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PART 4

METHODS FOR ESTI MATING THE BENEFI TS FROM M Tl GATI NG
ECOLOG CAL DAMAGES FROM TOXIC CHEM CALS

Robert Repetto

| NTRODUCTI ON

Most of the concern and even nobre of the regulatory action
over toxic chenmicals in the environnent have been notivated
bytheir threats to human health, especially their potential
carci nogenicity. This cancer focus has energed despite the
response to early threats by Rachel Carson (Carson) and others
that non-hunan species were undergoing harm More progress has
been made in understanding the effects on natural popul ations.
Yet, there are substantial values that are at risk in possible
infjury to plant and non-hunman speci es.

There are various philosophical positions from which these
values nmight be derived. As discussed below, these include

utilitarian and non-utilitarian perspectives. At the sinplest

utilitarian level, there are various kinds of direct conmercial
| o0ss. Chemicals have resulted in massive fish kills and closure
of commercial fisheries. Studies of the indirect costs of

pesticides have identified substantial damges due to honeybee

poi soning of farm and household aninals: crop losses due to
pesticide drift or persistence in the soil after the cropping
period of application; harm to beneficial insects and soil
organi sns (Pinentel et al.). Reasonabl e estimates of these
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commercially valuable losses are in excess of a billion dollars
per year in the United States.

In addition, quite aside from conmercial and other directly
productive benefits, millions of Anmericans care significantly
about and actively enjoy natural popul ations. According to a
1980 survey, over eighty-three nillion adult Anmericans in that
year participated in recreational activities primarily notivated

by the desire to enjoy wldlife in nondestructive ways (U S.

Departnent of Interior). Alnost twenty-nine nillion adults took
trips primarily to enjoy wildlife, involving 377 mllion person-
days. Five billion person-days were spent in activities around

the home primarily oriented toward the enjoynment of wldlife.
For exanple, nore than sixty-two million adult Anericans, alnost
one in three, feed wld birds. In short, aside from any
commercial or instrumental usefulness, there is extrenely
wi despread interest in natural populations for their own sake.
The corresponding expenditures are equally inpressive. 1In
1980, an estimated $6.6 billion was spent on activities primarily
oriented to the enjoyment of wldlife, including $2.6 billion on
equi pnent |ike birdseed and bird feeders, film and photographic
gear; and $4.1 billion on direct travel expenses.
O her recreational activities dependent on natural
popul ati ons, such as hunting and fishing, are equally popular.
In 1980 42 nmillion adults went fishing, spending a total of
858 mllion person-days in 750 nillion fishing trips, and

spending $17.3 billion in direct costs. These figures are
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i ndicative of the substantial values, utilitarian and non-
utilitarian, that mght be endangered by danmages caused by toxic
effects of chemicals in the environment.

The order of magnitude of these values is easier to
establish than the severity of damages toxic chemicals have
caused to natural popul ations. Al t hough rmuch is known about the
toxicity of specific chemicals which have been subjected to
testing to aninmal and plant species, much less is known about the
effects of the sanme chemicals on the corresponding natural

popul ations or to populations of species not subjected to testing

(Brown). This is due in part to the conplexity of ecological
syst ens. The synmptons of damage to an ecosystem often appear far
from the biological point of entry of the toxic chemical into the

system Thus, reductions in the population of fish-eating birds
and their avian predators due to chlorinated organic pesticides
from eggshell thinning is an exanple of danage appearing far up
the foodchain from the biological point of entry of the
pesti ci des. Enpirical ecological nodels are often unable to
predict population responses to such chenmical intrusions.

Further, risk assessnents of potentially toxic chemicals
carried out as part of the regulatory process rely heavily on
| aboratory tests of acute and chronic toxicity to a snmall nunber
of test species, which are chosen for their ubiquity and ease of
rearing in captivity (US EPA). Very limted testing of
effects at the population or conmunity level is carried out. Nor
is there adequate nethodology or capability at the command of the

regulatory agencies to nonitor the inpacts of chemcals in use on
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nat ur al popul ati ons. For these reasons it is extrenely difficult
to assess the inplications of |aboratory test results. There are
nunmerous exanples of discrepancy between |aboratory and field
results. A chemcal may have no toxic effects on a particular
species in the lab, but still result in significant reductions in
field populations because of nodification for other environnental
factors in the field, because of toxic effects on food supply, or
per haps because the chemical induces behavioral changes that
increase |losses to predation. A chemical my adversely affect
reproductive success or nortality of a species in lab tests, and
yet have no discernible effects on natural populations, or even
positive effects due to greater reductions in predation pressure
(Luck et al.). These conplex effects are not well illumnated by
met hods of risk assessnent and toxicity testing in current use.
Finally, of the thousands of potentially toxic chemcals in
conmercial wuse that find their ways into the environment, only a
smal |l  nunber have ever been subjected to rigorous scrutiny and
testing for ecological risks. Many were initially marketed
before current regulations calling for such testing were in
force. The process of reexamning chemicals in current use is
ti me-consum ng. New tests, sone of which take years to perform
and evaluate, are required. Information on production vol unes,
use patterns, disposal routes, environmental fate, and exposure
patterns, nust be collected and analyzed. Regul atory procedures
require detailed justification of regulatory decisions and
attention to contrary evidence in public docunments (National
Research Council). Therefore, reexamination may take several

years to conplete. Under TOSCA, risk assessnment efforts are
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concentrated mainly on new chemicals and small nunbers of
priority substances anong existing chem cals. In the pesticide
field, of the 600-odd active ingredients in over 35,000

regi stered products, less than ten percent have conpleted the
reregistration examination required by FIFRA and FEPCA

(US EPA, 1982). The large nmajority of potentially toxic
substances to natural populations have not been subjected to
rigorous testing or risk assessnent. This adds to the
uncertainties that result from the linitations of prevalent risk
assessnment nethodol ogies and test systens.

Therefore, apart from effects on a few species of falcons,
hawks and eagles, whose populations have been adversely affected
by pesticide bioaccunmulation (along with habitat |oss and other
changes), Ilittle can be said wth confidence about the long-term
effects of toxic chenmicals in the environnent on natural
popul ati ons. Illustrative and interesting is a study of shift in
the abundance of common bird species in England over the extra-
ordinarily long period between the 1830's and the 1960's, based
on observations of British birdwatchers and ornithologists. In
the period after 1939-45, when chenical pesticides cane into

W despread use, sixty bird species apparently increased in

abundance, while thirty-seven declined. However, in the hundred
years prior to Wrld War 1Il, forty-one species increased, while
forty-seven declined. This ambiguous finding is illustrative of

the wuncertainty surrounding long-term effects on populations.
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Recomrendati ons regarding inprovement of the assessnment of
ecological risks from chemicals have enphasized (a) the need for
nore sophisticated use of ecological nodeling, (b) nore testing
for effects at the population and community level, and (c)

greater efforts at field nonitoring of chem cal inpacts.
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1.  ECONOM C EVALUATIONS OF TOXIC EFFECTS ON NATURAL POPULATI ONS

G ven these uncertainties in the assessnent of physical
effects and risks to natural populations from toxic chemicals in
the environnent, it is reasonable to ask what priority should be

assigned to inprovenents in the econonmic valuation of those

risks. Attenpts to assign nonetary values to ecological risks
are debatable in principle and tenative in execution. Wul d not
such attenpts nerely conmpound uncertainty, adding little or

nothing to the decision process?

The answer is no, for several reasons. The quantification
of potential economic danmages from toxic chemicals in the
environnment is wuseful, first of all, because it forces explicit
consideration of the |osses that are threatened, their nature,

i nci dence and nmagnitude. The quantification effort, wthin an
appropriate analytical framework, provides guidance for data
collection, and may shed light on the nobst suitable design for
physical risk assessnent. This is denpbnstrated below, in the

context of pollution danages to fisheries or other harvested

bi ol ogi cal st ocks. Secondly, approximte estinates of potential
econom c |osses may be wuseful in deciding on priorities anong
chemicals for future detailed risk assessment. Current

procedures used in EPA's program offices for toxic chemicals in
assigning priorities to chemcals for future regulatory
exam nation have noved in this direction by enmploying indices of

toxicity and exposure to suggest total risk, wthout, however,
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including indices of relative econonic inportance. Thirdly,
appropriate estinmates of potential econonic |osses can shed |ight
on the value of additional testing and research. Cost and tine
considerations have favored heavy reliance on short-term
relatively inexpensive toxicity tests, as opposed to field
nmonitoring and testing at the population or comunity |evel.
VWhether nore elaborate testing of ecological risk is worthwhile
depends heavily on the range of potential damages that might by
incurred through incorrect regulatory decisions. Finally, the
experience of nobst practitioners with benefit: cost analysis is
that the procedure is helpful to decision-makers by uncovering
gross inbal ances between nmarginal benefits and costs attendant on
a regulatory change, often by examning benefits (or costs) that
had previously not been estimted at all. Oftentimes, unexani ned
values can be severly under- or overestinated. Benefit: cost
estimates are not devices for fine tuning, but gross checks on

the w sdom of regulatory decisions.

The Basis For Valuation

However desirable quantification of potential econonic
| osses to natural populations from toxic chemcals mght be, the
practical nethodology for making such estimates is weak, and the
phil osophical foundation for estimation is contested. Many
people reject the economist's utilitarian assunption if applied
to the preservation of natural environnents (Leopold). These
obj ections often have religious grounds: Nat ur al envi ronnent s
should be protected because they are God's creations and sacred.

Manki nd has been given stewardship over creation, with a
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responsibility for its protection. Obj ections, if not explicitly
religious, may reject wutilitarianism as hopelessly

ant hropocentric, denying both our "kinship" to other |iving
beings and their "rights" to exist and thrive (Favre, Stone).

These positions can be debated, accepted or rejected, but
never proven or disproven, because they are assertions about the
way society ought to nanage itself.

Nonutilitarian positions have substantial acceptance in the
political arena, as denbnstrated by passage of the Endangered
Species Act, which does not require economic justification for
speci es preservation (Endangered Species Act). Yet, there is
continual encroachnent on natural environments and populations as
the result of economic activity wthout serious politica
reper cussi on. Consi stency cannot be found in the politica
record. Personal |y, nost of wus draw uneven and fuzzy boundaries
for our own behavior. Clear and consistent consensus about our
proper societal obligations to natural environments is unlikely
to enmerge (Kellert).

Even were there consensus around a nonutilitarian basis for
valuing natural populations, it would be difficult to base social
decisions on it because such bases are typically absolute, and do
not readily admt trade-offs. If other species have rights, how
are these rights bounded and balanced? How could nonutilitarian
values be derived to conpare with the wutilitarian opportunity
costs of human welfare? For the nobst part, these issues are not
addressed by those who assert the inadequacy of a utilitarian

f oundat i on.
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One proposal has been advanced to find a common denoni nator
for economic and ecological activity: that both should be valued
in terms of our system (Odum. Ecol ogi cal systems have been
nodelled as akin to conpetitive econonmies wth individual plants
and animals in atomistic conpetition seeking to maximze net
energy gain (energy intake |ess expenditure) (Hannon, 1978, 1979;
Rapport and Turner, 1977). Simlarly, "energy theories of value"
have been advanced arguing that econonmically produced goods and
services should, and largely do, exchange in proportion to their
total energy content. Adoption of such a framework would indeed
lead to a calculus wherein the ecological and econonmic effects of
the release of toxic substances into natural environnents could
be related, at least in principle: the loss in stored energy in

the ecosytem against the energy costs of abatenent of the

em ssi on. The shortcomngs of this principle, both as normative
and as positive valuation nethod, are obvious. It is a poor
predictor of relative narket prices in the econony. Nate "Tiny"
Archibald of the Boston Celtics and | are about the same size and
both play basketball. It is doubtful whether the difference
between his market value as a basketball player (approxinmately

$300, 000 per year) and mne (approximately nothing) can be
explained in ternms of relative energy outlay. The energy theory
of value is also a poor normative system for valuing changes in
natural resource stocks. Val uing sperm whales at their BTU val ue
woul d hardly be considered a step forward in the nethodology of

envi ronment al econom cs.
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At least for purposes of this analysis, we are thrown back
on the economist's utilitarian assunption that values are based
on, and to be derived from individual preferences. The natural
environnent is worth what it is worth to us, for whatever set of
reasons. This is not as restrictive as it nmay seem for, while
it does not accept the position that social welfare ought to be
denied as dependent directly on the natural environment, it
admits as valid the preferences of those individuals who believe
so, and their possibly very high valuations of aspects of nature.
These distinctions can be clarified by distinguishing three
possible versions of the social optimzation problem fornulated
in terms of a general environnental good E and an aggregate final

consunpti on good X

Position 1. The Natural Environnent Only as |nput

Natural populations are valued only instrunentally for their
|ife-supporting functi ons, because they permt and increase the
production of goods and services that do not enter final
production fl ows. Thus, the genetic resources of rare species
are valued for their possible use in plant breeding. I nsect
popul ations are valued as predators on other insect pests.

