive due to poor infiltration rates. Stream
channel i zation, sedinentation, increased turbidity, creosote
toxicity, and pollution from non-point runoff may al
contribute to the dem se of various species at the site.

The property of concern is an 88 acre abandoned
industrial site |located inmediately south of M| waukee. Wen
in operation between 1921 and 1976, the facility included a
creosote plant. Creosote is a brownish oily Iiquid conposed
chiefly of polycyclic aromatic hydrocarbons obtained through

the distillation of coal tar and used as a wood

preservative. Wastes fromthis facility were discharged to
surface soils and to the river until 1970 when the W sconsin
Departnent of Natural Resources (WDNR) issued an order to
pretreat wastes and discharge to the sanitary sewer system
In 1971, several youths received serious chem cal burns+

whi | e wadi ng downstream
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Fate I n the Aquatic Environnent

The majority of PAHs entering aquatic environments remain

close to the site of deposition. They are persistent and
pot ent human carci nogens (Lee and Grant 1981). In aquatic
envi ronnents, PAHs nay evaporate, disperse in the water
col um, becone trapped in sedinents, or concentrate in
aquatic organi sns (Suess 1976). Mst PAHs are associ ated

with particulate matter, with only about one third present

in dissolved form (Lee and Grant 1981). PAHs di ssolved in
the water column degrade rapidly though photooxi dati on (EPA
1980). The ultinmate fate of PAHs in sedinents is

bi ot ransformati on and bi odegradati on. PAHs degrade very

slowy in sedinents.

Toxicity
Toxicity is nobst pronounced anong crustaceans and | east
anong teleosts (Neff 1979). In all but a few cases, PAH

concentrations that are acutely toxic to aquatic organi snms

are several orders of magnitude higher than those found in
even the nost heavily polluted waters (Neff 1979). Poll uted
sedi nrents however, nmay contain PAH concentrations that are
acutely toxic. These sedinents have |limted bioavailability
and i ndi cator species nust be carefully chosen.
Exposur e

When assessing species' exposure to PAHs, the decision
maker needs to consi der whether the organismis a soi

feeder, bottom feeder, or feeds in the water col um.
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Bi oconcentrati on factors (BCFs) nust al so be consi dered. A
bi oconcentrati on factor is the ratio of the concentrati on of
a contam nant in the organismto the concentration in the

i medi ate environnment. Mst organi sns rapidly accunul ate

(bi oconcentrate) PAHs from the anbi ent nedi um but these
substances don't tend to biomagnify in the food chai n. PAH
upt ake rates for different species of organisns are highly
vari abl e, being higher in al gae, nolluscs, and ot her species
whi ch are i ncapabl e of netabolizing PAHs (Neff 1982).

Bi oconcentration factors tend to i ncrease with increasing
nmol ecul ar wei ght of the PAH, with increasi ng octanol/water
partition coefficient values, with time until approachi ng an
apparent equilibriumvalue, with increases in dissolved
organic matter in the nedium and |lipid concentration in the
organi sm (Lee and Grant 1981).

A series of detail ed studi es have been perforned to study
the i npacts of creosote contaninati on on soil, groundwater,
and surface water resources of the river (EPA 1977A, B).

These studies i ndicate that creosote contamnm nated stream
banks, bottom sedi nents, groundwater, and surface runoff are
a conti nuous source of creosote and associ ated pol ycyclic
aronmati ¢ hydrocarbons (PAHs). Soil concentrati ons of PAHs at
the site were found to be in excess of 279, 000 ng/ kg at
dept hs of 15 feet (EPA 1977A). G oundwater at the site is

al so heavily contam nated. Groundwater flow fromthe site

and into the river provide a continuous source of PAH

contam nation in the ri ver.
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Bott om sedi nents and river bank soils are heavily
cont am nated by PAHs. PAH concentrations in bottom sedi nents
range fromO to >20, 000 ng/ kg. USEPA sponsored two
consultants to devel op and test denobnstration projects for
renpoval and di sposal of contam nated river sedi nents.

