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ABSTRACT

There has recently been increasing awareness that some environnental
pol lutants, because of the broad geographical scope of their effects, inpose
not only the direct affronts to human life and property of the traditiona
urban pollutants, but also attack the pleasures and the |life support services
that the earth’s ecosystem scaffolding can provide. Acid precipitation night
be one of these pollutants. The basic purpose of this report is to suggest
those types of natural science research that would be npst helpful to the
econoni st faced with the task of assessing the econonic benefits of
controlling acid precipitation. However, while trying to fornul ate these
suggestions, inadequacies in the supporting material the ecologist could offer
the economst, and in what the econonist could do with whatever the ecol ogi st
offered him became apparent. Therefore part of our effort has been devoted
to initial developnent of a resource allocation process framework for
explaining the behavior of ecosystems that can be integrated into a broadened
benefit-cost analyvsis which captures traditional ecological concerns about
ecosystem diversity and stability. Qur intent has been to nake a start at
providing a basis for the ecol ogical and the econom c disciplines to ask
better-defined questions of each other.

Some reasonably well-defined questions have neverthel ess been asked and
tentative answers have been provided for a few of them In particular, nost
of the existing techniques for assessing the benefits of pollution contro
require know edge of the magnitude of the response of the entity of interest
to variations in the quantity of pollution to which it is exposed. The entity
that is the object of interest in these estimtes of response surfaces or
functions must itself have value to humans or it nust contribute in some known
fashion to another entity having value to humans. Oherw se, the economst is
unable to performhis tasks. Additional properties that response surface
research nust have to be nost valuable for the enpirical inplementation of the
techni ques of benefit-cost analysis are outlined in the text.

The sinplest of these available techniques is applied in a first exercise
at using known response surfaces to assess the benefits of controlling acid
precipitation in Mnnesota and the states east of the Mississigﬂ Ri ver.

Current annual benefits of control are estimated to be $5 x 10~ in 1978
dollars, with materials danmges constituting the largest portion of these



benefits. The reader nust not treat this estimate as definitive, although the
ordering of current annual control benefits by sector is highly plausible.

The known response surfaces used to construct the above estimate
sonetinmes displayed two properties that could inpart “all-or-nothing” and
“now-or-never” features to the acid precipitation control decision problem
These two features arise because the marginal benefits of reducing acid
precipitation appear to be increasing over a substantial interval of
i ncreasi ng pH val ues, and because the effects of acid precipitation upon
ecosvstem buffering capacities are less than fully reversible, both
technically and economcally.
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[ NTRODUCTI ON

It is now widely accepted that the average pH of the annual precipitation
in nearly the entire United States east of the Mssissippi River was below 5.0
in 1972-73 [Qass (1978, pp. vii, 19)]. Only northern Wsconsin and southern
Florida were exenpted. Since 1972-73, no increase in rainfall pH is believed
to have occurred. Wth the likely increased conbustion of coal in Canada and
the United States, nobst commentators expect further reductions in pH |evels
and a further spreading of the geographical areas subjected to acid
precipitation and acidifying depositions. This expectation persists even
t hough doubts have been publicly expressed about whether sone of the
instrumentation used to measure precipitation acidity is accurate [Galloway,
et al. (1.979)] , and whether current neasures actuallv represent a decline from
historical pH |evels [Perhac (19791.

Substantial concern has been expressed in both scientific and lay circles
about the inpacts of increasingly acidic precipitation upon the flows of
material resources and amenity and life support services provided by forest
and aquatic ecosystenms. Because of these potential inpacts, policymakers in
the U S. and Canada are now being asked to weigh the benefits provided by
t hese resources and services against the costs of controlling em ssions of
acid precursors fromfossil fuel conbustion. Allied with these concerns are
nunerous proposals for more research on the biological and econonic effects of
acid precipitation. In this report we attenpt to provide policymakers with
some of the information they need to choose intelligently from anong these
proposals and to prepare adequately for the findings of whatever research
prograns are ultimately adopted. Al though researchers have made considerable
progress in identifying those features of different ecosystens that render
their economically val uabl e conponents and processes nore-or-1|ess vul nerable
to disruption as a consequence on long-term acid precipitation, the goal of
providing consistently dependabl e guidance to policvmakers has not yet been
r eached.

Toward this end, we have, after this introduction, structured this report
in four chapters. The next chapter provides an economist’'s review of the
existing literature on the biological and physical effects of acid
precipitation. The overview content is combined with linited information on
the market values of the affected material resources and amenity and life



support services to arrive at no better than order-of-na.gnitude assessnents of
the current annual econonic |osses to existing activities caused by acid
precipitation in the eastern United States (Mnnesota and the states east of
the Mssissippi River). The enphasis in this second chapter is on identifying
the econom c sectors that appear to be suffering the greatest danmges from
acid precipitation, Only the sinplest of economc nethods are used to perform
this first exercise in assessnent. A third chapter raises two plausible
speci al features, nonconvexities and irreversibilities, of the ecosystem
effects of acid precipitation that are likely to cause special. difficulties
for control decisionnaking as well as difficulties for the application of both
the sinple and nore sophisticated methods of assessing the economic benefits
of control. 1In a fourth chapter, we present a somewhat broader framework for
assessing the economic benefits of control than the framework that underlies
traditional assessnent nethods: we provide a start in the devel opment of a
framework which, in principle, allows one to assess the econonic inpact of
pollution or anv source of stress upon ecosystemyields and ecosystem
diversity. This framework has been devel oped because of the inattention given
by traditional econonic assessnent procedures to questions of fundanental
concern to ecologists, and because of our perceived lack of an

ecol ogi cal -theoretical. framework which could guide the questions the econonmi st
asks of the ecologist. Finally, while drawing upon the information generated
in the previous parts, we develop and try to defend a set of recommendations
for natural science research on the biological effects of acid precipitation.
Qur recommendations assunme that w thout exception all natural science research
into these effects is directed toward the provision of information for assess-
ing the economic benefits of acid precipitation control. This last chapter is
the culmination of our current efforts. The reader should therefore view the
report not as an assessment of the economic benefits of specific control
alternatives but rather as a prelude to that assessment.

The Tasks of the Econom st

W divide into six tasks the role of the economi st in providing decision-
makers with information to assess the benefits of controlling acid precipita-
tion. Since attenpts to treat these tasks, within the linits of research tine
and resources, conpose the bulk of this report, we offer onlv the briefest
treatnent here: -

1.) To enunerate a set of econonic indicators capable of communicating
national. and regional. economc benefits of alternative types and degrees of
control of acid precipitation.

2) To identify those features of acid precipitation that when altered
have direct inplications for the aforementioned indicators. These features
may affect directlv the conponents of ecosystens and the economic activities
that depend upon them Aternatively, they may alter the behavior of these
conponents, resulting in changes in ecosystem processes and the econonmic



activities which employ them An exanple of a direct effect is a reduction in
the yield of a vegetable due to acid precipitation-induced inhibition of
photosynthesis in the standing stock of vegetable plants. an indirect effect
m ght consist of the changes in successional Patterns of a forest due to the
differential effects of acid precipitation upon particular tree, understory,
and soil nicrobe species.

3) To identify and, where appropriate, develop a theoretical framework
for assessing the potential national and regional econom c benefits of
alternative acid precipitation control strategies. This framework should
generate refutabl e hypotheses about the causal relationships between the
features of various control strategies and the responses in economc terms of
rel evant ecosystem processes and conmponents. 1In short, the framework shoul d
make easier the appropriate specification and estimtion of the econonmc and
ecosystem paraneters needed to explain and to make predictions of the nmagni-
tudes and the timng of the potential benefits of alternative control strat-
egies,

4) To identify the data required to estinmate the aforenentioned para-
neters. The data requirements should be as parsinonious as the theoretica
framework will allow.

5) Gven the current state-of-the-world, to estimate the current values
of the relevant econom ¢ and ecosystem paraneters, while enploying properly
constructed variables, applicable statistical and nunerical tools, and an
appropriate sanple of ecosystens.

6) To incorporate the estimted parameters into a body of know edge that
will predict the values of the economc indicators resulting from adoption of
alternative acid precipitation control strategies.

CGeneral |y speaking, each of these tasks is served by an anal ytica
framework or model enconpassing a greater range of phenomena than did previous
nmodel s. of the six tasks, however, the third and the fourth are nost likely
to be of greatest relative interest to the professional researcher, while the
other four tasks assume greatest relative inportance for the decisionmker
In those parts of econonmics relevant to the assessment of the benefits of air
pollution control, there has frequently been inadequate attention by
anal ytical investigators to possibilities for inproved enpirica
i npl ementation. Analytical investigators have on occasion indulged in illicit
intercourse with beautiful mpdels, as at |east one economist has remarked. On
the other hand, econonists having some interest in enpirical inplenentation
have occasionally been too ready to indul ge requests to generate estimtes of
the benefits of air pollution control. From some perspectives, this report
might accomplish the unusual act of being cul pable on both counts. Th,second
chapter of the report engages in an enpirical exercise that is not solidly
enbedded in a theoretical framework. The fourth chapter goes through a
theoretical exercise which could be enpirically inplemented. Nevertheless, in
this report anv beauty it has nust be judged as an abstraction; it is provided



little enpirical flesh. Only the third chapter makes a limted attenpt to
clothe the abstract in the enpirical. W nevertheless feel that these rather
di sparate chapters do result in a set of natural science research
recommendat i ons, that when acconplished, are likely to be useful and inputs
for assessing the economnmic benefits of alternative acid precipitation control
strat egi es.

A Dynami ¢ Econonic Sketch of the Ecosystem Effects of Acid Precipitation

In order to frame our discussion, we present in this section a node
whi ch outlines the econom c nature of the problemof preventing ecosystem

damages fromacid precipitation. As will be near-universal throughout this
report, know edge of the dose-response function relating ecosystemeffects to
acid precipitation is central to any enpirical application of the nodel

Assume an industrial region, |, that generates a constant waste fl ow, W,
per tinme period. Sone of these wastes are carried and transformed by
atmospheric_ processes to a | ake region, L. The waste that travels the
distance, X, froml to 1. each period is given by:

L
X
W(XL) = -‘;— —j L(x)dx, (1)

u
0

where His the mxing or scavenging height of the air colum and u is the w nd
speed. H and u are assuned constant over [o,xh]. W/Hu = W/k is then the

initial pollution concentration at I. L(x) is a pollution,loss or trans-
formation function which is assuned constant over distance. — Thus
L - - L
W(x ) = Wk - Lx (2)

is the waste concentration arriving each period at L as a result of W being
generated in I.

At mospheric processes cause the waste to be deposited and accunulated in
L as a stock of pollution, P. This accumulation is:
dP

e g(W(x)) - ap, (3)

where g(+) neasures the waste concentration in the |ake region, and oP
neasures the abilities of the regi on’zc7 forest and aquatic ecosystenms, R to
cl eanse thenselves of the pollutant. — W assume that « is constant and
i ndependent of pollution. Forster (1975) discusses a model in which ais a
decreasing function of P.



The dynam ¢ evolution of Ris governed by a pollution version of the
Lotka (1925) biological growh function:

Fig

T OFR,P), (4

where, for a given E,Wthe F function has the usual Lotka shape. Increases in P
will shift the entire curve downward in Figure 1. The environnental carrying

capacity, R, is thus an inverse function of the level of pollution. That is:
R = ﬁ(P); R'<0 (5)

Expression (5) is an exanple of what is comonly called a dose-response
function. The loss in R may be thought of as the ecosystem damages caused by
a change in the pollution level. Its critical inportance to system behavior
and thus human welfare can be illustrated by introducing a harvesting function
relating man’s harvest, H fromthe systemto his harvesting effort, a, and
the size of the lake region’s forest and aquatic ecosystem resources

H = aR (6)
For a given level of effort, the harvest will be larger if the resources are

nore plentiful. Using (6) and the previous expressions, the dynam c structure
of the lake region ecosystemis governed by:

%§'= g (Wk - ZxL) - oP. (7)
ﬁtI:‘ F(R,P) - aR (8)

The limiting solution for pollution, PB, depends upon neteorological
factors, the level of waste enmissions in |, and the self-cleansing abilities
of the lake region's ecosystens:

1l - - L
Po = — gW/k - 1x ). (9)
This solution, which is globally stable, can be substituted into (9) to
examine the limting solution for R The result of doing so is illustrated
in Figure 2.

In Figure 2, pollution reduces the growh rate of the | ake region’s
resources and thereby reduces the region's environmental carrying capacity
fron1§(0) to R(Px). Wth a given level of harvesting effort, the bioceconomic
equilibrium stock size is reduced from R to R» and the equilibrium harvest
suffers a decline fromH to He, The equilibrium resource stock size is
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stabl e. Efforts to enhance the resource base by restocking fish or fert-
ilizing forest soils may offer tenporary respites by raising the resource
stock above R=. However, with P continuing at pe, the stock nust over time
decline again to R=,

The Meani ng of Economic Benefits

Everything said in this report unequivocally assunmes that man is the
measure of all things. As Adans and Crocker (forthcomi ng) point out, whatever
a person does nmust be the best thing for him to do, given his know edge of his
circumstances of the nonent--otherwi se, he would not do it: thus th person's
aut ononous preferences are revealed by his behavior. This is the perspective
of value that pervades econonmic analysis. Contrary, however, to nuch common
usage, “economcs” and “pecuniary” are not viewed as synonymous. For exanple,
human behavior and the health, production, or aesthetic effects of a pollutant
on that behavior are directly “econonmic.” The effects of a pollutant on
vegetation are “economc” only insofar as that vegetation contributes to human
heal th and happi ness.

The precedi ng perhaps conveys the stance of econonmics with respect to the
basi s of val ues. It fails, however, to state the units in which values are to
be measured or the context that bestows meaning on these units. Assune, for
exanpl e, that a person derives satisfaction froman aesthetic phenonenon, such

as lush vegetation. Tf there is a local decline in the [ushness of
vegetation, the person will possibly feel he has been made worse off,
However, if there are other worldly things capable of providing him

satisfaction, then some additional provision of these other things nay cause
him to feel as well off as he would without the decline in vegetation

| ushness. Finally, if these things can be secured by the expenditure of
incone, or tinme that can be used to earn incone, then there is sone additiona
incone that in the face of the lushness decline, weuld make the person feel no
worse off. The unit, therefore, in which econonics wuld have us neasure
value is noney stated in terns of incone. Inplicit in the acceptance of this
unit is the presunption that, even if the thing being val ued cannot be secured
in the marketplace, there are in this marketplace collections of other things
from which the person receives equal satisfaction. These other things, which
have narket prices attached, can under a quite wide range of well-specified
conditions, serve as vehicles to infer the “values” of entities and services
for which no directly observable pecuniary prices exist.

In spite of the common sense approach to valuation sketched above, it
will often yield, depending on the conditions adopted for the analysis,
different values for the same quantity variation in the entity being val ued.
For exanple, if one is interested in the control of a pollutant that is
damagi ng vegetation, the value that a person will attach to the reduction of



the pollutant can depend on whether one is neasuring what the person is
willing to pay for the reduction or what the person would have to be paid in
order not to have the reduction. 1In the latter case, because the person is
viewed as holding the legal right to stop the pollution, his revelation of
preferences is not linmted by his incone. However, his incone does linit what
he can do when he pust buy a cessation of pollution from soneone else. As his
noney becones scarce, he becomes reluctant to trade noney for goods.  Thus
the two neasures would be identical only when variations in incone play a
trivial role in determining the quantity of the good that the person will
choose to hol d.

O her sources of variations in values of identical changes in the quan-
tity of a particular good include whether, in an original and in a new state
the original is the nost preferred or the |east preferred quantity; whether
the valuation in the new state is independent of adjustnents in overal
patterns of consunption in noving fromthe original quantity of the good to
the new quantity; and whether the person can by his own actions adjust his
consunption of the good in question or, as with many pollutants, nust become
resigned to an externally inposed fate. In short, to be neaningful and
conmuni cable, the exact context of a particular econom ¢ valuation neasure
must be explicitly and fullv stated. The criteria for judging which of the
several analytically correct valuation neasures to apply to a particular rea
probl em nmust often come from outside economcs

Benefits Assessnment Methodol ogi es

Schulze, et al. (forthconing) provide an informative and succinct comon
theoretical basis for the alternative econonic nethodol ogies available to

assess the benefits o acid precipitation and other plausible
environmental ine /COHFFUlF ggt their analysis with the recognition that
al | assessnent etk odo ogi es presure that there exist narketplace collections
of things other than the entity being valued from which the representative
i ndi vidual could receive equal satisfaction. These substitution possibilities
are said to exist across alternative activities and |ocations, both of which
are denoted A ... . A .....A. Each of these activities and/or locations is

. . 1 ) - a 3
associ at ed W|t:]h a_partieular level of environnental quality, Qs--- LIFPRE 0

. , . [y
Increases in the Q, represent environmental quality inprovenents
1

The individual's weakly separable, quasi-concave utility function is
witten as:

UA,,Q,,%), (10)

where X is a conposite commodity the nagnitude of which is unaffected by A
and 0 Uility is assunmed to be increasing in Ai Q, and X The



i ndi vi dual’ decision problemis then to maximze (1) subject to a budget
constraint:—

n
Y - igl Pl'Ai -X=o0, (11)

where Y is current period incone, P is the price of the ith activity, and X

is assumed to have a price of unity.” The necessary conditions for solution of
the problem include

BU/BA{ BU/BAi
i li:)’ and BU/BX - | “ 1 | = O (12)

au/ ax’

assumi ng that A.1 is consuned in some positive quantity. This says that the
i ndi vidual will equate the marginal rate of substitution of the ith activity
for X to the price, Pi’ of that activity.

To deternmine the marginal willingness-to-pay for the environnental
quality associated with a particular activity, i=1, Schulze et al. set (10)
equal to a constant and then totally differentiate this expression as well as
expression (11). Wen dAi:O for i#1, and by using (12), they obtain:

n

g_:f) ) Z Ai ﬂ 3U/301 (13)
15 o, 311/ 9%

This represents the additional incone that in the face of an environmental

qual ity change woul d nmake the individual feel no worse off. Considering only

the total differential of (11), while continuing to assune that d0Q =0 for i#1,

they obtain another expression for dY/dQ]: :

n

n
dy dp dA.
&2-i=§:Aj i +ZP i + dX (14)

s i e
i=1 do‘l i=1 dQl dQ1

When one equates (13) and (14), and cancels sinmilar ternms, the result is:

n
y or Mioea = 20 (15)
= dQ, dQ1 au/ ax
In short, the last two terms in (14) are negative.
Schulze, et al. suggest that (14) and (15) provide a common and easily

10



grasped basis for interpreting the substantive analytical content and the data
requi rements of alternative econom ¢ nethodol ogi es for assessing nmargi na

wi | | ingnesses-to-pay for changes in environnmental quality. Consi der, for
exanpl e, an air pollutant which reduces the yield of an agricultural crop
One expedient method to assess the economc value of a quality inprovenent is
simply to ask individual producers and consuners what their nmagnitudes of
dY/dQ_ are. Thi s approach, probably because of the ready availability of
price, yield, and location data, has not to our know edge vet been used to
assess agricultural damages fromair pollution. Under the |abel of “bidding
ganes” or “contingent valuations” it has been widelv used to val ue environmen-
tal quality inprovenents where there is little or no historical experience
with the potential inprovemrent and where directly observable price and
quantity data are unavailable to either the researcher or the individua
producer and consumer. These circunstances aptly describe many aesthetic and
health effects of air pollution. Schulze et al. thoroughly review and
eval uate several of the existing contingent valuation studies, and provide a
listing of many nore. Brookshire and Crocker (forthcom ng) provide further
di scussion of the real-world circunstances under which contingent valuation
approaches are especially appropriate. Al'though the natural science
infornational requirenents of these nethods might appear to be mininal or
nonexi stent, all commentaries insist that great care nust be taken in
describing the state-of-the-world to which the interviewee is to be asked to
r espond. O herwi se, biases can be introduced that nake intervi ewee responses
uni nt er pret abl e. Thus , although natural science information is not an
integral part of the analytical exercise involved in contingent valuation
methods, it does play an inportant role in establishing the scenario that is
to be val ued.

If agricultural settings have seen but infrequent application of the
contingent valuation nethods that capture the right-hand-side of (14), they
have experienced nunerous applications of nethods that focus on no nore than
the mddle term £P (dA /dQ % on its |eft-hand-side. Exanpl es are Benedict,
et al. (1973) and M%lle%an 1976) . When the P, are readily observable, the
role the economist need play is mniml; the role of the natural scientist
dom nates because, by assunption, only the activities change in response to
changes in environnental quality. Thus the natural scientist nmust translate
alternative air pollution states into changes in plant growh, and changes in
this growth into changes in useful yield. Gven that crops and crop varieties
display different tolerances to pollution, numerous dose-response functions
simlar to those established for alfalfa by Gshima and his colleagues (1976)
may be required. Having obtained these dose-response functions for the |ist
of activities in question, the determination of dY/d0_  is a sinple matter of

multiplying the changes in yields by the observed or inferred narket prices

If the scope of the analysis extends beyond yield effects upon existing
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cropping and location patterns, the role of the econom st for evaluating

P .(dA_ /dQ. ) need not be quite so limted as the previous paragraph inplies.
I pé}ticular, a change in pollution nmay make alternative cropping and

| ocation patterns nore appealing. Economic contributions are then useful in
specifying those anmong the set of feasible grower alternatives that are worthy
of detailed investigation. Nevertheless, the core of the exercise remains the
estimation by natutal~scientists of the yield responses of individual crops to
pol lution under a variety of environnental conditions and in a variety of

| ocati ons.

Two terms remain on the right-hand-side of (5) that we have not yet
discussed: IA dP /d0_, the change in the price of the ith activity due to a
change in the environmental quality paranmeter; and dX/dQ@, the change in
expenditures on the conposite commdity due to a change in the quality para-
meter. Here the relative inportance of the roles of the natural scientist and
the econonmist is reversed fromthe earlier discussion. Cropping and |ocation
patterns are treated as being utterly unresponsive to changes in the quality
par anet er. Al adjustnments to variations in the quality paraneter are
reflected in inferred or narket prices al one. Thus, for exanple, as Johnson
and Hough (1970) and Crocker (1971) have done, one mght estimte dY/dQ by
hol ding the levels of all agricultural activities constant, the prices of al
other comodities except land constant, and the nmagnitude of expenditures on
ot her goods constant, and then estimate the effect of variations in the
quality paraneter upon the narket prices of agricultural sites. In this
extrene case, the only role of the natural scientist would be to identify the
sites that are subjected to a variety of levels of pollution. If th, number
of activities whose price responsivenesses to pollution was of interest were
to be expanded for studv purposes, the natural scientist’s role would continue
to be limted to specifying the existing levels of these activities. Just as
with contingent valuation methods, the natural scientist’'s expertise on the
behavi or of organisns under stress has no role to play.

The inportance of considering these dP,/dQ, and dX/dQ, terns is readily
percei ved by considering a sinple analytic%f“noéel of "price determinati.on
frequently used by agricultural econom sts. Specifically, the equilibrium
price of agricultural conmodities, in the aggregate or individually, may be
derived fromthe intersection of the relevant supply and demand curves. The
effects of air pollution nay be viewed as a supply phenonenon, shifting the
supply curve. Gven the generally inelastic demand for agricultural com
nodities, the supply-demand nodel indicates that shifts in the supply curve
will translate into rather large shifts in the equilibrium price of food.
Thus, following fromthe nature of the demand-supply relationships, one may
hypot hesi ze changes in commodity prices if air pollution affects the position
of the supply curve
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The significance of these price novenents is that agricultural prices
cannot necessarily be assumed to be static or stable. Further, changes in
agricultural prices do not occur in isolation but rather work their way
through the svstem, affecting the welfare of consunmers, producers, input
suppliers, resource owners, and other parties. For exanple, given the gen-
erally inelastic demand for agricultural comodities, reductions in supply nmay
actually increase farners total net revenue, as the attendant price rise my
be greater than the percentage reduction in quantity supplied or produced.
Conversely, the increase in prices froma supply reduction will reduce con-
suners’ welfare. Thus, if air pollution alters yield of a substantial pro-
portion of a given crop or causes a reduction in planted acreage of that crop
then the overall change in supply nay result in changes in the price at the
farmlevel which will ultimately be felt at the consuner |evel. Alter-
natively, if farmers enploy mtigative nmeasures to adjust for the presence of
air pollution, then any additional costs of such nmeasures may al so affect
consuners through shifts in supply caused by changes in producers’ cost
functions.

Fortunately, the alternative nmethods available to assess the benefits of
controlling pollution such as acid precipitation are not limted only to those
whi ch ask hypot hetical questions of supposedly know edgeable interviewees,
consider the activity effects but not the price effects, or consider the price
effects but not the activity effects, of a pollution change. Consi der the
followi ng quadratic progranm ng nodel, with which Adans, et al. (1979) have
recently assessed the economic inpact of air pollution upon southern
California agriculture, as an exanple of the ability of many econonic nethod-
ol ogies to capture both the price and the activity effects of pollution-

i nduced damages. Again, however, the viability of the methodology is utterly
dependent upon the availability of accurate dose-response functions

Assume that the effect of acid precipitation upon a set of annual agri-
cultural crops in a nunber of regions is of concern. The markets for each of
the included crops in each region operate so as to solve the follow ng
probl em

T T T
Mx: 7 = CO + 1/20DQ-H O (16)
Subject to: AQ <D
Q>0

The symmetric matrix D in the objective function is negative definite,
and the constraints are convex. The terms of (16) are defined as follows.

Ais amx n matrix of production coefficients indicating the
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i nvariant anount of each of a variety of inputs required to produce
any single unit of a particular output.

0is anx 1 colum vector of crop outputs

Dis amx mmatrix representing slope values of the linear demand
structure for’thé fourteen included crops.

His an x 1 colum vector of invariant unit costs of production
for the included crops.

Cis anx 1 colum vector of constants.
bis amx 1. colum vector of inputs
As advocated by Harberger (1971.), = is the sum of ordinary consuner

surpl uses and producer quasi-rents. The supply functions for all producer
inputs purchased in the current period (seeds, labor, fertilizer, etc.) can be

assuned to be perfectly price-elastic. In addition, one can invoke Willig's
(1976) results and presune any differences between ordi nary and conpensated
consuner surpluses to be trivial. Since neither incone elasticizes nor

ordi nary consunmer surpluses or expenditures as a percentage of incones are
likely to be large for nobst crops or other entities affected by acid
precipitation, this invocation seens reasonable.

The |eft-hand-side of the objective function in (16) can be stated in
ternms of observable by introducing a price forecasting expression:

P=C+ 1/2 DQ, (17)

where Pis a n x 1 vector of farmlevel crop prices. In matrix form the
objective function may then be expressed as:

PTQ - HQ = cTo_ + 1/ 2 QTDQ - HTQ (18)

In order to capture the inpact of acid precipitation upon crop yields, we
define a variable. Z* (0<z*<1) for each included crop in each region. The Q
terms in (16), (17), and (18) can then be stated as:

o (- 1Yy (19)
wher e

@ is anx11colum vector of yields of the n crops in the presence
of acid precipitation.
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zkis an x 1 colum vector of indicies of yield reduction for the n
Crops.

| is anx 1 colum vector of unity.

Lis anx1colum vector of the |land acreage used for cultivating
the n crops. The total |and area available for all crops can be
assunmed to be fixed

Yis an x 1 colum vector of yields per acre of the n crops in the
absence of acid precipitation.

Gven L and Y constant, the value of Q varies inversely with the val ue
of z*. Thus regions with higher acid precipitation will have higher val ues of
Z* and consequently |lower values for Q*, The yield price effects of these
reductions in O are then predicted by (17), the price forecasting expression.
I mpacts of these predicted price changes upon consuner surpluses, producer
quasi-rents, and cropping patterns within and across regions can then be
calculated by solving the quadratic programm ng problem

The immediately preceding fornulation is meant to be illustrative of what
econoni ¢ analysis can do in assessing the benefits of controlling acid
precipitation. It by no neans exhausts the techniques that night be applied

to the various aspects of the acid precipitation issue, although it is
representative of the nost robust and economically neaningful of the available
t echni ques. Wth the sole exception of contingent valuation techniques which
enpl oy stated answers to hypothetical questions as data, all these techniques
use observed decisionmaker behavior as data. The economic interpretation of
these data on observed behavior is generally unable to proceed unless believ-
able and,useful dose-response functions can be provided by the natural sci-
entist.> In the last chapter, we shall have a great deal to say about what a
dose-response function nust include if it is to be useful to the economi st.
For the next two chapters, we try to enploy the know edge the natura
scientist has thus far accumulated on dose-response functions to gain sone
insights into the econonic benefits of controlling acid precipitation.
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This is adapted from Hamlen (1978), bearing in mind that emi ssions
are generated in | only.

Note that this fornmulation deals with deposition of sulfur or wo,
as such, rather than. acidity. The United States - Canada Research
Consul tation Group (undated, p.11) states that this is comon to all
nodel s in the area.

See Freeman (1979) and Maler (1974) for additional treatnents grounded
upon an internally consistent theoretical franework.

Further generality can be easily obtained by introducing a tinme con-
straint. At the level of abstraction used in this section, no additiona
insights would be gained by doing so.

It should be mentioned that, at least in principle, the duality between
cost and production (dose-response) functions that the envel ope theorem
provi des neans that the economist, without any dose-response data what -
soever, can use data on observed behavior to perform anal yses of the
benefits of controlling acid precipitation. For a clear treatnent of the
envel ope theorem see Silberberg (1978, pp. 309-312). Most interestingly
perhaps, the theorem inplies that one could estimte dose-response functions
using only data on cost function parameters. This would pernmt the
services of the natural scientist to be dispensed with entirely! However,
given the sonewhat disturbing findings of Appelbaum (1978) and others on
the enpirical reality of this dualism we prefer to refrain, for now,
from stating that the research of the natural sciences into dose-response
functions is irrelevant. Nevertheless, a careful inventory of practica
opportunities for enpirical applications of duality principles to the

val uation of pollution inpacts woul d be worthwhile.
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[l. " A*FI RST EXERCISE I N ASSESSI NG THE BENEFI TS
OF CONTROLLING ACID PRECI PI TATI ON

| ntroduction

In this chapter we undertake a first exercise in assessing the econonic
i npacts of acid precipitation or acidifying deposition, given that it occurs
at above-background |evels. The main benefit of the construction, fromthe
authors' perspective, has been to serve as a |learning and organizing device
about the state of natural science know edge of acid precipitation effects
upon life and property. W have concluded that the state of this know edge is
very inconplete, both in terns of enpirically testable propositions derived
from a broadly enconpassing anal ytical structure as well as in quantitative
bits of information that have been related to or associated with each other
Under these circunstances, it is tenpting for the econonmist to plead the
near-inpossibility of his task, as if the natural scientist were responsible
for anv failings of the economist’'s attenpts to value the effects. On sone
occasions, the plea is valid. On this occasion, ‘it is, on balance, invalid.
The reasons are two.

First, whatever the available research tinme and resources, econonic
anal ysis generally does not yet know how to assess quantitatively disruptions

in ecosystem functions having major and broad economic inpacts. [ Bui | di ng
upon Scarf’'s (1973) work, Shoven and Whalley (1977), King (1980), and a few
others show that the truth of this statenent could be short-lived]. If the

impacts of acid precipitation upon ecosystem nutrient storage, detrital decav,
succession patterns, genetic pools, etc., are as dire as some natura
scientists predict, and if alterations in these functions can legitimately be
viewed as changes in natura l transformation processes (production
technol ogies), then a full econom c assessnent may be anal ogous to conparing
the welfare of the 18th century Jeffersonian yeoman farner with his nodern
agricultural corporate clone: the worlds in which the two live(d) are so
vastly different that neither the nodern nor the Jeffersonian man coul d
conprehend nost of the opportunities and dangers fanmiliar to the other. It is
questionabl e whether the conparison would be econonically neaningful
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The second reason why the blane for the economic limtations of the
content that follows cannot be shifted to the natural scientist is because, in
principle, it is both possible and practical to value many, perhaps nost, of
the effects of acid precipitation. The task is substantial but neverthel ess
acconpl i shabl e. Econonists who read this chapter will recognize that only the
most el enentary economni ¢ anal ysi s has been perforned. In particular, we have
general |y resorted”to”an assunption throughout that acid precipitation affects
only the yields from existing sets of economc activities. W, therefore,
have, with only a few exceptions, disregarded any potential price effects, as
wel | as changes in activity and location patterns. Finally, we have nothing
to say for now about the econonmic inplications of |arger questions on changes
inlifestyle, possibly unacceptable risks due to the destruction of life
support systens, and the welfare of future generations. Ef fects on these
| arger questions, as well as those involving changes in activity and |ocation
patterns, are nost likely to be generated by the buffering stock depletion

impacts of acid precipitation. It is these stock depletion effects that, as
was indicated in Chapter 1, econonmically distinguish acid precipitation
effects from traditional analyses of pollution effects. In a later

theoretical chapter, we will view these stock depletion effects as anal ogous

to drawdowns in the biogeochemical energy available to a geographic |ocation.