Marshl ands are valued as spawning grounds, habitat, flood and
pollution control devices, and so on (Mers, DeBach). As
depicted in Figure 1, the aggegate production functions f(X E =
0 attains a maxinmum level of X for sone positive E, reflecting

both the I|ife-supporting function of the natural environnent and
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the conpetition between econonmic and natural production for
primary resources. Since, according to this position, only
econom ¢ outputs are directly valued, the social welfare
maxi nm zation problem for N consuners is
W= W[Ul(xl),...,Un(Xn)] = max. subject to (1)
Xy + ... + X, =X and £(X,E) = 0.
The environnment is worth preserving only up to the point E; in

Figure 1 where dX/dE = O.

Position 2. The Natural Environment as Utility-Yielding

Not only does nature support econonmic production, it provides
direct satisfactions to those who contenplate it. The social

wel fare nmaxinization problem is

W =w(ul(Xy,E),...,UN (X ,E] = max. subject to (2)

Xl + eoe + Xn = X and f(X,E) = 00

The environment is worth protecting to the point at which the
trade-off between natural and economic production equals the
relative valuation of the two, where, because the natural
environnent is a public good, the relevant valuation is the sum
of the individual marginal rates of substitution. The point Eg

in Figure 1 corresponds to the point at which
ud / ud + + 0% s Ul = dE / ax
X E T oeee X E (3)

This is the standard utilitarian fornmulation, which gives rise to
the problem of estimting aggregate wllingness-to-pay for

environnmental quality.
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Position 3: The Natural Environnment as Non-Utilitarian Good

This position asserts that, apart from individual

preferences or its life-supporting functions, the natural
environnent is worth preserving for its intrinsic value. Thi s
position, in the language of the Iliterature, makes environnental
gquality a collective "nerit" good. One way of formulating this

position is to assunme a mnmininmum level of environnental quality
that is socially acceptable. The social welfare problem then

becones

W= w(ul(X{,E),... UN(X ,E)] = max. subject to (4)
X1 + .eo + X, =X and f(X,E) = 0 and the additional

constraint E > Enin.

This fornmulation my lead to a position such as that
corresponding to E3, where Eg3 corresponds to the mininum
acceptable level of E.

Wthin the wutilitarian framework, the potential Pareto-
i mprovenent criterion for evaluation of a proposed inprovenent in
environmental quality, regarded as public and indivisible,
requires that the Hi cksian conpensating variation concept of
consuner surplus be enployed as the neasure of individual
willingness-to-pay, and the conpensating wllingness-to-accept be
used for evaluation of decrenents to environnental quality
(Bradford, Brookshire et al., Mshan). The value of changes are
assessed with reference to the initial welfare position of those

af f ect ed. In terms of the individual bid curves depicted in
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Figure 2, with X and E again representing the consunption
coomodity and the environnental good respectively, conpensating
and equivalent variations are indicated for equal increnents and

decrenents in the level of the environnental good, wth the

origin taken as the initial position. (WIlig, Randall and
Stoll). It is known that for equal changes,
wraC = wraBd > M > wrpEQ = wrpC, (5)

where C and Eq represent conpensating and equivalent neasures and

M represents the Marshallian consumer surplus (the area under the

unconpensated denmand curve for E). For discrete changes in
environnental quality, the approximate linits on differences
between willingness to pay and wllingness to accept have been

est abl i shed:
WTA - WTP - aM2/X, (6)

where a is the price flexibility of inconme and aM is snall
relative to X This finding has reassured applied economists
that errors involved in using Marshallian or either of the

Hi cksian concepts of consumer surplus in enpirical work in
accordance with feasibility or convenience would generally be
small relative to other wuncertainties in the problem However,
nunerous explorations of wllingness-to-pay through survey
techniques and direct observation have unearthed a difficulty.
Differences between WA and WP are usually substantially |arger
than can be explained through incone effects (Schulz et al.;

Gordon and Knetsch; Bockstael and MConnell). D fferences are

often one or nore order of nmagnhitude, large enough potentially to
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affect the conclusions of decision-oriented studies.

It has been suggested that WP concepts should be preferred
for enpirical estimtion over WA neasures, because the forner
are less likely to be distorted because they are subject to
budgetary constraints. It has also been suggested that
conpensating measures, for which the initial and the reference
levels of welfare coincide, are likely to yield nore reliable
estimates (Brookshire et _al). However, there is evidence that
the discrepancy between WA and WP values observed in enpirical
research reflects systematic and regular features of individual
behavi or. These features of behavior apparently contradict the
predictions of economic theory with respect to consunmer behavior,
especially in choices involving uncertainty. Attenpts have been

made to describe these behavioral features systematically in what

is called "prospect theory." Two aspects relevant to our problem
are that
- first, if out-of-pocket costs are viewed as |osses and

opportunity costs are viewed as foregone gains, the forner
will be nore heavily weighted, so that individuals will be
nmore unwilling to pay than to forego conpensation:

- second, if a good is viewed as already part of the

individual's endowrent, inplying an assuned entitlenent to
it, it will be nore highly valued than a good not already
in the individual's endowrent. This inplies that

conpensation to accept reductions in existing
environnental anenities wll have to be greater than

willingness to pay for conparable inprovenents.
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These two features of individual psychology, which seem to
be enpirically denonstrable, inply that bid curves such as those
drawmn in Figure 2 should in fact be drawn kinked at the origin,
with losses in environmental quality valued nore heavily than
gains, as indicated in Figure 3. It also suggests that attenpts
to estimate WIPE for decrements in environnental quality my
encounter difficulties, because the concept involves out-of-
pocket costs and the potential loss of welfare from the
individual's initial endowrent. The difficulty that prospect
theory, and the regularities of behavior on which it is based,
create for the valuation of environmental amenities is that it
predicts that there wll be large systematic differences between
WA and WP which cannot be explained through incone effects and
cannot be explained away as aberrations of specific studies. The
inplication seens to be that the proper neasure nust be selected
in view of the actual distribution of initial endowents of the
specific change wunder investigation, whether environmental |y
favorable or unfavorable. If, in the consunmer's subjective
estimation, given physical changes are valued very differently
depending on whether they are regarded as |osses or gains, and
whet her out-of -pocket costs to the consunmer are inplied or not,
then the estimation of benefits will be nore accurate if the
appropriate neasure of consunmer surplus for the situation at hand

i s adopt ed.
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1. METHODOLOG ES FOR EVALUATING TOXI C EFFECTS

It is crucial to understand that the relevant task is to

estimate the damages done by toxic chemicals to natural

envi ronnents. Toxic chemicals may be present in air, land or
water bodies in concentrations of parts per mllion or even
billion, and be inpossible to detect wthout sophisticated
nmeasurenment equi pment and techni ques. Unli ke, say, a snpkestack

plume across a scenic vista, it is not their presence which is
itself objectionable, but their effects on plant and aninal

comuni ties. It is the value of these effects that can be
conbined with values assigned to health effects and conpared wth
abat enent  costs.

The earlier discussion of risk assessnment nethodol ogies
enphasi zed the inportance of <considering the population dynamcs
of affected species, in order to understand the popul ation
signficance of physiological inpacts. From the standpoint of
econonic evaluation, population dynanmics are equally inportant,
because they call attention to what is, in effect, the production
function for natural popul ations. Toxic chenmicals my be
considered as negative inputs into production functions for
species popul ations, and operate along with other inputs:
habitat availability, climatic variables, and so on. In ternms of
popul ation dynamcs, these production functions can be witten

generally as

I.E = f(EAM, with E and f( ) vectors (7
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for nultispecies nodels, with A representing anbient

concentrations of toxic chemicals and M representing other
variables influencing the growmh of natural populations. |If

steady-state solutions exist, there is a corresponding static

relationship

E = g(AM. (8)

Therefore, even though, under the wutilitarian approach adopted
above, the conponent stocks of the natural environnment enter
directly into individual wutility functions, toxic chemicals can
be regarded as intermediate inputs, for which the valuation is
derived from final denands. The distinction is inportant,

because estinates of the (negative) value of toxic concentrations
in the environment as factors of production can often be derived
from nmarket data without addressing directly the difficult issues

of consumer wllingness-to-pay.
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V. CONSUMPTI VE USES AND THE DYNAM CS OF NATURAL POPULATI ONS

The idea of a biological production function underlying the
dynam cs of natural populations is central to the evaluation of
pollution danages to harvested species, because such damages
interact with conmmercial or recreational renovals of the stocks
in conplex ways. At one extrenme, nortality from toxic substances
to species already subject to heavy harvesting pressure mght tip
the dynamic path of the population irreversibly toward
extinction. At the other extreme, reduction in demand or
i ncreased harvesting costs due to pollution effects mght allow
an over-exploited stock to rebuild toward nore optiml |evels,
increasing long-run welfare.

In general, it wll be desirable to distinguish whether
toxic substances affect the biological production function of the
population in question, or the econom c behavior of harvesters or
consuners directly; if the former, whether the habitat and
carrying capacity of the species are affected or fertility and
nortality rates; and, if the latter, whether the demand for the
harvest is affected, or the costs of harvesting. It will also be
inmportant to identify the institutional structure wthin which
the species is nanaged. Welfare effects of pollution in an open-
access fishery may differ substantially from the effect if the

same fishery were optimally managed (C ark, Levhari et _al.).
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This section illustrates consunptive use, which may be thought of
as a comercial fishery for the sake of concreteness. An
approach is outlined for valuing pollution inpacts of various
kinds, and a possible enpirical application is indicated.

Only single-species nodels of the form E = f(EA M are
consi der ed. Miul ti-species nodels cannot easily be treated
anal ytically. The main distinction in this growh equation,

between production processes which display pure conpensation and

those that display _depensation is illustrated at the top row of
Figure 4. As illustrated there, conpensation nodels are those
for which f(E)/E declines nonotonically. For depensation nodels,

f(E)/E increases over sonme range of E and, for processes

di splaying critical depensation, f(E) is negative for sonme range.

These last are inmportant, because if critical depensation is
present at f(0), even intermttent pollution |losses can lead to

the extinction of the population wthout any harvesting

activities. The best known nodel is the logistics, for which

E = [r(1-EFK]E (9)
The maxi mum growth occurs when E = K/2, and the stock E
approaches K asynptotically. If the stock is harvested at a

constant rate H, then the growh equation nust be nodified.

to E = f(EAM - H The maxi mum sustainable harvest, in the
logistics nodel, is clearly attained when the stock is K2 and
the maxi num sustainable harvest is therefore rK/ 4.