Al t hough these denpbnstrati on projects were sonewhat
successful in renoving PAH contam nated river sedi nents,
high levels remain in bottom sedi nents and al ong | ower
banks. EPA suspects that contam nated groundwater and runoff

conti nue to be rel eased fromthe site. EPA would li ke to

nmoni tor the success of these and any future renedi ati on

efforts.

Pol ycyclic Aromati c Hydrocar bons (PAHs) consi st of

hydrogen and carbon in the formof two or nore fused benzene

rings. There are thousands of PAH conpounds, each differing
in the nunber and positioning of aromatic rings, and the
substituents on the rings. Unsubstituted | ower nol ecul ar

wei ght PAHs containing 2 or 3 rings exhibit acute toxicity
and ot her adverse effects to organi sns <Lee and GRant 1981).
H gher nol ecul ar wei ght PAHs containing 4 to 7 rings are
significantly |l ess toxic, but many of these conpounds are
car ci nogeni ¢, nutagenic, or teratogenic to a variety of
organi sns, including fish and other aquatic life,
anphi bi ans, birds, and mammual s (| EE AND Grant 1981). PAHs
show |little tendency to biomagnify in food chai ns, despite
their high lipid solubility (Cook and Dennis 1984). This is

probably because PAHs are rapi dly netabolized.

&G
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Speci es' responses to PAHs are highly variable, and are

i nfl uenced by a nunber of chem cals, including other PAHs.

Until these interaction effects are understood, the results

of single substance | ab tests may be extrenely difficult to

apply to contam nation at field sites (Ei sler 1987).

Choosi ng | ndi cat or Speci es

Qur deci sion nmaker i s an ecol ogist at the site who wants

to select indicator species to nonitor the renedi ati on

efforts in the river. It is nuch sinpler to choose species

when a single chenmical is involved so that we can avoi d

interacti ve effects between di fferent chenicals. However,

nost Superfund sites contain nmany different contam nants and

we will examine a site with a nunber of contam nants. Si nce

it is inpossible to choose species that are sensitive to al

of the chemi cals at the site, the decision nmaker chooses

several chem cals which he or she judges are representative

of the chemicals at the site and for which there is a | arge

anount of toxicological data. There is sone uncertainty in
how the interactive effects of nmany chem cals at the site
will alter species' responses, but the neasurenent of this
uncertainty is beyond the scope of this paper. These

chem cals for which there is toxicol ogical data shoul d

include a conpound with 2 or 3 rings to nonitor for acute

for

toxicity and a conpound of 4

chronic toxicity effects. W
i ndi cator species to nonitor
toillustrate the use of the

to 7 rings to nonitor
wi |l focus on choosing
for an acute toxicity endpoint

framewor k for choosi ng
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i ndi cat or speci es. The chem cal anal yses of the river
sedinents indicated a | arge proportion of the two ring
conpound napht hal ene. Since there is a | arge anount of
t oxi col ogical data for this chem cal, the decision nmaker
decides to make it the focus of species sensitivity for the
acute toxicity endpoint.

A conparison site was exam ned upstream and 37 potenti al
i ndi cator species were identified by an ecol ogi st at the
site. Only aquatic organi sns are bei ng consi dered si nce PAHs
are rapidly netabolized and therefore do not biomagnify in
terrestrial organisns further up the food chain which could
potentially be exposed. The decision naker was only provided
with information pertaining to fish and aquatic
i nvertebrates, so these are the only organisns which will be
considered in this problem

The deci si on nmaker exam nes the objectives hierarchy in
Figure 1 and judges that it corresponds to what is inportant
in choosing indicator species at the site. The deci sion
maker al so believes that due to the | arge nunber of
potential indicator species at the site, it is appropriate
to quantify the objectives at the B |l evel of the objectives
hierarchy with 5 objectives rather than the C level with 17
obj ectives. The deci sion naker al so decides that the
attri butes chosen in the hierarchy suit his or her needs.