In this chapter, so as to renind the reader that we do not view effects on the
yields of current econonic activities as the sole effect of acid precipitation
worthy of economic attention, we present a brief treatment of the inpact of

acid precipitation on the buffering capacities of natural ecosystemns.

Depl etion of the Stock of Buffering Capacity

After deposition, the effects of acidifying conmponents depend on sensi-
tivities of the environnents where the deposition occurs. This sensitivity is
largely determined by the abilities of the depositional surface to buffer
hydrogen ion additions. In turn, environnental buffering abilities initially
depend on the bedrock and geol ogical. history of the region. Bedr ock of
vol canic or igneous origin tend to be lowin nost minerals inmportant in
buffering [Dillion and Kirchner, (1975)]. Over geologic tine, the inportance
of the bedrock is noderated by glaciation, weathering and other soil building

processes.

Buffering in soil systens is prinmarily acconplished through cation ex-
changes between soil solutions and colloidal clay and hunus particles, also
cal l ed micelles [Buckman and Brady, (1960)]. These micelles are negatively
charged and, therefore, attract positively charged cations which enter soil
solutions during soil nineralizati.on, for exanple. Cations which are comonly
adsorbed onto micelles in order of increasing affinity for micelle adsorption
are:  sodium potassium magnesium calcium alumnum and hydrogen. Increas-
ing concentrations of hydrogen ions in soil solutions, as would occur with
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incident acidifying depositions, shift the equilibrium between the soil

sol ution and the micelles such that additional hydrogen ions beconme adsorbed
onto micelles, thus displacing cations having less affinity. Adding line to
soils causes concentrations of hydrogen. ions in soil solutions to decrease as
they react with the calciumions. This shifts the equilibrium between soil
solution and micelles: hydrogen ions desorb and calcium ions adsorb onto
micelles. o

The second mmjor environnental buffering system the primary buffering
nechani sm for aquatic environnents, is the carbonate-bicarbonate system
Wiile this systemis also present in soil environments, it is generally of
relatively mnor inportance [Buckman and Brady, (1960)]. In aquatic environ-
ments, the abilities of the carbonate-bicarbonate buffering system are
nornmal |y neasured by alkalinity deternminations [Sawyer and MCarty, (1967)].
Buf fering capabilities develop as carbon dioxide dissolves in water. The
carbon dioxide reacts with water to form carbonic acid which dissociates to
form bicarbonates and hydrogen ions. Bicarbonates can then further dissociate
to carbonate and hydrogen ions. Additions of hydrogen ions to the aquatic
envi ronnent will reverse this process and, with continued additions, carbon
dioxide can eventually be released fromthe water.

Continued deposition of acidifying substances in ecosystens will cause
buffering capacities to decrease as exchangeable ions, carbonates, bicarbonates

and, eventually, pH values decrease. Simul taneously, titratable acidity,
hydrogen ion concentrations and associated anions such as sul fates and
nitrates increase. Also, mneralization rates of soil particles will increase

with hydrogen ion additions and counter, at least for short periods, the
effects of acidification [Minmer, (1.976)].

The frequencies and durations of acidifying depositional events wll
affect the severity and rate of ecosystem changes. However, as eposodic acid
contributions continue, a systems buffering capacity is continually reduced
and its hydrogen ion concentration increased. As the pH continues to
decrease, the inpacts on the ecosystem increase and the inportance of the
epi sodi ¢ frequency of the acidifying contributions in defining ecosystem
i mpacts decreases.

Sufficient additions of acidic water to soil systens can cause the cation
rel eased through ion exchange buffering to | each fromthe system The
decreased pH can have additional effects on soil chem stry [Buchman and Brady,
(1960), Mainmer, (1976)]. As soil pH decreases below 8.0, the anounts of
al umi num iron, and nmanganese increase in soil solutions. At |ow pH |evels,
concentrations of these conpounds can becone toxic; and as concentrations of
t hese dissolved compounds increase, they can react to fix phosphates as
i nsol ubl e hydroxyl - phosphat es. In such a conplex this valuable nutrient is
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not available for plant use.

Aci di fying depositions enter aquatic ecosystenms directly through surface
deposition and indirectly through watershed runoff. Increases in the acidity
of rivers and | akes occurs with acid precipitation events. But, depending on
the buffering ability.of the water, such changes may be relatively snall and
short in duration. Mre substantial acidity increases of |onger duration can
acconmpany spring snowmelt. These changes can be particularly dramatic when
the snowpack melts rapidly [Likens et al., (1977)]. At such times, the pH of
surface waters can decline to about 3.0 [Shaw, (1979)]. G essing et al
(1976) noted that when spring meltwaters are | ess dense than |ake waters
(water has a maxi mum density at 400), t he meltwaters tend to flow over the
surface waters of the |ake and therefore do not mx with |ake waters. During
such tines, waters having elevated acidities are discharged from |l akes to
produce maxi mum inpacts on stream ecosystems. Runoff to | akes at other tinmes
of the vear generally mixes with lake waters, |essening the inpacts on
streans.

The influences of acidifying depositions on the chenmistries of natural
waters are simlar to the effects produced on soils. Increasing the hydrogen
ion concentration reduces the aquatic system s buffering abilities, increases
solubilities of metals, conplexes phosphates, etc. Conti nued addition of
hydrogen ions causes carbonates and bicarbonates to be converted to carbon
dioxide and water [Lewis and Gant, (1979)]. Carbon dioxide can then be |ost
to the atnosphere or dissolved concentrations can accunulate to |evels which
are directly lethal to aquatic organisns [EIFAC, (1969)]. Precipitation of
normal suspended silt |oads has al so been noted for streams having increased
hydrogen ion loading rates [Parsons, (1965)].

Studies of effects from acidifying depositions have shown the inportance
of buffering capacities in determining the constituents flushed out of water-
sheds. Oten the input of hydrogen ions is adsorbed by the watershed eco-
system and no significant increase in hydrogen ion or other cation concentra-
tions is observed in aquatic systemoutputs (e.g., Lewis and Grant, 1979). In
ot her cases, the uptake of hydrogen ions by the watershed results in an
increase in the output of other cations from the watershed. For exanpl e,
Gjessing et al. (1976) report that outputs of calcium magnesium and al um num
ions from nine watersheds in Norway were proportional to inputs of hydrogen
i ons. In contrast, Lewis and Grant (1979) noted no significant change in
outputs of calcium nagnesium sodium potassium phosphate, or hydrogen ions
acconpanyi ng increased hydrogen ion inputs to a Col orado, USA, watershed
I ncreased outputs were observed for sulfate, nitrate, ammonia and dissol ved
organic nmatter, while decreased outputs of bicarbonate were proportional to
increased hydrogen ion inputs. Variations in output responses anong the
Norway and Col orado watersheds suggest that different buffering systens are
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responding to the hydrogen ion inputs. The Norway watersheds appear to buffer
primarily through cation exchange, primarily a terrestrial system while the
Col orado watershed appears to buffer primarily through reactions with

bi car bonat e. As both the Norway and Col orado watersheds are of granitic
origin, variations in the buffering systems may reflect the relatively |onger
time which Norway has been exposed to acidifying depositions. Wth continued
additions of- acidsy bicarbonate buffering systems becone exhausted causing
buffering to become increasingly dependent on cation exchange

Know edge of buffering capacities is helpful in sorting out habitat
i npacts of hydrogen ion inputs frominpacts of other chemical constituents
associated with acidifying depositions. Taken together, variabilities in
depositional conposition and node as well as receptor buffering can be used to
di scrimnate anobng these effects. In poorly buffered systens, depositional
i npacts tend to be nore related to pH effects because of the |ow masses of SO
and NO required to generate pH changes. Tn well buffered systems, the masses
of SO “and NO necessary to generate pH changes are relatively larger and

consequently, % nfluences of ot her conpounds tend to be enhanced. Thus, wel
buffered systens tend to respond nore to conponents other than hydrogen ions

in both wet and dry acidifying depositions; this relationship will tend to be
mai ntained until the buffering capacity of the systemis exhausted. Wth
poorly buffered terrestrial systems, wet depositions will tend to have
conf ounded responses to both hydrogen ion concentrations and ot her
depositional contents until pH effects overwhel m other responses. Dry
depositions to poorly buffered terrestrial systens will tend to cause
responses prinarily attributable to the depositional. conpound (e.g., SO or
NOX);in some instances biochemical transformation and utilization of the
conpounds will generate accunul ations of hydrogen ions causing pH effects to
predom nate eventually. Needless-to-say, poorly buffered aquatic systems will
have simlar responses to both wet and dry depositions as dry depositions
essentially becone wet deposition upon entrance into the aquatic system
These responses will be simlar to wet depositions in poorly buffered
terrestrial systens.

Agricultural Effects

Low-pH precipitation can affect crop yields in two ways. First, as it
percol ates through the soil column it accel erates the natural tendency of
water to |each organic and nmineral soil conponents from the root zone. At the
same tinme, it reduces the soil pH level in this zone, thus making nutrients
| ess available and toxic metals, such as soluble alumnum and iron, nore

available to plants. In addition, reduced soil pH |evels can cause declines
in mcrobe populations that break organic matter down into forms useful for
pl ants. In the absence of this breaking down, the organic matter can accum-

ulate and seal the upper layers of the surface while pernitting various plant
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toxins to be forned fromthe matter. The result for all these inpacts is
reduced growth and yields for plants |located on the acidified soils [Buchman
and Brady (1960)]. According to Schwartz and Follett, (1979, p. 2) the
“preferred soil pH range for maxi mum growth” varies between 5.5 and 7.0 for
nost commercially inportant crops, e.g., clover, barley, corn, grasses, and
soybeans. However.. this is by no means universal across crops, since the
interval for alfalfa is 6.2 - 7.5; for asparagus and lettuce, it is 6.0 - 7.0;
for blueberries and sweet potatoes, it is 5.0 - 5.7, for white potatoes, it is
5.0 - 5.4; and for cotton, it is 5.5 - 6.5. In the agricultural regions east
of the Mssissippi River, soil acidity levels frequently fall below these
“maxi num growth” intervals because of the region’s high rainfall and because
of grower soil additions of inorganic fertilizers. Consequently, it is a
st anddr™d gyromix p;fﬁé:ét'lf;a calcitic or dolomitic ground |inestone with
t he soil periodically.= ‘Thijx practice returns the soil to sonething
resenbling its original state in terns of the availability of nutrients and
toxic netals to plants. It also increases the sizes and the variety of

m crobe popul ations. W have found no evidence that the econonics of |ining
causes farners to fail to return soils to an approxination of the aforenen-
tioned state.

In a verbal comunication, N.R. @ass (1979) of the United States
Environnental Protection Agency has stated that if all the sulfur dioxide
emtted annually east of the Mssissippi River were to fall as acid
precipitation on the agricultural soils of the region, “. . . a five percent
increase in limng would be required.” According to a verbal report on
January 17, 1980, from Dr. Ed Strobe, Professor of Agronony at Chio State
University, the 1979 cost of limng, including spreading, in the Chio Vallev
region is $6 to $8 per ton. Raising soil pH to 6.0 for nost cropping systens
(e.g., alfalfa, clover, corn) on average mineral soils requires the
application of 2to 3 tons of |line per acre every 4 to 5 years. There is
substantial variation across soil types, however, as Buchman and Brady (1960,
p. 419) show. In the 1970’s according to the U S. Department of Agriculture
(various issues), the annual consumpiion of pulverized line in the United
States varied froma low of 26.7 x 10 tons in 1972, to a high of 39.8 x 10
tons in 1976. In real terms, its price, independent of the cost for
spreadi ng, was consistently around $3 per ton in 1978 dollars, with the 1972
price being $3.14 and the 1976 price being $3.08. It seens unlikely,
therefore, that a five percent increase in biological linming requirenents
woul d have much of an effect on either the cost of limng or on the farmer’'s
perceptions of the econonically optimal anounts of lime to spread.

Table 1 gives the average acreages, yields, and values of eight major
field crops for 1975-77. In addition to Mnnesota and the states east of the
M ssissippi River, lowa and Mssouri are included. Wth the exception of
pot at oes, the eight crops listed are the najor field crops produced in the
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TABLE 2.1

Average Acreage, Production and Goss Value for Selected Conmodities, by Region and Total, 1975-77 Crop Year.

USDA Production Regions

A alachian—l-/ Delta—z-/ Corn Belté/ Northeast:i/ SoutheastS-/ Total
Acres  Prod. Value Acres. Prod. Value Acres (MPrI(IJ?'ons) Val ue Acres Prod. Value Acres Prod. | value ACres Total

heat 1.09 35.50 95.50 0.72 25.20 63. 20 6.41 254.80 713.70 0.71 24.80 17.11 0.34 9.50 26. 90 9.26  973.40
5 1N 4,35 284.50 71550 0.26 12.30 27.20  36.10 3513.80 7740.30 2.59 218.90  500.00 3.30 172.80 390.70  46.60 9373.70
arley 0.20 8.60 12.75 0.04 1.62 2.38 2.62 12.50 19.41 0.04 1.01 1.44 2.90 36. 00
>rghum 0.14 7.12 14.70  0.31 14.80 29. 30 0.79 50.20 93.50 - 0.08 2.93 6. 34 1.32  143.90
st ton 0.40 0.31 78.30 2.60 2.60 696.80 0.24 0.20 51.50 - 0.73 0.58 160, 70 4,00 987.30
ugar Beets 0.03 0.62 15.50 0.01 0.02 0.34 0.03 15. 80
obacco 0.80 1623.30 1792.10 6/ 0.09 0.11 0.02 46.10 50.90 0.04  366.65 52.28 0.16 324.00 356. 90 1.01 2252.30
bybeans 4,83 116.70 683.60 10.20 230.40 1370.80 11.84 113.90 4978.70 0.74 18.80 107.20 3.10 87.80 508.20  30.20 “7648.40
1falfa 0.47 1.22 67.50 0.09 0.23 12.80 4,02 12.50 692.50 2.08 5.46  305.70 6. 66 78.50
btal 12.30 ) 3460.00 14.20 7/ 2200.30  59.50 7/ 14339.00 8.80 a/ 1002.10 7.80 7/ 1451.20 102.60 22452.60

Source:  USDA Agricultural Statistics, 1978. Washington, b.c. 1979

L/| ncludes states of Kentucky, North Carolina, Tennessee, Virginia and West Virginia.

2/ " * “ Arkansas, Mssissippi and Louisiana.

3/ " " "™ [llinois, Indiana, lowa, Mssouri and Chio.

4 " " “ Delaware, Mine, Maryland, Massachusetts, New Hanpshire, New Jersey, New York, Pennsylvania , Rhode Island and Vermont.

3/ " * “ Aabama, Florida, Georgia and South Carolina.

—6/Less than one thousand acres.

llqifferent units of neasurement for production preclude aggregation. Specifically, wheat, corn, barley, sorghum and soybeans are measured
in bushels, tobacco in pounds, sugar beets and alfalfa in tons and cotton in bales (500 pounds).

25



indi cated subregions. The range of tolerances to acidified soils for these
crops varies fromhighly sensitive (alfalfa) to noderately tolerant (corn).
Pot at oes are not included because of their relatively high tolerance for
acidified soils (pH = 5.0 - 5.4, as previously noted). Table 1 indicates the
substantial magnitude of agricultural activity in these five subregions
individually and in the aggregate. The eight field crops in the subregions
account for 38 percent of the total harvested acreage of nearly all crops in
the United States, with the Corn Belt subregion conprising the single |argest
area of crop land. Furthernore, these eight crops assume a donminant role in
United States agricultural exports. In ternms of gross “on-farni value, the
$24 x 10" in receipts represents 25 percent of the total value of all agri-
cultural comodities, including livestock, produced in the United States. In
ternms of individual crops, corn represents the single |argest conponent of
gross value, foll owed by soybeans.

Assuming that the 117.35 x 10°acres of the field crops in Table 1 would
annual ly require the application of 0.40 to 0.75 tons per acre of pulverized
lime in the absence of acid precipitation, anywhere from 46.94 x 10°to 88.01
X 10" tons would be used each year. The lower bound of this interval exceeds
t he maxi mum anount (39.83 x 10 tons) ever used for agricultural purposes in
the entire United States. W, therefore, assune that annual use in the region
of interest in the absence of acid precipitation would be 35 x 10° tons.
Thus, if acid precipitation were to add 5 percent to the quagtities of line
farmers in the region choose to use, an additional 1.7 x 10 tons would be
applied. At $6 to $8 per ton in 1978, the annual. cost 0f purchasing and
applying the line would be $10.50 x 10°to $14.00 x 10 . This estimate, which
is probably exaggerated for several obvious reasons, should, however, be
contrasted with the estimate of the Commi ssion on Natural Resources of the
National Academy of Sciences (197 , p. 178). The latter enployed a 197 cost ,
i ncluding spreading, of $14 to $18 per ton for an additional 12 x 10" tons of
lime to counter only the effects of acidifying atnospheric depositions.
Implicitly, this presumes that from farners’ decisionmaking perspectives,
one-third as much lime is required to counter the soil-acidifying effects of
t hese depositions as is required to counter the soil-acidifying effects of
inorganic fertilizers and reasonably pristine precipitation.

In addition =to its soil acidifying effects, acid precipitation can
directly harm plants by causing foliar necrosis, reduction of |eaf area
| eaching of |eaf surface minerals, and cuticular erosion as the plant foliage
intercepts the precipitation [Cowing (1978, pp. 49-50)]. The seriousness of
these effects in terns of yields is thought to differ wdely across plant
species and across different |life stages of the same plant. However, unless
one is willing to nake rather tenuous analogies with the well-known effects of
sul fur oxides [Conmittee on Sul fur Oxides (1978, pp. 80-129)], there appears
to be only nminimal know edge about the effects of acid precipitation upon crop
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yi el ds. The two most commonly cited studies referring specifically to acid
rain effects on yields seemto be Ferenbaugh's (1976) research on pinto beans,
and a degradation in the exterior appearance of Yellow Delicious apples that
Cowl ing (1978, p.59) nentions. These results are hardly a sufficient basis
for any analysis, sophisticated or otherwise, of the econonic inpact of the
direct effects of acid precipitation upon agricultural yields. Dose response
functions on a greﬁté} variety of crops are expected to be available soon,
however . The United States-Canada Research Consultation G oup on the
long-Range Transport of Air Pollutants (undated, p. 19) reports that results
from studies of the sensitivity of field crops to sinulated acid precipitation
were to be made public in the spring of 1980. In the neantine, the
Consultation Goup (p. 19) states that * there is every indication that
acid rainfall is deleterious to crops,” and that there is “... the potentia
for w despread econonic damage to a nunber of field crops.”

In spite of the current absence of dose-response data to do either an
unsophi sticated or a sophisticated econonic analysis of the direct effects of
acid precipitation upon crop yields, one might hazard a guess about the
magni t ude of the “potential” for w despread econonic damage by drawi ng anal -
ogies with other cropping systens that are known to have been exposed to
continuing high levels of air pollution. If the forns of representative plant
responses and representative farmers’ decisions based on these responses are
roughly simlar across types of air pollutants, conbinations of crop types,
and geographi cal areas, the hazarded guess would have some basis in reality.

Adans, et al. (1979) have studied the econonic effects of photochemical
oxi dants in southern California upon twelve vegetable and two field crops.
Their study took into account differences in the tolerances of the yields of
the various included crops to oxidant exposures, changes in cropping patterns
i nput substitutions, and |ocational changes. For many of the included vege-
tabl e crops, southern California has a seasonal near-nonopoly. Mjor adjust-
ments in cropping patterns and cropping locations were predicted and cobserved
within the region in response to increasing anbient oxidant levels. After al
these adjustnents, a 3.01 percent decline in the sum of producer rents and
consuner surpluses occurred, with three-quarters of this percentage decline

being producer rents. The total on-farmvalue figure of $24 x 10° in Table 1
for eight field crops in five agricultural subregions of the eastern United

States might or might not be a reasonabl e approxi mation _qf the sum of producer
rents and consumer surpluses obtained, fromthese crops.— If the 3.01 percent
reduction is applied to the $24 x 10°gross on-farm value, a loss of $720 x
10, results. In 1978 rather than 1976 dollars, this would be about $828 x
107, a figure that is to be taken no nmore seriously than the credence one is
willing to give the anal ogi es and assunptions fromwhich the figure is
deri ved. If one were to include various fruit crops such as apples, oranges,
and peaches, |egumes and tubers such as peanuts and potatoes, and ornamental
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in the calculations (in 1977, the g.s. on-farm val ue of the productiO& of
these crops was nore than $4.0 x 107), the figure mght reach $1.0 x 10~

Forestry Effects

O all the potential effects of acid precipitation, the effects upon
forest ecosystems “seemto be |east understood. General qualitative descrip-
tions of what mght happen abound, however, e.g., Abrahansen and Dollard
(1978), Cowl ing (1978), Dochinger and Seliga (1976), and Tamm (1976). As with
agricultural systems, the health of forest ecosystens can be affected directly
and indirectly by acid precipitation. Moreover, the health states can be
aided as well as hindered [Tveite (1980)].

Detrinental direct effects upon the physiological and netabolic processes
of forests are likely to occur when foliage intercepts acid precipitation.
Reductions in |eaf areas, excessive |eaching of organic nmaterials, cuticular
erosion, necrosis, and reductions in photosynthesis and the cycling of nut-
rients to other system conponents are all regarded as likely events. However,
Abr ahansen and Skeffington (1979, p.D.2.1) note that carefully docunented
field cases relating necrosis to acid precipitation do not exist. Qur search
of the literature has not turned up field denonstrations of the other effects,
al t hough thev all haveg?een found for one or nore tree species in controlled
experimental settings.— All of these studies of particular types of effects
fail to make clear how the observed effect is related to tree growth. There
nevert hel ess appears to be a consensus that the physiologically nmost active
devel oping tissues are the nost sensitive [Knabe (1976) 1.

Neither the field nor the experinmental studies of the effects of acid
precipitation on tree growh have yielded consistent findings. In fact
findings of no effects or positive effects of acid precipitation upon tree
growh domnate the literature. The results reported in a recent paper by Lee
and Weber (1979) are typical. These authors subjected the seeds of eleven
tree species, including Douglas fir, eastern white pine, yellow birch, sugar
mapl e, sumac and hickory, to an artificial rain containing enough dilute H_SO
to lower rainfall pH levels to 4.0, 3.5, and 3.0. The plants were exposel to’
these rains for three hours for each of three days a week over 1.5 years. In
general, acid precipitation had either no effect or a positive effect upon the
proportion of seeds that germinated and upon the top dry weight and root dry
wei ght of the germinated seeds. The soil solutions in which the seeds were
pl aced had high buffering capacities, causing the authors to infer that
what ever effects were observed were direct. In particular, they did find sone
negative effects upon foliage but they also frequently found enhanced rates of
growth. The latter they attributed to fertilization of the soil solution by
sul fur, nutrients leached fromthe plant surfaces, and increased plant uptake
of soil nutrients. For Tee and Weber (1979), the “stinulator” effects of

28



acid precipitation over the 3.0 - 4.0 pH interval nearly always dom nated or
negated the “inhibitory” effects. The results of these authors thus support
Abrahamsen's and Dollard's (1979, p.8) statenent that: “Statistically
significant effects [in | aboratory settings] have been observed only when
applying ‘rain” with pi 3 or |ower.”

El sewhere, Abrahansen and Skeffington (1979, p.D.2.4) indicate that they
and their discussants “ could think of no evidence to indicate yield
reductions under treatnment with acid rain in laboratory conditions at
realistic levels of acidity (i.e., pHz4). Later on, they state that "...no
artifical acidification experinment has produced a growth reduction at pHs
equivalent to those commonly observed in rain, and sone have produced a
stinulation.” These stinulator effects of acid precipitation (or acidifying
deposition) have recently been broadcast in several w dely read periodicals,
e.g., Maugh (1979). The inplicit position would then seemto be that some
limted anpbunt of acid precipitation in excess of that which is natural has a
positive inpact upon plant growh, probably as an amendnment to sulfur and
nitrogen deficient soils. Gven that the tine interval over which these
positive amendment effects would occur is typically unspecified, one is |eft
to presune they would continue at |east as long as the amendnents continue.

Forest ecosystem acidification |eads to reduced nutrient cycling rates.
Not onlv can nutrients becone complexed at |ow pH levels, as for phosphates,
but deconposition of organic material is slowed. Mny potential deconposes
are less active or inactive at pH levels nmuch below 5.0, and protozoa and
earthworns are very rare in soils having pH levels bel ow about 4.0 (Abrahamsen
et al. 1976). Lohm (1980) observed that acidification decreased deconposition
rates for both needles and litter as well. as decreasing fungal | engths,
bacterial numbers and cell sizes. The results of Francis et al. (1980) also
suggests that acidification of forest soils may cause significant reductions
in leaf litter deconposition and reduce nutrient recycling rates in forest
ecosystens by slowing amonification, vitrification and denitrification. Tanmm
et al. (1976) found that even noderate additions of sulfuric acid to soils
produce obvious effects on nitrogen turnover rates

Besides affecting nutrients through reduced deconposition rates,
depressed environmental pH |evels depress nitrogen fixation. Deni sen et al
(1976) found that lowered pH | evels caused both the nitrogen fixing bacteria
Azot obacter and nitrogen fixing blue-green algae to disappear from the soil.

The net consequence for terrestrial ecosystens of decreased nutrient
cycling and increased nutrient |eaching caused by acidification is reduced

productivity [Abrahamsen et al., (1976); dass and Loucks (1980); Leivestad
et al., (1976)]. Such responses have been terned “self-accelerating oligo-
trophication” by Gahn et al. (1974). Acidification could reduce or renove
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nutrient pools, constraining the redevel opment of previous biomass |evels
[dass, (1978)].

Using nitrogen as his exanple nutrient, Tanm (1976, p. 237) presents a
flow di agram which places all of the preceding results in a nmobst neani ngful
perspective. W reproduce with minor adaptations his diagram as Figure 1.
Tamm (1976) states’that the diagramis nmeant to be a hypothetical represent-
ation of the effects of increased strong acid in a system where much of the
nitrogen supply cones “ from deconposition in an oraganic A horizon with a
high carbon/nitrogen ratio (>15).” This suggested structure is consi stent
with experinental. observations in which sinmulated acid precipitation contrib-
utes positively to growh, even though it is expected that, in the long-term
growth woul d decline once the buffering capacity of the soil is exhausted
Tamm (1976, p. 338) also notes that the structure could account for the
frequently observed experimental failure of line to enhance growth rates: by
immbilizing the nitrogen in organic matter, the availability of nitrogen to
the trees is reduced.

The only available estimate of the long-term effects of acidifying
deposition upon pH |levels and base saturation appears to be MFee, et al
(1976) . These authors estimated that for a “typical” mdwestern soil, precip-
itation with a strong and disassociated acidity of pH = 4.0 at 100cm annual ly
for 100 years woul d reduce soil base saturation by 19 percent and | ower soil
pH by 0.6; at pH 3.7 (a doubling of acidity) and PH 3.0, 50 and 10 years would
be respectively required to bring about the sane changes. If the soi
initially has a fairly high pH level, effects of this magnitude woul d probably
not be noticeable in terns of plant growth results; however, if the soi
already has low pH, it is generally thought [MFee (1978, p. 66)] that leach-

ing woul d ranidlv .increase. Generally, therefore, it is thought that
d (Leaching)/d(pH) > 0, inplying that the rate of loss of soil nutrients
woul d get progressively worse as time passes. It thus seenms that insofar as

forest soils are concerned, acid precipitation has all the attributes of
acquiring possible short-term gains in forest growth at the cost of probable
long-term losses in forest soil fertility. For both biological and econonic
reasons, it seems unlikely that liming can counter the fertility decline. In
addition to the previously mentioned biogeochemical argunment of Tamm (1976),
Ti sdal e and Nelson (1976, p. 428) note that “... particulate of |imestone
cannot nmove in the soil, and consequently they nust be placed where they are
needed.” Tilling linme into extensive areas of forest soils would seem both a
technical and an econom ¢ impossibility.— In anything other than geol ogical
time, accelerated soil acidification, therefore, appears irreversible.

Unfortunately, it is quantitatively unclear how the above reductions in

soil fertility will ultimately affect forest yields or the properties of other
forest ecosystem conponents (water storage, game aninal popul ations,
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aesthetics, etc.) that humans directly value. W were unable to discover any
inforgﬁtion what soever that related acid precipitation to the latter compon-
ents.— Jonsson and Sundberg (1972), in a frequently cited paper, suggest 2
to 7 percent declines due to acid precipitation in the annual growh rates of
forests in southern Sweden during the 1950-1965 period relative to 1896-1949.
However, Cogbill, .(.1976), in a sinple tine trend study of conparative tree
ring growmh in areas of eastern North Anerica subject to and free of acid
precipitation, could find no differences attributable to acid precipitation.
The trends he observed started no later than 1890, and continued until 1.972-
73. However, the credibility of Cogbill's (1976) results nust be tenpered by
guestions about the conparability of sites at which precipitation pH has been
measured [Perhac (1979)] ; the errors inherent in nuch of the field instrunment-
ation traditionally enployed to neasure pH [Glloway, et al. (1979)]1;:; and one
study [Frinks and Voight (1976)] which gives cause to believe that, at |east
in one area of Connecticut, the pH of precipitation has been rather |ow and
unchanged since the early 1900’ s.

Gven the enpirical. confusion that exists with respect to the ultimte
i mpacts of acidifying deposition on rates of forest growh, we choose to adopt
Jonsson’s (1976, p. 842) position that there is “ no good reason for
attributing the reduction in growh to any cause other than acidification.”
We adopt this position because it is consistent with existing know edge of the
biogeochemistry of forest ecosystems [e.g., Likens, et al. (1977)] as wellas
the economc |aw of variable proportions.

One’s willingness to accept estinmates, made using current price and
production data, of substantial positive benefits fromreducing forest expo-
sures to acid precipitation or acidifying deposition must be tenpered by
evidence that the current elasticity of substitution between |and and
intensive forestry is very high., Clawson (1976), for exanple, argues that the
following outputs of the national forest system can all be econonmically and
sinul taneously increased as follows: net arnual growth can be tw ce as great;
designated wi | derness areas can be four tines greater; outdoor recreation can
be doubled; and wildlife stocks and water storage can be nodestly increased.
MIler (1978), while considering endangered animal species, also enphasizes
that inproved nmanagenent techni ques have great potential for maintaining
existing wildlife stocks now suffering from environnental stresses. Hair,
et al. (1980, pp. 514-519) note that if all opportunities offering at least a
four percent net annual return on all forest land. in the South were to be
exploited, the region’s 1976 net annual tinber growth woul d have increased by
86 percent. In the Northeast and North Central regions, the corresponding
increase offering a similar mninum return would have been 25 percent. Berk' s
(1979) recent finding that private forest owners act as if they faced a real
before-tax interest rate of only five percent is consistent wth nmanagenent
behavi or which fails to exploit the opportunities that Hair, et al. (1980)
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think to exist.