The link between the biological and econonic processes is

t hrough harvesting behavior. The harvest depends on a neasure of
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harvesting effort, S, which should have the dinension fishing
lines (nets, boats, or traps) per day, as well as the size of the
natural stock. The sinplest version of this econom c production
function specifies H = (gS)E, or sinply H = SE, if the units of S

are redefined to nake q, the productivity of a wunit of effort,

equal unity. The bioeconom ¢ production function, E = f(EAM -
SE then becones, in the case of the logistics exanple,
E = [r(1-EFK) - S] E (10)

In the second row of Figure 4, the harvesting functions are
superinposed as rays on the biological growh equations. For
conpensation nodels, any level of effort up to f'(0), which is
the intrinsic growth rate r in the logisitics nodel, results in a
uni que sustainable harvest level, wth a maxi mum sustainable
yield (MSY) at Ep,x. For depensation nodels, any harvest |evel
mght result in tw sustainable yield levels, of which one would
be unstable. At the latter, any reduction in the stock (by a

pollution episode, for exanple) would lead to further declines in

the pollution if harvesting efforts were unchanged.

The final row in Figure 4 illustrates the relationship
between sustainable levels, H and levels of effort. This
relationship is defined by the equation f(E) = H, and, for the
| ogi stics process, is

H =S K (1-8/r) for S < r. (11)
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For conpensation processes, (dH dS)/S declines nonotonically wth
increasing effort. For depensation processes, however, there is
a maxi mum sustainable level of effort S* beyond which the maximum
sustainable yield is zero. The lower branch of the yield-effort
function is unstable.

The bioecononic nodel is conpleted by specification of
demand and supply functions for the harvest. The sinplest denmand
assunption, that price is given and invariant over harvest
l evels, would be appropriate if the fishery affected by the toxic
pollution contributed a small fraction of total nmarket supply.
The sinplest supply assunption, that the narginal costs of
increasing levels of effort are constant, would be appropriate
either for short-run analysis, in which capital costs are
considered fixed and sunk, or long-run analysis, in which all
costs are considered variable. Constant nmarginal costs of
effort, of course, do not inply constant marginal costs of
harvest, since these costs wll vary inversely with the stock.

Institutional structure is inportant in the specification of
econom ¢ behavi or. In the open-access fishery, the individual
participant does not take into account the effects of his harvest
on the harvesting costs of others (Bell). Anyone who has seen a
rocky cove filled with the buoys of |obster pots recognizes this
crowding externality. Further, the individual participant in an
open-access fishery has no incentive to pay heed to the fact that

a smaller catch today could nean a |arger stock next year,
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because that larger stock next year would only attract nore
fishermen and not necessarily result in a larger catch for the
conservative individual. There is also, therefore, a stock
externality.

In the open-access fishery, harvesting effort tends to the
level at which total revenues, pH(S), equal total costs, c¢S. For
the logistics exanmple, this results in a determinate |evel of

effort:
S = r(1-c/pK for c/p < K (12)

If the inequality were reversed, no sustainable level of effort
would be profitable, and the fishery would not be commercial (at
| east continuously). Corresponding to this level of effort is a

sustainable vyield
H = r(1-c/pK) (c/p) (13)

and an equilibrium stock, which is sinmply E = c/p.

Resources which are not open-access may be managed quite
differently. If, either because it were privately controlled or
because it were publicly managed for optiml sustainable vyield,
harvesting were regulated to naximze the discounted present

value of the resource, levels of effort would be deternined by
PV = f‘:’ e~it(pH-cS)dt subject to E = f(E)-H and H = ES (14)
This can be rewitten as

pv = [ e"it(p-c/E)(£(B)-E)at = [T e it(p-c(E)) (£(E)-E)dt (15)
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which can be analyzed wth classical variational techniques.
Euler's necessary condition for a maxinmum results in the

fundanental economic relation of optinmal resource managenent:
, (B _
f'(E) - ====————- = 1. (16)

Sone of the inplications of this relation can be seen by noting
that, if harvesting costs should be independent of the stock, the
stock should be nmanaged to keep f'(E) = i: the biological return
of the stock nust equal the return on other economc assets.

This wunderlies the econonmic explanation of why slow grow ng
species, for which f'(0) < i, my be exploited to extinction
(Cark, Plourde).

An equivalent form of this relation is nore revealing.
Equation 17 says that, for optimal intertenmporal managenent, the
change in the rental value of the resource stock from a marginal
unit withdrawmn from the stock, d/dE[(p - c(E))f(E)], nust equal
the return on that marginal unit if harvested and the resulting

profits invested at the market rate of interest.

d/dE[(p - c(B)F(BH] = i(p - c(B) (17)

This fornulation also nakes clear the difference between the
open-access and the optimally-mnaged resource. Dividing Eq. 17
through by i and letting i approach infinity, it is clear that
the open-access fishery is equivalent to optiml nanagenent wth
an infinitely high discount rate: only current profits are

consi der ed. As the interest rate approaches zero, Eq. 17 inplies
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that optinmal nmanagenment is equivalent to nmaximzing sustainable
rent, with no consideration given to current profits. These
behavioral differences due to institutional structure are
important in the analysis of long-run welfare effects due to
i mpacts of toxic substances on the resource.

Returning to the open-access fishery, let it be assuned that
mar ket price depends linearly on the harvest: p = a0 . a, H and

consider the effects of toxic substances on the discounted stream

of Marshallian consunmer surplus, denoted M

H H
M = fo‘(p(n) - c) dH =[ (a -a H -c) dH = 1/2(a -C)E (18)
W= f:’e (M) dt = (1/2i)(a -c)H (19)

For the sustainable vyield under open-access fishery defined for

the logistics exanple in Eg. 13, this neans

w = (1/2i)(ap=-c)r(l-c/pK)(c/p) (20)

where discounted consuner surplus is expressed in terns of the
economi ¢ paranmeters of demand, supply and capital cost (ap ,c,i)
and the paraneters of biological production (r,K). Consi der the
latter first. It could be that toxic substances in the
environnment might affect primarily K the naxi num survivable
popul ation, if it affected the food supply of the species.

I nsecticides may reduce bird populations not by poisoning the

birds, but by killing the insects that the birds eat.
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Alternatively, it might affect r either by reducing fertility or
increasing nortality rates. These differenct inpacts wll not

have the sanme effects on economic welfare, as the follow ng

i ndi cat e.
SW/S8r = k(c/p) (1-c/pK) where k = (1/2i)(a -c) (21)
SW/SK = kr(c/pK)* . (22)

For both, the effects on welfare of toxic inpacts that reduce
bi ol ogical capacity are negative, provided that the resource is
commercially viable, but the magnitudes may be quite different,
depending on the size of the growh rate and the size of the
stock (renenbering that E = c/p).

It is possible that toxic inpacts nmay affect welfare even
though the biological production function is not altered at all.
Think of a commercial fishery which nmust be closed either in part
or part of the tinme because of pollution levels that would exceed
health tolerances for human consunption of the fish. Assum ng
that the chemicals would not be toxic to the natural population,
the effect would be an increase in the cost of harvesting. It is
not even clear what the direction of the welfare effect of such a
toxic inpact would be. If the resource were overexploited under
open-access harvesting, the welfare effect of an increase in the
costs of production might be positive. After all, certain
fisheries are regulated by artificial increases in production
costs (like handtonging for oysters from powerboats or dredging
for oysters only under sail in Chesapeake Bay) or tenporary

cl osures. Exam nation of Equation 23 confirns the anbiguity.
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SW/8c = K(r/p)(1-2¢/pK) - (r/2i)(1-c/pK)(C/P) (23)

This equation is quadratic in the level of costs and could take
on positive or negative values. Since the long-run supply curve,
which is the relation given in Eg. 13, is backward-bending in the
cost-price ratio, so that an increase in costs mmy either raise
or reduce long-run sustainable harvest, the welfare effect of
pollution that raised harvesting costs mght raise or reduce
econonic welfare

Finally, toxic inpacts may affect the price obtainable for a
given harvest, wthout affecting biological production or
harvesting costs (Swartz and Strand, Shulsted and Stoevener).
When kepone contamination forced the closure of the St. Janes
River in Virginia to fishing, especially shellfishing, the denmand
for oysters and oyster prices fell up and down the entire
Atlantic seaboard, even in fisheries far renoved from Chesapeake
Bay. For reasons like those advanced for cost increases, the
wel fare effects of a price decline may be positive or negative in
the open-access fishery. If prices are already "too" high, the
crowding and stock externalities nay have resulted in inflated
production costs and over-exploitation of the resource, so that a
price reduction would increase econonmic welfare. Equation 24

illustrates this phenomenon for the logistics case.
§W/8ag = k(rc/p?)(c/pK-1) + (r/2i)(1-c/PK)(c/P) (24)

It is clear that these results do not hold, even
qualitatively, for the optimlly-managed fishery. Since crowding

and stock externalities are taken into account and harvests
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regulated to nmaximze the discounted present value of the
resource, any inpairnment of biological productivity or increase

in harvesting costs or_ reduction in the economic value of the

harvest nmust result in a reduction of social welfare. The
guantitative inpacts wll still differ, of course, depending on
the nature of the adverse inpact of toxic substances. Ther ef or e,

it is inportant to identify the institutional structure of the
harvesting activity.
There have been attenpts to use this framework to estimte

the consuner surpluses obtained from consunptive uses of a

bi ol ogi cal resource, and to estimate the welfare effects of a
change in environmental conditions (MConnell, Hammach and Brown,
Lynne et al.). The general procedure is to estimate the

bi ol ogi cal production function and the denand and supply

conditions for the harvest, letting environnental condi ti ons
affect one or nore of those functions. Wth these estimates, the
wel fare effects of environnental changes can be calculated. 1In

the exanple of the logistics process, the biological paraneters
(r,K)Y mght be estimated from Equation 11. Demand and supply
functions would be estimated by conventional nethods to yield an
enpirical version of Eg. 20. Alternatively, if data on a range
of cost-price ratios were available, Eqg. 13 might be treated as
an estimating equation for the biological paraneters, or nmight be
nodified to include the effects of pollution. The difficulty is
that these relations define steady-state equilibria, wunless the
observations are averaged over considerable periods of tine.

Moreover, specification errors in the biological production
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function can have serious effects on the estinates. It might be
preferable to concentrate enpirical work on the demand and supply
functions for the consunptive use, and rely on exogenous

estimates from natural scientists for the biological production

function, and the inpact of toxic substances on it.
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V. TOMRD EMPIRI CAL ESTIMATION OF THE |IMPACT OF TOXIC
SUBSTANCE CONCENTRATIONS ON NONCONSUMPTI VE  ENJOYMENT
OF NATURAL POPULATI ONS
The value of consunptive and nonconsunptive recreational
uses of the natural environnent, as indicated by tine and noney
expenditures, nust be substantial. An ability to arrive at --
even approximate -- sinple estimates of the inpact of toxic
damages on these values would be inmportant in inproving
regul atory deci si on- naki ng. Such estimates would be helpful in
deciding how to assign priorities to chenmicals in scheduling
detailed regulatory proceedings, given the huge backlog of
pending work and the length of time such regulatory analyses
consune. The ability to estimate the order of magnitude of
potential damages would also be useful in deciding how nuch

testing to require of potential registrants, and what resources

to devote to field nonitoring prograns. The value of additional
information is relegated to the potential |osses from incorrect
regul atory decisions; hence, in part, to potential |osses from

toxi c damages.