The deci si on maker can then nbve on to screening
potential indicator species. The deci sion naker detern nes

t hat when considering relative inportance and the nunber of
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speci es that can be elinmnated with each criterion, the
order of the criteria is sensitivity (Bj”), exposure (B2)»
and ease and econony of nonitoring <B3). The deci sion nmaker
t hen deterni nes endpoints for the scales for the three
screening attri butes and assesses the val ue curves using the
bi secti on net hod di scussed in the franework section (see
Figures (4,5 and 6).

The deci si on maker determ nes that he or she wants to

wei gh the attributes according to the fornul a
v(bi, b2, b3) = 0.6vj"~(bj”) + 0.3v2(b2) * 0.1v3(b3)

by using the wei ghti ng nmethod di scussed in the franmework

secti on.

The first screening criterion for which we coll ect
information is B". The decision nmaker determ nes that the
LC50 values for a 24 hour period all range from 920 -

150, 000 ug/ L. The highest scoring organismis species 29
(see Table 5) with a value of Bj™ equal to 0.95. For this
speci es, the mi ni rum possi bl e overall score would be
0.6(0.95) +.3(0) + .1(0) = 0.57.
A species with a value of B* less than 0.28 will not have an
overall score higher than this species even if it has the
opti mum val ues for B2 and B3 since
0.6(0.28) + 0.3(1.0) + 0.1(1.0) = 0.57.
Therefore we can elimnate all species with a value of B "

bel ow 0.28. This corresponds to a sensitivity of 11, 000
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ug/ L. When | ooking at sensitivity data for the potenti al
i ndi cator species, this elimnates species 1 - 13. Only the
organi sms not elimnated on B® will be screened on 02.

The deci si on maker next coll ects exposure data on the
i ndi cat or species not yet elimnated and determ nes the how
t hese data correspond to val ues by conparing them on the
val ue curve. The npbst highly exposed organismis species 28
with a value of B2 equal to 0.90. This species also has a
val ue of B equal to 0.60. Species 29, the highest scoring
speci es on B® (bj~(Vj") = 0.95) has a B2 val ue equal to 0.30.

The m ni mrum overall values for these two speci es woul d be:

speci es 28 0.6(0.95) + 0.3(0.3) + 0.1(0) = 0.66

speci es 29 0.6(0.60) + 0.3(0.9) + 0.1(0) = 0.63

Next the deci si on maker checks to see if there is a
speci es whi ch scores higher on the two criteria conbi ned.
Species 30 has a value of B equal to 0.85 and a val ue of B2

equal to 0.53. This gives species 30 a m ni nrum possi bl e

scor e of

0.6(0.85) + 0.3(0.63) + 0.1(0) = 0.70

Thi s new val ue of 0. 70 allows the deci sion nmaker to raise

the cutoff level to B" to 0.55 because even with B2 and B3
at their optinmumI|l evels, a species would fail to score
hi gher than 0. 70:

0.6(0.55) + 0.3(0.9) + 0.1(1) = 0.70

This elimnates species 14 - 24 from consi derati on.
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The deci si on naker now checks to see if species can be
screened on B2 al one. Any species with a value of B2 |ess
than 0. 10 can be elim nated because even when assum ng the

maxi mum val ues for B? and B3, the species will not score
hi gher than 0. 70:

0.6(0.95) + 0.3(0.1) + 0.1(1) = 0.70

This elimnates species 25, 26, and 27.

After exam ning the overall scores of the renaining
species, the highest overall score turns out to be v(b2", h'2t
b3) = 0.78. On the last screening criteria, the decision
maker does not want to use the highest possible val ue,
because this may elimnate all but one species. The decision

maker wants to be left with a reasonabl e nunber of candi date

species to evaluate fully. The decision maker decides on a
| ower cutoff value of 0.73. The decision maker then checks
to see if the species can be screened on the basis of 83

al one. Taking the highest levels of B and B2f we get
0,6(0.95) + 0.3(0.90) = 0.84. Since this is higher than the
cutoff value of 0.73, we can't screen by B3 al one.