In Mnnesota and the states east of the Mssissippi River, thge were,
according the the U S. Forest Service (1978, pp. 1, 97), 229.8 x 10 acres of
comerci al and prod%ctive reserved forest land that had a pet annual 1977
growth of 6.12 x 10~ cubic feet of softwods and 7.51 x 10° cubic feet of
har dwoods.  Lerner (1978, p. 735) indicates that 1977 stunpage prices in 1978
dollars for the softwoods averaged about $1.30 per cubic foot, while for
har dwoods they were about 50 cents per cubic foot. Jonnsson and Sundberg
(1972) and Panel on Nitrates (1978, p. 577) judge that a reduction of five
percent in net annual growth falls within the interval of reduced growth one
m ght reasonably expect from the acid precipitation now falling upon Scan-
dinavia and eastern North Anerica. |If the precipitation in Mnnesota and the
states east of the Mssissippi River were pristine (pH5.65), a five percent
ingrease in 1977 net annual growth of softwoods woul d have ambunted to 310 x
10 cubic feet. Hardwood net annual growth would have increased by 375 x 10°
cubic feet. Assuming these increases would not have appreciably affected
stumpage prices, the 1978 nmarket value of the additional softwood woul d have
been $404,x 10°.  The hardwood increase woul d have had a 1978 market val ue of
$188 x 10 . In 1978 dollars, the 1977 market value of the i%crease for both
sof t wods and hardwoods woul d, therefore, have been $592 x 10 .

The val ued outputs of lands devoted to forests are by no neans linited to
ti nber. These lands provide outdoor recreation, aesthetic satisfaction, water
storage, wldlife habitats, and a variety of other services. Unfortunately,
representative estimates of the value of the sumof these services are rare
The sole immediately and easily useful estimate we have been able to find is
the study of Calish, et al. (1978). These authors, in a rather nonrigorous
but nevertheless extrenely clever and interesting paper, estimated that the
1978 annual non-tinber value (in terns of harvestable game aninals and fish,
water flow, nongane wildlife diversity, visual aesthetics, and prevention of
mass soil novenent) of a representative Douglas fir forest in the Pacific
Nort hwest was $87 per acre. Assune that this sane val ue per acre can be
applied to eastern forests; and further assune that current levels of acid
precipitation reduce these non-tinber values in the same proportions as was
assuned for the tinber values, i.e. , bv about five percent. Calish, et al.
(1978) attribute about 11 percent of the $87 per acre to the production of
harvestable fish, inmplying that $77 per acre consists of non-tinber values for
whi ch we have not ot herw se account ed. Five percent of this $77 is $3. 85.
Thus, if pristine precipitation were to replace acid precipitation in
M nnesota and east of the Mssissippi River, these procedures inply that 1978
non-tinber values in this area would have annually increased by ($3.85 per
acre) (299.8 x 10° = $1.15 x 10° Adding the Bimber and non-tinber val ue

increases yields an annual benefit of $1.75 x 10~ in 1978 dollars. Assuming a
15 percent discount rate and that this increase could be sustained

32



indefinitely, a discounted value of $11.66 X 1& results.

Aquatic Fcosystem Effects

Contrary to the forest and forest soil effects of acidification, a sub-
stantial anount of economically useful quantitative information is available
about the aquatic tcosystem effects of acidification. McFee (1976) conject -
ures that sonme soils in Scandinavia and eastern North Anerica have been
subjected to acid precipitation for approximately a century. Only within the
| ast decade or two, however, are the soils thought to have become sufficiently
acidified to influence the pH levels of inflows to fresh water bodies.
Because of this relative i mediacy, changes in the biota of these water bodies
have been observed rather than being considered as historically preordained.
In addition, there has for several decades been an historical record of the
i mpact of acid mine drainage upon the biota in the streams of the Appal achi an
region. Barton, (1978, p. 314) states that in the United States 10,000 mniles
of streans and 29,000 surface acres of inpoundnents and reservoirs “.. . are
seriously affected by nine drainage.”

Declines to about 6.0 in the pH | evels of fresh water bodies reduce
prinmary production. Since primary production is reduced, detritus derived
from the decay of plankton tends to disappear. As a consequence, water
transparency increases, detrital material decreases, and there are increases
in soluble alumna, irons, magnesia, and trace netals such as cadm um and
mercury. The phytoplankton and zoopl ankton speci es which survive are
obviously acid-tol erant, perhaps because they are resistant to heavy netals.
However, they also concentrate these metals which, in turn, mav make them
toxic to many fish and bottomdwelling (benthic) organisns. Al though fish and
insect kills occurring during heavy rains and spring snowmelts have been
frequently observed [e.g., Gjessing, et al. (1976, p. 65)1, the mmjor effects
upon fish and insects are thought to stem from reproductive and recruitnment
failures caused by calciumnmetabolismdifficulties, the accumulati on of heavy
netals in parents, and the exposure of those young that are produced to these
netals [Fromm (1980)]. Schofield (1976, p. 229) indicates that increased
salinity tends to nake fish nmore acid-tolerant, apparently, according to
Packer and Dunson (1970), because it enables fish to replace the body sodi um
| osses that |ow pH causes. The reproduction failures can result in extinction
of the species in acidified water bodies. Almer, et al. (1978, pp. 303-307)
cite several cases where surviving individuals of some game fish species grew
nore rapidly and were of larger size than were sinmilar individuals in |ess
acidified water bodies. They attributed this to the |essened conpetition for
the avail able food stock.

Both Almer, et al. (1978, pp. 308-309) and Gorham (1978, pp. 41-42)
remark upon the possible inplications of altered (generally reduced) diversity
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and biol ogical productivity of aquatic flora and fauna for organisns such as
anphi bi ans, birds, and manmal s who spend inportant parts of their life cycles
in and around aquatic environnents or who are dependent upon these
environnments for sonme or all of their food supplies. A ner, et al. (1978),
tell of fish- eating birds such as |oons who have migrated fromacidified
lakes in Sweden to sites with nore anple food supplies. Gor ham (1978)
expresses concern for the inpact upon npose popul ations and distributions if
production of the aquatic plants formng parts of their diets is inhibited.
Birds of prey, such as eagles and osprey, and gane birds, such as mallards and
wood ducks, could be subjected to altered popul ations and distributions from
reductions in their aquatic food sources. Little seens to be known, however,
about the ease with which these aninals could substitute nonaquatic food
sour ces.

In the following pages several attenpts will be nmade to devel op rough
economni ¢ values for the aforenentioned aquatic ecosystem effects. Each
attempt is nmade in order to exploit a particuar type of natural and/or
econonic information. The neasures devel oped are not additive. Most
inportant, as is the case throughout this report, all the neasures are and
very sensitive to minor perturbations in assunptions.

Al'though the criteria he uses for determning whalt is and is not '"fish-
able" are unclear, Todd (1970, p. 303) shows 19.14 x 10  acres of fishable
fresh-water streams and | akes in Mnnesota and the states east of the Missis-
sippi River. This excludes the Geat Lakes which have an area of 38.00 x I0
acres. Adans, et al. (1973, p. 43) indicate that about 23 percent of the
approxi mately 168 x 10 people twelve years or older then living in this area
passed an average of 7 days fishing in the sunmer quarter of 1972. This
represents 270 x 10 fishing activity days. No reliable information could be
formed giving the seasonal distribution or the fresh-salt water distribution
of fishing activity days. W, therefore, assunme that 85 percent of this
fresh-water fishing occurs during the sunmer quarter. Upon making the adjust-
ments called for by these assunptions, we are left with 287 x 10 fishing
activity days in Mnnesota and the states east of the Missisgsippi in 1972. W&
assune that the nunber of activity davs in 1978 was 300 x 10 nore-or- |ess.

A nunber of studies of varying degrees of sophistication are available
whi ch purport to give the representative wllingness-to-pay for an additiona
fresh-water fishing activity day. These estimates are distributed over a
range from 10 to 30 mid-1970's dollars. The S20.72 unconpensated consumner
surplus estimate obtained in 1972 by Gordon, et al. (1973) is adopted here
Assumi ng that increases in real income, in the value of tine, and changes in
relative fishing costs have not altered this figure, this amunts to $32.30 in
1978 dollars. If the marginal value of a fishing activity day is a constant
regardl ess of the availability of opportunities to catch fish and if no
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fishing occurs in the absence of fish, the extinction of fresh-water fish life
in Mnnesota and the states easg of the Mississippi River would have resulted
in economic |osses of (300 x 10 activity days) ($32.30) = $9.69 x 10°in 1978.
Assum ng the nunber of fishing days is linearly and inversely related to the
acres of fresh-water having fish populations, and if Tables 1 and 2 from
Chapter IIl are to«be-believed, well over half this |oss would occur before
all fresh-water in the aforenentioned area reached a uniformpH | evel of 6.0.
If large regions in the general area retained pH levels for fresh- water at
6.5 - 8.0, even though the average pH over the entire region was 6.0 or |ess,
the econonic |osses would be a great deal less. This is because fishernen
woul d readily be able to substitute away from an acidified to nonacidified
bodi es of water.

The recreational value of the fresh-water resource in Mnnesota and the
states east of the Mssissippi is clearly rot limted to fishing activities.
One nmjor additional use is for hunting, particularly waterfow hunting.

According to Todd, (1970, p. 303), there exist in this area 48.83 x 10°acres

of natural wetlands “... of significant value to fish. and wildlife.” |n 1980,
the U S. Water Resources Council (1968) projected that the nngber of
water-rel ated hunting activjty days in the area would be 220 x 10 . This was

projected fromthe 162 x 10 days taking place in the sane area in 1960. On
the other hand, the US. Fish and Wldlife Service (1972, p. 31) estimated the
number of 1970 waterfowl hunting activity days by people 12 or nore years old
to be 17.58 x 10 . Since, relative to fishing activity days, this seems nore
plausible, we enploy it here. Hammack and Brown (1974, p. 29), in their study
of the value of waterfow, found that the average waterfow hunter passed 9.7
davs each season engaged in the activity, and acquired a consumer surplus of

$247 (= $462 in 1978 dollars) fromthe right to hunt during the 1968 season.

Even if fresh-water pH levels were universally to drop to 4.0 or less
t hroughout the region east of the Mssissippi, it cannot be assumed that all
waterfow in the region would di sappear. Some invertebrates that constitute
part of the diet of waterfow would survive. More inportant perhaps, there
are | and-based food itens (such as agricultural grains) that waterfow n ght
empl oy as a substitute food source. Nevert hel ess, it should be noted that
several very inportant hunted species of waterfow currently get 50 percent or
more of their food supplies from aquatic sources. Martin, et al. (1961)
state, for exanple, that 50 to 70 percent of the diets of the nallard, the
bl ack, and the commpn goldeneve ducks consist of aquatic insects, crustaceans,
and mol lusks. Moreover, the habitats of these birds, especially the nallard,
tend to be the ponds and shal |l ow lakes thought to be nore susceptible to acid
precipitation. Of the waterfow hunters in the Hammack and Brown (1974, p.
39) sanple, 47 percent stated that mallards were their first preference in
wat erfowl hunti ng.
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Gven the alnost total lack of information on the inpact of fresh-water
acidification upon the population and distributions of waterfow, we choose to
make some quite arbitrary assunptions. In particular, we assune that a
representative nmenber of a representative species currently obtains half its
food supply fromfresh-water aquatic environnments. Tt, therefore, has sone
ability to substitute food fromterrestrial or marine environments for the
fresh-water source’without having to alter its location in any given season
W thout guidance from any source, we assune that the destruction by acid-
ification of the acid-intolerant portion of the fresh-water food supply for
waterfow wll result in a reduction of 20 percent in the waterfow population
during the hunting season in Mnnesota and the states east of the M ssissipp
River. Further assune that the elasticity of waterfow hunting activity days
with respect to waterfow populations is 0.5. If the nunber of waterfowl
hunting activity days in the region of interest was approxinmately 30 x‘18 in
1978, the assumed elasticity and reduction in waterfow population inplies a
drop in 1978 activity days to 28.5 x I0". If the margi nal value of an
activity day is a constant, the Hammack and Brown (1974) estimate of the
consumer surplus obtained fromthe right to hunt waterfoM inplies an activity
day valuation of $462.00/9.7 = $47.63. The ten nmillion day reduction in
waterfow hunting activity days, therefore, yields a 1978 econonic |oss of
$71.45 x 10 . Gven our long chain of arbitrary assunptions, we conclude that
an estimate of 70 million dollars is reasonable. It is inmportant to note
however, that Hammack and Brown (1974, p. 63) found that waterfow hunters
could annually shoot 76 percent of the waterfow in the Pacific flyway w thout
reducing the breeding population. It seems unlikely that fresh-water acidifi-
cation woul d have an effect upon recruitnent of this magnitude. One might,
therefore, conclude that fresh-water acidification will cause no changes in
wat erf ow popul ations and distributions and thus no economic |osses will be
i ncurred. In cases where waterfow and fish have been conpeting for the sane
aquatic insects, it may be that acidification by reducing fish populations
will reduce conpetition for the aquatic insect food source and thereby enhance
wat erfow popul ations.

If the food supplies of waterfow are harmed. by fresh-water
acidification, it follows that the food supplies of birds that are not legally
hunted will also be harmed. The diet of the osprey consists entirely of fish,
whil e bal d eagles.are nostly dependent upon fish for food. Cranes, including
the sandhill crane, utilize a variety of aquatic vertebrates and invertebrates
for food sources. 1In spite of the possibility that these and other birds wll
suffer population declines from fresh-water acidification, we have no basis
what soever on which to fornulate a guess at the economnmic losses a popul ation
decline might entail. Not only do we lack any quantitative information on
popul ation responses to acidification, we also |ack any information about the
val ues people place upon encounters with these birds
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A somewhat sinilar problem exists for nammal s dependent upon aquatic
ecosystens for part of their food or even for their everyday habitats. These
woul d include, for exanple, racoon, mnk, nuskrat, marten, beaver, river
otter, and even npose and black bear. No readily available information exists
on the popul ation responses of these animals to acidification-induced
perturbations in theix aquatic food sources or habitat. Nor does any econonic
information exist on the value of an encounter with these animals. Economi ¢
i nformation does exist, however, on their nmarket value when they are killed
for their furs. The U S. Water Resources Council reports according to Todd
(1970, p. 270) that in 1966, 7.0 x 10" “fresh-water dependent” fur-bearing
animals were captured in Mnnesota and the states east of the }é[ississippi.
These animals, in 1978 dollars, had a market value of $26.7 x 10, or
approxi mately $3.80 per aninmal, assunming the resources enployed in their
capture had no valuable alternative uses. Measured solely then in terns of
the worth of their fur when captured, the econonmic inpact of a fresh-water
acidification~ induced population reduction will be minor. Again, however,
this disregards the animals’ value in terns of sinple observations during
encounters as well as the value they contribute to hunting recreational
activities.

Boating and swinmming are additional recreational activities that con-
ceivably could be affected by reductions in the pH of fresh-water. However,
in a study of the acid nine drainage problemin the Appal achian region,
Robert R Nathan Associates (1969) was unable to find any variation in boating
and/or swimming activity days with respect to different levels of pH This is
not too surprising since it is generally recognized that boaters and swi mers
respond negatively to increased turbidity. Kramer (1978, p. 354) notes that
there is an approxi mate doubling in transparency, neasured as Secchi depth,
for each unit decrease in pH over the 6.5 - 4.5 pH interval. He attributes
this “... to the dissolution of iron and manganese colloids and the decrease
in organic detritus with decreasing pH due to decreasing photosynthesis” (p.
354) .

Added to all the above results nust be the commercial value of captured
fresh-water fish. In 1965, Todd (1979, p. 270), u§ing data fromthe U S

Water Resources Council, estimated that 2801.6 x 10 pounds of "fresh-water-
dependent” fish were caught in our region of interest. The market val ue of
these fish was $196.2 x 10 (=$404.2 x 10°in 1978 dollars). Sixteen percent
of this catch, was either fresh-water or anadronpus species. Assum ng the
resources enployed to catch this sixteen percent had no valuable alternative
uses, if these fresh-water or androgous species were to be extinguished, the
annual loss would ampunt to 65 x 10 1978 dollars. This includes the extinc-
tion of the catch fromthe Geat Lakes.

Wien all the preceding effects of acid precipitation upon fresh-water
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ecosystens in M nnesota and the states east of the M ssissippi River are
summed, one obtains 1978 annual benefits for preventing pH levels falling
below 4.5 - 5.0 for all fishable fresh-water bodies in this area of $10 to $11
billion. Nearly all the benefits are attributed to the namintenance of
recreational fishing opportunities. Tt nust neverthel ess be enphasized that
the econom c. and biolegical analvses on which these estinmates are based have
weak. analytical foundations. Given those limits, sonmewhat nore creditability
m ght be achieved by adopting a different approach to assessing the benefits
of acid precipitation control.

If the acidification of fresh-water does negatively influence ecosystem
attributes that human beings value, one would expect these negative influences
to be capitalized into land that offers ready access to these valued attrib-
ut es. In particular, economc theory predicts that land prices will be
consistent with the values people attach to the differences in these advan-
tages of access. Freeman (1979) outlines the circunstances in which these
prices will reflect the variations in consuner surplus generated by the
differences in access advantages.

Adans, et al. (1973, p. 111-110) present estimates by farmi ng region of
differences in the 1972 per-acre value of recreation land with and w thout
water. For the states east of the Mssissippi River, the nedian difference by
regi on appears to be about $1,250 per acre. Recreation land wthout water is
general |y about 33 to 50 percent the value of land with water. [f the val ues
of both types of recreational |and behaved as did farmreal estate values
between 1972 and 1978, their values approximately doubl ed [Econom ¢ Research
Service (1978)], inplying that the $1,250 per acre difference in 1972 had
increased to a $2,500 per acre difference by 1978.

Excludng the Great Lakes, Todd (1-970, p. 301) finds that there exist
21.86 x 10 acres of inland water available for recreation in Mnnesota and
the states east of the Mssissippi. This is somewhat greater than the 19.14 x
12% acres that he gconsiders to be “fishable” (p. 303),OF this “fishable”
acreage, 3.83 x 10 is in streans, leaving 15.31 x 10 acres in natural and
man- made | akes, exclusive of the G eat Lakes. Assune that each surface acre
of fishable freshwater |akes, excepting the Great Lakes, is associated with
one riparian acre. This one acre figure is a judgment fornmed by using a table
in Todd (1970, pp. 126-127) of the surface acreages and shoreline |engths of
the largest lakes in each state of the United States. Man-nade |akes tend to
have shoreline m|eages about 10 times as great as the square nileages of
their surface areas, while the shoreline nileages of natural |akes tend to be
about half as great as the square nileages of their surface areas. W
estimate then, that of the nearly one billion acres of the surface of the
gl obe contained within the boundaries of Mnnesota and the states east of the
M ssi ssi ppi, 15.31 x 1(? (or 1.6 percent) of them are riparian to | akes and
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ponds.

Added to the | ake and pond riparian acreage nust be the acreage that is
riparian to rivers and streams. Mnnesota and the states east of the Mssis-
sippi contain about 36 percent of the 260,000 streamniles in the 50 U S
states, nmeaning that they have about 94,000 stream mles. Assuming 50. 66
riparian acres per 'stream nmile, these 94,000 streamniles yield 4.76 x 10
riparian stream acres. By way of contrast, this means that we estimate 1.24
of riparian acres per acre of stream surface water, as opposed to the one
riparian acre estimated for each acre of |ake and pond surface water.  Upon
summing the estimated stream and | ake and pond riparian acreages for M nnesota
and the states east of the Mssissippi River, we obtain 16.55 x 10 acres.

Now | et us consider under sone extremely Strong assunptions what the
extinction of fish life on these 16.55 x‘lg acres mght nean for their
values. According to Unger, et al. (1976, pp. B.6 - B.8), there were 1.70 x
10" fresh-water rel %ed recreation activity days in 1970 in the Urited States,
of which 0.63 x 10~ days, or 37 percent, were devoted in sonme part to
fresh-water fishing. O the estimated $2,500 per acre difference in 1978
bet ween the val ues of recreational |land with and w thout ready access to
water, we presune that exactly 37 percent, or a $925 premiumis attributable
to the fishing access the former offers. If the gane fish in all of the
waters to which the above nmentioned acreages are riparian were sinultaneously
to di sappear forever, the total value of these acreages would then decline by
($925) (16.55 x 10°) ~$15.32 x H?.

Earlier, using recreational data on fishing activity days and the
consuner surpluses associated with them we estinated that the disappearance
of all game fish would have generated annual |osses of $9.69 x 10 in 1.978.
If these |l osses were to continue in perpetuity, and if they were all to be
capitalized into the values of riparian acreages, a discount rate in excess of
200 perceﬁtgwg?d have to be applied in order to yield a present value of only
$15.32 X 10°.,— This hardly seens realistic. Wen a nore reasonable discount
rate of 15 percent is applied to this presuned present value for riparian
property | osses of $15.32 x 10°, one obtains annual |osses of $2.0 x 10°
Lower discount rates inply still lower annual |osses. For example, a di scount
rate of 5 percent. inplies annual |osses of only $0.73 x 10. On the other
hand, if one applies a 15 percent discount rate to the earlier estimte of
$9.69 x 10 in annua %Psses, one obtains a present value for this stream of
| osses of $74.29 x 10~ , a considerable anount of wealth indeed

Before rejecting the previous $9.69 x 10° annual |oss estimate in favor
of an annual |oss estinmate derived froman equally limted treatment of the
annual |osses inplied by reductions in riparian property values, it is
important to keep in mind that these latter |losses are related only to the
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| osses in consuner surplus suffered by the riparian property owners plus the
fees they might collect from present and future fisherman who w sh to gain
access to fresh-water bodi es over present owners’ riparian lands. |n the
great mmjority of cases, these fees are not collectable because of the costs
of policing access. One can thus make a strong argunent that the inpact of
acidification upon*riparian propertv values, even if the structural conditions
outlined by Freeman (1979) are fulfilled, must be a substantial underestimate
because of the failure to register the surpluses accruing to fisherman who
have free access over the |and.

The preceding accounting, in addition to its rather severe linmtations in
terms of economic analysis, fails to consider the actions private and public
bodies might undertake to ameliorate the effects of acid precipitation. In
particular, one might lime and/or restock acidified fresh-water bodies. The
ecol ogi cal evidence for the likely restorative successes that can be achieved
by liming is mxed. As for restocking, if one is willing to devote the
requisite resources, it is perhaps a feasible technical alternative. Whatever
the technical and financial feasibility of either or both of these restorative
procedures, it nust be recognized that some set of decisionnmaking bodi es nust
be fornmed and maintained to inplement the restorative procedures. Given the
conmon property attributes of that which is to be restored and the public good
nature of the restorative and restocking actions, one mght reasonably have
serious doubts about whether effective massive restoration and restocking
prograns can be fornmulated and inplenmented.

In principle, the limng of fresh-water bodies will sinultaneously serve
to raise the pH values of the water and to make the heavy netal s abundant at
| ow pH substantially |ess available biologically. Hagerhall (1979) estimated
that in 1973 it would cost $45-70 x 10" to acquire and apply one million tons
of CaCO in Sweden. Assuming simlar costs in the United States, this amounts
to $66-103 per ton per year in 1978. He also states that apparently a one-
tine applicatjon of 30-50 x 10 tons of CaCO_. (p. 10) would suffice to return
22.24-27 x 10 acres of Swedish |akes to the % pH states at the beginning of
the 20th century, if acid precipitation were to cease. Sinply to counter the
current yearly increnent in acidification over this lake area would, according
to Hagerhall (197,9, p. 10), require the annual application of one nmllion
tons of CaCO_. Thus restoration bv lining in 1978 to pH levels of the ear:ly
20t h century would require a one-time outlay from (30 x 10  tons/27 x 10
acres) ($66) = $73.33, to (50 x 10 tons/22 x 10 acres) ($103) = $234.09 per
acre. The nid-range of this interval is $150 per acre.  Thus, always remem
bering the limts of the analysis, if all the 19.14 x 10 acres of fishable
fresh-water bodies in Mnnesota and the states east of the M ssissippi River
were to beconme acidified in a fashion simlar to the aforenentioned Swedish

| akes, a one-tine 1978 outlay for limng of $2.87 x 10 would be required to
return themto pH levels in excess of 6.0. However, if the nunber of
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acidified fresh-water acres is extended to the natural. wetlands “.. . of
significant value to fish and wildlife” [Todd (1970, p 3031, this estimate
increases to !(48.83 x I06acres) + (19.14 x 10 acres)] $150 = $10.20 x 10°
On an annual i zed basis, using a 15 percent rate of discount, these one-tine
outlays are respectively equivalent to $430 x 10 and $1.53 x 109.

Assumi ng the $150 per ton cost figure for the purchase and application of
CaCO_ to be reasonable, a rough check on the above estimtes can be obtained
by exploiting a statenent of Holden's (1979, p. 11).

. . -1 . .
“An alkalinity equivalent to 2.5 ugl = calcium carbonate requires

the solution of 2.5 g. metre . A lake of 10 ha with a nean depth of 2 m
(a small lake), requires 500 kg of dissolved cal cium carbonate, and

probably ten times this anpunt of th% solid to obtain sufficient in
solutjon. A streamflowing at 1 m’s-" would require about 80 tonnes
year in solution. These quantities nust be maintained each year. ..”

Assune that the |ake Holden (1979) describes is representative of npst
| akes in Mnnesota and the states east of the M ssissippi River. Furt her,
assune that, because of the greater ability of streans to dilute materials,
that representative streans annually require the injection of twice as much
CaCO_ as do the representative |akes. Gven that “sufficient” solution of
CaCO,requires the injection fromall sources of ten tines as much i_n
soliafornl this is stating that each acre of our representative |ake annually
requires the introduction of about 450 pounds of CaCoO . Streams, therefore
by our assunpti on, reqiire 900 pounds of CaQo,for eaalacre of their surfacg
areas. The 15.31x10acres of fishable freshwater | akes and the 3.83 x 10
acres of fishable fresh-water streams in Mnnesota and the states east of th
M ssi ssi ppi River, therefore, requre the annual introduction of (15.31 x 10
acres) (450 pounds) + (3.83 x 10 acres) (900 pounds) = 5.17 x 10" tons of

CaC0, or equival ent. If all this CaCO_ had to be introduced by man, and if
each ton of CaCO cost $550 to acquire and inject, the total annual cost in
1978 woul d be $7?76 x 10"  This figure is much greater than even the one-tinme

cost earlier obtained using the data of Hagerhall (1979). Note, however, that
the estimate from Holden (1979) assunes that all CaCO_, entering these
fresh-water bodies is somehow to be supplied by man. If, for exanple, half
the CaC0,necessary to raise the pH level of a fresh-water body is naturally

supplied fromthe catchment area, the $7.76 x 1 cost estimate would have to
be reduced accordingly. However, if the 48.83 acres of wetlands “... of

significant value to fish and wildlife” are taken into account, and if one
assunes that the residence time of water in these wetlands is twice as long as
in Holden's (1979) representative lake (inplying that only half as much CaC%
is required as in the represengative | ake), then an additional (48.83 x 10
acges)(225 pounds) = 5.49 x 10 tons at an additional total cost of $8.24 x
10" woul d be required annually. Thus, at least in terms of the sets of
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assunptions enployed here, the use of Holden's figures on limng requirements
leads to an estimte of the annual cost of linming nore-or-less simlar to the
value of the fishery that would be lost if fresh-water acidification were
al l owed to proceed unhindered.

The literature occasionally nentions two other alternatives to anelio-
rating the effects of extant pH For exanple, Swarts, et al. (1978) and
Leivestad, et al. (1976) find differences within fish of the same age and
species with respect to their ability to tolerate low pH  This raises hopes
for natural selection processes serving as a nmeans to nmintain natural
popul ations, given, of course, that the rate of toxic acidification deoes not
outstrip the rate of natural genetic inprovement in tolerance.

Alternatively, the awareness of differences in acid tol erance anobng
species raises the prospect, [e.g., Schofield (1976, p. 230)] for the selec-
tive breeding or genetic engineering of acid-tolerant individuals. These
individuals would then be used to restock acidified waters. However, if
acidification also has a mgjor inpact upon the popul ations of other fresh-
water organisns, it is unclear what the restocked fish would eat other then
their peers. A sinilar conment applies to all restocking programs, whether or

not with acid-tolerant individuals. Almer (1978, p. 307) neverthel ess
mentions several species in acidified waters which have substituted surviving
invertebrates for their usual food which consists of other fish. It thus

seens worthwhile to make sone estimates, even if exceedingly rough, of the
cost of restocking fish popul ations.

Pennett (1971, p. 89) presents a table showing average standing crops cf
various species of fish per acre of fresh-water. The species range from trout
and channel catfish to suckers and carp. The table was constructed to show
the relative nasses of the 19 species listed, given that sone species are
usual Iy seen in conbination with other species. The average of the nean
poynds per acre for the 19 species is approximtely 36. If there are 19.14 x
10 acres of fresh-water |akes and streans in Mnnesota andthe states east of
the Mssissippi River, this inplies that there are 689 x 10 pounds of fish in
these waters. éxccording to Lerner (1974, Table 332) the Federal government
spent $298 x 10 in 1973 for the maintenance of fish and wildlife populations.
Part of this nobney was spent to propogate and distrributé, » according to the
U S. Fish and Wildlife Service (1974, p. 27), 303 x 10 fish eggs. If, on
average, 5 percent of these eggs survive to one pound adults, and if all the
above $298 x 10 1973 Federal expenditures were for fish, then each pound of
adult fish cost the Federal governnent $19.67 (= $28.91 in 1978 dollars). For
obvious reasons, this is an overestimate. Nevertheless, even if the survival
rate is increased and/or the cost per adult fish is reduced, a substantial
annual outlay renains. G ven the extreme crudeness of the calculation, the
difference fromthe $10-11 x 10° estimated annual value of a loss of the
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entire game fishery in the region of interest does not seem sufficent to
concl ude, tentatively or otherwise, that the annual value of the inpact of
acid precipitation upon aquatic ecosystens is the cost of restocking game fish
popul ati ons.