Therefore, an estimation nethodology based on the notion of
averting or offsetting costs by private and public parties is
first presented. This approach is based on potential
substitution anbng inputs in the biological or recreational
production function. The negative inpacts of toxic chenmicals nay
be counterbalanced by additional private or public inputs. Under
sone conditions, the cost of these additional inputs may be taken

as an approximate estimate of the value of the damages done by
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the toxic substances. \Wwen this is so, the estimation is
converted to an "engineering"” problem in which physical input
requirenents for offsetting activities are specified and their
costs ascertained. This is nuch sinpler than the problem of
estimating changes in demand for nonmarketed public goods. This
approach is introduced first because of its potential ease in

time, data, and analytical requirenents.

Private Averting Costs

This approach is based on the concept of the household
production function (Bockstael and MConnell, 1981), as well as
the environmental production function. Assunme that the household
produces a recreational service flow by conbining marketable
inputs with the natural environnent: fish plus fishing gear and
time combine in producing "fishing", wildlife plus photographic
equi pnent conbine in producing "photographing wldlife," exanples
of a general recreational activity R that generates wutility along
with consunption of an aggregate comodity X The stock of

wildlife E is also the result of an assuned steady-state
production function. Therefore, the private individual's utility

maxi m zing problem is
U= UYUX R = nax. subject to (25)

R=RCE (AM] and x + psC =Y.

Here C is a private input into the recreational activity, which
could be the cost of equipnent or the market cost of tinme, as in

the travel cost nodel (Bauves and Schneider, Gum and Martin).
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The variable A represents the anbient concentration of toxic
substances in the production function for natural popul ations,
and the units of X are chosen so that its price is unity in the
budget constraint, in which Y represents personal incone.

The private optimzation process can be thought of as a two-
step process, in which the individual first chooses C, given E,
to mnimze the costs of any given level of R the recreational
experience; then, nmaximzes utility subject to the price of X and
cost function for R

If in the production function for R RCC = 0, so that
R=gEAM]C then the budget constraint for the consuner is a
straight |ine. This situation would arise, for example, if Q
represented sone quality indicator of the recreational experience
and C represented a neasure of quantity, |ike the nunber of days
or trips. The marginal cost of the recreational experience would
be p /QE(AM] =T

The second stage of the process can then be viewed as
maxi mzation of the wutility function U = UX R) subject to the
budget constraint X + wRR = Y. The resulting demand curve for R

can be witten as

R = R'(Y,m) = R[Y.p /QEAM)]. (26)

Changes in the natural environment E as a result of changes in
concentrations of toxic substances result in changes in the
shadow price of R This fact can be exploited to derive

approximte cost estimtes for toxic damges (Porter-Courant).
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The indirect wutility function can be witten in ternms of

i ncome and prices:

The effect of changes in toxic concentrations on welfare can be

investigated by differentiating the indirect wutility function:
dv/da = Vv, dY/dA + Vndw/dA. (28)

For conpensating changes in personal incone that would lead to
unchanged levels of wutility, which would correspond to wrpC in

the previous discussion,
d¥Y/da = -(V,n_/Vy)d /dA. (29)

But, by Roy's Law, '(Vn/VY) = R so that, at the margin, the
willingness to pay for inprovements in anbient concentrations can
be estimated by the reduced cost of mmintaining the recreational

experi ence:
dy/da = (R)dm/dA = (R)(dT/QE)E,. (30)

Simlarly, the wllingness to accept conpensation for
deterioration in anbient concentrations can be estimted by the
increased cost of maintaining the recreational experience. The
situation is illustrated in Figure 5 for the conpensated demand
curve for R I mprovenments in anbient quality lower the shadow
price, T, from Ty to T,, leading to welfare gains that are

approximted by the cost reduction in the shaded area.
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Applications of this approach arise naturally in the travel
cost nodel . If pollution results in the closure of particular
fishing grounds or shellfishing areas, so that recreational
fishermen must travel further to go fishing, then the damages can
be legitimtely estimated as the additional travel costs
i nvol ved. For exanple, heavy concentrations of PCB s and other
pollutants have resulted in the closure of shellfishing grounds
in the upper reaches of New Bedford harbor, Narragansett Bay, and
ot her estuari es. Recreational clammers, |obsternmen, and nussel
gatherers must travel further to downstream reaches of the outer
harbor to gather shellfish. A justifiable and reasonable
estimate of their wllingness to pay for anmbient water quality
i mprovenents that would result in the opening of grounds in the
upper estuaries is their saving in travel costs and tine. The
advantage of estimtes based on such cost differentials,
obviously, is that they are nmuch easier to calculate than are
direct neasures of the marginal utility of the recreational
experi ence.

This nmpbdel leads to an alternative route to the estimation
of willingness-to-pay, based on the assunption of weak
conplementarity. The demand for C, the narketable private input
into the production of R is derived from the demand for R In

the foregoing nodel,

RIY, TR (P Q(E)) ]
* *

C" =R /Q = (31)
Q(E)

Changes in environmental quality due to changes in toxic
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concentrations result in shifts in the derived demand curve for
C, assumed to be supplied at the constant price Pe- The weak
conmpl ementarity assunption inplies, for exanple, that the
marginal wutility of changes in the relevant dinensions of
environnental quality are zero for those who spend no tine
recreating. Under this assunption, as illustrated in Figure 6,
the consunmer surplus attributable to an inprovenent in quality
from E:l to El can be neasured by the area between the two dermand
curves C(EO) and C(El) (Freeman, Maler). This approach is

di scussed at greater length below

Public Ofsetting Costs

At this point it is preferable to return to the idea of
estimating danmages from toxic effects by the costs of offsetting
or averting behavior. The approach can be extended to include
not only private behavior but also offsetting expenditures
undertaken by public agencies in the course of wldlife or
ecosystem nmanagenent. If species or ecosystens are mnanaged in
the public interest, and the assunption can be nade that
managenent decisions and program expenditures represent a public
consensus as inplemented by an accountable agency of the optinal
state of the ecosystem then, a feasible nethodology for
evaluation for narginal damages is calculation of the additional
managenent costs which would be required to restore the natural
environnent to its prior condition. For exanple, if a toxic
chem cal spill reduced the fish population in a particular river
(assuming non-persistence, for sinplicity's sake) the public

costs of restoring that population through increased stocking or
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Fi gure 6. Changes in Environmental Quality Due to
Changes in Toxic Concentrations
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nore cost-effective managenent alternatives would be a valid
neasure of danages. If pesticide application resulted in a

| onered reproductive success anbng certain bird species, and
those bird populations could be nmmintained through provision of
additional breeding grounds or habitat, the costs of those
grounds would be a neasure of damges. At the l|east, the cost of
the nost cost-effective managenent program to restore the natural

popul ation or ecosystem would be an upper bound to the |evel of

damages.

This can be denonstrated within the framework of the
previ ous nodel. Let the variable M be interpreted as a
collectively determned public nanagenent input, such as hatchery
out put or habitat maintenance. Let it be defined in units such
that its price is unity, and financed by |unp-sum taxes on
personal income. (In fact, such public expenditures are often
financed out of taxes and fees on outdoor recreation, which
i ntroduces additional conplications.) To further sinplify the
anal ysis, redefine units of C to nmke p identical to 1, and |et
it be assuned that the public agency seeks to optinize a welfare
function based on the wutilities of N identical individuals. Its

problem is then to naxinze

ZIN = UX(Y,MA),R(C(Y,MA))] subject to Y + M = G (32)

where G is national inconme and the notation for the functions

QE) and E(AM is suppressed. The first-order conditions inply

UXXY + URRCCY = UXXM + UR(RCCM+ RM). (33)
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The private and public budget constraints X + C = Y and Y = G - M
imply Xy + Cy =1, and Xy + Cy = -1 Substituting these into

Equation 33 results in

U, - (U-U_RC. = -U_ - -y U
g = (U TURRLIC, Oy = (Uy=ULRLICy + U R, . (34)

Private optimzing decisions ensure that the expressions wthin
the parentheses are equalized to zero, so that public nmanagerial

decisions result in the condition

Ry = 2(Uy/Up) . (35)

This condition relates public environnental nanagenment costs, at
the margin, to private wllingness-to-pay for recreational
experi ences.

This framework can be used to explore the effects of changes
in anbient concentrations on public welfare, and to estinmate the
of fsetting managenent outlays required to keep total welfare at
its initial level, taking into account private optim zing
behavior of the kind analyzed above. Differentiating public
welfare with respect to changes in anbient quality and setting

the resulting dz/dA equal to zero

U, X + + + +
XM UR(RCCM RM) MA (UXXY URRCCY)YA+UAXA+URRA . (36)
The two first-order conditions and the relation MA+YA= 0
result in the elimnation of the first two terns in this
expression on the right-hand side, |eaving
= U +
0 LXXA URRA (37)
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Substituting Equation 35 as a final step leads to the desired

expr essi on:

Xy = =2(Ry/Ry) (38)
where, in terns of the notation used earlier
—_ - / = =
Xy = “2(RgE,/RpE.) 2(Ep/Ey) - (39)
This condition states that the conpensating wllingness-to-pay,

in terms of private consunption expenditure, to keep welfare
constant in the face of a change in toxic concentrations, can be
neasured by the change in public managenent costs needed to

of fset the physical changes inflicted on natural populations and
keep those popul ations unchanged.

This result provides a firmer justification in econonic
theory for an idea with a long legal and administrative history.
The common law public trust doctrine asserts that State
governnments have a responsibility to nmnage and naintain natural
resources as guardians of the public interest (Sax). The Feder al
Fish and WIldlife Coordination Act requires that effects on
wildlife and natural populations be considered in the planning of
all federally sanctioned projects, and that responsible agencies
prepare mtigation plans to offset any losses to habitat or
popul ati on. Such nitigating prograns nay include the acquisition
and managenent of additional conservation l|ands for habitat,
restocking, and other neasures (Veiluva). Thirty States have
specific legislation providing for the recovery of damages from
private parties for wldlife losses due to pollution, and, the

nost common nethod of valuation is the replacenent cost of the
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fish and wildlife destroyed (Halter and Thomas). At the federal
level, the Cean Water Act provides for the recovery of costs
from private parties for restoring or replacing resources lost to
pollution, as does the Superfund |egislation.

Public managenent prograns for fish and wldlife prograns
are substantial and diverse, in terns of the nunbers of species
managed, the variety of nmanagenent nethods, and the levels of
expendi ture. To take a single exanple, the list of species under
active nmanagenent by the Division of Fisheries and WIldlife in
the Commonweal th of Massachusetts, a State not particularly noted
for its wildlife or wildlife recreation, is given in Table 1.