The deci sion maker can now raises the cutoff |evel of B
to 0.50, because with 82 and 83 at their optinmumlevels, we
get:

0.5(0.60) + 0.3(0.95) + 0.1(1) = 0.73
Therefore any species with a level of B> below 0.60 can be

elimnated. This elimnates species 31 and 32. The deci sion

maker coul d continue on and screen using pairs of
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attri butes, but instead decides that the X gpecies renmining
is a good nunber to eval uate.

The original 37 species have been pared down to 6
candi dat e speci es. The deci si on maker then assesses the
values for the attributes in terns of B4 and B5. This is
done using the direct rating techni que di scussed in the
framewor k section of the paper. After the values have been
assessed, the decision naker determ nes the weighting
function for the aggregati on of the single attribute val ue
function. Again, as in the framework section, the deci sion
maker believes that additive i ndependence holds and uses the
additi ve nodel. Using cross attribute strength of

preference, the decisi on naker determ nes an aggregate val ue

functi on of:

v(bjL, b2> b3, b4, bn)

0.3bi (vj”) + 0.25b2<V2) + 0. 2b3(V3) + 0.15b4(v4) + 0. Ib5(v5)

By evaluating this fornula for all of the candi date speci es.
t he deci si on nmaker determ ned the overall scores listed in
Tabl e 6.

We can performa sensitivity analysis 0f the candidate
speci es as was described in the framework section. The
deci si on nmaker exam nes the range of attri butes in Table 7.
Because of its relative weight and range Of val ues, the

deci si on maker judges that objective Bj" is & clear choice

for a sensitivity anal ysi s.
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The deci si on naker exani nes the changes in overall
speci es scores due to changes in the input nunbers for
attribute B in Table 9. At the original input val ues,
species 35 is the highest scoring species. Species 35 al so
dom nates at higher input values for attribute B". However ,
when the input nunbers for B* are decreased by 507., species
37 dom nates (see Figure 7).

When exani ni ng changes in species scores due to changes
in the attribute weights, the decision naker varies the
wei ght of B* while keeping the ratio of the weights of the
other attri butes constant. From Table 8 we can see that
dependi ng on the wei ght of B"?, three different candi dates
could potentially be the best indicator species. Wen the
wei ght of B is 0.2 or |ess, species 35 achieves the highest
overall score. Wen the weight of B is greater then 0. 2 but
Il ess than 0.8, the species 37 is the best indicator (see
Figure 8). Wen the weight of B" is 0.8 or greater, then
species 28 is the best indicator. However, species 37
remai ns consistently near the top throughout the variation

of B" and is therefore the best choice.
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Table 1
Sensitivity of Selected Organisns to Nepthal ene

Concentration

in |aedium

Orgensi Q (ug/ 1) Ef f ect Ref er ence
1 Liungeness crab. 2. WU LC50 (96 hr) Nef 1079
Cancer masi ster

1 Grass shrinp 2.400 LC50( %) Nef f 1979
Anphl po*, 2,680 LC50( 96hr) Nef f 1979
JFI ssf nopi Js
l g%%tde‘nrlocrrrgs 3,800 LC50( 96hr) Nef f 1985
Mbsaui t of i sh, 150, 000 . LC50( 96hr) Nef f 1979

|Gaffit>ti%iaafrini?
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1

Attribute

Speci es

mO0 QO ® >

B
B2
83

B4

B

Best Qption
Species, Score

0. 94(A)
0. 90(E)
0.97(D)
0.85 (B)
0.92(E)

B2

0.85
0.70
0. 80
0. 65
0.90

Tabl e!
Range of Attributes

Wrst Ctotion
Species, Score

Tabl e3
Val ues of Species on the Attributes

B3
0.50
0.80
0.62
0.97
0.72

0. 68(E)

B4

0.82
0.85
0.71
0. 60
0.70

Range

B5

0.87
0. 80
0.74
0.73
0.92

0.26
0.25

0. 47
0.25

0.19

Overal
0.80
0.78
0.73
0.73

0.17

1

1
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l

Tabl e 4

Sensitivity of Querall Species Scores to
Changes in Input Numbers for Attribute B3