Health Effects <« -

The Safe Drinking Water Conmittee (1977, p. 439) defines “hard” water as
that containing 75 mg/liter or nore of cal cium carbonate or the equivalent.
Increased hardness is indirectly associated with elevated pH  Although the
Committee does not adopt an unequivocal position, it does state that the body
of evidence for “soft” water being a causal agent in cardiovascul ar di sease
" issufficiently conmpelling so that ‘the water story'is plausible . ,.,"
(p. 447). Soft water has a relative lack of inorganic solute health-support-
ing agents such as cal cium nagnesium and manganese, and a rel ative abundance
of health-degrading netal agents such as cadmium |ead, copper, and zinc. In
addition, the effectiveness of several standard nethods (chlorination
filtration and sorption, etc.) for reducing concentrations of bacteria,
viruses, and protozoa in water intended for human internal consunption some-
times varies directly with pH

Qur brief review of the available evidence makes us reluctant to map

di sease incidence into the pH levels of drinking water. Nevert heless, it is
worth noting that quite small incidence due to the inorganic and organic
solutes and the mcrobiological agents whose human healt h-degrading potentials
are activated by |low pH levels can result in large econom c | osses. For

exanpl e, about half of the two million annual deaths in the United States are
attributed to the various cardi ovascul ar diseases. 1f only one percent of
these one mllion deaths were indirectly attributed to | ow pH drinking water
supplies, a toll of 10,000 deaths would result. In this context, it is worth
noting that the Safe Drinking Water Conmittee (1977, p. 447) states: “On the
assunption that water factors are causally inplicated, it is estimated that
optimal conditioning of drinking water could reduce this annual cardiovascul ar
di sease nortality rate by as nmuch as 15%in the United States.” Recent
economi c research [e.g., Thaler and Rosen (1975)] indicates the val ue of
safety from death. to be about $500,000 - $1,000,000 in 1978 dollars. Using
the lowest point in this range along with the one percent nortaljty
assunption, would then result in annual economi c benefits of $5 x 10 . Thi s
figure would be increased substantially if one were to account for the | osses
in life- cycle earnings (and inplicitly in labor productivity) due to
cardi ovascul ar di seases that do not now and perhaps never will result in
death. Bartel and Taubman (1978), while working with a panel of 40-50 year
old male twins, found that those with cardi ovascul ar di seases had their annua
earni ngs reduced by 20 - 30 percent relative to their healthy peers.
According to the National Center for Health Statistics, 15.7 percent of the
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1976 U. S. popul ation suffered from cardiovascul ar di seases [Lerner (1978, p.
120) ] -

The preceding makes it appear that the health inpacts and consequent
econom c effects of reduced pH in water used for internal hunman consunption
coul d readily be wvery. considerabl e. This assumes, however, that no anelio-
rative measures are available to either the consuner or the supplier of the
wat er . I[f at a cost less than the value of the health effects, these anelio-
rative neasures are able to raise pH to the levels that would exist in raw
wat er supples in the absence of above-background acid deposition |evels, then
the proper health effects benefits to ascribe to the control of acidifying
deposition are the aneliorative neasure costs avoided

Less than one percent of the water used by a community is consuned
internally by humans [Safe Drinking Water Conmittee (1977, p. 104)]. Assuning
that water consunption and fluid consunption are at nost trivially different,
this amounts to 1,000 - 2,400 m/day for adults under “normal” conditions, and
1,000 - 1,670 m/day for children aged 5 - 14 years [Panel on Low Ml ecul ar
Vi ght Hal ogenat ed Hydrocarbons (1978, p. 164)]. A representative figure for
the entire U S. population might be 1,900 nl/day or 2 U.S. gallons per cap-
ita/day. In 1970, 29.42 10" gallons were withdrawn in the U S. daily for
rural domestic (2.39 x 10 gallons) and nunicipal (27.03 x 10 gal | ons) uses
[ Econonmi ¢ Research Service (1974, p. 37)]. O these withdrawals, it is
probably safe to assume that all were treated as if they were to be used for
internal human consunption. Assuming no differences in per capita wthdrawals
for rural donmestic and mnunicipal uses across the United States, 1970 with-
drawal s in Minnesota and in the states east of the Mssissippi R ver were
19.12 % 10 gallons/day. Now nake the strong assunption that all ground and
surface waters east of the Mssissippi had pH | evels (and associated inorganic
and organi ¢ solutes and microbiol ogical agents) requiring the addition of 21.6
kilograns of lime per mllion liters (per 264,175 gallons). This figure
which is due to Randall, et al. (1978, p. 66), refers to a thinly popul ated
region in eastern Kentucky whose water supplies suffer from acid mine
dr ai nage. It therefore possibly has a | ow pH problem resenbling that which
woul d occur elsewhere if acid deposition becane severe and wi despread
Moreover, because of its small hunan popul ation, the area is unable to fully
exploit economnies-of scale inits water treatment activities. Its unit costs
of treatment are thus likely higher than in larger urban areas.

Randal |, et al. (1978, p. 66) estimated the average market price of the
“lime” used for water treatnment in their study region to be $0.095 per kil o-
gram presunmedly in 1976 doll ars. In assigning a cost to the limng
treatnment, they did not attribute any additional costs to the maintenance and
operation of treatnment facilities since the facilities would be required even
if there were no low-pH probl ens. Assuming constant unit and, therefore,
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mar gi nal costs, the total cost of providing linme treatment for 264,175 gallons
of raw water would be $2.05. G ven our previous assunptions about the
distribution of the U S. population and water withdrawals for rural donmestic
and nunicipal uses, this inplies that the daily cost of lime treatnments for
raw wat er supplies east of the Mssissippi R ver would be about $148,200
This anmounts to an’annual cost of $54 x 10 1976 dollars or $62.1 x 10 for
1978. O course, given the existence of acid nmine drainage in inportant
wat ercourses of the region as well as natural acidification due to soi

| eaching, much of this cost burden would have to be borne independently of any
acid precipitation problem Thus, the external costs (the environnmental costs
of increased mning activity for CaCO_ and its equivalents and the negative
health effects) of increased limng of raw water supplies would have to be
extrenely large (at |east as much as the value of the negative health inpacts
of increased acidity) to justify a refusal to ameliorate the health inpacts of
acid deposition by the limng of raw water intended for internal human
consunpti on.

Househol d, Commercial, and Industrial Water Supply System Effects

Reductions in the pH |l evels of water supplies may cause corrosion in
househol d, comnmercial, and industrial water conveyance systens and water-
usi ng appliances, thereby shortening their useful lifes and reducing the flow
of their services while in use. In the absence of aneliorative neasures, the
potential economc |osses fromthis corrosion could be severe. On the other
hand excessively high pH | evels can have sinilar effects due mainly to minera
deposits forming on the interior surfaces of the systens and appliances.

Several studies are available that assess the inpact of increased |evels
of total-dissolved-solids (IDS) and/or water hardness upon the economic life-
times of household and commercial water supply and use systens. Using an
ei ght percent discount rate, d'Arge and Eubanks (1976) estimate 1975 econonic
loses for a typical Los Angeles household to range from $620 to $1,010 in
present value terns for an increase in total dissolved solids from200 to 700
mg/l. This estimate is three to four times higher than estimates devel oped by
Tihansky (1973) for a similar TDS range throughout the United States. In an
appendi X to their_ study, d'Arge and Eubanks (1976, pp. 274-275) used data from
Bl ack and Veatch (1967) to explore the extent to which the ratio of TDS to
total hardness was inportant to the useful lifetimes of household conveyance
systens and water-using appliances. They found that increases in the ratio
made a statistically significant positive contribution to the lifetine of
garbage grinders and a statistically significant negative contribution to the
lifetime of wastewater pipes. Total hardness, when entered as a separate
expl anatory variable in a multiple regression, was negatively associated wth
the useful lifetime of faucets but the association was not statistically
significant. It thus appears that the acidification of water supplies, to the
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extent that it “softens” water in areas with “hard” raw water, could have
economi cal |y beneficial effects upon water conveyance systens and water-using
appl i ances. Nevertheless, if the effects of excessive “softness,” as induced

by low pH, upon useful life are nore-or-less symmetrical to those of excessive
har dness, the econom ¢ inpacts upon househol ds, and commercial establishnments
could be considerable.. Since the ferro-alloys, copper alloys, and brasses

used in household and commercial water supplv systens and water-using appli-
ances are also found in industrial systens and equi pnent, substantial economc
impacts could also be expected in these sectors.

In spite of the potentially |arge econonic impacts of |ow pH water upon
househol d, commercial, and industrial. water supply systens and water-using
appl i ances and equi prent, it does not appear useful to try to calculate the
magni t ude of these inpacts. The reason is that inexpensive neutralization
t echni ques using hydrated or calcined |inmes are readily avail abl e.

In the health effects section, we have calculated the cost of |imng
rural domestic and nunicipal water supplies. According to Todd (1970, p.
312), the “optimal” pH levels for donestic water supplies are about neutral
(pH = 7.0), although (p.320) the nmedian for the 100 largest U S. cities in
1962 was pH = 7.5. Thus, given that all rural domestic and nunicipal water
supplies are treated as if intended for internal human consunption, acidifica-
tion of raw water will have no extraordinary effects upon househol d and
comercial conveyance systens and appliances.

Many industries supply and treat their own process water. The USDA
Econom ¢ Research Service (1974, p.37) estimates that self-supplied industrial
water w thdrawal s (excluding steamelectric power) from fresh surface and
ground sources in the U.S. in 1.970 were 45.87 X 10°gal./day. According to
Todd (1970, pp. 329330), nost industrial processes require or are indifferent
to water with pHin the 6.0 to 9.0 range. In 1968 [Todd (1970, p. 221)],
about 72 percent or 33.03 X 18 gals./day of these withdrawals occurred in the
states east of the Mssissippi River and in Mnnesota.

Assurme that all of the self-supplied industrial fresh water east of the
M ssi ssippi and M nnesota has been acidified to the 4.0-4.5 pH range prior to
withdrawal . Further assume that in order for it to be used as a process water
its pH nust be raised to an average 7.5-8.0 across industries, and that it
woul d otherwi se require no treatnment prior to use. Thus , excluding the
possibility of tying into nunicipal systens, each plant will have to construct
and operate its own treatment facility. Qur presumed necessary increase in pH
happens to correspond to the pH increases experienced with several acid mne
wat er treatnent plants. For exanple, Bitum nous Coal Research, Inc. (1971,
pp. 133-134) reports total 1970 capital and operating costs of 97.3, 35.3, and
26.5 cents/1,000 gals. with a plant respectively processing 0.1, 1.0, and 7.0
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mllion gallons/day. They also report on another plant which experienced 1970
total capital and operating cost of 13.6 cents/1,000 gallons for treating an
average of 4.0 nmillion gallons/day. In each case, the pH of the acid mne
wat er was raised fromabout 4.5 to nore than 7.0. Barton (1978, pp. 351-354)
summari zes the experiences of one mne where water were raised from4.0 or
|ess to more. than 7.5. The commercial operation with 12,800 tons of |ing,

processed 3.4 X 10°gallons of water with an original pH of 4.0 and a finished
pH of 7.9 at 20 cents/1,000 gals.

Using a very fine and therefore nore costly linestone slurry, the pilot
plant raised a mne discharge of 2.8 pH tq 7.4 pH at estimated 1970 capital
costs of $55,000 to $766,000 for 100 X 18 to 600 X 10 gal s/ day operating

capaci ties. Estimated 1970 operating costs, including anortization, were
respectively 44 cents to 2 cents/1,000 gals. In the words of Barton (1978, p.
352) .

“Li mestone could be the preferable choice for treating nearly al
but the nost severly | oaded di scharges. It has the advantages of avail -
ability, |ower cost, reduced hazards, ease of application, sinplicity of
plant design, inpossibility of water overtreatnent, ease of storage, and
hi gher solids concentration of the precipitated sludge.”

A review of Todd (1970, pp. 246-274) nekes it appear that the nedian
wat er-using industrial establishment wthdraws about 1.0 million gals./day.
W therefore estimate, on the basis of the material presented in the preceding
paragraph, that, including anortization of capital facilities, a
representative 1970 total cost of raising 4.0 pH fresh water to 7.5 pH would
be 50 cents/ 1,000 gals./day. On a yearly basis, therefore, the 1970 total
annual cost of treating the 33.03 X"10 gals./day of self-supplied industrial
wat er withdrawn east of the M ssissippi could be $5.66 X 10 (=$9.51 X-1I0 for
1978). Even though it is fair to presune that the unit cost of Iinme and
treatnment plants might increase with an increase in demand of the nagnitude
posited here, it should al so be recognized that the posited increase in demand
is also probably vastly exaggerated. Not all fresh water east of the
M ssissippi is likely to suffer a reduction in pi to 4.0 or even 5.0. Mny
industries are fairly indifferent to quite low PH.  For exanple, in a survey
of the inpact of acid mne water upon patterns of industrial water use in the
Appal achi an region, Witman, et al. (1969) found that the nost inpacted
industry, primary netals, saw fit to raise the pH level of its cooling water
only to 5.0. This was acconplished at minor cost by integrating |ine
treatments with otherwi se existing water treatment facilities. Todd (1970, p
345) makes it appear that possibly half the industries in the United States in
1959 had their own treatment facilities. Finally, we hav; not consi der ed
possi bl e substitutions fromfresh to saline water sources. — The stated
estimate might therefore readily be exaggerated by nore than an order of
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magni t ude. One can be quite sure that it is not biased downward. G ven the
industrial treatnent facilities already ir place, we prefer to treat as
trivial the additional costs of treatnent attributable to acid precipitation.

Materials Effects

Several ‘studiés 6f the economic inpact of air pollution upon the usefu
lifes of materials have been published, e.g., Gllette (1975), Commissionon
Nat ural Resources (197 , pp. 616-619, 695-699), Kucera (1976), and Salmon
(1972). Nriagu (1978) presents an extremely thorough review of the physical
science literature on the effects of sulfur pollution on materials. A brief
review of the material effects of nitrate aerosols is available in Panel on
Nitrates (1978, pp. 417-418).

Acid precipitation (or acidifying deposition) accel erates the decay rates
of a wide variety of materials nainly because the presence of acids upon the
material surfaces increases the flow across the surfaces of the electric
currents that cause corrosion, discoloration, and embrittlement. Anpng the
netals, ferro-alloys, copper, and sone gal vani zed metals are known to be
particularly susceptible. In some cases (e.g. zinc), the dissolution of the
netal surface by acid precipitation is thought to increase the pH | evel of the
product, thus resulting in an even nore corrosive surface film  Carbonaceous
building materials, such as linestone and cenent, are nore rapidly weathered,
roughened, eroded, and stained. Paints are bleached and crystallized, and
their drying and hardening times are increased. The tensile strength of
textiles is degraded and textile dyes can suffer from fading. Losses of
tensile strength also occur in paper, as does discoloration. Oher cellulose
products, such as wood, suffer simlarly. Leather products deteriorate because
the acids break down their fibrous structure. As Nraigu (1978) enphasi zes,

t hese processes are further intensified for those materials, such as cenent,
concrete, and sone netals, often used in subaqueous and/or high tenperature
envi ronments.

The recent economic inpact studies of air pollution upon materials have
yielgxiestinates for the entire United States of |osses ranging fromthe $904
x 10°Gllette (1975) attributed to sulfur oxides in 1968, to the $3.8 x 1I0
Sal non (1972) attributed to all air pollution in 1970. None of these studies
provides any substantial basis for attributing a portion of their estinated
| osses to acid precipitation, although the decline in sulfur dioxide |evels
t hroughout nost of the eastern United States during the 1970's inplies that
i ncreased portion of whatever materials damages are occurring is attributable
to acid precipitation. Mst inportant, since all these studies basically do
little nmore than inventory sone existing naterials, attach a market price to
them and then use physical science estimates of increases in replacenent
frequency to obtain a total |loss estimate, they are susceptible to all the
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criticisns that can be directed toward nost of the estimates In this chapter
As Jass (1978, p. 34) correctly points out, many extrenely resistant
materials, such as alumnumclad steels, have been wi dely adopted in the |ast
decade; nost estimates relate to uncoated rather than coated gal vani zed
steels; the economc lives of many naterials are so short (e.g., paper) that
air pollution does not have tinme to affect themin a noticeable fashion; and,
that when a substitute material. is adopted, the cost differential often cannot
be assigned entirely to pollution since the substitute may have features that
reduce cost dinensions other than useful |ife. In addition to these factors
the available studies sometimes have failed to discount the stream of costs
properly. Moreover, all the studies have failed to consider that individuals
may choose sinply to bear a reduced stream of services froma material rather
than purchasing a replacenment, may alter behavior patterns so as to conpensate
for the stress that acid precipitation inmposes upon the material, and nay
adopt nmaterials more resistant to the ravages of acid precipitation. Finally
entire categories of useful materials such as |inmestone and concrete
structures, including dans and pipes, and autonobiles have had no econonic
attention devoted to them Gven the lack of econonically useful physical
science information and the lack of sound economic information, it is tenpting
to plead an absence of any basis whatsoever to nmake a judgnent about either
the fact or the potential for the econonic inmpact of materials danages from
acid precipitation and acidifying deposition. This is particularly so because
many of the factors for which information is lacking can have either a
positive or a negative econonmic impact. O those factors that are npst likely
positive, or nost likely negative, it is inpossible to tell which wll

doni nat e. One is thus unable to state whether any estimate of the total (or
mar gi nal ) inpact represents an upper or a lower bound.

In spite of the preceding, it should be recognized that the costs of acid
precipitation-induced materials decay could indeed be very substantial. The
Conmi ssion on Natural Resources (1975, p. 696) refers to studies which
estimated 1970 danmmges in Sweden to painted steels fromall corrosion of
$25. 00 per capita (= $41.98 in 1978 dollars). Fromthe same source, the
Commi ssion (197 ) quotes $23.00 per capita (= $38.64 in 1978 dollars) as being
the total annual cost of deterioration of painted woodwork associated with al
sources of deterioration. The studies from which these figures cone appear to
have at |east as .complete a physical science basis as any available, and no
worse an econonic basis than any of the extant studies

O her than the direct and indirect products of chem cal weathering,
soiling is the major source of reductions in the usefulness of nmaterials.
Sone of what passes for soiling (e.g., staining of the exterior stone surfaces
of buildings) may, in fact, be chenically-induced discoloration. W thus
presune that, in economc ternms, soiling is relatively mnor as opposed to
chenmical weathering. Some enhanced chem cal weathering occurs to materials
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| ocated near marine environments. This, however, is probably not an inportant
source except for those materials frequently exposed to sea breezes and/or
salt sprays. Sonme chemical weathering would naturally occur in humd areas
since pristine precipitation is sonmewhat acidic (pH = 5.65). Al these
factors suggest that the aforenmentioned annual per capita costs in Sweden of
the weathering fromall sources of painted steels and painted woodwork are
exaggerations of the ‘losses caused by the inpacts of acid precipitation upon
these materials. However, as we previously enphasized, these materials
constitute only a portion (though not a small portion) of the econonically
significant materials susceptible to acid precipitation-induced decay

To generate a nunber for the naterials damages caused by acid precipita-
tion, we assume that the current per capita exposures of the great bulk of the
Swedi sh population is very sinmilar to the per capita exposures of the popul a-
tion in the eastern part of the United States. W further assume that the per
capita mxes and magnitudes of painted steels and woodwork used by United
States residents residing in Mnnesota and east of the Mssissippi River are
simlar to those of the Swedes. A sinple multiplication of the sum of $41.98
for painged steels, and $38.64, for the painted woodwork, by the approximately
170 x 10 people residing in Minnesota and the states east of the Mississippi
River in 1978, yields a calculated annual |oss fromnmaterials damages of
$13.71 x 10°. It should be noted that this figure is an order of magnitude
hi gher than previous estimates of all air pollution-induced naterials danmages
over the entire United States. However, given both the physical science
econom ¢, and inventory accounting limtations of the previous estimtes (and
this estimate), it seens as likely to be an underestinmate and an overestimte
Nevert hel ess, given the difficulty and trivial gains to us in trying to
justify the discrepancy between the above weak estimate for materials damages
and those obtained by previous investigators, we do not deemthis exercise to
be a good forum for a display of intellectual stubbornness. Ve, therefore
state that materials danages are likely to be the largest category of the
types of acid precipitation-induced damages we have surveyed, but we have no
wish to assign to acid precipitation all materials damages that previous
investigators have attributed to air pollution. W, therefore, set the 1978
mat eri al s damages caused by acid precipitation at $2 x I0°, while recognizing
that the figure could plausibly be much Iarger.

Sunmary and Concl usi ons

Al though nost of the analysis has been rather primtive, the econonic
benefits likely to accrue to a variety of |life and property forns fromthe
control of acid precipitation have been surveyed. I't must be recognized,

given the robust techniques available for doing econonm c assessnents of the
effects of acid precipitation, that the estimated magnitudes presented in this

chapter cannot be justified indefinitely.
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On the basis of our survey and synthesis of a fairly large volume of
biol ogical literature and stock, price, and output information, we conclude
that if sufferers are viewed as either having to accept it or to take actions
at their own expense to negate its effects, it is very unlikely that the
current annual benefits of controging acid precipitation for existing
econom ¢ activities exceed $5 X 10 :gy 1978 dollars in Mnnesota and the
states east of the Mississippi River. Qur best estimates are that $2 x 10°
is_in materials benefits, $1.75 X 10°is in forest,ecosystem benefits, $1 X
10 is in direct agricul giral benefits, $0.25 X 10 is in aquatic ecosystem
benefits, and $0.10 X 1.0 is in other benefits, including health and water
supply systenms. The rational es supporting each of these sector estimtes are
presented in the chapter text. Wth the exception of a few instances where
anal ogies could be drawn with the results of other studies using nore robust
estimation t echni ques, al | these  estinates disregard acid
precipitation-induced price, activity, and location changes. W therefore
have substantially nore confidence in the rank-ordering by sector of the
current annual benefits than we do in our estimates of the absolute magnitudes
of these benefits.

If acid precipitation events continue to worsen, certain sectors could
readily climb in the above ranking. For exanple, aquatic ecosystens currently
have a relatively |ow position only because the geographical scope and
severity of the aquatic acidification problem does not yet seemto be |arge
enough to reduce substitution possibilities greatly across fresh-water fishing
and hunting sites. Because of the water and soil treatnent facilities already
in place that can readily be adapted to handle |imng procedures, the acid
precipitation control benefits accruing due to the prevention of human health
effects, indirect agricultural effects, and household, commercial and
industrial water supply systemeffects are now and are likely to continue to
be insignificant conpared to the other classes of effects. Large-scale |inmng
of aquatic and forest ecosystens appears to be neither technically or
econoni cally feasible.

The preceding conclusions are not the major conclusions we wish to draw
from our survey and synthesis of the acid precipitation literature. W are
unconvinced that either the above ordering or the above absol ute nagnitude
estimates of the: current annual benefits of control (even if correct)
constitute the really inportant issues to consider when evaluating the acid
precipitation problem Indeed, we are unable to reject the disconforting
notion that the effects for which one nay feel secure using these sinple or
the much nore sophisticated but still conventional methods of economc
analysis reviewed in Chapter | are those having the least |ong-term economc
si gnificance. I nstead, we suspect that these inportant issues relate to the
i npact of acid precipitation upon the stock and the assortment of natural
resources. The next two chapters consider the inplications of sone of these
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i ssues regardi ng resource stocks and assortnents for assessnents of the
benefits of controlling acid precipitation.
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1/

— 1t should be noted that there may be sonme exceptions to acid precipitation
acting as a sort of negative fertilizer. For exanple, Maugh (1979) reports on

a TVA-sponsored study which found that if the sulfur emtted by coal - burning
power plants in the Tennessee Valley region were renoved, and not replaced by
anot her sul fur source, crop production, especially cotton, would decline by at
| east 10 percent. Tisdale and Nel son (1976, p. 411) point out that raising
soil pH in the Deep South to nore than 6.0 may actually be harnful to yields.

2/

See Freeman (1.979) for a presentation of the conditions under which it
woul d be a good approximation. For the Adams, et al. (1979) study, the on-
farmval ue of the 14 crops was 16 percent |ess than the estinmated sum of
producer rents and consumer surpluses. \Wen cotton was excluded the non- farm
val ue of the 13 remmining crops was 20 percent |ess than the estimated sum of
the producer and consuner surpl uses.

3/ In a news item Rich (1979) reports that field studies in southern Pol and
have attributed drops of 13 to 18 percent in the photosynthetic activity of
pine needles subjected to wet and dry sulfur deposition. Dennis Knight of the
Departnent of Botany at the University of Woning infornms us that the Polish
investigators believe that this reduction is due to SO_ entering the |eaf
through the stomata and then being converted to H_SO, within the leaf. This
perspective nay be contrasted with the bul k of the published literature which
enphasi zes the growt h reduci ng properties of cuticular erosion and nutrient

| eaching fromleaves and soil. Apparently, the Polish studies have not yet
been widely distributed.
4/

In principle, the spreading of sufficient linme on top of forest soils

m ght raise pH before precipitation noves down the soil colum. Qher than a
vague statement by Rich (1979) on aerial lime spraying in Poland, we have
found no comentaries on either the technical or the econonmic feasibility of
this practice.

3/ If the forest growh effects of acid precipitation are viewed as anal ogous
to a selective cutting policy, one could draw upon the technical forestry
literature relating the effects of this type of cutting upon these com
ponents. W have not exploited the anal ogy here because of the likely wide
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variations in responses of the conponents to tree species mnixes, topographical
attributes, and other factors.

L) Let Vv be the present val ue (q$15 .32 x 10°) of the streamof |osses, let A
be the annual losses ($9.69 x 10°), and let r be the rate of discount. Then:

. ¥V =A (ﬁ)[l - (1+r)—m].
r

The termin brackets can obviously be disregarded when one is dealing with an
infinite future.

7/ According to the Econom ¢ Research Service (1.974, p. 37), 1970 self-
supplied industrial water fromsaline sources in the United States was 10.07 x
10" gal l ons/day. Tt is unclear, however, how this use is distributed over
ocean, estuary, and saline groundwater sources. The pH of any saline source
coul d obviously differ greatly according to the extent to which the acidic
fresh-water had been diluted by the saline water.

8/ , e . N

= In Hck's (1973) terns, the qualifying “if...” phrase indicates that an
equi val ent, as opposed to a conpensating, neasure of value is being em

pl oyed. In effect, it is assumed that those who cause acid precipitation,
rather than those who suffer fromit, have the de facto property rights to the
air resource. Moreover, since all our crude assessnents are in W lling-
ness-to-pay terms, they will be less than if the assessment had been made in
wi | lingness-to-accept conpensation terms [Randall and Stoll, (1980)].
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IIT. DECI SI ON PROBLEMS I N THE CONTROL OF ACI D PRECI Pl TATI ON
NONCONVEXITTES AND | RREVERSI Bl LI TI ES

Acid Precipitation Dose-Response Functions

The sole recurring thene of the previous two chapters is that enpirica
application of economic nethods for assessing the benefits of acid precipita-
tion control generally requires prior know edge of the response of biological
and material entities to variations in acid precipitation exposures, I ncreas-
ing pollution has been treated as |eading to progressive deterioration in the
size of the resource stock and the flow of material and life support services
issuing fromit. Moreover, this deterioration could be reversed and, by
reducing the level of pollution, recovery could occur along the sane path as
did deterioration. This behavior is a standard representation in the environ-

nmental economics literature. It leads to results in which some inmmediate
environnental danmages are borne in order to obtain sone of the imediate
benefits that a productive but polluting activity confers. Assuni ng the

pollutant to be acid precipitation, Figure 1l introduces the costs of control -
ling the acid precursors in a conparative static version of the standard
representation. Unit prices of the elenents of the resource stock and of
pollution control equipment are assumed constant.

The economically efficient pH level in Figure 1 will. be at A where the
margi nal benefits of reduced acidity are equated to the marginal costs of
controlling acidity. The marginal benefit of reduced acidity is the margina
damage that is avoided by having less acidity. That a point such as A is
optimal can be seen fromthe follow ng sinple argument. Suppose that the
benefits are neasured by the size of the fish population denoted Pop. The Pop
is an increasing function of the pH level as is the cost of control, C The
net benefit of a given pH level is

m = Pop(pH)-C(pH) (1)

This expression is maximzed when its first derivative is set equal to zero,
that is:
d(PoP) _ dC
d (pH  d(pH) .

(2)
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The left hand side is the marginal benefit (or nmarginal danage avoi ded) and
the right hand side is the marginal control cost. In terms of Figure 1, for
states to the left of A the additional costs of control exceed the additiona
benefits of reduced danmge; to the right of A the opposite is true. A
deci si onmaker who w shes to maximze net economc benefits wll, therefore, be
striving for .a point such as A. If instead the vertical axis represents the
present value of a stream of expected dammges and control costs, he will also
strive for A given independent damages and control costs across periods. In
short, whether observed or inferred by benefit-cost analysis, the “prices” of
addi ti onal danmages or additional controls given to the decisionnmaker in the
nei ghbor hood of an initial acidity state will always be a signal to nove
toward that state maximizing the net benefits of control

There exist at |east two reasons why the formof the underlying ecosystem
dose-response function in the preceding figure may be inaccurate insofar as
acid precipitation is concerned. The nature of the inaccuracies inplies that
the rationales usually offered for conprom sing between the benefits of
pol lution-generating activities and the prevention of ecosystem damages mav
not always be applicable to acid precipitation issues

The All.-or-Nothing Feature: Nonconvexities

The preceding analysis has presumed that, within any one period, the
increnents to ecosystem danmages are nonotonj.tally increasing with respect to
ecosystem acidity. At least insofar as fish and sone other aquatic organi sns
are concerned, this presunption is contrary to some published evidence [Raddum
(1978)1. Consider, for exanple, the follow ng two tables constructed from
data appearing in the study of Butler, et al. (1973) on the inpacﬁ acid
m ne drai nage upon fish and other organisnms in Pennsylvania streams.— For
varying sustained pH levels, Table 1 shows the nunber of stream sections that
had fish popul ations out of 25 sanpled sections in different streans; while
Tabl e 2 shows, of the 116 fish species known to exist in Pennsylvania as of
1957, the wvariation with respect of pH of the nunber of species in these
stream sections. Table 2 also indicates the pH |evels at which assorted gane
and food fish disappeared due to lethal effects and/or recruitment failures.
Both tables exhibit very rapid declines in fish populations once pH drops
belgw 6. 5. However, this decline itself rapidly decreases
(3 Popul ation/aPH )>01 as PH |l evels reach and drop bel ow 6.4. Assuning that
the inplicit unit price of remaining fish and species IS a constant, Figure 2
is a sketch of Tables 1 and 2.

Returning tenporarily to Figure 1, in order that A be a maxinun rather
than a mininum it is necessary that,

67



Table 3.1-Sections with Fish at Various PH Levels for a Sample of Pennslyvania

Streams Suffering from Acid Mine Drainage

PR

Stream Sections

pH with Fish
6.4 24

6.3 12

5.9 6

5.3 3.

4.6 !

4.5 0

From: Butler, et al., (1973, P.112)
Table 3.2-Variation of Number of Fish Species with Respect to pH Levels for

a Sample of Pennslyvania Streams Suffering from Acid Mine Drainage

Number of No Longer
pH Species Present Present
>6.5 116
6.4 <pH<6.5 48 Catfish, smelt
6.2<pH<6.4 41 Redfin pickerel
6.1<pH<b6.2 36
6.0<pH<6.1 34 Smallmouth Bass
5.9<pH<6.0 18 Brown Trout
5.6<pH<5.9 12
5.5<pH<5.6 10 Yellow perch
5.2<ph<5.5 9
5.0<pH <5.2 ~ 8 Brook Trout
L.7<pH<5.0 7 Largemouth Bass
L.6<pH< 4.7 5 Chain pickerel
<4.6 0

From:

Butler, et al

- (1973, Pp. 96 99,
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o Figure 3.2
The Nonconvexity Problem

d(Control Costs)
d (pH)

d(Damages)

A

/

pH 7.0 6.0 5.0 4.0

Greater Acidity —)

69

J—

e



d’ (Pop) d’Cc (3)

<0
. 2
d(pH d (pH)
and sufficient that
d’ (Pop) d’Cc <0 (4)
2 2
d (pR) d(pH)
A further sufficient condition is
2 2
d (Pop) <o and d°¢C 50, (5)
2 2
d(pH) d(pH)

as Figure 1 presunes.

The data in Table 2 shows that dz(Pop)/d(pH)z > 0. Hence the sufficient
condi tions mavy not _be satisfied at a point where marginal benefits are equated
to margi nal costs.— The second order necessary condition could be violated
turning such a point into a |ocal minimum rather than a maximum This is what
happens at point Cin Figure 2. The observed or inferred current prices
existing at and to the right of C provide unreliable signals about whether the
decisionmaker is at a maximum or mininmmand the direction in which he nust
move in order to obtain an increase in net benefits.

Tt is also evident in Figure 2 that if the environnent were already
highly acidified, a large cost burden with relatively few benefits would have
to be borne prior to reacquiring the benefits of a relatively nonacidified
state. Thus , given limted restoration resources, it may no |onger appear
worthwhile to restore the nonacidified state. As a result, decisions to
control acid precipitation may have strong “all-or-nothing” elenents: inter-
nedi ate control measures can | ead to burdensone control costs while generating
few environmental benefits. Literal interpretations of prices applying to
initial states lying at and to the right of Cin Figure 2 would guarantee high
levels of acidification: the ecosystem destruction wought has been so great
that the benefits from reduced acidification appear mnor. To use an extrene
exanpl e, the benefits from increasing fish recruitnent cannot appear |arge
when there are no fish around who can reproduce. Only by undertaking the far
nore arduous and conplex task of enpirically accounting for the ecosystem and
econom ¢ adjustnents and consequent changes in price structure resulting from
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a large nove froman initial state at or to the right of Cto a state %7 t he
vicinity of B could the benefits of reduced acidification be captured. =

The Now or - Never Feature: Irreversibilities

Tn the above,+we-have remarked on the distorted picture of reality that
mar ket or narket-like price signals can introduce when the increnental danages
of acidification within a period are declining. It is argued that if a state
of high acidification is reached, the decisionmaker nmust expand the scope of
his vision and analysis to include discrete rather than marginal alterations
in existing states. Gven this scope, we have presumed that he is able to
reverse the current and future consequences of current and past acidification
so that acidification levels henceforth remain in the vicinity of B. In
short, we have presunmed that the margi nal damage function in Figure 2 is
invariant with respect to both the status quo point and the direction of
movenent.  The presunption appears to be incorrect for the effects of acid
precipitation upon nany conponents of forest and aquatic ecosystens.