The list is substantial. In addition, other species are
inplicitly managed under ecosystem preservation prograns.
Managenent nethods include regulation of hunting, fishing and
trapping, reservation and inprovenment of habitat, protection of
breeding, nesting and spawning areas, control of predators,
operation of hatcheries and restocking of areas, and others.
Agencies like the Division of Fisheries and WIldlife in
Massachusetts routinely make decisions regarding the allocation
of budgetary and nmanpower resources anbng progranms, the limts on
harvesting and the desirability of increasing or reducing

popul ati on |evels. In so doing, they make judgenments balancing
the demands of various kinds of recreational users, both in the
present and, through guardianship of wldlife resources, for the

future.
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Table 1. Speci es Managed by the Division of Fisheries
and WIldlife, Commpnwealth of Mssachusetts

Fl SHERI ES M nk
Skunk
Sal nmonid  Program Oter
Bobcat
St ocked Trout
Native Trout M gratory Ganebird Program
Sea Run Brown Trout
Lake Trout Rai |l s
Landl ocked Sal non American Coot
Woodcock
Warmwat er  Ganefish  Program Sni pe
Cr ow
Bl ack Bass
Esoci d Non-M gratory Ganebird Program
Catfish
Ruf fed G ouse
Warmvater Panfish Program Bobwhite Quali
Pheasant
Panfi sh

Fal conry Program

Anadronous Fishes Program

Fal conry

Atlantic Sal nbn

American Shad Wat er f owl Program
Canada GCoose

W LDLI FE Snow Goose and Bran
Mal | ar d
Big Gane _Program Bl ack Duck

Wod Duck

WIld Turkey Canvasback and Redhead

Bl ack Bear Seaducks

White-Tail ed Deer Mer gansers

Smal | Gane _Program
NONGAME AND ENDANGERED SPECI ES
Cottontail Rabbi t

Snowshoe Hare Endangered Species Program

Bl acktail ed Jackrabbit

Gray Squirrel Shortnose  Sturgeon
Plymouth Red Bellied Turtle

Fur bearer _Program Bald Eagle

Peregrine Fal con

Opossum I ndi ana Bat

Beaver

Muskr at Nongame Program

Eastern Coyote Geat Blue Heron

Red Fox Ospr ey

Gay Fox Terns

Raccoon Purple Martin

Fi sher Common  Loon

Weasel s
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Moreover, managenment agencies have substantial experience in
formulating mitigation plans under the FWA and other |[egal
aut hori zati ons. Judgenments are nade on the extent of expenditure
warranted to restore habitats which inplicity balance societal
benefits against costs. Such agencies have the capability and
the experience to estinate the approxinate costs of nmeasures to
of fset the danages caused to natural populations by pollution
These estimates can be based on the costs of managenent prograns
which, in many situations, they already have substantial
experience with. Therefore, since there is also justification in
wel fare economics for estimates of wllingness-to-pay based on
mtigating costs, this provides a potentially sinple feasible way
to obtain prelinminary estimtes of potential damages, or, at

| east, of upper bounds to potential damages.
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VI. ESTIMATION OF WLLINGNESS-TO PAY FOR NONCONSUMPTIVE W LDLIFE
BENEFI TS USING THE WEAK COVPLEMENTARI TY ASSUMPTI ON

It was explained earlier how the use of the weak
conpl enentarity assunption allows consumer surplus from a change
in environmental quality to be estimated from observed changes in
the demand for a marketed commodity, when that narketed commodity
is an input, along wth environmental quality, in the production
of a wldlife-related recreational experience. (See Figure 6 and
acconpanyi ng di scussion.) The approach can be extended to cover
the case when the weak conplenentarity assunption applies to
denmands for a group of commodities, all of which nust be zero
before the consuner is indifferent to changes in environnental
quality (MIlls and Feenberg).

In the 1980 National Survey of Fishing, Hunting and
W ldlife-Associated Recreation, designed by the US Fishing and
Wlidlife Service, a questionaire was included for the first tine
on Nonconsunptive Uses, covering wldlife observation,
phot ography, and feeding. Data were collected on trips nmde for
this kind of recreation, days spent in these activities, and
expenditures related to them for equipnent, supplies and expense.
The nationwi de sanple consisted of 6,000 individuals. Thi s
survey is the basis for estinates of the value of inprovenents in
environnental quality to nonconsunptive recreational users,
focusing on activities involving non-game bird popul ations.

The basic estinmating equation is analogous to Equation 31,

on the assunption that the quality of the environnent on which
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the birdwatcher's recreational experience depends is affected by
changes in the variety and abundance of bird popul ations.

Greater nunbers and diversity of birds enriches the birdlover's
experience, and leads to increased demand for the mnarketable
inputs, like time and physical paraphernalia, that go into the
"production” of the recreational activity. It has been shown
that, depending on whether physical paraphernalia can or cannot
be substituted for time in this process, value can be estinmated
by focusing on a) either tinme or physical inputs, or b) both tine
and physical inputs. If variations in the demand for these
inputs can be estimated as functions of variations in bird
species diversity and abundance, then willingness-to-pay for
changes in natural populations can be derived.

The preferred source of data on bird populations is the
Departnent of Interior's annual breeding bird survey, which, on a
sanmpling basis, conducts a count of all birds along specified
routes across the nation on a day in June. Indices of diversity
and abundance are tabulated and published for ninety-five
ecol ogi cal zones, but the data are also available in greater
geogr aphi cal and species disaggregation. Nat ural |y, geogr aphi ca
variation in bird populations across the United States is
consi der abl e. Since the National Survey of FH & WAR is also
national in scope, and the geographical |locations of respondents
are recorded, the two data sources can be conbined.

The neasures of species abundance and diversity are
hypot hesi zed to be determinants of denmand for private inputs to
bi rd-wat ching activities. Househol d demands are estinmated,

maki ng use of the geographical variation in bird populations.
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The areas between estimated denmand curves for specified changes
in bird populations can then be used as neasures of wllingnhess-
t o- pay.

A slight nodification nust be nade because the non-
consunptive wuser's questionnaire does not <collect price-quantity
data for nmarketable inputs, but rather expenditure data, for the
nost part. This nmeans that what can be neasured is the increase
in expenditures as a function of the inprovenent in the quality
of the natural environment. In Figure 6, this is not the shaded
area between the demand curve, but the increase in area beneath
the demand curve as input use rises from C0 to Cl' However, this
is not an insuperable problem It is readily established that
for constant elasticity denmand functions, consunmer surplus is
related to expenditures by a sinple formula:

1

M =—— E
e-1

«r for e >1 (40)
where M is Marshallian consuner surplus, e is the price
elasticity of demand, and Ey is the anmount of expenditure. For
price elasticities less than one, Marshallian consunmer surplus is
infinite in constant elasticity systens. Therefore, if the
change in expenditures is known as a function of changes in
environnmental quality, the change in consumer surplus is
1
M(Q)) - M(Q) =—— (E_(Q)) - E,_(Q)). (41)
e-1
The assunption of a constant price elasticity is not serious, but

must be interpreted as an average or arc elasticity over the
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entire range of denand. The specification of non-constant
elasticity is not preferable, since estimated point elasticities
cannot be extrapolated outside the range of the data, which is
obviously required in the system illustrated by Figure 6. An
estimate of the arc elasticity nust be derived exogenously.

A related approach is to specify the production function for
non-gane birds in terns of concentrations of toxic substances,
availability of habitat, and other relevant variables, and then

to use geographically varying estimates of those determinants in

estimating demands for recreational inputs. This is equivalent
to substituting the biological production function E = E(AM
into the demand equation 31. Data exist by State, and even nore

di saggregated regions, on availability of habitat, on pesticide
usage per unit area, on toxic concentrations in nonitoring nedia,
on industrial activities and emnission |oadings, and other
variables that would enter into the biological production
function. This approach would provide estimates of the direct
effects of toxic concentrations and other environmental variables

on recreational denmands, and could lead to a direct estimte of

wi |l lingness-to-pay for reduced concentrations by this category of
consuners. The alternative approach, vyielding estimtes of
Wil lingness-to-pay for enhanced bird populations, produces an

intermediate product in the estimation of benefits from toxic
substances control, but one which can potentially be used in a
variety of contexts. In reality, the two approaches are

conpl ement ary.
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VI, NONMARKET APPRCACHES TO THE ESTIMATION OF TOXIC DAMVAGES

There is another approach to the problem of estimting
damages from toxic effects, based on the use of nonmarket data
derived from carefully constructed direct surveys of consuner
Wil lingness-to-pay for precisely defined environnental benefits.
This approach has been devel oped substantially in recent years,
based largely on the work of David, Randall, Brookshire, and
Schul ze  (Schul ze, d' Arge-Brookshire).

Attenpts to ascertain willingness to pay for increments or
to forestall decrenments in environnmental quality, or for other
public goods, by direct questioning had |ong been discouraged by
theoretical argunments that consumers would tend to mnisstate their
true preferences in one direction of the other, depending on
their perceived strategic interest, because of their know edge
that they would not be excluded from the enjoynent of the public
good, Whatever their stated wllingness to pay. Consi der abl e
evi dence has now been accunulated that this "strategic bias" in
responses is of little actual inportance, although other sorts of
bias may indeed be significant.

The direct survey, or "contingent valuation" approach has
been shown to produce plausible estinates of wllingness to pay

for a variety of environnmental services: health and visibility
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benefits from reduced air pollution; recreational benefits from
inproved water quality; increased stream flow and others. The
advantages peculiar to this approach are:

- it is feasible when it is inpossible or inpractical to
construct estimates from nmarket data, as in the case of
uni que prospective changes in environmental quality,
concerning which there are not yet any relevant nmarket
transacti ons:

- it is relatively inexpensive, on the scale of household
survey costs;

- it can capture categories of benefits that do not appear
in market data, such as the willingness to pay of
i ndividuals who are not wusers of the environnental
amenity in question, either directly or indirectly.

The latter point deserves el aboration. That there are

people willing to pay for environnmental quality who are not, and

will not be, direct consunmers of the anenity in question, has
been well established. People contribute to save the cheetah and
the rhinoceros who will never see one in the wld. Pr obabl vy,

there are many who are sufficiently upset at the know edge that
pesticide residues appear in arctic birds to be wlling to pay
something to inprove the situation, even though they wll never
visit the arctic. Such individuals display preferences and
demand functions that violate the weak conplenentary assunption:
the marginal wutility of an environnental inprovenment is positive
al though any set of consunption levels (such as those reflective
of direct use of the anenity) may be zero. The "existence value"

of environnental anenities to such vicarious consuners has been
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shown to be substantial and w despread. (Brookshire et _al.)
Simlarly, option value, the difference between the total
willingness to pay for the assured enjoynent of an anenity and
the expected conmpensated consuner surplus, given uncertainty as
to future demand, cannot be investigated but by the use of

nonmar ket  dat a. (Bi shop)
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PART 5

THE ASSESSMENT OF ECOLOG CAL HAZARDS FROM PESTI Cl DES:
THE USE OF QUALITATIVE MODELLING |IN DECI SION ANALYSI S

Robert Repetto
Anthony C. Janetos

l. | NTRODUCTI| ON

The Federal |Insecticides, Fungicides and Rodenticides Acts
(FIFRA) directs the EPA administrator to deny or to restrict the
registration of a chemical if he judges that, in normal wuse, it
could cause "unreasonable adverse effects on the environnent,"
defined in the act as "any unreasonable risk to man or the
environnent, taking into account the economc, social and
environnental costs and benefits of the use of any pesticide."l
The legislation wunderlying pesticides regulation nandates a
bal ancing of benefits and costs. The current system of testing
and pre-regulatory analysis in the pesticides program cannot do
this. Producers of pesticides nust apply to the EPA to register
them for their intended uses (or re-register them if already
regi stered under |ooser guidelines in force before passage of the
1972 Federal Environmental Pesticide Control Act amending FIFRA),
submtting with the application a variety of data on the
properties of the chemical and toxicity test results. Much of
the data is intended to enable EPA to assess the behavior,
novenent, and fate of the chenical through the environment. The
testing regimen2 for ecological hazard consists of short and

long-term toxicity tests on birds, wild mammls and aquatic
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or gani sns. These tests are organized sequentially and proceed
from |aboratory tests to applied field tests. Only acute
toxicity tests are routinely required for all chenicals. Longer -
term toxicity tests, such as those on interference wth
reproduction, are required if the chemical is persistent,

bi oaccunul ates, or would be used in such ways as to expose

popul ations repeatedly or continuously. Simul ated or actual

field studies are required only infrequently.3 Tests for adverse
effects on nontarget insect and plant species are not routinely
required. In general, the application of this tiered testing
system is such that if I|ikely exposures are well below acute
toxicity levels and the chenical's properties and uses are not
such as to give rise to suspicions of long-term adverse effects,
ecological testing is not pursued beyond the basic short-term

| aboratory tests.