Species -75%  -50% -25% Oiginal  +25% +50% +75%
A 0.73 0.75 0.77 0.80 0. 83 0.85 0,88
5 0. 66 0.70 0.74 0.78 0. 82 0. 86 0.90
C 0. 64 0. 67 0.70 0.73 0.76 0.79 0. 82
D 0.59 0.63 0.68 0.73 0.78 0.83 0.88

" 0. 66 0. 70 0.73 0.77 0.81 0.84 0.88

l
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125
26
27
28
29
30
31
32
33
34
35

36
137

Sensitivity

13. 000
25.000
52. 000
25,000
11. 000
52,000

150. 000

31. 000
43.000
16, 000
26. 000
60, 000
34.000
6, 500
4.500
6. 000
4,000
3.100
3.000
5. 000
5.500
4,500
3. 000
3.400
1. 800
1. 600
1. 300
2.500
1. 000
1,200
3.100
2,600
1. 300
2.000
1. 600
1.200
2.400

OO0 00 000000000000 00000000000000O00 0000

Val ue

23
15
07
16
27
07

12
09
21
14
06
11
35
42
37
45
52
54
40
39
42
54
50
70
73
82
60
95
85
52
57
84
67
73
85
61

Tabl eS
Speci esSingl eAttribute Val ues

Exposure

15. 000
4.500
25.000
750, 000
250. 000
500. 000
240. 000
400. 000
120. 000
50. 000
500. 000
470. 000
600. 000

e e S s A S R S

Val ue

07
05
08
90
30
63
29
a7
17
12
61
57
82

Econony

450. 000
210. 000
6, 000. 000
175. 000
1, 560, 000
800. 000
260. 000
300. 000
50. 000
600. 000

Val ue

0,52
0. 67

0.10
0.7
0,30
0.42
0.63
0. 60
1.0
0.48
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TabJe6
Val ues of Cattdidate Species

Speci es # Bl B2 B3 B4 B5 Overal |

128 6. 60 6M ... Mo 0.25 0 6.55
29 0.95 0.30 0.67 0. 50 0.50 0.62
30 0.85 0.63 0.10 0. 60 0.70 0.59
35 0.73 0.61 0. 60 0.80 1.0 0.71
36 0.85 0.57 1.0 0 0.20 0.62

1 5 0.61 0. 82 0.48 1.0 0.70 0.70

Tabl e?

Range of Attributes

Dest Opti on Wrst Option
Attrihute Score, Speci es Score, Speci es Ran.
Bl 0.95(" #29) 0. 60(#28) 1Usn
82 0. 90( #28) 0. 30(#29) 0. 60
B3 1.0(" #35) 0(#36) 1.0
Tabl es

Variations in Species Scores with Variations in the Veight of Bl

Veéi ght

of Bl #78 #29 #30 #35 #36 #37
10. 8 6.16 0.38 b. di 0.64 0.58 6. W

0.5 0. 66 0.51 0.61 0.67 0.60 0.74

0.4 0.62 0. 56 0. 60 0.69 0.61 0.73

0.3 0.57 0. 60 0.59 0.70 0.61 0.71

0.2 0.52 0.64 0. 59 0.72 0. 62 0.70
|o.i 0.48 0.68 0.59 0.73 0. 62 0.68

1

l
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Table 9

Sensitivity of Overall Species Scores to
G anges in Input Nunbers for Attribute B

Species* -75%  -50% -25%  Qriginal +25%  +50% +75%

1 2X 0 42 0 46 U. 51 0.55 0.59 0. 64 0 68
29 0. 41 0. 48 0.55 0. 62 0. 69 0.76 0. 83
50 0. 40 0. 46 0.53 0.59 0. 65 0.72 0.78
35 0.55 0. 60 0.65 0.71 0.77 0.82 0.87
36 0.43 0. 49 0.56 0. 62 0. 68 0.75 0.81

137 0. 56 0. 61 0. 65 0. 70 0.75 0.79 0.84
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