Figure 3 is consistent with findings which attribute via soil amendnments
stinulator [Lee and Webber (1979); and Maugh (1979)] and debilitating
[ Jonnsson and Sundberg (1972); Tanm (1976)] effects upon plant growth to acid
precipitation. In Figure 3, it is assuned that over sonme decade-or-|onger
period, a forested region is annually subjected to precipitation averagi ng pH
“3.5. The line labelled v5.65 refers to a “no acid precipitation regine. It
decays slowly because of the natural tendency over millennia of soils in hunid
regions to becone acidified. Under an acid precipitation reginme, where forest
managenent practices and influential factors other than acid precipitation are
assumed invariant, the line labelled pH = 3.5 becones rel evant. Acid
precipitation thus accelerates the natural tendency over time of soils to
becone acidified, as MFee, et al. (1976) and Peterson (1980) enphasize

Over the t - t interval, the acid precipitation (or acidifying
deposition) is meutral with respect to or contributes positively to forest
vields, The sulfur and nitrogen conmpounds in the precipitation can directly
and indirectly enhance the nutrient content of the forest soils. After tl,
however, the atmospheric inputs of positively charged hydrogen ions are
greater than the ability of the forest soils to neutralize them Oganic and
mneral nutrients are then | eached fromthe forest soils at a rate nore rapid
than they can be replaced from at nospheric, deconposition, weathering, and
m crobial sources [Likens (1977)]. Simultaneously, phytotoxic netals, such as
sol ubl e inorganic alumnum and iron, are nade nore avail able and organic
matter accunul ates to seal the upper layers of the soil colum while
permtting various phytotoxins to be formed from the matter [Brady (1974,
Chap. 14)}. As tine passes, wWth the frequency and intensity of acid
precipitation invariant, the rate of nutrient |eaching and phytotoxin
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formation accel erates [McFee (1978, p. 66)]. In turn, this is expected to
cause forest yields to decline at an increasing rate. Moreover, since water
bodi es serve as catchnent basins for land areas, they too are expected to
experience increases in hydrogen ion concentrations and heavy netals.

Once levels of forest soil (and water body) acidification bevond t_ are
wi despread, there is no evidence that |arge-scale reverses are economically
(or even technically) feasible in anvthing other than geol ogic time. The
addition of lime to acidified soils and water bodies is the only wi dely
consi dered technical renedy. It is, of course, a commonly used renedy in
agriculture. However, as Tisdale and Nel son (1976, p. 428) rote, |linestone
particles cannot nove in the soil and nmust therefore be placed where they are
needed in the soil colum. Rori son (1980, p. 206) renarks that isolated
additions of line to acid sulfate soils are of no lasting value. Tilling line
into extensive areas of forest soils with sssgiding trees would seem an
economc, if not a technical, inpossibility. — Mreover, Tamm (1976, p. 338)
adds that when |ime has been added to forest soils in small-scale experinents
tree growth rates have typically not been enhanced. He attributes this to the
tendency of the lime to immbilize the nitrogen in organic matter and thereby
reduce its availability to trees. Abrahamsen, et al. (1980, p. 357) found
that soil animal populations nearly always failed to increase when soi
acidity was reduced by |ining

The practicality of large-scale linming to resolve the problens life forms
have in acidified water bodies appears to be no better than for forest soils.
As Holden (1979, p. 11) enphasizes, the effective use of line to raise the pH
of natural water bodies requires a great deal of information about the hydro-
| ogi cal and chemical properties of each body of water. He notes that nost of
the added lime is flushed out, fails to dissolve, or remains in the sedi nent.
Reactivity of the lime will vary with its purity, particle-size, hardness,
magnesi um content, chem cal constituents and stratifications of the water bodv
bv season, and a host of other factors.

Finally, according to Dicksen (1978, p. 58) and Bengtsson (1980), care
must be taken when raising aquatic pH levels to ensure that they are not
allowed to persist in the 4.5-6.0 range. Heavy netals, particularly the
i norganic alum numthat acidified waters contain in abundance, becones espec-
ially toxic to ol-der fish. Thus limng nust be calibrated for the state of
the fish aswell as for the state of the water. This toxicity is dramatically
illustrated in Bengtsson's (1980) report on the successes of Swedish |ake
limng experinents. His data indicate that the perch in one lake before limng
were all large and mature individuals. After limng, the number of perch
increased by a factor of 100 but the size of the representative individual had
declined by a factor of 10. Li mi ng redresses the bal ance of harm by
destroying the older and larger fish surviving the original acidification. As
Bengt sson (1980, p.35) states, “when limng an acid |ake the organisms suffer
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atransition period before the netals have been precipitated . . . lining has
even killed salnon and trout when the aim was to save the fish.” This problem

is further substantiated by Professor Harold Harvey a zool ogist at the
University of Toronto. In a July 15 article on the “Acid Lakes” in the

Toronto Globe and Mail, Professor Harvev is quoted as saying, "Noone knows to
what degree -of certainty what liming Will do.” He adds that indiscrimnate

limng "mav inprove the pH and end up killing all the fish” by setting off a
chemical reaction involving lime and heavy nmetals in the | ake. If continuing

acidification requires intermittent |limng, Bengtsson's (1980) data are
therefore consisg?nt wWith an inability to retrace the damage function rel evant
to declining pH.—

This litany of conplexities in deciding how much lime ar acidified water
body requires and when this lime is required by no means suggests that wide-
spread and |arge-scale internmttent or continuing limng is likely to be
economcally attractive. At best, the litanv suggests that a subtraction of
the expected costs of successful lining from the nmarginal damage (nargina
benefit) curve of Figure 3 will drastically |lower the curve when the status
quo point is less than pH = 6.0. Thus for given marginal costs of reducing
actual emissions, even though pH may vary over the same interval, the net
benefits of recovering the pH at the high end of the interval will be |ess
than the net benefits of preventing a decline of pH to the | ow end of the
interval.: the marginal benefits of rangfwg pH are 1less than the margina
benefits of preventing declines in pH.—

As is true for nonconvexities, the irreversible features of acid precip-
itation-induced ecosystem deterioration can nmean that current prices wll
provi de msleading signals about the mpbst valuable corrective steps to take

St andard econonic representations of the efficient depletion of environ-
mental or other assets require that the present value of the gains from
further depletion in anv period be equal to the sum of the depletion |osses
and interest charges. Wen property rights to the resource are secure, this
inplies, as Scott (1973) has shown, that the present value of the narginal
unit of depletion in each period nmust be the same in all periods; otherwise,
gains could be obtained by shifting units of depletion from periods where
their present value is lower to those where it is higher. Delays avoid the
costs of engaging in the activity that causes the depletion, but they al so
require an increased waft for the benefits the activity yields. Gven a
positive discount rate, if the present value of marginal depletion units is to
be the sane across all periods, the current undiscounted value of the margina
unit in each subsequent period nmust be greater by the rate of interest than
the current value of the marginal unit in the inmmediately proceding period
In short, the rate of increase in the V?}Je of the resource that remains will

tend to approach the rate of interest. —
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The above result explicitly weighs the inpact of current depletion
activities upon the opportunities for depletion that remain in future periods.
This result can be contrasted with a situation where the depletion is
reversi ble. Consider, for exanple, the agriculturist who acidifies his soils
by the use of ammmnia fertilizer anmendnents. He will sinmply allow
acidification to continue until the current period net gain from further
acidification ne | onger exceeds the current period net gain from restoration
acconplished by linming. Since his soil acidity can easily be reduced by lining
at anv tinme he wi shes, there is no reason for himto wei gh thei npact of his
current fertilization practices upon his future opportunities for grow ng
corps. There are no future opportunity losses for himto count as a cost: he
will therefore base his decisions only upon current market prices.

Acid precipitation accelerates the rates of depletion of the buffering
capacities of forest soils and water bodies in addition to reducing the
current flows of material goods and anenity and life support services from
these resources. Any control plan which accounts only for the value of the
reduction in current flows, as registered in actual or inferred current narket

prices, will thus underestimate the damages acid precipitation is causing.
Stated in an alternative manner, even though the current net benefits of
continuing acid precursor emssions may still be positive, it nmay be optina

to cease emtting. Some immediate |osses nust be borne in order to avoid the
possibility of even greater losses later on that the current precursor

em ssions can readily cause.

1f the benefits of acidification decline over time relative to the bene-
fits of natural environnents, the irreversible effects of acidification, when
conbined with a positive discount rate, lend the acidification issue a now-or-
never character. This is npbst easily seen by assuning perfect foresight and
by disregarding anv short-termfertilization benefits. In particular with a
positive discount rate, any delay in causing above-background acidification
will only make it | ook progressively less attractive. Not only are the
relative benefits of acidification declining over time by assunption, but the
positive discount rate causes the present value of acidification benefits to
be reduced with every del ay. In the nmeantine, since the unacidified
ecosystens already exist, the material goods and life support and amenity
services they produce continue unabated. Therefore, cet. par., the net gains
fromecosystemacidification will never be greater than they now are.

The presence of declining relative benefits of acidification (or increas-
ing relative benefits for preserving natural environments) is a necessary
condition for the above conclusion. As set forth by Smith (1974) and others,
two key propositions lead to a prediction of increasing relative benefits for
natural environments. First, environments that have remained unsullied by
man’s activities and artifacts are superior goods. That is, as real incones
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increase, the willingness-to-pay for natural environnents increases at an even
greater rate. Man- made substitutes become progressively less attractive
Second, because of the inperfect reproducibility of natural phenonmena, techno-
| ogi cal change tends to reduce the supply prices for man-made goods relative
to the supply prices for natural environments. The obvious general conclusion
is that both the relative cost of supplving and the willingness-to-pay for
natural environments are going to increase progressively over time. Both of
these countervailing supplv and demand forces inply that the citizenry will
attach increasing values to natural environnments relative to fabricated goods.

When conmbined with the fact that at present very little is known about
many of the social, environmental, and financial consequences of ecosystem
acidification, the irreversibility phenomenon introduces vet another basis for
expecting declines over time in the relative benefits of acidification. As
Arrow and Fisher (1974) have denonstrated, the possibility that current
actions might burden and constrain (deplete) future opportunities must be
counted as a cost against the current action. In short, the irredeemable
nature of current acidification may forecl ose val uable future options, whether
due to currently unknown technol ogi es, price structures, or changing tastes.
Since new information can be exploited only if irreversible consequences have
been avoi ded, the consequences of a decision to acidify cannot be undone even
if the new information suggests that the decision was mstaken. Thus if
acidification is ultimately discovered to have only trivial irreversible and
undesired consequences, a delay in the decision to acidify can only nean that
the present value of its ultimate benefits is reduced. On the other hand, if
t hese undesirabl e consequences will actually be present, delay serves to
enhance the probability they will be discovered, thus making a decision to
acidify appear less attractive than it now does. Of course, the chances of
di scovering nontrivial adverse consequences of acidification mght reasonably
be directly related to the conpl eteness of the existing state-of-know edge
about these consequences and the prospects for rapid advances in this
knowl edge. 8/ If this relation is direct, it follows that the expected
decline in the relative benefits of acidification will be less than otherw se:
delays in the acidification decision are then made to appear nore favorable.

Sunmmarv and Concl usi ons

W have discussed two decision problens in the optimal control of acid
precipitation. The first problem concerns the shape of the dose-response
function while the second concerns a possible ratchet-effect associated with
movenents along a given dose-response function.

The shape of the dose-response function deternmines the shape of the

mar gi nal damage (benefit) function associated with varying levels of acidity.
Studies of the inpact of acidity on fish species suggest that the relevant
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mar gi nal danmage curves are nonnonotonic functions of the acid level. As a
result there may exist nmore than one level of acidity and associated price
structure which balances the margi nal benefits and margi nal costs of reducing
acidity. Not all of these levels and price structures will be welfare nax-
imzing, some may be welfare mnimzing in the sense that small deviations in
either direction may inprove welfare

The analysis presented with respect to the shape of the dose-response
function did not explicitly consider the dynam c costs of adjustnent. [f an
ecosystem becones highly acidified as a result of having made decisions based
upon prices in the n.eighborhood of a mninum point, then it nmay beccme optina
to forget about attenpts to control. This result occurs because the possibly
| arge short-run costs of control dominate the benefits of the action. This
result was obtained. by Forster (1975) in a study of water pollution control
For sufficiently high levels of pollution, it is economcally optinal to allow
a waterway to become biologically dead. This result depends upon a high rate
of discount. As the discount rate approaches zero, the result evaporates,
This is not surprising since the adjustment costs |oom large in the short-run
while the discount rate shrinks the present value of future benefits. W will
not enter into a debate over the appropriate discount rate--but its inportance
shoul d be noted.

The ratchet-effect of the dose-response function refers to the possible
irreversibility of the environmental disruption caused bv increased acidity. A
given increase in acidity reduces natural resources by an ampunt AR determ ned

by the dose-response function. Subsequent equival ent reductions in acidity
mav not increase natural resources by as nuch as AR or may not increase them
at all. As long as this relationship is known arnd understood by all, then

mar ket price signals sheuld correctly reflect the net benefits of the

si tuation. If the relationships are not known, however, then current narket
prices will not reflect the future costs of current actions and acidification
will proceed too far.

These decision problems suggest certain research and policy strategies
for acid precipitation. The potential irreversibilities dictate that systens

which are on the verge of acidification be subjected to imediate research to
ascertain the properties of their dose-response functions. Fi sher and

Krutilla (1974) have argued that uncertainty regarding anv irreversible
destruction that mght be caused by an activity may be sufficient reason to

justify postponing the activity until the relevant information has been
col | ect ed. In the case of disruption due to acid precipitation, the activity
is now occurring and nay intensify even while the infornmation gathering is

t aki ng pl ace.

The di scussion regarding the shape of the dose-response function suggests
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a possible Poli cy strategy for control in aquatic ecosystens. |t suggests
that systems may be classified into two groups according to their current
acidity levels. The first group consists of those systems whose pH | evels are
sufficiently high (to the left of Bin Figure 2) to make them worth saving.
The second group consists of those 9t}1at are not worth saving--the adjustment
costs dom nate poténtial benefits. == This negative prescription nmav be put
in a nore positive light. Mich work needs to be done quickly to keep nore
systens from noving fromthe first group to the second. At the same tine, the
frequency With which this nonconvexity issue occurs in the responses of eco-
systens nmust be nore conpletely identified. Table 2 raises the possibility
that it could be a creature of ecosvstem diversity. It is to the problem of
valuing this diversity that we turn in the next chapter.
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R REFERENCES

Y Al though waters that are acidified from nine drainage perhaps contain

nore iron conpounds than waters derived from acid precipitation, mne drainage
otherwise seens to have a chemistry generally sinmilar to that of
precipitation-derived water. The high concentrations of iron hydroxides
present in acid mine drainage are known to intensify the harnful effects of pH
< 6.5.

The situation in |akes may be different than in streams. Streams mav be
more capable of flushing thenmselves than |akes. Also the ability of fish to
mgrate in order to avoid high levels of acidity may be greater in steans than
in |akes.

Fronm (1980) warns that “Data relating to the specific effect of |ow pH
on growth of freshwater fishes are anmbiguous.” It is significant for the
pur poses of the present paper which seeks to point out potential difficulties
in the control of acid rain to fird one exanple of the type presented.
However, the frequencv with which this nonconvexity issue occurs in the
responses of ecosystens nust be nore conpletely identified

"/ Arthur Okun has an interesti ng comrent on economc optim zation:

“The wi se econonmi st knows, however, that nerely finding a marginal- that
is not sufficient for an evaluation. A rigidly increnentalist approach
can lose sight of mmjor opportunities. Locating the |east soggy spot in
a swanp is not optimizing if high ground is accessible outside the
swanp.”

The Political Econony of Prosperity (Brookings Institution, 1970), p. 4.
3/

= There is some evidence that there may be nonconvexities present in the
benefit function for inproved forest aesthetics. For exanple, in a

psychol ogi cal study of individuals’ responses to insect and damaged southern
pi ne forests, Buhyoff and Leuschner (1978) found that “visual preference”
dropped rapidly as damages increased to 10 percent of the forested area but
that preference declines were minor thereafter.

4/ In principle, the spreading of lime on top of forest soils might raise

precipitation pH before it noves down the soil colum. W are unaware of any
commentaries on either the technical or the econonic feasibility of this
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practice.

3/ The tone of Bengtsson (1980) is optimstic with respect to the
practicality of large-scale liming to restore acidified water bodies. He
tends, however, to abstract fromdetails that m ght conpromise the optinmistic
t one. Barnes (1979,. p. 1.232) speaks approvingly of the prospects for
neutralizing to be obtained by placing a line colum in a river bank.
Ander sson (1980, p. 6) reports that six-fold higher neutralization effects
have been acquired using sodi um hydroxi de rather than lime in | aboratory
experiments.

s/ Houck (1977) provides a technique for specifying and estimating
nonreversi bl e functions.

Z/ Let the extraction of the narginal depletion unit be delayed fromit to
t.. This delay would cause the undiscounted net return in t to.be (po—bt c),
where the dot indicates the tine derivative of price. Assuming e=0, i

instead the depletion unit is extracted int and the net returns (pJg)

invested in some other asset, the val ue of theoinvestnent int, wuld be (p.-
¢)(1+rk), where k is the tine 1nterval between t _ and to’ and r is the rate of
interest. Upon equating (p.-pt -c) and (p.c)(1+rk), and sinplifying, we are

A S 00 L. .. _ . .

left with p = r(pnc), which says'that in a regime of” secure property rights in
the resource, its market price increases at the rate of interest over tine.

8/ Wth the possible exception of limnology, where experinental neans have
been extensively used to study the behavior of ecosystem functions such as
productivity and deconposition. [Vervelde and Ringelberg (1977)], many
ecol ogi sts view the prospects for rapid accunul ation of new information as
unfavorable. Mst of the relevant ecological disciplines lack a corpus of
enpirically testable propositions derived from a broadly enconpassing
anal ytical structure as well as quantitative bits of information that have
been related to or associated with each other [Clark, Jones, and Helling
(1979)] . Resort, therefore, has been either to sinmulation nodels or to the
real -tine tracking of the behavior of a system under stress

2/ Al'l en Kneese has reninded us that the Wst Germans approximate this
policy in their assignnent of separate rivers and streans to pristine and
highly polluting uses. Note also that the PSD program of the 1977 Clean Air
Act Amendnents in the United States is consistent with this policy approach.
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| V. VALUING ECOSYSTEM FUNCTIONS: THE EFFECTS OF ACI DI FI CATI ON

| v. production

Popul ation growh and human territorial expansion are placing unprec-
edented burdens on ecosystens. Farm ands are being converted to suburbs,
while forests are being converted to farmn ands. The Anazon forest, earth’'s
richest biological region, is losing to devel opment each year an area half the

size of Great Britian [Prance, (1977)]. Pollution is now recognized as a
gl obal problemw th particular enphasis on acid precipitation and the
greenhouse effect. Estimates of species lost to extinction worldwi de are as

hi gh as 1000 per year [Mvers (1979)].

But what values are reflected by this and sinmilar data on our dwi ndling
natural environment? Part of the answer can come from a study of ecol ogical
systens placed in an econonmic framework. Ecol ogical systens must be reduced
to tractable analytical. frameworks which can then be incorporated into
econonmi ¢ nodel s that are able to ascertain benefits and costs. For exanple,
in environnental econonics, studies have estimated the willingness to pay for
trout fishing along a particular stream  These studies could then be used to
estimate the value of the effect of acid precipitation on trout popul ations.
Trout have value to people, and if the trout were to vanish so would the
benefits of the fishing. But trout are only one species in a conplex
ecosystem By renoving other species, say certain insects that may appear to
be of no value, the trout may also vanish. Thus, a proper valuation of an
ecosvstem entails not just the valuation of end products like trout, but a
recognition of the interactions between trout and other species so that the
value of these other species can be established. By doing this, better
estimates can then be made of the uncompensated costs associated with
popul ation growth and industrial expansion which affect the sources of
pl easure and life support services that ecosystens provide

Ecosystens are incredibly conplex. They nay be conposed of thousands of
species interacting in diverse ways. Each species fills a niche in the
overal |l system and depends on one or nore of the other species for survival.
But conplex systens are not foreign to econom sts who have the difficult task
of sorting out conplex econom es. Noti ons such as short-run and |ong-run
equilibriuns, steady states, and exogenous shocks appear to be applicable to
both ecosystens and econonmies. In addition, the sane type of questions arise
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in either system. For an economy, the econonm st uses nodels to deternmine the
effect a tax in one sector has on other economic sectors. For an ecosystem
t he ecol ogi st (and the economi st} may need to know the effect a particular
pollutant that harns one insect species will have on all other species

The parallels  between ecosystenms and econonics suggest that simlar
nodel s may be used for each. Mreover, if this can be acconplished, then
linking ecosystems with econonies may be possible. Such a linkage woul d
pernmit not only detailed descriptions of how a pollutant will effect an
ecosystem but how the changes brought about in the ecosvstem will effect the
econony and, in turn, how these changes in the econony will influence the
ecosystem

Ecol ogi sts attenpt to answer such questions by using energy as a unit of
val ue. By neasuring the flow of energy through an ecosystem one can
determne how an exogenous shock might affect that energy flow [ G odzinsk
(1975)]. The effect is then eval uated using some pecuniary value placed on an
energy unit. Some support for this approach once was found anobng econonmi sts.
The English econonist, J.A. Hobson (1929) has remarked that:

" .. all serviceable organic activities consume tissue and expend enerqgy,
the biological costs of the services they render. Though this econony
may not correspond in close quantitative fashion to a pleasure and pain
econony or to any conscious valuation, it nust be taken as the groundwork
for that conscious val uation. For mpst econom ¢ purposes we are well-
-advised to prefer the organic test to any other test of welfare, bearing
in mnd that manv organi c costs do not register thenselves easily or
adequately in terms of conscious pain or disutility, while organic gains
are not always interpretable in conscious enjoynent.” (p. xxi)

According to one's perspective, Hobson's statenent can be taken as
support for an energetic basis of value, and as a plea for economsts to
devote nore attention to the workings of the biological world and its
inplications for human welfare, both as a source of pleasure and as a
life-support system  Hobson's first point has been received warnmy by
ecol ogi sts such as H.T. Odum (1971), to the point where it has been enshrined
al ongsi de cost-benefit analysis as a neans of eval uating proposed energy
technol ogi es [ Energy Research and Devel opnent Agency (1975)]. However, it has
been coldly received by nmpodern economists. Georgescu-Roegan (1979) neatly
expresses the economists’ source of difficulty with energy as the unit of
value for the satisfaction of human wants

“The entropic nature of the economic process notwithstanding, it would be
a great mistake to think that it nav be represented bv a vast system of
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thermodynani ¢ equations . . . . The entropic process noves through an
intricate web of anthroponorphic categories, of utility and |abor above
all. Its true product is not a physical flow of dissipated matter and
energy, but the enjoynent of life. . ..pleasure is not related by a
definite quantitative law to the | ow entropy consurmed.” (p. 1042)
Thus the value of energy varies with its use. The correct approach is there-
fore to include the ecosystem in the econonmy where the uses of the ecosystem
can be evaluated relative to all other goods

Hobson's second point, that economcs shoul d give deeper consideration to
the role of biosphere in human affairs, has suffered from neglect. Wth the
exception of the work inspired by Boulding (1966) and Krutilla (1967), the
econonics discipline continues to be notable for its inability to capture nany
of the concerns of biological scientists, particularly ecol ogists, about the
i mpacts of human activities upon ecosystens and, via these ecosystem inpacts
ultimately upon human wel fare. Perhaps econonists have dismssed these thenes
sinmply because the economics discipline has |acked a nmeans of fitting them
into the framework of econonic analysis.

The purpose of this paper is to develop a |ink between ecosystem and
econony that will allow an econonmic eval uation of ecosystem structure. W try
to broaden traditional approaches to environmental economnic problens by
enconpassi ng bi oenergetics, but without resorting to the use of energy as the
unit of value used by humans. There are two main phases of the devel opment.
First, an ecosystem nodel is described using the notions of production
functions, optimization, and equilibria. Humans are absent fromthis phase
A1l energy input into the nodel derives fromthe sun. 1In the second phase
humans are introduced under the famliar guise of utility maxinizer. This
|.cads to behavior that interferes with the ecosystemthrough changes in the
sources and uses of energy.

The second section devel ops a nobdel of the optim zing behavior of a
single organismin an ecosystem The third section extends this idea to
mul tiple organi sms and to ecosystem equilibrium. In the fourth section,
common ecol ogi cal - themes are discussed as they relate to the nodel. Human
perspectives of the ecosystementer in the fifth section. The sixth section
uses the devel opnents of previous sections to address questions about the
value of pollution inpacts upon ecosystem structure. The seventh section is a
sinpl e general -equilibrium nodel incorporating the concepts of previous
secti ons.

Optimization by Individual O ganisns
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Initially, we develop a nodel of an ecosystem where humans have no
influence. The nodel can be considered a depiction of prehistoric tinmes or of

very remg;g areas in nodern tinmes. In this world, all energy is derived from
the sun. Organisns may use this energy directly, in the case of plants, or
indirectly, in the case of herbivores and carnivores. Each organismis a

menber of a particular trophic level, where a trophic level is defined as
". ..a collection o%'species which feed fromthe same set of sources and which
do not produce for each other” [Harnon, (1976, p. 260)]. In sence, each
trophic | evel can be thought of as a stratemin a food pyramid.— The
objective is to link mathematically the trophic levels. This will provide a
framework for discussing equilibria in the ecosystem

Before deriving the links, however, the actions of the individual
organi snms must be described. In a general equilibrium nodel. of an econony,
i ndividual consumers and firns are usually described as maximzers. But in an
ecosystem do nonhuman organi snms maximze? Mst people do not credit a wease
with thoughtful preference revelation when it raids the chicken coop instead
of ferreting out a nouse or two. ™. ..nmen consciously optinmze, animls do not
- they survive by adopting successful strategies ‘as if’' conscious
optim zation takes place” [Hirschleifer (1977, p. 4)]. This “as if”
assumption is sufficient to capture nuch of the behavior of nonhuman
organi snms, and, thereby, establish a fruitful nodel: if one always renmenbers
that these organisms are not human, it can be worthwhile to treat them as
solving hunan-1ike problens.

“

Various suggestions have been nade as to what it is that nonhuman
organi sns naxi m ze, or behave as if they are nmaxim zing. Lot ka (1925)
devel oped a nodel where the maximand is the rate of increase of the species.
This rate is a function of food capture, shelter, and other physical needs.
Obt ai ni ng these needs requires energy expenditure. If a species isS to be
successful, then the energy expended on the needs nust be |less than or equal
to the energy acquired. Lotka characterizes a maximum in this systemwth a
set of equations where the marginal productivity (i.e. , an increase in the
speci es) of an energy expenditure equal s th& marginal loss (i.e., a decrease
in the species) of that energy expenditure.— Mdern work has enphasized the
role of energy nore directly in the search for a maxinmand. Odum (1971, p. 90)
points out that ldife requires power and “... the nmaxi num and nost econonica
collection, transmission, and utilization of power nmust be one of the
principal selective criteria. ..” Finally, Hannon (1976) develops a nodel
using stored energy as the nmaxi mand. Stored energy is sinply the energy
squired by the organismless the energy needed to maintain itself. Hannon
argues for the reasonabl eness of this objective based on general observation,
and on the increased organism stability it provides during periods of
fluctuating inputs.
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The stored energy approach is used here. It does not seemto differ
significantly from Lotka's approach, particularly since he viewed organi sms as
energy transfornmers. As indicated in the next section, if organisms of a
speci es are successful in storing energy, this is interpreted as |leading to an
increase in the species. Hence, the stored energy approach appears acceptable
to nodern ecologists, and consistent with the pioneering work of Lotka.

For specificity, suppose the organismis a fox which, as an energy
transfornmer, gathers all its energy from food, and then assinmlates this
energy for various purposes. All input energy must be accounted for as output
energy in the formof waste heat, netabolism growh, reproduction, |losses to
predators, detritus, mechanical activities, and storage. Let x, and €',
i=1,... ,n, be the mass flow fromthe ith source to the organism and the ener gy
content per unit of nmass i respectively. The x  may be various species of
smal | manmmal s preyed upon by the fox. Total 1input erergy i S then:

n
Z ei'xi (1)
i=1

Let ¢" be the energy spent to obtain a unit of x , so that the net input of

energ)} froma unit of X is Ei = i - E“i. Therefcl>re, net input energy is:
n
E. X (2)
i€ i
The energy outputs are given by x , k = n+1,.. ., mand the energy content per
unit of x, is e€,. For exanple, x mav be the activity of searching for a den,

and €, is the energy spent per uhit of searching. For sone inputs such as
heat foss, X is nmeasured in energy and g, = 1; however, no loss of generality

results from using Qe Tot al ener gy out put is:
m
Z € X (3)
k=n+1 k ok
Stored energy is the difference between input and output. It represents

energy in excess of what is needed for viability. Let r be this energy.
Then, using (2) and (3):

n m
r= TE X - 4
L i1i 5:. “kxk (4)
=1 k=n+ |
For convenience, all inputs and outputs will henceforth be denoted x_,

)
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j=1, ..., m*n, where x_ > 0 for inputs and x < 0 for outputs. Each ¢ x
interpreted now as aJnet i nput of energy. ‘Thus, if index jis heat lgs:',j the
net energy input fromheat loss is -e x . Expression (4) can be rewitten as
3]
m+n
r= Z € X, (5)

The objective of the fox is to maxim ze expression (5).

A bundl e of net inputs for the organismis represented by the m+n real

nunbers x=(x .....X ). Not all bundles are feasible for the organi sm The
f ox cannot contmua‘hv catch squirrels without ever losing heat energy. The
set of feasible bundles will be called the physiol ogy set.— 1In essence, this

set places constraints on what is achievable for the organi sm by descri bing
t he physiol ogi cal processes which convert inputs to outputs. For exanple, as
a general rule of ecology, in order for the organismto use ingested material,
it nmust oxidize the organic nmolecules in the material it ingests. [ See
Morawitz (1968, Chap. 5)]. This creates useful energy, but some fornmerly
useful energy is also lost as heat. The physiology set also will depend on
anbi ent tenperature, tinme of year, and other environmental conditions. Human
activities mav influence this feasible set. Acid precipitation is a good
example of a human activity that interacts with an ecosvstem via alterations
in physiol ogy sets.

A simple diagram illustrates these notions. Suppose for the fox there is
only one input, squirrels, and one output, nechanical activity. Figure 1
shows the physiology set as the shaded region. The set is entirely within the
second quadrant where squirrels are consumed in positive quantities and
mechani cal activity is a loss or a negative quantity. Wth mechanical

A

activity of &, the fox can attain a quantity of squirrels x, a quantity %, or
any anount befween % and the horizontal axis. Bundle & repesents the greatest
amount of squirrels attainable for &, For this reason, % is labelled an

efficient point of the physiology se? and all points along the heavy curved

border of the set are referred to as the physiologically efficient points.

Definition: ‘A bundle ® = (xl, 4 ) in the physiology set X is
phyS|oI ogically efficient if there Eoes not exist an alternative bundl ex
(%, . +.x )inx such that X > % ,j “1,...,mtn, and x, > &, for at

| east one j.m’m : J .

Thus , a physiologically efficient bundle is one where greater anounts of

energy cannot be attained without even greater losses of energy. Note that
points along the nonheavy border in Figure 1 are, therefore, not
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physi ol ogical ly efficent.