The likelihood of errors in the predicted ecological effects
of chenicals based on this testing reginen is probably high, and
so, consequently, is the Ilikelihood of errors in regulatory
deci si ons. Both false positives and false negatives occur. A
recent National Research Council? review of the subj ect indicated
somre of the reasons. The NRC review expresses special concern at
the failure of the current testing reginen to consider ecological
interactions anobng species, in assessing the risks of chenicals
to popul ations. It concl udes:

"Single species tests can provide nmuch information on the

concentrations and durations of exposures to chenmicals that

result in changes in survival, reproduction, physiology,
bi ochenistry and behavior of _individuals wthin particular

species, but results from such tests cannot predict
i npacts beyond this level of biological organisation.”
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Wthin a single, density-dependent species, an increase in
nortality may or nmay not affect population size. Wthin an
ecol ogi cal system of interacting species, a toxic effect on one
species nmight not affect its own equilibrium population |evel,
but mght affect that of its predator or prey. Such
possibilities are not enconpassed within current testing or
anal ytical franmeworks wused for hazard assessnent.

The EPA, while aware of the limtations of current nmethods
of ecological hazard assessnent, is reluctant to require
additional testing and data requirenents. Testing, especially
outside the laboratory, is conplicated and costly. Mor eover,
there is wuncertainty as to the kinds of additional information
required to reduce wuncertainties about environnmental hazards, and
the capacity of any particular set of tests to do so.

Two general issues energe from this brief discussion:
first, how to regulate pesticides and other chemcals nore
efficiently in the face of wuncertain ecological risk; and
second, how to make better decisions about testing for ecological
ef fects. The net hodol ogi cal approach presented in this paper
i ndicates how inconplete information on ecological effects can be
used to nmke judgenents on the cost-effectiveness of further
tests and on regulatory options. Specifically, it denonstrates a
sinple analytical technique with which qualitative infornmation on
ecol ogi cal structures can be used within a decision analysis

framework to inprove predictions of risk based on direct toxicity

296



tests performed on individual species. The paper is
exposi tional . It uses a sinple problem structurally akin to but
| ess conplex than actual regulatory problens, to explain the

approach and denmpnstrate its potential useful ness.
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. TECHNI QUES

The Elenments of Decision Theory6

The premise of decision analysis is that the decision maker
wi shes to nmaximze expected net benefits when choosing anong
options in the face of wuncertainty regarding their consequences.
Benefits may be defined in terns of nobney or other neasures of
payof f. The value of additional information about the
consequences of actions is the difference between the expected
net benefits of decisions made with the additional infornmation
and the expected net benefits of decisions made without it. Thi s
value can be conpared with the cost of obtaining the additional

i nformati on.

A decision problem has four general conponents: (1) the set
of i decision options, aj, which can include in the regulatory
context, both regulatory options and testing options; (2) the

set of | possible states of natures, Sj, that determne the

possi bl e consequences of the actions: (3) the joint probability
distribution of the possible states of the world f(sj), which is
regarded as a subjective probability distribution: (4) the set
of payoffs for each action, U(aj | sj) r given a particular state of
the world. For exanple, a possible state of the world mght be
that a certain pesticide is toxic to fish, a possible action
mght be to register it for a set of agricultural uses, and the
payoff mght be the ecological damages that would result from

registration, given the chemical's toxicity.

298



The decision criterion is then assuned to be to select that

option which nmaximzes the expected payoff, E(U), expressed as:

£(s5) (1)

max E (U) = I U (ajlsy)
J

aj

Since this is the decision process which presents itself prior to
any further testing or information gathering regarding
consequences, the distribution f(sj) is conventionally called the
prior probability distribution.

If additional information is obtained, these probabilities
nm ght have to be revised. A new set of probabilities, f(sj Im) is
adopted, after receipt of the information m signifying the
l'i kel'i hood of s

J
information m has been obtained. A nethod of deriving this

being the state of the world, given that

posterior probability is the use of Bayes theorem which states:
£(s5im) = £(s4)£(mls4)/ jE(s4)£(mlsy) (2)

The posterior distribution can be seen as a weighted average of
the prior probabilities, the weights being the 1likelihood of
receiving information m were sj, the actual state of the world.
If sone nessages were very unlikely to even inpossible in sone
possible state of the world, it is clear that the posterior

probabilities mght differ substantially from those held prior to

the new information.
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The expected value of additional information is then the
di fference between expected payoffs when options are chosen using

revised probabilities and original probabilities:

expected value of information m - max E(Up) - max E(U) (3)
a; a:
i i
where E(Up) represents expected payoffs evaluated under revised

probabilities, given information m Conceptually, it is this

val ue which should be conpared with the cost of obtaining the

i nformati on. It is clear that rational decisions regarding
testing require not only information on the costs of the tests,
and their power, but also estimates of the nmagnitude of gains and

| osses of alternative actions in possible states of the world.

Qualitative Analysis of Conplex System

Ecosystems may be characterized as collections of species,

as fluxes of materials and energy, or as structural objects,

e.qg., "forests' or 'deserts'. Each characterization may be
useful in a particular context. However, all are descriptive and
have limted predictive power. A nore analytical representation

of an ecosystem considers it as a collection of interacting
popul ations of aninmals and plants. The sinplest representation
describes the growth of each population as a differential

equati on:

dN/ dt = f(N) (4)
where N is the nunber or nass of a species and f(N) is a general
function that describes the relationship between the population's

size and its growh rate.” However, since no popul ation actually
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exi sts independently of others, each population's growh nmust be

represented as:
dN;/dt = £5(Ny,C) for i = 1,2,3,...,n (5)

where n is the nunber of species in the system C is a
representation of non-biotic inputs, and other synbols are as
bef ore.

In hazard assessnment there is neither tine nor resources to
make a full study of the dynamics of threatened ecosystens.
Anal ytical techniques are required that do not depend on the

precise quantitative specification of the population growth

equati ons.

Loop analysis, introduced to biology by Richard Levins 8, and
extended by Lane and Levins 9, Lanelo, Puccia and Levinsll, and
Puccial? is such a techni gue. It is a graphical nethod of

utilizing qualitative information about the interactions in a
system Label ed vertices in the graph represent the populations
in the system The interactions between populations are
represented by line segments between vertices, each of which
describes the marginal effect of a change in one population's
size on the gromh rate of the other.

Figure 1 illustrates all the basic relationships between two
popul ati ons. A line segnent originating from population i and
ending in an arrow on population j neans that an increase in i
results in an increase of | (Figure 1a). This can be witten as

an interaction coefficient: aji = +1.
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A segnment arising fromj and termnating on i with a small
circle indicates that a rise in j's population decreases the

population of i (Figure 1b): = -1

al]
Figure 1c shows the nobst comon relationship between two
popul ations in these diagrans: species | preys on species i.

The dynanics are captured in the diagram an increase in |j

results in a decrease in i, and an increase in i results in an
increase in j. This situation also illustrates well the concept
of local stability. Small increases in the population of

species i lead to an increase its predator j, with the result
that i is forced back to its original equilibrium Thus,

fluctuations in the system are eventually danped out and the
system is locally stable.l3

The last basic relationship is illustrated in Figure 1d.
There is an equilibrium population size of species k set by
environnental paraneters, and any deviations are self-limting.
In the notation of interaction coefficients, agk = -1

Loop analysis provides a way of wusing these qualitative
relationships anong populations to nmake predictions about the
direction of <change in populations of interest of perturbations
el sewhere in the system It properly describes only those
systens that are at or near dynamic equilibrium (i.e., those in
whi ch popul ati ons' average sizes are roughly constant over tinme),
and perturbations from equilibrium which are snmall. Thus, its
usefulness for ecological risk assessnent lies in exploring sub-
acute, chronic effects of pollutants on ecosystens, and in
predicting the indirect effects of pollutants on species to which

they are not directly toxic.
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Loop analysis provides answers to two questions: (1) Is the
system dynanmically stable, and (2) WIIl populations of interest
grow or dimnish, due to changes elsewhere in the systenf? What
follows is a description of how to do loop analysis, using the
system of Figure 2. The exact conputational recipes, abstracted
from Levinsl? and Lane and Levins® are given in the appendi x.

Figure 2 represents a three-species system a fish, F, that
eats zooplankton, Z, that eat phytoplankton, P. The
phytopl ankton exhibit self-limting growh. To ascertain first
whether this system is dynanically stable requires an
understanding of the concept of feedback.

Feedback is the effect of one conmponent of the system on its
own grow h. Component is |oosely defined; it my be a single
species or it mmy be conbinations of species that are |inked
together in loops. A loop is defined as a closed series of
linked populations in which each vertex is visited once. A
component nmay also be a conbination of [oops and single species
or loops and other | oops. In order for a system to be stable,
the feedback at each Ilevel nust be negative: i.e., each
conmponent rnust show self-limting growh, whether the conponent
is a single species, a loop of 2 species or a loop of n species.
In the sinmplest case, the feedback of a loop of n species is the
product of the interaction coefficients of the links in the | oop.
The sum of the feedbacks of all loops of length n is the total
feedback of the system at |evel n. More conplicated rules for

conbi nations of Iloops are in the appendix.
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Figure 2. Representation of a Three-Species System
a Fish (F), That Eats Zooplankton (2),
That Eats Phytoplankton (P)

305



In Figure 2, the feedback at level 1 is negative because P

shows self-limiting growh, and Z and F make no contribution.

The feedback at level 2 is negative, because both possible two

| oops have negative val ues. The feedback at level 3 is a

conmbi nation of a two-loop (Z and F) and a disjunct one-loop (P on
itself), and is also negative (see Appendix). Thus, this system
is locally stable.

The second question is whether populations wll grow or
shrink in response to a perturbation, such as the input of a
chem cal directly toxic only to the phytoplankton, P. Loop
analysis explicitly takes into account the fact that the effect
of a perturbation on a population is the result not only of the
direct effects from the point of entry into the system but also
of the indirect effects that stem from the rest of the system

Loop analysis does this by considering both the direct
pat hways of effects and the conplenents of those pathways. A
path between A and B is the collection of links that begin at A
and end at B, visiting each internediate population only once.
Like a loop, a path is directional, and its value is the product
of the interaction coefficients of its conmponent 1|inks. Unlike a
loop, a path is not a closed system The conplement of a path is
the set of populations that are not on the path.

The direction of the effect on a species B as a result of
input to species A depends on the product of two things: t he
value of the direct path from A to B and the highest |evel
feedback of the conplenment of the path. The conplenment of each
path can be thought of as a black box containing the rest of the

ecosyst em its feedback is the effect that the rest of the
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ecosystem has on the path. This nust be divided by the feedback
of the entire system Since in large systens there nmay be nore
than one direct path from one species to another, we sum the
products of each path and its conplenent.
Applying this to our exanple in Figure 2 yields the
foll owi ng:
1. The direct effect of the herbicide on the phytoplankton is
negative, by definition. The conplenent of the input is the
two-1oop of zooplankton and fish, which has negative

feedback, as does the whole system Thus, the phytopl ankton

popul ati on decreases, i.e., changes in the sane direction as
the input.
2. The zooplankton's population Ievel remains unchanged. The

direct path from phytoplankton to zooplankton is positive,
indicating that the two populations should change in concert,
but the conplenent of the path is population F, which does
not have self-limting growh, hence has no feedback, and
negates any change in Z.

3. The fish's population falls. The direct path from

phytoplankton to fish has a positive sign, and the conplenent

is defined to have negative feedback; thus the fish and the
phyt opl ankt on change in concert. The definition of
complenment in this case is an algebraic convenience: when a

path from one species to another includes all the species in
the system the conplenment of that path is sinply defined to

have feedback of -1 (see Appendix).
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These results are intuitively reasonable as well. The net
popul ation size for each population depends on the direct effects
from the herbicide input and the balancing effect from the rest
of the system For the zooplankton, the net result is that any
change from below is counteracted by its predator, and the
zoopl ankton's popul ation size renmains unchanged. The conpl enent s
of the paths leading to the phytoplankton and fish reinforce the
direct paths, and both popul ations decline.

An inportant point to note is that the predictions of |oop
analysis may differ from those generated by single-species
toxicity tests. Herbicides are not toxic to animals, yet this
sinple system leads to the prediction that fish populations wll
fall. It is precisely this type of prediction, springing from
know edge of the wunderlying interactions, that nmmkes |oop
anal ysis val uabl e.

In nore conplicated systems, this nmethod does not always

lead to wunanbiguous qualitative predictions about the direction

of effects. Even in such cases, it may provide guidance as to
the relative |ikelihoods of possible outcones. It may also
indicate the linkages in the system on which resolutional testing

which would resolve the anbiguity. By the sanme token, it may
i ndicate what wunknown quantitative paraneters of the system are
essentially irrelevant to the evaluation of the risks under

consi derati on.
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M. APPLI CATION TO A SI MULATED PESTICI DE PROBLEM

This section uses a hypothetical problem involving testing
and regulation of a pesticide for ecological hazard to show how
gqualitative analysis and decision theory conplenent each other.
The point of departure is the information available from direct
toxicity testing. It is assumed that a chemical is tested which
proves toxic in chronic exposure to only one fish species, a zoo-
pl ankt on feeder Fl, but not to herbivore nor carnivore species F2
and F€, nor does it affect phytoplankton nor =zooplankton grow h.
The direct regulatory problem is whether or not to restrict the
chemical's regulation on the basis of these test results. It is
assuned that the approxinmate annual value of econonic |osses that
would result from injuries to each of the fish stocks has been
esti mat ed. Wiile this is not conmmonly done in the regulatory
anal yses underlying pesticide registration procedures, there are
met hods for establishing approximte magnitudes.l® Sinilarly, it
is assuned that the annual costs, in ternms of foregone benefits
to pesticide users if the chemical's registration were
restricted, have been estimted. Hypot hetical values have been
assigned to these costs and benefits, as indicated in Table 1la.

Gven these values, the regulatory decision can be resolved

once judgenents regarding the degree of risk have been nade. For
reasons noted in Section |, the lab results do not provide highly
reliable predictions of field experience. there is considerable

probability of false positives and negatives. It is assuned that
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Tabl e 1. Cost and Danage Values / Damage Probabilities
A Cost and Damage Values Assumed for Decision Analysis:
Damage to Fl 40
Damage to F2 180
Damage to F€ 240
Cost of regulation 100
Costs of qualitative
i nformation on
ecosystem structure 10
Costs of quantitative
i nformation on
ecosystem functi oning 10
B. Danmmge Probabilities: Prior and Posterior to Qualitative
Anal ysis of Each Ecosystem
System System System
Pri or 1 2 3
(0;) : Damage to Fl only . 0469 .00 1. 00 .45
P(0,) : Danage to F2 only 4219 .50 .00 .10
P(03): Damage to F1 and F2 . 1406 .00 .00 .15
P(O4) : Danmmge to none . 0156 .00 .00 .30
P(0Og): Damage to F1 and F€ . 1406 .00 .00 .00
P(0g) : Damage to F2 and FC 0469 .00 .00 .00
P(O7): Danmge to all . 0469 .00 .00 .00
P(Og) : Damage to F€ only . 0469 .00 .00 .00
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these probabilities of error are set at

fish species, and that, in

ecosystem structures,

i ndependent . This leads to the set of

the eight possible outcones listed in the

1B. Since the damage estinates are taken

additive, these probabilities can be used

losses if registration is not restricted.

can be conpared to the estimted costs or
preferred action, on the assunption of no

Thi s
(1)

However ,

sel ect ed. corresponds to

equati on above.

addi ti onal

This consists of qualitative

ecosystens into which the pesticide would

quantitative information about the

t hese systens. Qualitative information

one
the absence of
these probabilities are

j oi nt

the procedure

informati on can be obtained at

i nformati on about

i nteraction

consi sts

in four, .25, for

information regarding

taken as

probabilities for

first colum of Table

to be independent and

to calculate expected

These expected | osses

regul ation, and the

further testing, can be

indicated in

a cost.
the structure of
and

be introduced,

of species wthin

only of

know edge of (a) the species present in each system affected by
the pesticide, (b) the relative frequencies of these systens, and
(c) the signs (positive, negative, or zero) of the Iinkages
between species in all systens. Quantitative information

consists of data on the magnitudes of the interactions (aij)

bet ween speci es. Therefore, two further regulatory decisions can
be made, prior to the decision to restrict regulation or not:
first, the decision whether or not to bear the cost of finding

out the qualitative structure of relevant ecosystens and their
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frequenci es: second, the decision whether then to go further and
investigate the quantitative structure of those systens prior to
the regulatory decision.l8

In summary, the decision problem is to choose anpbng the

following possibilities, based on the results of the lab test

dat a:

a) register the pesticide for its proposed uses;

b) restrict the pesticide's registration;

c) investigate the relevant ecosystens qualitatively, and then
decide whether or not to regulate:

d) investigate the systens qualitatively and then
guantitatively, and then decide whether or not to regulate.
The decision process is outlined in a "tree" format in

Annex |. It is clear from the top part of the tree diagram that,

in the absence of further testing, the regulatory decision based
on lab data would be to restrict pesticide regulation: | argely
because of the probable danmages to type 2 (zoopl ankton-feedi ng)
fish, the expected |osses from non-regulation would be 205,
conpared to regulatory costs of 100. This corresponds
approximtely to the current decision process. The options for
further testing change the decision outlook considerably.

It is assuned that the relevant ecosystens are of three
possible types, diagrammed in Figure 3(a)-Figure 3(c). There are
two nmutually shading phytoplankton species, P® and PY, which are

grazed by zooplankton, Z, and an herbivorous fish, Fl,  The
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zoopl ankton are preyed on by a fish, F2, In systenms 2 and 3
there is also a carnivorous fish, FC, which preys on both Fl and
F2. This species may or nay not be self-danped, as represented
in systems 3c and 3b respectively.

Table 2a-2c provides provides a conplete summary of the

results of qualitative analysis of effects on the fish in these

ecosystens, not only for the pesticide under analysis, T2, whi ch

is toxic to Fz, but also for other possible chemicals' inpacts:
that of a pesticide, Tl, toxic to the herbivorous fish; t hat of
a pesticide, TC, toxic to the carnivorous fish; that of an
insecticide, |, toxic to the zooplankton; and that of an

herbicide, H toxic to one susceptible phytoplankton species. A

plus sign (+) indicates that the overall predicted inmpact would
be to increase the equilibrium stock of the population; a mnus
sign (-) indicates a predicted decrease; and a question mark

i ndicates anbiguity. A question mark followed by a plus or minus

sign indicates that qualitative analysis leads to a greater
likelihood, but not a definite prediction, of the indicated
effect, a result which will be explained below

This table shows how qualitative analysis can alter
substantially the prior probabilities of hazard based on lab
testing. Looking first at the predicted effects, aFl(t)/BTl,
3F2 (£) /372, and 5FC(t)/sTS, which are the overall effects of
chemicals on the species to which they are directly toxic, we see
the possibility of false positives. Only in the case of F€,
representing the highest trophic level in the systens, is the
adverse effect predicted by lab tests expected to be the sane

when ecological interactions are taken into account. Chem cal s
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Tabl e 2. Effects Pollutants on Species Populations
___2a) 2b) 2¢)
pl P2 F2 FC rl P2 F<
7l +a -a - 2nP + - 2(+4)
72 + v + + 2
: 2(-) ?(-) *
T¢ n.a n.a 2(+) - ? 2(-) -
0 + + + - + +
H + 2(-) 2(+) ? ? 2(+) ?
a) A plus sign indicates that aFi(t)/aTj>0; a mnus sign that .
3FY(t)/ 3T3I<0; a question mark that the sign of aFi(t)/3TJ
is anbiguous.
b) A question mark followed by a plus (or ninus) sign indicates

t hat
necessary.

a positive effect (negative effect)
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directly toxic to species Fl and P2 respectively would not
necessarily be expected to result in reductions in population

| evel s; the predicted effect on Fl would be to raise equi librium

stocks, because all the feedback runs counter to the direct

i mpact s. 3F2 (£)/ 8T2, is ambiguous in systens one and three.
On the other hand, the results in Table 2 also illustrate

the likelihood that inferences from direct lab toxicity tests

would result in false negatives. In all systens, increases in

exposures of the herbivorous fish FL to the chemical T! directly
toxic to it would reduce stocks of F2, even though there is no
direct toxic inpact. In system two and possibly in system three,
stocks of Fl would be reduced by the effects of a chenical
harmess to it but toxic to F2, A chemcal, 1, toxic to the
zoopl ankton would definitely be expected to have adverse effects
on the Fl popul ati on whenever the carnivorous fish is present,

al though tests would show no direct toxicity. The inpacts of an
herbicide, H on fish populations are quite anbiguous w thout
further information, and mght be adverse, although by definition
the lab test would indicate harm essness. Therefore, qualitative
analysis indicates the possibility of false negative predictions
from direct toxicity tests, as well as false positives.

The following paragraphs illustrate the incorporation of
these results into decision analysis by pursuing the analysis of
regulatory and testing decisions regarding T2, the chemical toxic
to the zooplankton feeder. The |ower branch of the "tree",
marked Q for qualitative testing, indicates the possibilities.

By assunption, possible occurrences of the three systenms are (Ql)
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system one half the tine and system two half the tine; or (Q@)

system one half the tine , and system three, wth FC self- danped,
the other half. These possibilities are nmuch sinpler, of course,
than those likely to be encountered in actuality, but the

underlying idea that a tier of data gathering beyond direct
toxicity testing consists of obtaining information about the
gualitative structures of ecosystens affected by the chenical of
concern and their relative frequencies is adequately represented
by these alternatives. They also denonstrate the inportance for
system behavior of self-danmping of species.

It is assumed that this qualitative uncertainty can be
resolved at a cost of 10 units. If this information is obtained,
the subsequent choices are to restrict registration on the basis
of the new data, to decide not to regulate, or to decide to
undertake further quantitative testing to resolve anbiguities.
Before it can be decided whether this expenditure is worthwhile,
the inpact of the information on these subsequent decisions nust
be investigated. Colums two through four in Table 1B show the
revision of prior probabilities that results from qualitative
anal ysis of each ecosystem

If QL is the case, the expected cost of not restricting
registration appears to be quite different than it does without
the information. Table 2b indicates that in system two, only rl
i s harned; Table 2a shows that in system one, F1 is unharned but
F2 may be harned. Therefore, at the end of the branch of QL
corresponding to no regulation (~R), D(®;), occurs half the tine
with probability one, while the other half of the tine, either

D(ez) or D(e4) occurs. If, with no further insights wth which
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to resolve the anbiguity, these possibilities are considered
equally likely, leading to the subjective probabilities along the
branches, the expected |osses from the decision not to regulate
are 65 (an average of 40 and 90). These contrast wth the

expected loss of 205 under prior probabilities. The difference

ari ses because, on the basis of qualitative information, |osses
to FC are ruled out and losses to F2 are deemed rmuch less Iikel y.
Thus, if it were known that QL were the case, the decision would
likely be not to restrict regulation; whereas, on the lab tests
alone, it would have been to restrict.