The dependence of the physiological set on environmental conditions is
depicted in Figure 2. The upper cross-hatched area may represent the
physi ol ogi cal set of a lake trout prior to the occurrence of acid
precipitation, while the | ower cross-hatched region represents the trout’'s set
subsequent to the acid precipitation. This change clearly indicates a
detrinental effect from the pollution.

The fox behaving as a stored energy maximzer can be illustrated in the
sinple diagramas well. Wth one input and one output, the fox maximzes th,
expression from (5)

F %1 oxe (6)
For a fixed level of stored energy, r, (6) can be plotted as the line in
Figure 3 labelled r. A higher level of stored emergv is shown by the Iine
3 The vertical and horizontal intercepts indicate the stored energy
attainable, and the further the line fromthe origin in the first quadrant,
the greater the stored energy. Gven a particular point, say %, and energies
.. and e, the stored energy is given by r. The slope of the line is the
ratio -e£_/e., or the rate at which squirrels can be transformed into
mechanica;_)lealﬁlrgy in the ecosystem Thus , the el‘s are the energy prices the
fox faces.

The fox is assuned to take e. and ¢ as given.; that is, he has no control
over these val ues. Thev are parameters in hi s maxim zation probl em The
poi nt of maximum stored energy will be given by that stored energy line that

is furthest above the origin, but still having at |east one point in common
with the physiology set. Qoviously, this point will be one that is
physiologically efficient. Figure 4 illustrates maxi nums of # for values &

and &, and r for values £ and ¢,. The maxinizing solution depends on the
shape of the physiological set and the val ues of e, and e . At &, greater
l evel s of mechanical activitv and squirrels prevail, becauSe squirrels have
nore energy content (é1 > El) and/or nechanical activity results in less
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Figure 4.1
The Physiol ogy Set

squirrels

‘1

%)

‘1

R 0 : -
2 Mechani cal activity
‘2
Figure 4.2
Effect of Environmental Conditions
out put
I nput
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. Figure 4.3
Attainable Stored Energy

Figure 4.4
The Maxim zing Solution
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energy loss
(8. < e)). For val ues s%hand_r _ the fox would not nmove beyond point x. To
do so would nmean nore aanlcalzactlwty and nore squirrels, but the energy

gai ned woul d be | ess than the energv lost. Mving from x to ® woul d nean a
drop in stored energy fromr to r.

‘.

A maxi mum will exist provided certain restrictions are placed on the
physi ol ogy set. In particular, the set nust be bounded and include its
boundaries. These restrictions do not seem unrealistic. Figure 5 illustrates

a set that is not bounded. For positive ¢ and £ ,. maximum stored energy is
infinite. The shape of the set nust be left to experiments, observations, and
statistical analysis, and it can be expected to vary significantly anong

or gani sns. Research into these shapes is necessary to apply the theory
presented here.

Further insight into the naximzation nodel can be gained by returning to
the general case with n+m variables. To do this, the concept of a physiol ogy
function is introduced using the physiology set. For any set of values of all
but one of the net flows, x , there is only one val ue of x, that is compatable
wi th physi ol ogi cal eff1c1engy This is obvioys for the twd variable case from
the figures above. For n+m vari abl es, etet L= ,...,x Lo
then there is a one-to-one correspondence between the rn+mil d;mgns,lgn1 \(@é}tﬁ?}r
x © and the scalar x,. In functional form

k|
X, = f(X-J)
a1
or equivalently
F(x) = xg—f(x_J) = 0 (7)

The function F(x) is the physiology function, and, bv construction, it
enbodi es physiological efficiency. That is, & is physiologically efficient if
and and only if F(%) = Q In two dinmensions, F(&) = Oinplies that £ is on
the border of the physiology set.
The maxinization problem can be restated as
m+n
=1 1 (8)

subject to F(x) =0

where F(x) is assuned to be twice differentiable and the physiology set is
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Figure 4.5
An Unbounded Physiol ogy Set
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assumed to be strictly convex. Strict convexity assures that the second-order
sufficiency conditions of the naximzation problem are satisfied, and that
there is a unique maximum  The Lagrangian for problem (8) is:

m+n
L(xsA) = X + AF(
L 5t T )

and the first-order conditions for a naximum are

AF ()
XI: E + X — =0 i=1,...,mn (10)
l ax .
]
gt F(x) =0 (11)

Dividing any two conditions in (10) by each other yields

AF(x)/ox, €,
AF(x)/3xj €] (
so that for a maxinum the ratio of partial derivatives of F(x) nust be equal
to the ratio of energy prices. Using (7),

—J _
F(xl,. ..,xj_l,f(x )’Xj+l’.""'xm+n) =0
and differentiation with respect to x,, i #j, yields
- 9 3
3F(x ) Fla)/ox,
ax ) BF(X)/ij (13)

Thus , the left-hand-side of (12) can be interpreted as the rate at which x,
must be substituted for x. while all other values are held constant. Or, f3r
the fox's predatory behav%or, (12) states that the rate at which he can trade
squirrels for rabbits while maintaining stored energy nust equal the rate6 at

whi ch he can exchange squirrel energy for rabbit energy in the ecosystem.—
Alternatively, (12) and (13) can be used to obtain

-j
de flx 7)) _ 1 (14)

35_ X,
11

I4

The left-hand-side of (14) is the rate at which energy fromsource j nust be
traded for energy fromsource i in order to remain physiologically efficient.
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Or, substituting squirrels for rabbits nust |ower the input of rabbit energy
at the same rate squirrel energy is increased

The conditions for a maxi mum given bv (12) can. be related to the earlier
figures. Condition (12) for the one input-one output case is shown by the
tangency in Figure  4; The left-hand-side of (12) is the slope of the
physiologv set border, and the right-hand-side of (12) is the slope of the
stored energy line.

The first-order maximum conditions given by (10) and (11) constitute
m+n+1l equations which can be solved for the optinum values of the x and i as

functions of the energy prices. A solution is guaranteed by the asghmption of
a convex physiology set. Thus , there exist the functions

X, ¢, () j = 1,0 ..,mtn (15a)
] J

A ¢A(€) (15b)

th . . .
The function ¢ (e) indicates the amount of the j i nput acquired or j th out -

put spent, giv%n the energy prices of all inputs and outputs. Substituting
t hese anmounts back into the objective function gives the maxi mum stored
ener gy,

m+n

r = z;l ej¢j(e) (16)

If j represents rabbits, ¢.(e), can be thought of as the fox’s denand for
rabbits at prices E :

Finally, the ¢.(¢) ternms can be substituted into (10) and (11), and
derivatives can be taken with respect to the ¢,. This yields the system of
equati ons: J

m+n 9F(x) 8¢k(e) 3¢k(e) 3F (%)

= '

Lr L St e e ax, 0 (109
k=1 ik 3 j 3

jsk=1,...,mn
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m+n
Y OF (x) 39, () _

k1 Py 3e.

|
This system can be-used to solve for the 3¢ (e )Pe , values, and, by the

0 j=1,...,mn (11Y)

second-order conditions, J
3¢, (e
b0 50 5=1,..., mn (17)
de
h|
The interpretation of (17) is that an increase in the energy price of a net
input results in an increase in the use of that input. If the net energy the

fox could obtain froma rabbit were to increase while the net energy obtained
froma squirrel remained the same, the fox would chase nbre rabbits and fewer
squirrels. A simlar interpretation holds on the output side

Before closing this section, a brief conparison between this nodel and
econom ¢ nodels is worthwhile. The energy storage maxim zing organismis
anal ogous to the profit maximzing firm The firm uses inputs (capital
| abor, etc.) to produce outputs (guns, butter, etc.). The firm s technol ogy
set consists of net outputs, so that inputs are negative and outputs positive.
This is opposite to the organi sm whose physiol ogy set is made up of net
inputs. Moreover, the firm pays monev to buy inputs, and collects nmoney in
selling outputs. This also is opposite, since the organism collects energy
frominputs, and pays energy for outputs. Inequality (17) is, however, the
same for the firmand the organismsince the two opposites cancel..

Miultiple Organisns

An ecosystem conprises manv stored energy maxim zers which nust be |inked
to provide a. conplete picture. Each organism belongs to a species, ard sets
of species form trophic levels. The trophic levels are links in a food chain
or levels in a hierarchy. Each species feeds on species in | ower trophic
levels, and in turn provides food for species in higher trophic |evels. Some
hi erarchies may be considerably nore conplex than others in that sone species
may interact with other species from many different trophic levels. Thus the
inputs and outputs of the previous section represent inputs from other
organi snms and outputs to other organisns.

At the bottom of the hierarchy are the sinplest plants who derive al

their input energy fromthe sun. In fact, in an ultimte sense, the sun
supplies all the energy consumed by the ecosystem  This provides one equation
in the ecosystem nodel: total output energy in the formof heat which is |ost
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in the ecosystem equals total input energy from the sun

By responding to energy prices, €, each organi sm behaves as the stored
energy maximzer of the previous section. W assunme each organismto be
i nconsequential with regards to its effect on the ecosystem since there are
SO many other organisns. Fromthis we infer that each organism has no contro
over the energv prices. This is consistent with the maxim zation process
di scussed above. However, the relative energy prices are determined by the
activities of the organisns in the ecosystem The fox's energy price for
acquiring rabbits will depend on the availability of rabbits. If an
exogenous shock were to reduce the number of rabbits drastically, we would
expect the energy price to increase for the fox, causing a decrease in the
fox's stored energy.

The existence of an equilibrium ecosystem given the nunber of interact-
ing maxim zers, and given a set of initial conditions or initial nunbers of
organi sms and environmental surroundings, requires a set of energy prices such
that all organisns are maxinmzing stored energy while at the same tine inputs
are consistent with outputs and total energy is conserved. Existence will
depend on the forns of the physiology sets and on any threshold conditions
that may prevail. For instance, too few individuals of a certain species my
lead to a total collapse of the species. There is also the possibility of
multiple equilibria. That is, equilibrium if it exists, nmay not be unique
Di fferent equilibria may consist of a variety of configurations of species
numbers.

In accordance with Hannon (1976), stored energy is zero for all organisns
in the equilibrium ecosystem Recall that stored energy is energy above and
beyond what is needed to survive. This is analogous to all firms nmaking zero
profit in a perfectly conpetitive economy. To see why this is, suppose an
equi libriumexists and all species have zero stored energy; then consider an
exogenous change that causes foxes to have positive stored energy. The foxes
are healthy, vigorous, and increasing in nunbers. But this means that each
fox will now face greater competion in his search for energy inputs. Nunb ers
of rabbits will decline, and the energy price of rabbit inputs wll increase
This increase will cause a decrease in the foxs' stored energy, until zero is
again attained. A new equilibriumis established, although it mav be one with
more foxs and fewer rabbits than before. The same type of scenario can be
used to show how the systemresponds to negative stored energies.

Setting up a mathematical nodel to study this ecosystem equilibriumis
simlar to the problem of setting up a general equilibrium conpetitive nodel
of an econony. The mathematics of existence can be conplex, and will not be
pursued here. However, efforts along these lines should be rewarding.
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I nsights could be had regarding: 1) whether the stored energy behavior
concept is consistent with observed equilibria; 2) those restrictions on the
physi ol ogy sets consistent with equilibria and with field and experi nental
observations; and 3) the effects exogenous shocks, such as human induced,
acid precipitation, have on these equilibria.

Common Ecol ogi cal Thenes

Vatt (1973, p. 34) sets forth the following as a fundanental principle of
ecol ogi cal science: the diversitv of any ecosystemis directly proportional
to its biomass divided by its productivity. That is:

_ B
D= k() , (18)

where D is a diversity nmeasure directly related (Pielou, 1977, Chap. 19) to

t he nunber of species in a given habitat and the rel ative abundances of each
species; — B is the total weight or standing biomass of living organisns in a
habitat; P is the amount of new living tissue produced per unit time; and k is
a constant differing from one habitat to another. Thus, for a given bionass,

system diversity and system productivity are inversely related.

Wthin a given habitat, d(B/P)/dt > 0, inplying that in the early life of
an ecosystem the production of new tissue is very large conpared to the
amount of biomass. This high relative productivity is the source of biomass

growt h. It is achieved by introducing into an abiotic or stressed environnent
a small nunber of pioneer species (e.g., weeds) with rapid growth rates, short
and sinple life cycles, arid high rates of reproduction. In the mature stages

of an ecosystem a wider variety of organisns that grow nmore slowly and have
longer life spans is present. Net production or “yield” is lower in a nature
syst em because nost energy i S invested in naintenance of the standing bionass.
Thus, whereas energyv in the pioneer stage is used to increase biomass, so that
arelatively empty habitat can be filled, all the captured energy coming into
a fully mature systemis emploved to maintain and operate the existing

bi onass, which already occupies all the habitat territory avail able.

Ecosystens that must live under intermttent or continued severe stress
exhibit the attributes of inmmature systens: they have relatively |ow
diversity and bi omass but high throughput of energy and thus high yields.

Ecol ogi sts traditionally prefer ecosystens with |arge biomass and
diversity. This preference for mature ecosystens appears to rest on two
positions: the maximzation of system energy capture; and the maxim zation of
system stability. In the first case, more energy is captured per unit bionass
in a mture svstem because | ess energy has to be “wasted” in growth and
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reproduction activities. The distinction is sinmlar to Boulding's (1966)
description of the “cowboy econony” and “the spaceship econony”, where the
former maxim zes throughput and therefore energy diffusion, while the latter
maxi m zes inconing energy concentration and fixation. According to Margalef
(1968), the immture or stressed system expends nore energy per unit bionmass
in reproduction in,order to make up for its more frequent |oss of individuals.
In addition, because of its relatively small energy recycling capacity and its
relative inability to alter and to renew its environment in ways favorable to
its sustenance, it nust expend relatively nore energy per unit bionmass in food
gathering activities. The immture system thus expends relatively nore energy
in producing new tissue to replace that which has di sappeared (depreciated).
In contrast, the nmature system expends nost of its incomng energy in keeping
what it has already developed: it is durable. Because it sustains a greater
bi omass per unit energy, the nature system is frequently said to be nore
“efficient” (B.P. Gdom 1971, p. 76).

Al t hough exceptions appear to exist [May (1971), Jorgensen and Mejer,
(1..979)], the greater efficiency of mature ecosystens is associated in
ecol ogical thought with greater stability, where stability is variously
interpreted to nmean systemresiliency to exogenous shocks or infrequent
fluctuations in standing stock. This stability is thought to originate in a
set of homeostatic controls present in greater nunber and variety in mature
systens, thus providing a greater nunber of avenues through which the system
can recover from damages to one or nore of its conponents. The greater
simplicity of the immture system is thought to increase the likelihood that
if anvthing goes wrong, everything goes wong. Thus nonocul ture, which are
by definition the sinplest and | east diverse of ecosystens, are susceptible to
bei ng wi ped out by any single pest or event to which they are sensitive.
Incom ng energy flows only through one or a small nunber of pathways; when
this pathway is degraded, no neans to capture energy renains. The system
therefore collapses unless energy subsidies (e.g., fertilizers) are provided
from outside. These subsidies are of course a further source of the low
bi onass supported per unit incom ng energy that is characteristic of inmmture
ecosyst ens.

The human dil enma posed by the ecol ogists then involves a tradeoff
between high yield but risky immture systenms with undifferentiated
conponents, and |low yield, reasonably secure systems with a variety of
conponents. Even if the requisite energy subsidies were usually available, an

earth covered with cornfields would be dangerous. Moreover, given, as
Scitovsky (1976) convincingly argues, the human taste for variety and novelty,
a world of cornfields would be exceedingly dull. Nevertheless, flowers and

butterflies nourish only the human psyche; they provide little relief to an
enpty stomach. Human activities increase biological yields by accelerating
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energy flows through ecosystens. In terns of the model of the previous two
sections, these activities increase overall energy prices. To acconplish
this, they sinplify ecosystem structures, either by keeping themin a
perpetual state of immaturity or by inpoverishing the energy flows their
habitats can produce.

In the context of the above perspective, pollution, such as acid precip-
itation, harms human wel fare by reducing vields of the nmaterial scaffold of
wood, fish, and corn and by increasing ecosystem sinplicity: vields are
reduced and nonotony is increased. Woodwell (1970) notes that by elimnation
of sensitive species, SO air pollution around the Sudbury snelter in Ontario
first resulted in a reduction in the diversity and biomass of the surrounding
forest. Finally the canopy was elimnated with only resistant shrubs and
herbs surviving the assault. He al so notes that chronic pollution reduces
pl ant phot osynthesis w thout having nuch effect upon respiration requirenents.
As a result, large plants, which have high respiration requirenents, are
placed at a disadvantage relative to small plants. In a vivid i mage, he
posits the replacenment of the great variety of phytoplankton of the open ocean
bv the algae of the sewage plants that are insensitive to just about any
stress

Valuing Diversity and Yield

In accordance with the treatnments of Hannon (1979), Mauersberger (1979),
and sections two and three of this chapter, the ecosystens refered to in the
foll owi ng devel opnment are long-run equilibria sustainable with various
conbi nati ons of energy from solar, biogeochemical, and subsidy sources.
Contrary to nuch of the ecological literature, day-to-day transient states in
the rel ative abundances of various species are disregarded. This permits us
to concentrate upon a snall nunmber of key expressions and basic principles,

t hereby avoiding the bew | dering black-box flow diagrans often used by
ecol ogi sts. We wish to gain insight into two questions. First, what is the
econom ¢ value of the quantity of each species that a location is producing?
For our purposes, a location is sinply a set of map coordinates. Second, what
is the economc value of the assortnent or bundle of species that the |ocation
is producing? That is, what is the value of a particular ecosystem design?
For a particular species assortnent, the first question is usually answerable,
gi ven that market (ng} energy) prices of each species unit are readily
observed or inferred.— However, the second question, whether treated singly
or in conbination with the first, has not yet been grappled with insofar as
ecol ogi cal questions are concerned. VW adapt a nodel. of Lancaster’s (1.975) to
deal sinultaneously with the two questions

To anal yze these two questions, we need a nodel pernmitting us to trace
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t hrough the inmpact upon the econom c benefits derived from ecosystens of
changes in specie quantities and assortments caused by changes in energy
[1108. The first step in doing this is to define an ecosystem e , as a set
of species, where these species are in fixed proportions to one another.
Expression (19) identifies ecosystemi with n species and

i b}
arza-'-,r ) (19)

wher e rL is the quantity of species j. Bionass is used to normalize the
measure’of different species. An ecosystemthus contains different species in
a particular proportion at a single location. Ecosystems that contain species
in different proportions are considered to be different ecosystems. Gven the
linearity of (19), the species content of x units of an ecosystemis sinply x
times the content of each species in an ecosystem unit.

Allow some tine interval sufficiently long to pernmit each feasible eco-
systemto attain a long-run equilibriumdefined in accordance with the nodel

of sections two and three. Assune that a given anount of energy, E, from
solar, biogeochemical, and subsidy sources is available for this tine interva
at the location in question. Included in the biogeochemical energy source is

the energv currently stored in the standing biomass. Wth E, a variety of
ecosystens can be established, the range of the variety being deternined by

t he physiol ogy sets of each species and the ways in which the species interact
with each other.

Note that our notion of long-run equilibriumneed not be a climax bio-
logical equilibrium that is, it includes other sustainable states as well.
In particular, by including energy subsidies and biogeochemical energy in
avai |l abl e energy, we allow inmature ecosystens to be forned and sustained
For exanple, an energy subsidy is being provided a vegetable garden when it is
weeded and when it is harvested. The weeding prevents the garden from
“reverting” to field, woods or prairie; the harvesting prevents the standing
stock of vegetable plants from suffering the effects of congestion. Thi s
standing stock will produce, period after period, a unique sustainable flow of
new bi omass or yield as long as the requisite biogeochemical energy and energy
subsidies are provided. Sinmilarly, with enough of an energy subsidy (as with
a greenhouse) in Wyoming, one Can sustain a banana-nmango ecosystemwith its
associ ated flow of bananas and nangoes. VW assume, whether reference is to an
entire ecosystemor to a particular species within that system that the
sustainable yield neasure is an order preserving transformation of the
standi ng stock neasure.

For a particular quantity of incom ng energv, there will by sone nmaxi num
anount of each ecosystemthat a particular |ocation can produce.= Let the
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m ni mum energy requirenents for producing an ecosystem be given by:
E = E(e(r)) ¢(x), (20)

where the elements of the r-vector are sustainable yields per unit time. ¢(r)
will be called a diversity possibilities function. [t shows the maximum
guantities of various species conbinations that a location can sustain wth
given available energy each period. W assume that ¢(r) is honothetic and
convex, and that ¢ > 0. For a given energy flow at a particular |ocation.
Figure 6 illustrates a diversity possibilities function for grass and corn

In Figure 6, four ecosystens are depicted, one of which, e , contains
only grass, and another of which e, , contains only cows. Two ecosyst ens, €ys
and e ., containing grass and cows in different conbinations, are also
depicted. If enough alternative ecosystens are possible, a continuous
diversity possibilities frontier, E can be forned, as we assumed in (20).
For given energy availability, each point on the frontier, E represents the
maxi mum quantity of one species that can be produced with a particular
quantity of the other species being produced. Since cows probably use
relatively less, if any, solar radiation directly, a progressively greater
proportion of biogeochemical energy and energy subsidies will be included in E
as one noves from the vertical axis to the horizontal axis.

The convexity of the frontier follows from an ecol ogical version of the
econom ¢ |aw of diminishing returns known as Mitscherlich's law [Watt (1973
p. 21)]. As progressively nore energy is diverted from grass production to
cow production at the location in question, the increment to the latter wll
decl i ne. Simlarly, the diversion of energy fromcows to grass will result in
declining increments to grass production. Since in Figure 6, the cows could
feed upon the grass, the convexity of the feasible region is also attributable
to the less bhiologically efficient use of the given available energy by cows
than by grass. As a food chain |engthens, the anount of original. energy used
for production bv species distant fromthe original erergy input tends to
decrease at an increasing rate (E.P. dom 1971, Chap. 3). O course, as
Tullock (1971) recogni zes, the croppings and droppings of the cows may recycle
sonme of the energy originally enbodied in the grass and cause both grass and
yields to increase over some portion of the frontier. However, as grass
becones scarce, the cows nmust expend progressively nore energy in search for
it, if it istoremin a part of their food supply. Finally any cow grazing
what soever mght be so harnful to grass that the frontier bows inward, causing
a nonconvexity problem for applications of econonic optinization techniques

The assunptions of homotheticity and ¢” > 0 for (20) inply that: ¢(x,r)°
F(MD¢(r) for all x, r > 0. In terms of Figure 6, these assunptions nean that
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there could exist a series of simlar diversity possibility frontiers, one for
each level of energy availability. The greater the |evel of energy
availability, the farther would be the associated frontier fromthe origin
Therefore the biomass of any species obtained in a particular ecosystemto
which greater quantities of energv are nade available will increase but not
necessarily on a one-to-one basis with the increase in available energy.

To nmeke different ecosystens conparable, we define the solar radiation to
which the location in question is exposed per period as the unit anpunt of
energy, E. [Each of the ecosystens that can be produced by this unit energy
are therefore conparable in terms of the biomasses of each species enbodied in
them W shall call themunit ecosystems. Keeping in mnd that an ecosystem
is defined as enbodying species in fixed proportions, an altered quantity of
an ecosystemis a sinmple multiple of the quantity of any species appearing to
some positive degree in the unit ecosystem

To conplete the nost fundanmental parts of our analytical apparatus, we
introduce a well-behaved utility function, U(r), for a representative person.
Assuming others, energv subsidies to the relevant location to be
predetermined, the Lagrangian of this individual’s decision problem then can
be stated as:

L = U(r) + u(E - 6(r)). (21)

The first-order necessary conditions for a maxi numof (21) are,

U 3 _ (22)
Br—MBr =0

and the constraint expressing the available energy. Expression (22) states
that the individual will equate the marginal utility he obtains froman addi-
tional unit of a species to the marginal cost of expending the energy to
acquire that additional unit. Figure 7 is a diagrammtic representation of
(22) for two types of ecosystens, ., and e , and two indifference curves U_,
and U_.. Wth available energy, E, Hhe i ndi2vidual s utility-maximzing choice
is clearly at A, which corresponds to (22). W shall therefore call any eco-
system which conforns to (22) the ideal ecosystem This is the ecosystem
having that species assortnent nost preferred by the individual

Assume that our representative individual, perhaps because he is unable
to exercise enough influence over land use, cannot have the e, ecosystem
Instead, he nust face the e, svstem a system containing substantially nore

cows and less grass. The latter system may be considered to be less “natural”
since its maintenance likely requires substantial man-supplied energy

105



subsidies. Wth the available energy, E, the individual will be worse off
with the e_ system since the highest utility level he will be able to reach is
U at C f he were to be as well off with the e_ systemas he would be with
t%e i deal systemat A, he would have to be at %. The attainnent of B,
however, requires nmore input energy as indicated by the diversity
possibilities frontier, E*. Since OA and 0C both require E units of energy,
while OB requires F* ‘energy units, the energy quantity required to conpensate
the individual for the fact of the e, systemis E¥ - E along the e.-ray. The
conpensating ratio, OB/0C > 1, is then the quantity of the existing system
relative to the quantity of the ideal. svstem that keepns the individual at the
original utility level. Since 0B and 0C are each defined in energy units, the
conpensating ratio is a pure nunber. A glance at Figure 7 makes it obvious
that this conpensating ratio will be greater, the less substitutable the two
systenms are for one another, the steeper the slopes of the diversity
possibility frontiers, and the wider the difference between the ideal
ecosystem and the actual ecosystem Tn addition to dependi ng upon underlying
preferences and production conditions, this ratio is obviously a function
h(e,e*), where e* is the species ratio in the ideal ecosystemand e is the
species ratio in the existing system Lancaster (1975, p. 57) describes the
properties of this conpensating function, which nmust be convex.

If all existing ecosystens are not to be ideal ecosystens, the preceding
framework inplies that in the real world there are some ecosystens produced

under conditions of increasing returns-to-scale. | f decreasing returns-to-
scal e were universal, less energy would be used by producing fewer units of a
greater variety of ecosystenms. In the extreme, each individual would have his

i deal ecosystem available to him Simlarly, under constant returns-to-
scale, the quantity of energy used to produce a quantity of an ecosystemis
directly proportional. Thus, wth decreasing or constant returns-to-scale,
any individual. who does not have his ideal ecosystem available is using nore
input energy to attain a particular utility level than would be required with
his ideal ecosystem Casual observation suggests that everyone is not happy
with the ecosystens they have available. One plausible reason for this %ﬁ/the
presence of increasing returns-to-scale in the production of ecosvstems.~—
That is, the presence of increasing returns-to-scale for sone ecosystens may
force the individual to choose between an ideal diversity of ecosystem
conponents and reduced energy consunption per unit of production for some
smal l er set of these conponents.

Let us monmentarily return to (20), which gives the amount of input energy
required to produce some anount of a particular ecosystem Because of our use
of energy to bring the unit quantities of different ecosystens to the sane
measure, and because of the properties we have assigned to the diversity

possibilities frontier, if Ql’ and Q2 represent quantities of different
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ecosystems, e, and e, then f (Q ) = f_(Q,) . Q.=Q...,,. allows ,k |
performthe analysis‘in terns of " a1 Si ngzlze i‘?ﬁputh?[]nct]-i orf- hi's S
E = £(0) (23)

The energy required to produce quantity Q0 of e, and quantity Q of e is
) . . 1 2 2
given by the sum of the two input functions:

E = flle) *£,0,), (24)
and not the sumof the quantities of (Q, + Q). [If £.(Q )+ £ (Q) =
£(Q. + Qz), then constant returns-to-scale woul d exi Sll. As suaﬁ, We assune
f£()™> 0, "and f'(Q > 0, but we need not assune that all incom ng energy

results in additional biomss, nor need we attach any sign to f“(0).

Now define a degree of economies-of-scale paraneter, 8(Q), which is the
ratio of the average energy input requirenent to the narginal energy input
requirenent. This is sinply the inverse of the elasticity of (23), or:

f(0)

8(0) = ——— = L £!

If 8is a constant, £(0) will then have the form

1/6
E=EQ , (26)
0
the i nverse of which is
5]
0 = akE (27)

This last expression is imediately recongizable as a hompbgeneous function of
degree 0. If 6> 1, there are increasing returns-to-scale; if 8 = 1, there
are constant returns-to-scale, and if 6 < 1, there are decreasing
returns-to-scale.

In expressions (21) - (22), we derived the representative individual's
i deal diversity of ecosystem conponents, assuming that he faced no tradeoffs
between this ideal and |owered unit energy costs of ecosystem production. We
are now prepared to consider this question of the optinal deviation of the
actual ecosystemavailable to the individual fromthe individual's ideal
ecosystem

Assune we wi sh to enable the individual to relaﬁx sonme predet ern ned

arbitrary utility level with mnimm use of energy. Let @ be the
quantity of an. ideal ecosystem e*, that is required for the individual to

107



reach this predetermned utility |evel. If the available ecosystem e, is
noni deal, the individual will have to be conpensated by being provided nore
than 0* of the available system According to our previous definition of the
conpensating function, h(e, e*), the anount of the available eco-system
required to bring the individual up to the predetermined utility level will be
Q*h(e, €*). Since the input function (23) is independent of the species
rati os (by the assumed homotheticity of production and the definition of unit
quantities), the optimal ecosystemis that which nminimzes the quantity, Q
required to reach the predetermined utility Ievel. That is, we wish to
mnim ze:

0= O*h(e, e*) (28)

This minimumis given by:

oh
* — = (
0% (29)
whi ch obviously corresponds to (22). This result is relatively trivial but it
does serve as a necessary prelude to determnation of the optinmal deviation of

the available ecosystem from the ideal ecosystem

Suppose there are n-1 less-than-ideal feasible ecosystens, the deviation
of each less-than-ideal systemfromthe ideal system being given by x = e* -
e.. Then the quantity of the ith ecosystem required to reach the
p%edetermined utility level is given by: Q.7 0%h(x ). The total energy
inputs required to reach this utility Ievel for al | systems, whet her ideal or
not, are then:

E = f[Q*h(xi)], (30)

where the X, are the variables of the problem From (30) is obtained:

dE  _ o* df dh Q*f'h' (31a)
dx, * dh dx
i i
or 1
Q*h' = L (31b)

for a mnimm expenditure of energy.

The interpretation of (31b) in economic terns is quite easy. The l.h.s.
of the expression shows the increase in the quantity of the ith ecosystem
required to naintain the predetermined utility level if there is a one unit
bi onass increase in the deviation of the available ecosystem from the ideal
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ecosystem  The denom nator of the termon the r.h.s. shows the increase in.
the available quantity of the ith ecosystemto be obtained with a one unit
increase in input energy. Thus (31b) says that the optinmal deviation of the
avai | abl e ecosystem from the ideal ecosystem occurs when the change in the
conpensating ratio is equal to the reciprocal. of the additional energy

required to produce nore of the ith ecosystem As the available ecosystem

deviates | ess from“thée i deal system the conpensating ratio decreases. If the
energy inputs required to reach the predetermined utility level also decrease,
then the ideal system would clearly be optimal. However, if the conpensating

rati o increases and, due perhaps to ecoromies-of-scale in production wth
sinmplified ecosystens, energy inputs per unit of yield decrease, then the
achi evenent of an optimumrequires that the tradeoff between the two be
recogni zed.

The optimm condition (31b) can be clarified when stated in elasticity
terms. Upon defining the elasticity of conpensating function as n = xh'/h

and substituting this and the elasticity, (23), of the input function into
(31b), we have

h
:h (X) = f b4 (32)

which if f, h, and 0 are fixed is sinply

nh(x) =0. (32b)

Thus the optinmal deviation of the avail able ecosystemfromthe ideal ecosystem
occurs where the elasticity of the compersating function, n (Xx), is equal to
the degree, 0, of econonmics of scale in production. |If x were such that n (x)
> 8, a one percent decrease in deviation of the available ecosystem vvoufb
require n, percent less in ecosystem quantity (remenbering that all ecosystens
are neasured in the same units because they are defined relative to a unit
ecosysten) and require n (x)/6 > 1 percent |ess energy resources, SO that
energy i nputs woul d be made smaller by reducing the extent O deviation from
the ideal system However, if n (x)/6 <1, an increase in the extent of
devi ati on woul d reduce energv inputs. Thus when n (x) = 6, the deviation. is
optimal. The welfare |oss from an increase in the deviation of the available
ecosystem from the ideal ecosystem is balanced by the increased ecosystem
quantity obtained for a given energy input.