If @ were known to prevail, the possible losses from the
decision not to regulate would be nore conplex: in system one,
there mght be losses to F2, as before; in system three, as

shown in Table 2c, there night be losses to F1 and F2. However,
gqualitative analysis provides further insight into these
possibilities. In Table 3, Panel A presents the details of the
anal ysis of inpacts on species FL in system three. There are
three pathways by which toxic effects from T2 reach this speci es.
The first is positive, since the adverse direct effects on F2
depress stocks of the predator F€ and reduce predation on Fi,
The other two work through increased stocks of zooplankton,
subject to less predation from F2, and reduced nutual shading
between the phytoplankton species P¢ and PY, to raise stocks of
Fl. However, assuning the entire system is stable, so that
feedback at level six is negative, panel A shows that the |onger
paths have the sane inpact as their signs, while the shorter path

has the opposite inpact. Consequently, if the quantitative
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Table 3. Path-Loop Flow Chart

A Fl(t)y/ T2
Si gn of Compl ement D sj unct Nunber of Product of
Pat h Pat h of  Path Loops Loops (m)  (-1)™1  Loops: V(L)  (-1)™ly (L)
12p2pCrl + 7pSpL zPSpLy 1 +1 + T
zpPtpSz 1 +1 + +
12p2gprpSpl + FC FCFC 1 +1 - -
12p27pSprrl + FC FCFC 1 +1 - -
w
[\
[
B. F2(t)/ T2
Sign of Conpl ement  Di sj unct Nunber of Product of
Pat h Pat h of Path Loops Loops (m)  (-1)™1  Loops: V(L)  (-1)®ly(L)
T2p2 FCpipSprz FCpC:rlpSgpfpl 2 -1 - ¥
FCpC;plprzpSpl 2 -1 - +
FEF1FC:PSPlzPs 2 -1 - +
FCF1FC:pSzPrps 2 -1 - +
FCrC;rlpSp1:2pTz 3 +1 - -

FCFC;Flprpy,zpsy 3 +1 - -



strength of the shorter path dom nates that of the [|onger ones,
one would expect the overall inpact on FL to be negati ve. Pri or
to quantitative neasurenent of these paths and corresponding
feedback, it would be plausible to assign a probability of 0.6 to
this negative outcone.

Panel B presents the qualitative analysis of the effect of
chemical T2 on the species to which it is directly toxic, FZ,
once interactions are considered. There is only the one direct
path, to which all other species in the system are conplenmentary.
However, as Panel B shows, the feedback of this conplenment con-
sists of a number of sets of disjunct loops that involve all the
speci es. O these, four have positive signs, two negative. It
is likely that the positive signs dominate, in which case the
overall effect would be opposite in sign to that of the direct
pat h. Thus, despite direct toxicity, it is likely that a posi-
tive effect on species stocks would result. A probability of .75
can be assigned to this outcone, and one of .25 to the alterna-
tive, that stocks of F2 would decline.

Taking these probabilities as independent, the joint
distributions of the probabilities of various damage |evels can
be derived: P(D(el)), that only FL1 would be harmed
is .6x.75 = .45 P(D(8,)), that only F2 would be harmed
is .4x.25 = .1; P(D(e3)), that neither Fl nor F2 would be har ned,
is .6x.25=.15; and P(D(94)), that neither FLl nor F2 would be
harmed, is .4x.75 = .30. The probabilities of all other outcones
are zero, since analysis of system three unanbiguously predicts

no damage to FC.
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Therefore, expected losses if exposures in system three are
not regulated are 69, as shown in the relevant branch of the
decision tree, while expected losses in system one are 90.
Overall, the expected loss is 80 across both systens. so,
whether QL or @ were actually the case, the regulatory decision
based only on qualitative analyses would be not to regulate,
whereas without qualitative analysis it would have been to
regul ate. Before data were obtained on the truth of QL or @,
the expected |osses from nonregulation would be
(1/2) (80+65) = 72.5. The expected savings from the availability
of qualitative information about system structure is thus
100 - 72.5 = 27.5, much above the cost of the information. The
prelimnary benefit: cost ratio of qualitative analysis is
2.75:1.

However, further decisions remain to be taken. The deci sion
to regulate or not can be deferred, and further quantitative data
can be obtained about relevant paraneters of the ecosystens.
Qualitative analysis indicates what data are nost relevant, thus
elimnating from consideration a variety of quantitative tests.
It is assunmed that relevant anmbiguity can be elininated from
either branch, QL or @, at a further testing cost of 10 units.
Is it worthwhile to carry testing to this further level, once the
gqualitative structure of ecosystens are known?

Along branch Ql, corresponding to equally frequent
occurrences of systens one and two, the only anbiguity after the
gualitative analysis is whether F2 in system one would be harned,
and this is regarded an even bet prior to quantitative testing.

If it would be harnmed, expected |osses would be
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(1/2)(180+40) = 110, and the decision would be taken to regul ate,

at the lower cost of 100. If it were not, |osses would be
(1/2) (40) = 20, and non-regulation would be preferred. G ving
these alternatives equal ex _ante probabilities, expected |osses

were the decision taken (not to regulate) on the basis of
qualitative information alone, and it would not be cost-effective
to pursue testing further. Gven the qualitative results,
conplete elinmnation of anbiguity is not worth the cost it would
entail.

Along branch @, representing systens one and three, there
is much greater anbiguity. There are 23=8 possibilities,
indicated by T; through Tg along the testing branch T. These are
identified in the key to the decision tree in Annex |, and the
damage associated with each outcone is recorded at the end of the
branches. In half the outcones, the preferred decision would be
to regulate: in half, it would be not to regulate. The expected
| osses from non-regulation under various outcones range from zero
to 220.

Qualitative analysis provides guidance into the ex ante
probabilities to be assigned to these outcones. In fact, two
possibilities are ruled out, because through exam nation of the

structure of feedback, if 8F2(t)/ 3T2 s negative in system

three, it nust also be negative in system one. If it is positive
in system three, it may still be positive or negative in system
one with equal Iikelihood. In system three the ex ante

probabilities from qualitative analysis, for ease of conputation,

are now taken as 2/3 that rl will be harned, and 1/3 that F2 wi |
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be harned, based on the preponderance of pathways with positive
and negative contributions. Then, Table 4 records the eight
possible outcomes of quantitative testing, the associated danmages
if the non-regulatory option is taken, and the probability of

each outcone derived from qualitative analysis. Table 4 shows
that qualitative analysis, by elimnating any likelihood of two
outcones for which the costs of the decisions not to regulate and
not regulate do not differ by nore than the costs of information,
actually increases the value of further quantitative testing.

Mre is at stake in choosing the correct option, so that the
value of information which would elimnate the possibility of
error is higher. So, the expected cost if quantitative testing
is pursued under branch @ is 60 prior to testing costs and 70
thereafter, which conpares favorably with the expected cost of 80
if the decision is taken based on the qualitative data alone.

The relevant expected costs when the possibility of further
guantitative testing is considered are thus 65 along Ql, where
such testing would not be pursued, and 70 along @, where it
woul d be carried out, for an overall ex _ante expected cost of
(1/2) (70+65) =67. 5. Not surprisingly, the value of qualitative
information is higher, when there is a possibility of deciding

subsequently to wundertake further quantitative data collection

prior to regulation. The benefit:cost ratio of qualitative
information rises to 3.25:1. The use of qualitative analysis is
conplenentary to conplete quantitative analysis of relevant

ecosystens, and fits naturally into a tiered testing system
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Tabl e 4. Possi ble Qutcones, Associated Danmages, and
Probabilities Assigned on the Basis of Qalitative
Analysis of Branch @

Svstem One System Three Damage
Ty e + () + () 0(3)
T,: +<%) -(%) +(%) 20(%)
T, - () +(3) +(2) 90 (3)
T,: - (3) -% +(3) 110(%)
T, : +(0) +(3) - () 90 (0)
T, £(0) -3 - 110(0)
T - (1) +(%) - (3) 180(%)
T,: - (1) -(3) - () 220(3)
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[ V. CONCLUSI ON

The analysis has generated a conprehensive evaluation of
testing alternatives in which expected benefits are conpared wth
costs; also, a conparison of preferred regulatory options based
on no information, qualitative information, and conplete
i nformati on about ecosystem functioning. Al though the system and
nunbers used to denonstrate the nethodology are hypothetical and
considerably sinplified, the exercise does lead to certain
i nsi ghts:

1. Regul atory decisions based solely on lab toxicity testing of
i ndi vi dual species, wthout any consideration of species
interactions, can lead to error and considerable excess |oss;

2. Rel atively sinple qualitative analysis of ecosystem structure
can lead to narked revision of prior probabilities based on
[ ab testing; consequently, the value of this information can
be hi gh;

3. Prior qualitative analysis can provide considerable guidance
as to the kinds of quantitative information about species
interactions which would be helpful for regulatory decision
maki ng, or can obviate the need for such data;

4, It is possible to mnmake reasonable judgenents about the value
of additional information, but these judgenents necessarily
depend, explicitly or inplicitly, on judgenents regarding the
costs which would result from possible regulatory decisions
in various states of the world; prelimnary and approximte

estimates of these costs are better than none; such esti
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mates also inevitably enter into judgements about the extent
of risk which constitutes "unreasonable adverse effects on
the environnent”;

The techniques of qualitative analysis of ecological systens
fit naturally into a decision framework designed to deal wth
uncertainty in regulatory policynmaking towards testing and
chemical risks to the environnent; decision analysis
enhances the usefulness of these techniques, which, in turn,
are powerful aids in the assignment of probabilities in risk
assessnent.

Further research should be undertaken to apply these tech

niques to progressively nore realistic regulatory problens.
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APPENDI X

"A loop of length k is a sinple, closed path from a variable
to itself through k steps which visits each variable on the
loop only once. The value of a loop is the product of the
ajj of its links, and the sign is the sign of that product.

A loop of length O is by convention positive and has the

value +1. Feedback is defined as the effect of a variable on

itself by way of _intervening variables.

Mat hematically, the feedback at level k, (Fk), in a system
of n>k variables is defined by Fk=z(—l)m+lL(m,k). Feedback
at level k is sunmed over all sets of the products of m
disjunct loops that total k elenents. Disjunct |oops have
no variables in conmon (L=loops).

Loops of length O have a value of +1 and Fgy=-1. This is an
al gebraic conveni ence.

A path Pi;(|k) is a product of (k-1) alpha values from Xj to

X

i involving K variables, none of which are visited nore

than once. Pjj;=1l.

The conplenent of a path is the set of variables not on the
pat h.

Let Cp be any of s parameters of the System
dX;/dt=f;(X1,X2sX37444s,iC1,C2,C3,...,C5). Then the effect

of a change in C, on the equilibrium level of any variable

(Xj) in the system is

3X3/3Cy = I (3£3/3Cy) x Pyj (K)
x Fho_g {Comp Pji(k)}/Fn,
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that is, if C, is a positive input to Xj; then its effect

on Xj will have the sign of the sum of the products of each

path from X; to Xj, each multiplied by the feedback of its
complement, and all divided by the feedback of the whole.

The input along that path has no effect. For this paper we

postulate that the systens are stable.

Several qualitative results follow --

Since F,<0, if the conplementary subsystem of a path is
stable, its feedback is also negative, and Bij/ch has the
same sign as the path products if they are all the sane.

If the conplement has zero feedback for all paths, the ij is
i ndependent of Cp.

If the conmplenent of a path has positive feedback, the path
has an effect of opposite sign to its own product.

The closer F, gets to O (instability due to positive
feedback equaling negative) the nore sensitive all

equilibrium values are to parameter change."
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15.

16.

17.

Lane & Levins, op. cit

It would be possible to reverse the order and investigate the
systens quantitatively before deciding whether or not to
ascertain their relative frequencies, and this alternative
sequence could be analyzed, but is not, for sinplicity's

sake.

Support for this paper was received from EPA Gant CR 807809.
The contents do not necessarily reflect the views or policies
of EPA.
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