The Inpact of Pollution

In the previous section, we have presumed that over some interval of the
input function, (23), there exists increasing returns-to-scale: that is, as
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nore energy is devoted to the production of a particular ecosystem the
ecosystem yield per unit of energy is increasing. Wen there are feasible
nmonocul tural ecosystens that yield an output (e.g. beef) highly val ued for
consunptive purposes, or as an input (e.g., sawtimber) for a fabricated good,
and if these ecosystens exhibit increasing returns-to-scale, then sone
deviation of the available ecosystem from the i deal ecosvstem may be optimal.
The condition for optimality is O%*h'=(£f') ~ or, in elasticity terms, n, (x) = 8
It is thus apparent that the extent of optimal deviation will vary mjgh t he
paraneters that influence the above conditions. The elasticity, n ,is
determi ned by the properties of the conpensating function, h. The eco-
nomies-of-scale parameter, 8, is either an exogenous paraneter (wth homo-
genous production) or is a function of yield, and thus of the conpensating
function.

Consider a pollutant, a, which might, in principle, effect h" , f' |, or
both. For exanple, a pollutant stresses ecosystens, making them inmmture, and
thus less diverse. In addition, for at least sone of the ecosystens remaining
viable after the introduction of a pollutant, their yields are | ess than they
woul d be without the presence of the pollutant, i.e. , the level of ecosystem
vield obtainable with any given provision of energy is reduced. Thus, in
terms of Figure 7, the diversity reduction would be reflected in a rotation of
the avail abl e ecosystem toward one or the other axes, while the reduction of
yield of whatever ecosystemwas ultimately available would register in a shift

of the diversitv possibility frontiers toward the origin. If the ideal
ecosvstem i S unchanged, and if the reduction in diversity represents a
movement away from this ideal system then the individual will require

addi tional conpensation if he is to remain at the original utility level. A
simlar result occurs if f' (the additional energy input required to obtain an
additional unit of an ecosystem) increases. In both cases, an increase in the
deviation of the optimal fromthe ideal ecosystem occurs. The effect of a
variation in aon the optinmal deviation is easily found by differentiating
ei ther (31b) or (32b),

Upon differentiating (32b) with respect to a, we get:

dx  (d8/da) - (dnh/da) (33)

da  (dn /dx) - (do"/dQ)

Given the convexity of the indifference curves, the dn /dx termin the denom

i nator rnust be positive. If the degree of econoni es-8f scal e is fixed or
declines with increases in the level of output, the d6/dQ termin the denom n-
ator nust be negative. Thus the denominator in (33) wll be unanbiguously

positive. The sign for (33) will therefore depend solely upon the terms of
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the numerator. If the ideal ecosystem has high diversity, the sign of dn /do
will be positive since the convexity of the indifference curve requires that
reduced ecosystem sinplification imply increased responsiveness of the
necessary conpensation to further sinplification.

The sign of d8/da in (33) is less easily determined. Renenbering that @
= (£)£'/(Q), it is plausible that increases in a would increase only f’,
implying that d6/de would be positive, but leaving the sign of the nunerator
in (33) dependent on the relative nmagnitudes of d6/de and dn /do . It is of
course possible that pollution would reduce the yields obtalnable for every
ecosystem for all output levels. This event would be reflected in a reduction
inf, implving that d6/da < 0, for a given f' and Q In this case, the
i ncrease ir pollution would reduce rather than increase the optinal deviation
of the available ecosystem from the ideal ecosystem

These results obviously imply that econom c anal yses which concentrate
only on the ecosystemyield effects of pollution can be seriously m sl eading.
In cases where pollution reduces both yields and diversity, the analyses wll
tend to underestimate the economc |osses fromthe effects. Simlarly, if
there exist cases where diversity is decreased while yields are increased, the
usual anal yses m ght not perceive any | o0sses. However, in some cases, the
usual analyses will exaggerate the severity of the losses. Harkov and Brennan
(1979 pp. 157-158) conclude, for exanple, “... that slower growing trees, which
often typify late successional comunities, are |ess susceptible to oxidant
danmage than rapid-growing tree species, which are commonly early successional
species.” Assuming that the ideal ecosystemis nore diverse than was the
avai |l abl e ecosystem before the increase in pollution, the increase in
pollution could reduce f',8, or both. 1In either circunmstance, nore inconing
energv Woul d be required than before to obtain a given yield with the i mmature
ecosystem The pollution may therefore reduce the optimal deviation of the
avai l abl e ecosystem fromthe ideal system In short, pollution can enhance
rather than hinder the willingness of individuals to live with mature
bi ol ogi cal communities! Obviously, in this case, any econom c anal ysis which
neglected the increase in diversity would overestinmate the econom c danages
attributable to the pollution.

A Sinmple General Equilibrium Model.

A sinmple general equilibrium nmdel of an econony and ecosystem w ||l now
be presented that in some respects captures nore di nensi ons of our basic
concerns than do preceding sections, but which does so at the cost of neglect-
ing some dinensions that the preceding sections feature. The ecosvstem will
be represented by the single stored energy variable r. O course, this masks

111



many interesting questions (e.g. diversity vs. scale economes) due to the
| evel of aggregation taking place. Nevertheless, the ecosystem solves the
one-input problem

max I = Ele - €2X2

St ox, = gl{x_ 3 E ) (34)

where E_is a paranmeter @ndicati%g {he amount of human supplied energy into

t he ecogystem_ Tn the second section, we saw that E = g, The solution to
the problemis characterized by the first-order condiEion,

gy - PE(x3E) (35)
ax
‘1 |
This is the analogue of (12). |If the ecosystemis in equilibrium wth no

human interaction (i.e., Er =0), r=0.

In order to capture a general equilibrium setting, we now introduce a
Hicksian conposite good, 1z, into the individual’'s utility function. Thus
human preferences are given by:

Ulz,r) (36)

The termr appears in the utility function to indicate the hunan preference

for a natural environnment. ldeally, that environment should be pollution free
with little trace of intervention. In other words, for sonme z value, zero is
an opti num val ue of r. As intervention increases through increased £, r

increases and utility decreases for fixed z. Consumer preferences are ‘shown
by the indifference curves of Figure & The arrow shows the direction of

pref erence.
The production of z is given by the function
7 = f(EZ,r) (37)
where E is the energy used in the production of z. Stored energy enters z
since if represents that part of the ecosystem which is cropped to provide

goods in the econony.

The hunman problem is to maxinize (36), subject to (35), (37), and the
resource constraint on total available energy

E + : 38
r Ez E (38)
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Figure 4.8
Consuner Preferences

i

Figure 4.9
A Natural State Optinmum
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Figure 4.10
An Interventionist Optinmm
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The solution is shown graphically by the two possibility curves in Figures 9
and 10. In Figure 9, curve P* is the production possibility frontier. As we
move from z*, incoming energy is being diverted fromthe production of z to r,
and, therefore, more r is produced. G eater r nmeans nore natural environment
is available for producing z. However, the shape of P* indicates that the
increase in r does not make up for the decrease in ® in the production of z.
The optinum is z* where the ecosystemis in a naturaf state.

The second possibility is curve P** in Figure 10. Again, energv i s being
diverted to r. But now in producing z, the increase in. r nore than nakes up
for the | oss of energy E as shown bv the shape of P**. The optimumis now
r** —z** where intervention in the ecosystem is justified. Exanples of these
possibilities may be forest harvesting since nost woul d agree that harvesting
forests for lunber is a worthwhile task. The first case may be harvesting
baby harp seals, since many argue that the goods made from the seals can be
made inexpensively using synthetics.

While this is a very sinple exanple, it is a useful means of displaying
the potential for describing the links between economes and ecosystens.
Questions of optinum exploitation and extinction can be inferred from sophis-
ticated versions of the analyses in Figures 8 through 10. But research is
needed to determine the shape of the possibility frontiers, which nmeans that
research into physiology sets of ecosystenms and the technol ogy sets of
econonmies will be required.

Sunma ry and Concl usi ons

W have tried to denobnstrate how the application of econonmic analysis to
bioenergetics, a framework with some degree of acceptance in ecology, can be
used to describe the behavior of ecosystems. Mreover, we have indicated how
the descriptions thereby obtained can be nade an integral part of a npbde
adapted from Lancaster (1975) that, in principle, can be used to value both
the yield and the diversity inpacts of stresses upon ecosystens. We are by no
means the first to express the thought that the human-induced ecosystem
effects for which one may feel secure using the conventional methods of
benefit-cost analysis may be those having the |east |ong-term econonic
significance. The conventional anal ysis di sregards mavflies because their
contribution to the food supply of trout has been untraceable. W believe
further attenpts to conbine bioenergetics and econom ¢ analysis nmi ght nake
this neglect untenable. Neglect of the life support services that mayflies
and their peers provide for trout may nean that the ultimte effects of
pol lution on trout, via mayflies, nmay go unrecogni zed and therefore
unaccount ed.
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Just as the conventional analysis disregards the |life support services
provided by soil microbes, dung beetles, and caddisflies, it focuses upon an
(inconplete) item-by-item listing of organisns in the ecosystem while failing
to consider how the proportions in which these organisns are present mght be
sources of hunman pleasure. The ecol ogi st, even though he has | acked an
accept abl e neans to val ue ecosystemdiversity, seens to have been nore
sensitive to this’'sotirce of welfare than has the benefit-cost analyst.
Economic efficiency, narrowly interpreted as mninizing the inferred or
observed cost of producing a given quantity of ecosystem yields (and thereby
t aki ng advantage of all scale economies), need not result in nmaxi mum human
welfare if there exists diversity in tastes anmpbng individuals for types of
ecosystens or if ecosystem conponents are not val ued independently of the
environmental state from which they come. W speculate that traditional
benefit-cost analysis, tothe extent that the information it generates has
been used for decision purposes, may occasionally have fostered Pareto- |osses
rather than Pareto-inprovements. At amnimm it has probably brought about
weal th transfers fromthose who val ue ecosystemdiversity and variety to those
who possess the machinery for producing and maintaining ecosystem honogeneity.
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This ignores other possibilities |ike geothermal systens or tides

‘0

This is sonewhat sinplified in that it ignores nore conplex chains.

Lotka |ikens the devel opment of this nodel to the work of Jevans and the
marginalist school of econonmists. He recognizes that this maxinmal is not

appropriate for humans. Borrowing from Pareto, he describes humans as
maxi m zers of pleasure. This is consistent with maxinizing species
growth only if the marginal pleasures (i.e., marginal utilities) are
proportional to the marginal productivities of the physical needs. Thus ,
Lotka essentially denies the validity of an energy theory of value which
as pointed out earlier, has been propounded by many nodern day
ecol ogi st s.

The physiol ogy set is analogous to the firm s technol ogy set often used
in econonmcs. The devel opment of the nodel presented here closely

paral l el s the devel opnent of the econonmic nodel in Russell and WI ki nson
(1979, Chapter 7).

This is paraphrased for Russell and WIkinson's (1979, p. 129) definition
of technologically efficient bundles.

Condition (12) is analogous to the geonmetric solutions of Rapport (1971)
where he determines the optinum selection of two different preys. His

indi fference curves represent two net inputs and one net output in. the
model used here.

The nunbers of a particular species are capable of interbreeding.

See Freeman (1979) for a thorough survey of avail abl e techni ques
for answering this question.

The work of Bigelow and his colleagues (1977) is a detail ed account
of the ecosystem possibilities in a Dutch estuary. Odom (1971) and
other ecology texts are replete with other exanples
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O her plausible reasons exist. For exanple, a process through
whi ch the individual can register his ecosystem preferences nay be
| acki ng.

11/ The envel ope theorem (Shephard's lemma) assures us that the solution
to this problem is equivalent to the solution of the utility maxinization
probl em
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v.  NATURAL SCl ENCE RESEARCH USEFUL TO THE ECONOM ST

| ntroduction

Throughout the preceding chapters, we have enphasized the necessity of
knowi ng the influence of various physical and biological factors upon sone
ecosystem variable of interest if econom c nethods faf assessing the benefits
of controlling acid precipitation are to be applied;l At the same time, we
have fornul ated several analytical and enpirical characterizations of the acid
precipitation problemintended to be hel pful in deciding which of these
relations are likely to be worthy of nore immediate research attention. For
exanpl e, our discussion of nonconvexities and irreversibilities in Chapter 111
| eads to the conclusion that the very early stages of ecosystem acidification
often have the greatest econonic consequences. The devotion of research
resources to understandi ngs of the behaviors of already highly acidified
systens may, therefore, vyield little information that is econonically
i nportant. However, before abandoning or greatly reducing research on already
highly acidified systems, it is obviously inportant to establish accurately
the tenporal and spatial frequencies of the nonconvexity and irreversibility
i ssues. If these issues appear with considerable frequency, then an
al l ocation of research resources that accords with the ordering of current
annual sectoral control benefits estimated in the “first exercise” of Chapter
II might well be mistaken. The economic inport of a unit of information on
i ndirect ecosystem effects could presently be nmuch higher than would nore
information on materials danages or direct agricultural effects

The treatnent in Chapter IV is intended to reinforce the thene that the
(relatively) easily observed current direct economc effects of acid precipi-
tation could readily have the |east |ong-term econonic significance. By
providing a skeleton for conbining econonic analysis with ecol ogica
energetic that is built upon resource allocation processes, we have tried to
establish a basis for valuing the possible effects of acid precipitation upon
the life support services and human pleasures that ecosystens supply.
Traditional economc assessnment nethods, as set forth in Chapter |, disregard
t hese services except insofar as they are valued independently of the
environmental states that produced them Any enpirical inplenmentation of the
skeleton set forth in Chapter |V that captures at |east some features of the
val ues of these life support services wll clearly require substantial
contributions fromthat part of ecology which describes the conbinations and
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gquantities of ecosystem conponents resulting fromvarious quantities of
avai |l abl e enerqgy.

Al though know edge of the response of sone result to various mixes and
magni tudes of inputs is central to the concerns of previous chapters, we have
as yet discussed few criteria for deciding when a particular response, given
limted research résoirces, is worthy of attention. In succeeding sections of
this last chapter, we present sone qualitative criteria for deciding when
attention is warranted. We also shall point to some factors that might
determine the relative benefits and costs of alternative research efforts into
particul ar ecosystem responses to acid precipitation. I'n econoni ¢ language,
the concern of this chapter is with the value of research into the effects of
acid precipitation upon ecosystem production functions or response surfaces.
Because the econonmist’s concept of the production function often differs in
subtle but economically inportant ways fromthe natural scientist’s idea of a
dose—~ response function, we take a brief respite in the next section fromthe
central purpose of the chapter to present a brief overview of concepts in
production theory particularly relevant to later discussion.

The Production Function

Al results or outputs require at |east two kinds of causative agents or
inputs. TWsually nany nore than two inputs are required. In general

Y= £(X,,%,,. . X)), (1)
L < Il
where Y is the quantity in simlar units of an output rather than the number
of possibly dissinilar individuals in some biological. population, the X (i =
l,...,n) are input quantities which may thenselves be an output of some ‘other
production process, and Y, X > 0. wthout exception. It is usuallyé but need
not be, assumed that (1) is twice differentiable, with 3Y/3X_> 0, a-y/ax,
<0, and (X, /Y)(3Y/3X ) < 1. Negative inputs such as acid %recipitatio&'can
be defined so that redactions in their levels constitute positive inputs. The
first two assunptions are typically referred to respectively as positive but
di mi nishing marginal products, while the third assunption represents
decreasing returns-to-scale. The expression (1) is typically viewed as being
perfectly reversible, where reversibility is defined as the absence of
asymmetrical changes with respect to the status quo point and the direction. of

movenent. Rarely are any restrictions placed upon the sign ofza Y/axfagf for
i# 3.
Expression (1) inplies that all the X are variable and of relevance for

deternmining the value of Y. However, there are many instances where the in-
fluence of an % upon a Y is trivial or nonexistent either because the ¥ is

121



fixed or has so little influence that it can be disregarded. Thus if n-m
inputs are fixed or considered to be trivial, (1) can be witten as

Y = f(Xj,...an X Cee X)), (2)

with the Xs to the right of the semicolon being treated as irrelevant for the
problem at hand. < -

Neither (1) nor (2) are necessarily concerned with growth in ternms of the
number of individuals in some biological population. Tenporal considerations

may nevertheless be introduced by treating tine as one of the inputs or by
treating the inputs thenselves as functions of time. However, nost econonic
treatments treat the time interval as fixed and enphasize various relations
bet ween and amobng the biophvsical and human inputs and between these inputs
and the outputs. These latter relations, rather than popul ation dynam cs
consi derations, tend to be enphasized because they are the key to nost
applications of the econonic assessnent mnethodol ogi es outlined in Chapter |

For a particular |evel of output, Y, rates of substitution, dX,/dX,,
between any pair of inouts. X and X, can be deternmined by total inpliclt
differentiation of Y = f(Xl,XZ%. Thu S, since X1 =f(X2,Y), we have:

dX
aY 1 +3Y = O

BXl dX2 BXZ

and therefore:

dx, BY/?’X2 (3)

3Y/9X
dx2 / |

where, as before, the nunerator and the denominator on the right-hand-side are
the marginal products of the respective inputs. |f the marginal products are
positive, (3) means that the level curve or isoquant depicting dX /dX for a
particular Y must have a negative slope as in Figure 1. The i sogdant 2 ¥, in
Figure 1. does not represent the rate of substitution of X for X in any basic
bi ocheni cal . or physi ol ogi cal process or production technique."lt nerely

di splays the fact that within limits the sane quantity of output can be
obtai ned from various conbinations of possibly very diverse inputs. For
exanpl e, there are probably nunerous conbinations of reductions in acid
precipitation and limng of forest soils which will result in identical
standi ng stocks of tinber. ‘ The underlying physiol ogical processes are of
interest only insofar as they contribute to conprehension of the effects of

i nput m xes and magni tudes upon an output or result that has economc
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rel evance.

G ven that there are positive marginal products for all inputs, there
will exist a series of isoquants |like those depicted in Figure 1. Levels of
output are increasing as one noves away fromthe origin. The set of all such
isoaquants i s a response surface. If all inputs but one are fixed, say at X, in
Figure 1, then the' response of Y to various applications of Xl iS a response
function

[f the narginal ?rodufts of each input are someplace positive but dimn-
ishing (3Y/3X, > 0, 3 Y/3X, < O, then sone portion of a level curve or
1o, dX dez%or a particular Y will have a convex shape as in

, IFPASEANE e that d ' |
Figure 1 = 3 I np.ies that as one noves up (down) the isoquant, it becones
progressively nore dﬁfficult to substitute X_(X,) for X1(X2); that is, a
larger and larger quantity of X(X) is require% T% replace the loss of a unit
of X (X)) if the level of output is to remain. unchanged. There is, of course
no reason whv the isoquant coul d not be depicted as in Figure 2, where the
concave interval ABCD inplies either that the marginal product of one or the
ot her inputs has becone negative (the intervals AB and DC), or that the
mar gi nal products of both inputs are negative (the interval BC). Whether
reference is to human decisions or to the behavior of a nonhuman organism if
t he isoquant were everywhere concave, only one input would ever be used since
the marginal benefits of use of the first input would decrease the nore of the
other input was used. The use of only one input does not usually accord wth

experience in either the human or natural worlds, thus inplying convexity of

isoquant

the level curves. Production objectives would be ill-served by operating in
the concave portion of the isoquant (the interval ABCD): the sane |evel of
output could obtained by ysing less of both inputs or less of one input and

no nore of the ot her input.=

In Figure 2, we see that the concave portion (the interval ABCD) of an
isoquant need not be described in any detail because these portions ill-serve
any organismthat acts “as if” it wishes to minimze the resources that nust
be expended to reach a given level of an objective. For exanple, a human
mght wish to minimze the costly resources he nmust use to achieve a given
goal, and a nonhuman organi sm m ght behave so as to nmininize the available
energy it must expend to acquire a particular amourt of nutrition. [f only
those portions of the response surface are studied where all inputs have
positive marginal products, one may rest assured that concave portions are
bei ng avoi ded.

Econonic anal ysis can be enployed to delimt further the portions of the

response surface that are worthy of description if organisnms behave as if they
mnimze the resources that nust be expended to reach a given level of an
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objective, or, equivalently, as if thev maxi m ze subject to avail able
resources the level of attainnment of sonme objective, whatever this objective
m ght be. Reconsider the fox in Chapter |V who obtained his nourishnment from
various conbinations of rabbits and squirrels. The conbinations that he chose
and therefore the onlv steady-state or |ong-run equilibrium conbinations that
woul d be observed |n nature woul d conformto a condition where any reduction
in the net input of energv obtained fromrabbits (squirrels) would be matched
by an increase in the net input of energy obtained fromsquirrels (rabbits).
Thus , if one were trying to describe the effect of pollution upon the feeding
habits of foxes with respect to rabbits and squirrels, only those conbinations
of rabbits and squirrels on the convex portion of each fox isoquant that
conforned to the condition under various pollution |evels would be of
interest. O course, these conbinations mav thensel ves constitute the object
of any research effort. Nevertheless, jt is likely that an accunul ation of
research know edge would ultinately indicate that sone rabbit and squirre
conbi nations on the convex protions of the isoquants are clearly inconsistent
with the condition, neaning that their inpact upon the well-being of the fox
need not be candidates for description. They would certainly be of no concern
to the fox, and if the only research object is to describe naturally occurring
states, information about them would be of no value to humans. Alternatively,
if it is initially thought that any one of the conbinations on the convex
portion of a particular isoquant could ultimately prove to conformto the
condition, information on the state of the fox's well-being under each of

t hese conbinati ons woul d have sone positive value. In short, the researcher,
if he is interested in describing naturally occurring states nust dismss
consi deration of input conbinations known to be inconsistent with the behavior
of the organismthat is the subject of the research. Econom c anal yses of
research allocation processes, as set forth in this and the previous two
chapters, can contribute to identifying the aforenentioned conbinations.
Those who refuse to |let the behavior of organisms direct their research would
apparently perceive no qualitative difference between studying the effect of
feeding corn to a beached whal e and studving the inpact of so_, funmigations
upon a laboratory plant that is supplied with nore nutrients than it could or
woul d acquire in its natural or agricultural state.

The Val ue of Information and of Alternative Mdels

Returning nonentarily to (1), there are several |evels of conpl eteness of
know edge that one nmight acquire about the effect of pollution on a given
production or response surface. Conpl eteness woul d involve know edge of the

coefficients attached to each of the input variables on the right-hand-side of
(1) and of its functional form 1In the absence of know ng the values of the

coefficients know edge of whether each input variable has a “strong” or a
“weak” influence on the output would be nearly as useful. If this know edge
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is not directly available, knowlege of the functional form of (1) can allow
deductions to be nade about the relative levels of influence of particular

i nput variables, given that one has some a priori idea about the plausible
bounds for the values of sone coefficients. Moreover, know edge of functiona
formassists in directing research to those input variables likely to be npst
influential in determning output nagnitudes. However, a priori know edge of
the functional formof (1) is very frequently beyond the analytical powers of
the relevant disciplines to obtain. Mbst often, the specification of
functional formnmust wait for the gradual accretion of enpirical experience.
Usually well before this enpirical experience has been fully accunul at ed,
deductive or engﬁrical insight is acquired into the signs of 3X_ /38X , 3Y/9X ,
a Yaxi, and a Y/3X, 63X As the bodies of theory in many dféciﬁ&ines, I

including nacroecono&icg and ecol ogy, attest, knowlege of these signs can be
nost helpful. in drawing inferences about the underlying structure of the

natural or social system being investigated. Having acquired these structura
insights, bounds can often be inposed upon functional forms, the relative

i nfl uences of variable pairs, etc. I f knowlege of the signs attached to the
precedi ng derivatives cannot be obtained, decisions founded on particul ar
production or response surfaces nmust resort to sinple listings of all or some
of the variables thought to enter the right-hand-side of (I). However, unless
these listings can ultimately be nolded into a theoretical structure, they can
contribute little to ultimate know edge of the production or response surface
Only by sustained and substantial efforts to accunulate enpirical experience
can this know edge be acquired. Even then, it nust renmain. unknown whether the
accurul ated enpirical know edge is generalizable to as vet urobserved events
or whether different results obtained from seemngly simlar settings are
reconci | abl e.

There exist, as is clear fromthe preceding remarks, two mutually rein-
forcing yet partially substitutable fundamental ways in which knowlege about
response surfaces can be acquired. Two legs, the theoretical and the
enpirical, are required to walk well, but for sone tasks, one leg can
acconplish nore than the other. The question nevertheless remins as to how
far toward conplete specification of the formof the response surface

investigation, whether theoretical and/or enpirical, must proceed. This
guestion can best be understood within the context of the econonics of
i nformation. Two concepts, the value of information and the val ue of

alternative nmodels, are central to any research effort into the effects of
acid precipitation upon the response surfaces of various ecosystemns
conponent s

The results of this research are intended to be of direct use to persons

who rmust make decisions about the control of acid precipitation or to serve as
inputs into other research efforts providing results useful to decisionmakers.
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Research designed onlv to reveal a greater understanding of basic biochenical
or physiological processes nust be evaluated on sone basis other than that
devel oped here. In order to establish a framework for evaluating research
into the effects of acid precipitation upon the response surfaces of ecosystem
conponents, one nust consider together the decision which is at issue and the
decisionmaker. As.Crocker (1975, p. 342.) remarks, “the choice of a particular
research effort or information system i nplies the use of a particular class of
deci sion nodel s since certain types of information are relevant to sone nodel s

and not relevant to others. Converselv, the choice of a decision node
implies the use of a palf {cular class of information systens yielding the
parameters of the model =/ The decision variable of interest here is the

amount of acid precipitation to which an ecosystem conmponent is to be

subj ect ed. The payoff fromthe decision is the net benefits of controlling
the acid precipitation, defined as the econonic value of the ecosystem
conponent danmmges prevented |ess the cost of controlling the acid
precipitation. The pavoff is related to the decision through some inperfectly
under stood response surface

As earlier noted, the argunents of the response surface include a great
many ot her variables in addition to acid precipitation. The inperfectly
under st ood response surface is approxi mated by sone expression such as (1),
where some X's might represent a taxonomc system (e.g., soil classes)
originally established for an entirely different purpose, other X s might be
nmeasures set up specifically for the study of acid precipitation effects upon
t he ecosystem conponent of interest, and still other X s are inputs which can
be measured but not predicted. Finally at least one X in (1) nust represent a
residual or error termintended to capture unknown, unacknow edged, and purely
stochastic influences on the response surface

The payoff, = is approximately related to the decision variable as:
T=p £() - CX (4)

where p is the observed or inferred unit price of the ecosystem conponent of
interest, ¢ is the cost of reducing acid precipitation by one unit. and X. is
the nunber of units of acid precipitation. Since there exist unknownﬁ
unacknowl edged, and purely stochastic influences upon f£{(+), and since the
val ues of sone other variables cannot be predicted prior to the control
decision, for any given level of acid precipitation, the payoff is a random
vari abl e.

Whet her performed by econonmists or noneconomists, the standard way to
account for the randomess in expressions such as (4) has been to use range
sensitivity tests. Waddell (1974), for exanple, includes upper and | ower
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bounds and “best guesses” for various air pollution damage categories. A
simlar procedure is adopted in nost of the anbitious work in d'Arge, et al.
(1975) on the econonmic inpact of climatic change as well as in Fisher’s,

et al. (1979) work on air pollution. damages in the State of California. An
alternative but unfortunately rarely used nrocedure iS to generate probability
distributions for the random variables or the right-hand-side of (4), and then
to aggregate these distributions to produce a probability distribution for the
payof f measure.

Two readily un.derstandabl e exanpl es of this approach, where the Weibull
(1951) family of distributions is emploved, are Pouliquen (1.970) and Mercer

and Mrgan (1975). These studies denonstrate that the valuable information
made available to the decisionmaker and the researcher can be considerably
enhanced: not only is he provided with the range of possible outcones and

payoffs but he is also presented with various comon summary statistics
allowing himto assign a probability statenment to each outcome. These state-
ments can be subjective rather than objective. Accunul ated w sdom and
intuition can be incorporated in an explicit and communi cabl e fashi on

Al though nmany would object to the inclusion of subjective information, the
question of real inportance is not whether a particular probability assessnent
is subjective or objective but whether it has inportant consequences for the
decision problem Rather than fulminating over variables in sone particul ar
al gebraic specification that fail to have coefficients significantly different
from zero, nost concern should be displayed about whether the forrmulation in
question predicts better than the next best alternative. Errors of om ssion
woul d seem no less worthy of critical scrutiny than errors of conmi ssion.

Anot her mmj or advantage of the probability approach is that it does not
t hrow away useful information. For exanple, in a poorly coordinated group
research effort attenpting to assess direct acid precipitation danmages to
comercial crops, the biochenist or agronom st night specify a response
function relating some attribute of the crop to acid precipitation. Thi s
function, which the economist will enploy to perform his assessnment tasks,
will likely be what the natural scientist considers to be the “best” of a set
of several alternatives. In the absence of a thoroughly coordinated research
effort in which the econonist specifies the variables, units of nmeasure, and
sanpling procedures the natural scientist is to use, it is likely that the
natural scientist’'s conception of “best” does not coincide with the
econom st’ s.

Tt is then up to the econonmist, who usually is only sem-literate in the
rel evant natural science, to translate the natural scientist’s results into
something useful for purposes of econonic analysis. Mreover, by being asked
to present a “best” function, a great deal of the natural scientist’s unique
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know edge is being thrown away. Finally, the failure to report the full set

of probable outcomes to the econonist and thereby the decisionmaker means that
yet anot her decision problem has been introduced: the natural scientist must
assess which of the alternative formulations the decisionmaker will find nost
useful. Bv requiring that probabilities be assigned to the various plausible
outcones, the force of this decision problemis greatly ameliorated.

Any specification of a reponse surface will, except by chance, always be
wong. The suggested probability approach to the study of acid precipitation-
i nduced response surfaces captures this fact. The inplications of this for

pl anni ng research into these response surfaces can be perceived by considering
the investigator who nust begin with very little infornation about the surface
to be investigated. Quided by the principle that infornmation should be
acquired only as long as its value exceeds the cost of obtaining it, he can
search for a finite nunber of kinds of information in varying quantities.
Par aphrasi ng Marschak and Radner (1971), the value of additional infornation
is the difference between the decisionmaker's current expectations of: (a)
the pavoff value that will occur if he chooses his act as well as he can
without the information; and (b) the payoff value that will occur if he were
to obtain the information and then choose his act as well as he can. In
short, the value of the information is the increnent in expected payoff that
can be realized by having the information contribute to the decision.

When additional information is defined as a finer partitioning of sone
natural state, it nay consist of both observations and experinents on a
greater nunber of variables or on a particular variable, and a nore
discrimnating nodel of the surface, i.e., a nodel that is better able to
di stingui sh anong alternative outcones. The researcher must decide whet her
the reduced uncertainty and systematic broadening of identifiable alternatives
that nmore information offers outweighs the costs of acquiring the information.
The nunber of distinctions drawn can be no greater than the nunber of
measur abl e consequences, if differences in payoffs are distinguishable only
i nsofar as they generate neasurably different results. In the next section,
we take note of sone of the nore inportant aspects fromthe economist’s
perspective of this problem

I ssues in Designing Studies of Response Surfaces

Anyone who proposes to engage in estimation of, as opposed to expatiation
about, response surfaces nust give pragmatic consideration to several
practical and interrelated issues. All these issues require conpronmises wth
the abstract analytical frameworks of the applicable disciplines. A
reasonably conplete listing with particular relevance to the study of acid
preci pi tati on-ecosystem conponent response surfaces mght be as follows: the



design of response surface experinents; the estimation of these surfaces; the
choice of a nodel to represent the surface; and the sources of discrepancies
bet ween response surfaces estimated in controlled or experinental conditions
and observed in field conditions. W shall deal with each of these issues in
sequence, trying to highlight those features of the issue that seem
particularly relevent to studies of the inmpact of acid precipitation upon
response surfaces.

Experinmental Design: In situations where an experinent is the
biologically appropriate way in which to generate and to test hypot heses about
response surfaces, it is highly inportant that the econonically rel evant
region (as defined in a previous section) of the surface be purposively and
systematically covered. The great mmjority of biological research into
response surface questions is of mninal use to the econoni st because it does
no nore than use analysis of variance techniques to establish only whether
there exist statistically significant differences in the output obtained from
a few levels of a single input. Rather than trying to design a systematic
coverage of the economcally relevant portion of the surface, the traditiona
enphasi s has been and continues to be on replication, as if arbitrarily
selected levels of statistical significance could inpart structural
under st andi ng of system behaviour. Not only is the replication intended to
i nprove the analysis of variance but to measure the variance as well. \Wen
the objective is to estimate a response surface, replication is nuch |ess
essential. Primary concern should be with devel oping a nodel that predicts
real world outconmes better than the next best alternative rather than testing
whet her the results of sone particular nodel have statistically significant
differences. Predictions are made so that sonething can be done: they are
not first objects of contenplation. The proper object is inforned
mani pul ati on of the system

Changes in input mxes and magnitudes can substitute for replications of
a particular input mx and magnitude since both tvpes of observati.ons are
intended to |ocate the response surface nore accurately. For a given outlay
of research resources, the information provided by nore observations on out put
responses to an assortment of economically relevant input. mxes and magnitudes
will usually be nmore valuable than will the information garnered from
additional replications using a particular input mx and magnitude. Moreover,
if alternative nodels have simlar a priori plausibility as descriptors of a
response surface, enpirical discrimnation anong nodels wll obviously be
assisted nore by increasing the breadth and the density of the sampling
coverage of the surface rather than by replication of experinents directed at
only one point on the surface. A near-infinity of nodels is consistent with a
singl e point.
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Bluntly put, the traditional experinental designs of biologists inv-
estigating response surfaces have been notivated by the maxim zation of disci-
plinary integrity. Desi gns have been structured via the mechani cal
application of purely statistical criteria so as to mnimze the probability
of accepting a false hypothesis. The result has been an excessive enphasis
upon replication, if the purpose of the research is taken to be the provision
of useful information to econonists and to decisionmakers. To pose the point
in an extrene fashion, given that it is well-known that acid precipitation
harms fish, it is ridiculous even to advance for testing purposes the null
hypot hesis that fish are unaffected bv acid precipitation. Nei t her the
econom st nor the decisionmaker cares whether there is a five per cent or |ess
chance that a fish-acid precipitation response surface exists. Their problem
is to know the value of the fish that are lost due to acid precipitation.
Thus, if disciplinary custom dictates the supplication of significance tests
logic, rather than custom requires instead that their application to the
val ue-rel ated quantities derived fromthe response surface be stressed. This
stress woul d be consistent with our renmarks in the previous section about the
desirability of having probability distributions for the payoff neasure

Put in yet another way, because of the reasonable desire of each
specialist to maximize his disciplinary integrity, a tension exists between
the biologist and the economi st with respect to the design of response surface
research. The biologist will obtain |ess approval fromhis peers if he does
not replicate in accordance with traditional standards. The econom st wll
obtain less approval from his peers if he tries to draw inferences from a
smal | undense and narrow sanple of the response surface. For the latter
i ndividual, the cost of knowi ng nothing about |arge portions of the response
surface will typically greatly outweigh the costs of snall errors in estimtes
of a single point on that same surface. In design | anguage, the economist is
interested in the magnitudes of differences in treatment effects rather than
in the existence of these differences.

Havi ng pointed out a source of conflict in the desires of biologists and
economists with respect to the design of response surface experinents
conducted with limted research resources, we would like to provide sone
specific criteria a neutral observer could use to weigh the tradeoff between
replication and density of coverage. Anderson and Dillon (1968) provide a
detailed treatment of the efficiency conditions for this choice. Conlisk
(1973), Conlisk and Watts (1979), and Morris (1979) extend earlier treatnents
of optinmal experinental designs to cases where the form of the response
function is unknown and both the research budget and the nunber of
experimental units are limted. In the absence of a specification of a
particul ar design problem the three universal inplications of these
conditions for response surface experimental design are rather sinple and
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apparent . First, the greater the sensitivity of the system being
investigated to variations in exogenous paraneters, the greater the
desirability of additional replication. Second, the greater the nunber of
factors thought to inpinge in nontrivial ways upon system behavior, the nore
desirable is increased density and breadth of coverage of the economically
rel evant regions of the response surface. Third, since it is along these
portions that outputs are Sensitive to i nput mixes and magnitudes, research
resources should be ainmed at denser coverage and greater replication along the
steeper parts of the economically relevant gortions of the response surface,
i.e., along those portions where 2 Y/3X ~, & YY/9X. 3X., 8X./3X., and
Z(Xi/Y)(aY/aXi) are substantial in absolute value. “Thdse pé&ts Yhave the
greatest economc significance.

The preceding renmarks with respect to the tradeoff between increased
density of coverage of the response surfaces versus increased accuracy of
estimation of a point on that surface apply with equal force to spatial and
tenmporal influences. For exanple, those who determine the allocation of
research resources into the ecosystem effects of acid precipitation will be
faced with choices about whether it is preferable to study one or a very few
locations in depth or to distribute linmted research resources over a w de
variety of locations. To the extent that the econonmically relevant portions
of response surfaces are susceptible to spatially and tenporally distributed
factors, it is inportant to account for them A one time period, one location
experinment will provide little useful information for analysis. Sone insi ght
on how response experinents mght best be |ocated over space and tinme so as
appraise variability is provided by Anderson (1.973).

Tn general, the essential fact of which the allocator of research
resources must be aware is that there likely exist positive but declining
mar gi nal payoffs to additional observations drawn from any particular system
or for anv variable or particular conbination of variables in that system
thought to influence the response surface: that is, each additional
observation adds sonething to the expected payoff, but these additions get
progressively smaller as the nunber of observations increases. If the cost of
research is a nmonotone increasing function of the nunber of observations, one
obtains the fam liar optimality condition determ ned by the equation of
margi nal costs and marginal payoffs.

Evenson and Kislev (1975) have nade use of this condition to distinguish
bet ween basic and applied research. They describe the latter as involving

drawi ngs from a given probability distribution of the research payoff, while
basic research shifts the first monment of the distribution or discovers new
distributions fromwhich to draw. A simlar distinction mght be made between
acid precipitation response research which proposes to concentrate on one or a
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few | ocations, and thereby proposes to draw observations fromonly a very
limted nunber of payoff probability distributions, and response research
intended to draw from a variety of distributions by spreading out its
avail abl e resources over a substantial number of locations. Research bound to
one location will, by definition, have to concentrate its observations around
one payoff value. ,There is thus very little chance of discovering different
payof fs because the system responses that mght yield these payoffs remain
unobser ved. Consi deration of a | arger nunmber of spatial and/or tenpora
settings would bring about a large increase in the sanple variance, partly
because nmobre natural experinents are likely to appear and partlv because a
wi der range of system input conbinations would cone under investigation. In
many areas of scientific research (e.g. , plant breeding) this w der range of
natural experinments and system input conbinations has ultimately led to the
devel opnent of techniques to affect the distributions fromwhich the draw ngs
are taken, and thus to allow the acquisition of information outside the range
of historical experience as well as enabling the researchers to limit draw ngs
to those response surfaces of greatest concern. In effect, the ability of
decisionmakers who use research results to predict the outcomes of alternative
prograns i s enhanced. O, equivalently, the range of alternative prograns
avail able to the decisionmaker will be systematically narrowed as his inform
ation structure loses its ability to discrimnate anong different real
outcomes. Unlike progranms may appear to be sinilar in terms of their measured
results and may thus be mistakenly treated as identical. Gven the apparent
sensitivity of the ecosysteminpacts of acid precipitation to a |arge nunber
of alternative conbinations of biological and geochemical factors, we feel
secure in adopting the position that a deaf ear should be turned to scientific
counsel that urges the concentration of acid precipitation response surface
research to a very linmted nunber of locations. There appears to be

i nsufficient understanding at present of acid precipitation resporse surfaces
to pernmt the easy transfer of a surface established at one |ocation to other
| ocati ons.

Estimati on of Response Surfaces: Setting aside the issue of the unthinking
application of significance tests, the circunstances in which the statistica
t echni ques available for estimating response surfaces in well-controlled
experimental settings are appropriate are well understood. Apart from
anal ysis of variance techniques, any good econonetrics text such as Kmenta
(1971) will provide a detailed and thorough treatnent of the subtle issues of
estimation that arise in a wide variety of commonly faced contexts, i~. eluding
joint outputs, nonlinearities in the parameters, observations which vary
cross— sectionally and tenporally, systems of equations, non-normality of
error ternms across experinents on the sane response surface, truncated
dependent variables, and other matters. Econonetrics appears to have little to
offer biometrics with respect to useful and correct applications of these
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t echni ques.

However, when the natural scientist uses field data rather than or al ong
with experinental data to arrive at response surfaces, the perspective of the
econometrician does have something valuable to offer. In particular, the
econometrician Will be sensitive to the inplications for estimation of the
fact that organisms make or behave “as if” they are making choices. Accurate
estimation of the response surface paraneters thus requires data on the
factors that influence these choices. Mreover, an explicit representation of
the organisms choice problem nust be built into the structure to be
estimted. As was argued in Chapter TV, the choice paradigmis potentially as
powerful a means of explaining the behavior of monhuman organisms as it has
been for human organisns. The inportance of accounting for its influence even
in a supposedly pure natural science exercise in estimating response surfaces
is easily illustrated

Earlier, we have indicated that if response surface research is to be
nost helpful to the economist, then it should be linted to what has been
defined as the econonically relevant portions of the surface. I dentification
of these relevant portions would |ikely be enhanced if an econonist were to be
included in the initial stages of research design. Research resources would
be conserved. In the following illustration, inclusion in the origina
research design of inputs from someone who thinks |ike an economi st is not
only desirable. It is inperative if unbiased estinates of response surface
parameters are to be obtained

To make the illustration fully plausible, assune the research problemto
be the estimation, through a conbination of field and experimental data , of
the response of trout populations to acid precipitation. = In implicit form,

a good approximation of the expression the natural scientist might apply to
the field data collected over a given time interval is:

Y = £(X,W,Z,E,€) (5)

where Y is the stock of trout, x is a vector of aquatic ecosystem character-
istics, Wis a vector of weather characteristics during the period of
analysis, Z is a. neasure of the fishing pressures inposed by humans upon the
trout stock, E is a nmeasure of trout stock exposures to acid precipitation,
and eis a stochastic error. The a priori information that experimental
regi nens have provided might be used to determine the functional form and the
listing of variables on the right-hand-side of (5), to restrict the signs
and/ or the magnitudes of the coefficients of these variables, and/or to
specify the properties of the error term For sinplicity, assume that (5) is
linear in the original variables. The coefficient attached to the acid
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precipitation variable is then the reduction in trout stocks due to a one unit
increase in acid precipitation. Wuld it then be reasonable to infer a
dose-response association from the coefficient of this variable?

The aforenentioned inference would be correct if and only if it is
possible to alter the, acid precipitation exposure wthout altering the value
of any other explanatory variable in the expression. It is easy to show that
this cannot be done unless the structure of the response surface is presuned
to consist of no nore than one relationship. Mrre than one relationship is
present in (5); it contains a variable, Z, the levels of which have been and
continue to be subject to control by fishermen. That is, during the period
over which it is thought acid precipitation effects can occur, the fisherman
can influence bv his voluntary choices the fishing pressures applied to the
trout stock. For exanple, the reduction in trout stocks due to exposures to
acid precipitation mght be dependent on the nunber of mature fish capable of
reproduction that fisherman have caught. In order to explain the trout stock
outconme, the researcher nust do nore than sinply enter the amount of fishing
pressure: he nust also explain the structure underlying the choice of the
degree of fishing effort applied. ©One elenent in this choice will be the size
of the trout stock. The following sinple exanple shows one way in which trout
stocks and fishing pressures nmight be jointly determ ned

If both the acid precipitation-trout. stock response function and the
fishing activitv demand function can be |inearly approxi mated, they can be

witten as:

= + + + a,W+ (6
Y al + azE a3X aAZ oa4 el )

- + 7
278, + B Y+ BT + BR K BP S g (7)
Expression (7) states that the quantity of effort the fishernen choose to
expend is related respectively to the trout stock, fishermen income, an index
of the unit prices of substitute recreational activities, and the unit price
of fishing effort.

Solving (6) and (7) for Y, we have:

vy= "1 a v % oEs % xa %P e % we %0 9
- - .- | -a | -a 1-
245 25 4 4% 4% “*2
Consi der the coefficient attached to Ein (8). If Eis acid precipitation,

(8) shows that an estimate of (6) will not yield the response of trout stocks
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to acid precipitation, even though, the dose-response function is “adjusted”
for aquatic ecosystem characteristics, weather, and fishing effort. | nst ead
the coefficient for Ein (8) will be an anmal gam of stock effects due to acid
precipitation, fishing effort, and the effects of trout stocks on fishing
effort. The product of the coefficients for the latter two effects woul d have
to approach zero in order for the response of trout stocks to acid
precipitation alon® té be obtained. For this to occur, trout stocks could
have no effect upon the amount of fishing effort and/or fishing effort could
have no effect on trout stocks. Both assertions are equally inplausible. In
fact, in the absence of further information, the sign that would be obtained
for  E when (6) is estimated alone is anbiguous since

a, <O o< O andB, > 0. It is entirely conceivable, if one were to
estimate ?6) alone,t%at one would find that acid precipitation enhances trout
stocks. In any case, because the product of o« and 8_ is negative in sign,

the effect of acid precipitation on trout stocks mﬁla be underestinated.
However, this negative bias in the response estinmate is not predestined
Gven (7), a slightly different specification of (6) could readily introduce a
negative bias.

It might be reasoned that the difficulty with the preceding exanple could
be renpved if the sbility of fisherman to influence trout stocks were renpved.
Expression (6) woul d not then have anv hunman decision variables in it and
would therefore seem anenable to the customary ninistrations. These custonary
mnistrations mght, however, continue to be incorrect, for the trout, while
acting “as if” they maximze net energy storage, are able to alter their food
gat hering behavior in response to a change in the conmpetition for food. Thus
the trout stock and some of the aquatic ecosystem characteristics, X, in (6)
are jointly determined: the trout stock helps to determne the conpetition
for food, and the conpetition for food helps to determne the trout stock.

Argurments simlar to those above can readily be constructed for forests,
agriculture, materials, and nost items and systems thought to be inpacted by
acid precipitation. For exanple, productivity of a forest is influenced by
t he nmanagenent practices selected by the forest owners, who are reciprocally
influenced by the forest’s chosen response to the selected practice. The
sel ections of the forest owners are not based upon physical paranmeters alone
but also on the economic factors that influence the benefits and costs of
management alternatives. Similarly, the estinmated response to acid precipit-
ation of the salmonid species in an aquatic ecosystemis determined not only
by the acid precipitation and the fishing pressures applied but also by the
price of access for fishermen and the factors that deternine the avoidance
behavi or of the fish.

To attenpt to account for the additional factors thought to influence an
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organi snis response to acid precipitation by sinply stringing out variables in
a single expression nmust clearly often be incorrect. During the period in
whi ch the response is supposed to occur, organisnms can behave so as to

i nfl uence the nagnitudes assuned by certain of these variables. Each variable
susceptible to this influence nust be explained by an expression of its own if
the purpose of the research is to explain the response of the organismto acid
precipitation rather than sinply to predict its response. Unless
circumstances are identical across space and time, predictions based on sone
version of (8) will err for reasons no one will be able to identify until the
response structure is conprehended. Because some human decision variabl es
both influence and are influenced by the response, econonic analysis is
frequently necessary to inpart an interpretable formto response expressions.
Purely biological constructs will therefore often be insufficient tools with
which to establish acid precipitation response surfaces. NMreover, even when
hunan deci sion variables have no role to play, the constructs of econonic
anal ysis can assist, as was argued in Chapter IV, in explaining the behaviora
adjustments that organisns nake to changes in acid precipitation exposures

The above renarks need not |ead to the conclusion that research on
conpl ex basic biochenical and physiol ogical processes is required for the
estimation of response surfaces. Jointly deternmined variables need be of
interest only insofar as they contribute to understanding to the nanner in
which i nput mixes and nagnitudes act upon outputs and results having econonic
rel evance. Neverthel ess, the fact of joint determination does conplicate
nodel ing and estimation procedures, occasionally beyond the ability of
avail abl e analytical and estimation procedures to grasp. For this reason
there is information to be gained by establishing baseline descriptive
measurenents for a variety of ecosystenms and |ocations thought to be
susceptible to acid precipitation-induced effects. These effects can be
economically valued even if there is no nore that an associ ati on between
changes in input nixes and magni tudes and changes in levels of the
econonmically relevant outputs. The latter change can be valued whether or not
the reasons for the change are conprehended. A denonstration that the
econom ¢ value of the change, whatever caused it, is great can serve to
stinmulate research into the causes that m ght otherw se have been negl ected.
However, if acid precipitation-induced changes are to be recogni zed, baselines
must be established against which the change can be estimated. These baseline
nmeasures nust, of course, docunent seasonal. variances

Al t hough the econonmic value of a change in an ecosystem can be
est abl i shed even though there is no nore than an association between outputs
and inputs, it is inportant to recognize that the units of analysis must be
defined in terns that contribute to the inforned manipul ati on of the system
In particular the research designer nmust be wary of enploying neasures which
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may be good predictors but which effectively deny the existance of certain
substitution possibilities of interest to human and/or nonhuman
decisionmakers. These denials are nost likely to occur when the researcher
aggregates or groups variables. |If the aggregate is, for exanmple, a weighted
sumof a collection of inputs, there is an infinite nunber of conbinations of
the inputs consistent with anv given magnitude of the aggregate. The
economi cal | y” relevant' substitution possibilities are then inpossible to

di scover. Furthernore, if spatial or tenporal conparisons are being made
anong ecosystens, unregistered changes in input mxes and magnitudes coul d
readily occur. The increases and reductions in the input conponents could
cancel each other out so that no change in the aggregate woul d take place. In
general, therefore, researchers should be extrenely reluctant to enpl oy
aggregated or grouped input variables when there exist grounds for suspecting
t hat ecosystem conponents have nore than one way available to adjust to the
presence of acid precipitation.

Choice of Mdels: The conparative assessnent of alternative models to
expl ai n the bahavior of identical phenonmena is anmong the nost engaging
activities of any discipline. The usual criteria applied in nodels of
ecol ogi cal systens appear to be an anmal gam of statistical neasures of goodness
of fit and significance, a priori considerations relating to the biology and
chem stry of the process in question, subjective judgement, and conputationa
tractability. Generalizations about the desirable properties of ecological
model s, whether of the axiomatic or sinulation types, relative to these
criteria are very scarce. This is perhaps because nodel appraisals based on
these criteria are bound to be misdirected.

The criteria for choosing anong alternative nodels or theories of
ecosystem behavior when stressed by acid precipitation should relate to the
value of information they provide. [If two nodels have the sanme costs in terms
of data requirements and application, the preferred mobdel should be that which
provides the greatest expected payoff. If the nodels differ in their costs,
this difference should also be allowed for in the pavoff appraisal. In
general, the inportant question is not whether any particular type of nodel is
biologically or statistically better than its alternatives, but whether it can
better serve the objectives of decisionmakers.

Adoption of the value of information perspective does allow %ﬂ?e obvi ous
generalizations to be nade about the value of alternative nobdels. - The
disciplinarian will wusually opt for the analytical delights of ever increasing
generality in the specification of the nodels supporting his enpirical
anal ysi s. His ultimte objective would be the ability to predict the results
of every alternative source of system perturbation without having to alter any
of the relations expressed in his nodel. The generality and realism of the
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i deal nodel would be so great that there woul d never be any doubt in the
researcher’s mnd as to whether an observed change in sone variable was random
and thus transitory in nature or whether it was due to changes in the val ues
of fundamental nodel paraneters. However, the greater the progress of the
researcher toward this intellectually captivating state, the greater are
likely to be the number of variables for which he must nake observati ons,
col l ect and organlze ‘data, and establish paraneter values. Furthernore, the
conpl exity of relations anong these nodel variables may be so great that
estimating techniques are either extremely costly or perhaps even nonexistent.
In effect, the elaboration and required detail of the nodel may be so great
relative to the availabilitv of research resources that only superficial
attenpts can be nade to ascertain the true value of anv one paranmeter. The
problemin this case is not with a nodel that involves dangerous
simplification of reality but with a nodel which, given available research
resources, is alarmngly conplex. The nodel is insufficiently artificial
Just as one fails to capture the truth when he fails to conprehend the
conplete structure of a system he also fails when he is unable to neasure
with some fair degree of accuracy the paraneters of any given conprehension of
the structure

On the other hand, the ideal of many applied scientists is to design an
experinent or research effort such that the scientist does not have to think
about what the results nean: the answer the experinment gives is unequivocal
Attainment of this state requires that measurement be free from bias. That
is, it nmust be clear that the deviation of the result of any single
neasurenent effort fromthe nean of the results of repeated applications of
neasurenent effort under the |east constrained conditions is purely random
The measurement errors which occur when this condition is not fulfilled can be
reduced bv devoting nobre resources to constructing measurement devices. and
techniques, by allowing nore tine for nmeasurenen.ts to be nade, and by better
training of measurement personnel. But measurement resources are expensive

Paratt (1961, pp. 109-118) offers the followi ng expression as a device
for weighing | NCreased detail of model el aboration against reductions in the

error with which nodel paraneters are neasured. Let u be a derived property

related to the directly measured properties, x , ... ., x ., by U ulx ,...x).
For exanple, u night be a nmeasure of the economc %enefitg of acid "
precipitation control. Gven that the x's are not independent of each

other--they might, for exanple, be the paraneters of a nodel for estinating

the effect of acid precipitation upon soil nutrient content, fresh water pH,
and fish populations-- the error in u due to the accunulation of errors in the
seperate estimates of the x's is given by:
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where € is the error in the estimate of u and r,. is the correlation between
[ andj.u The presence of the corrleation coefficfent in the above expression
nmakes apparent at |east one thing to avoid in the construction and use of
conpl ex axiomatic or sinmulation nodels in ecology (and economnics): do not
enploy variables in the sane nobdel that are highly correlated with one
anot her . CGenerally, the greater the nunber of attributes introduced into a
nodel in the formof properties that nmust be directly neasured, the nore
likely are some pairs of these properties to be highly correlated. Relatively
sinmple nodels, by definition, require fewer directly measured properties for

their solution. In addition, with repeated nodel applications, a |ow value of
r means that overestimtes of the payoff are likely to be conpensated by
11 . . .

underestimates, i nplying that the average of the expected payoffs will be

close to the true average.

Further inspection of (9) readily suggests two nore bases for eval uating
the tradeoff between nodel el aboration and errors in neasurenent. First, the
presence of the partial derivatives, 3f/3x  and 3f/3x , indicates that
measurenent resources are nore likely to be allocated ef%iciently if they are
assigned to those directly neasurable properties thought to have a really
significant influence upon the derived property. Since the variables that
have a significant influence upon a derived property will frequently be the
sane in both conplex and sinple nodels, the use of the sinple nodel is to be
preferred if avoidance of substantial error in the estimate of the derived
property is of high priority.

Second, given the presence in (9) of the measurenent errors associated
with the directly nmeasured properties, it pays to devote resources to reducing
the larger of these nmeasurenent errors, including those interactive properties
(i’s and j's) whose products in (9) are greatest. Since in sinple nodels
there are fewer estinates of directly neasured properties to be obtained, it
follows that, to a greater extent than in a conplex nodel, a given stock of
nmeasur enent resources can be used to reduce the error associated with any one
property. Thus, given the cunulative nature of neasurenment error in nodels
where neasured properties are tied together in long chains of reasoning, this
rule along with the previous two inplies that sinple nmodels can be highly
advant ageous in esitmating ecosystem responses to acid precipitation. The
advantages exist apart fromthe fact that sinple nodels are relatively easy to
use and, in spite of the interesting scientific detail they may neglect, they
will usual ly give quick answers to questiors.
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The preceding statements about the advantages of using sinple nobdels to
descri be response surfaces have not been made in the absence of enmpirica
supporting evidence. For exanple, Perrin (1976), while studying the responses
of various Brazilian crops to fertilizer applications, has contrasted the
value to farners of the infornmation obtain;? froma sinple structure based on

Liebig's (1855) “law’ of linmiting factors — to the information acquired from
a nulti-input, nonlinéar (quadratic) representation comonly favored in nuch
control | ed fertilizer response research. Using a set of 28 experinents

conducted at various Brazilian sites over a three year period, he conpared
farmers’ implied ex post net revenues fromthe two distinct models. 1f soil
characteristics were accounted for, the sinple one input, linear nodel based
upon Liebig perforned equally as well as the nonlinear nodel

Empirical. evidence simlar to Perrin (1976) is now beginning to appear
for the connected black box simulation nodels so widely favored in nuch
applied ecological research. Stehfest (1978) has conpared the payoffs froma
sinple Streeter-Phel ps nodel of dissolved oxygen and a conplex ecol ogica
optimal control simulation nodel with six state variables. Both nodels were
built to provide information on the costs of meeting a water quality standard
in a stretch of a West German river. The pavoff was defined in terns of cost
mnimzation. The total annual costs of neeting the standard when the water
treatnments suggested by the sinple nodel were inplenmented were 8 per cent
| ower than would have been the treatnments recommended by the nore conpl ex
nodel . O course, the costs of establishing what constituted the recomended
treatments were also |lower for the sinple nodel. Additional reviews of the
perfornmances relative to some objective of sinple versus conplex nodels are
avai l able in Beck (1978), Griliches (1977), and Young (1978). Qutside the
econonetric literature [Judge, et al. (1980), Chapters 2 and 11], few, if any
i npl enentabl e rules, other than those of Paratt (1961) already renarked upon
issue forth from these discussions. There is, however, general agreenent that
although it is naive to view sinplicity per se as desirable, the research
adm ni strator should place the burden of proof that valuable information will
be produced onto the proponents of proposals to build ever nore conpl ex
ecol ogi cal and econom ¢ nodel s.

What ever the virtues of nodel sinplicity, it nust be admtted that
increases in nodel conplexity are worthy attenpts, in the absence of
information acquisition costs, to inprove nodel robustness, where robustness
can be defined as the domain of circunstances where the nodel can be applied
wi t hout undergoing structural revision. However, as an alternative to the
devotion of nore and nore research resources to nol ding, neasuring, and
mani pul ati ng an ever-1engthening string of variables soneone reasons or feels
may influence what Young (1978) ternms a “badly defined system” axionatic
nmet hods can be used. These nethods, for which an exanpl e buil ding upon
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biocenergetics i s presented in Chapter 1V, pernmit inferences to be drawn about
difficult-to-neasure variables by deriving relationships between them and nore
readi |y observed variables. In addition, these axiomatic methods, prior to
any attenpt at nmeasurenent, allow discrinmination between inportant and trivia
contributors to system behavior. Suggestions for adoption of holistic nethods
le.g. Levins (1974), Jorgensen and Mejer (1979)] that recurrently appear in
the biol ogi cal literature are in the spirit of the axiomatic neans of
introducing infornmation. More broadly yet, the bioenergetics research of
Bigelow, et al., (1977), Hannon (1979), and others urges both a holistic,
axi omati c approach and a nmoverent away from near-excl usive enphases upon
short-run, transient popul ation novenents in one or a few species to a
concentration upon long-run equilibria for entire systems. The bioenergetics
framework, when considered in a long-run equilibrium context, has appeal to

t he economni st because it closely accords as a nethod of reasoning with his
approach to the economy, a system perhaps equally as conplicated as any
ecosystem In ecological contexts, the system conplexity to which ecol ogists
constantly refer is usually imcompatable with “ideal” scientific experinents
that renove all responsibility for _ex post thinking from the researcher. If
ecosystens are equally or nore conplicated than are econom es, the ecol ogi st
nmust be prepared to conceptualize a nodel that explains the data that is to be
and has been observed or generated: he nust conpose a plausible story having
applicability beyond the immediate circunstances being investigated

Experinental versus Field Response Surfaces: The methods of nost biol ogica
research into response surfaces inpede correspondences between surfaces
estimated from experinmental data and those estinated from data observed in the
field. GCenerally, responses under experinmental conditions will significantly
exceed in solute to be observed under field
condit'ions.§ chvi;ovsilye Uit iNeSPRAS@S are avail abl e and quantitative
relations established between experinentally-derived and fiel d-observed
responses so that suitable adjustnents can be nmade in both experimental
designs and anal yses, control decisions based soley on experinent-derived
response surfaces nust be less than fully satisfactory. I ndeed, these
experinental results might best be viewed as untested hypotheses. They allow
firm generalizations to be nade about input configurations not found beyond
the experiment, in a set of exogenous paraneters that nature never replicates
More inmportant perhaps is the fact that the a priori information provided by a
conbi nation of experinmentation and field observations will frequently nmake the
construction of analytical nodels an effective neans of explaining the

di screpancy. The conditions of the experinent and the field observations
reduce and define the domain of circumstances which the nodel nust capture.
When unexpected and/or unexplained differences exist between
experimental | y-derived and field-observed outconmes, some worthwhile
general i zati ons about svstem behavior can usually be made by searching out the
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sources of the differences.

The reasons for discrepancies between experinentally-derived and field-
observed responses surfaces are probably several. Two cone readily to mind
First, as Anderson and Crocker (1971, pp. 146-1.47) point out, soastoremove
confoundi ng sources of stress, all factors other than air pollution that m ght
i nfluence behavior in controlled experinents tend to be set at biologically
optimal levels. Guven that these biologically optinmal levels exceed those
found in everyday environments, it follows that they are |ess binding,

i nplying, by the Le Chatelier principle [Silberberg (1978, pp. 293- 298)],
that the contribution of an input to the behavior parameter of interest wll
be greater than it otherw se would be.

A second, |ess obvious reason arises fromthe role that risk plays in
managed ecosystems, particularly agricultural and forest systems. In strictly
control |l ed experinental settings, all feasible sources of randomvariation in
output levels are excised. However, in field conditions, the system manager
must adapt his activities to natural sources of random variation such as
weat her, insect infestations, and acidifying depositions. As Adanms and
Crocker (1979) and Just and Pope (1979) denonstrate, the input mnixes and
magni t udes the system manager selects influence both the level of output in
any one tine interval and the variability of these levels over tine. Thus ,
for example, if the land area for which a farmer is responsible increases and

he has no nmore inputs (e.g., line, fertilizers, labor) than before, the
susceptibility of his crops to any acid Precipitation events which night occur
will also increase. In taking countermeasures to an acid precipitation event,

he has to spread the same inputs over a greater area. The inplications of
this as e source of discrepancies between experinmentally-derived and
field-observed response surfaces becone apparant With the following sinple
argument extracted from Adams and Crocker (1979).

Consider a risk-neutral, net revenue-maximizing farner who nust nake all
his input commitnents before the start of any single grow ng season. For
simplicity, further assume that acid precipitation over the growi ng season is
expected to be either “high” (a)or “low (8). |If acid precipitation is high,
the marginal cost of supplying various crep yields, given the input
commitments al ready made, will be represented by the (MC|a) curve in Figure 3.
This curve is the highest of the three marginal cost curves in the figure
because the actual occurrence of the o level of acid precipitation will reduce
the nmarginal products of the preselected mx of inputs, and thereby increase
the marginal cost of producing any particular yield. On the other hand, if
realized acid precipitation levels during the growi ng season were $, then, in
accordance with the (MC|8) curve, the marginal. cost of producing various
yiel ds woul d be reduced. The MC curve is sinply the probability weighted
average of (MC|a) and (MCIB).
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If, for sinplicity, the farmer regards the occurrence of either o or B8
acid precipitation as equally likely, then MC’ is the marginal cost curve

associated with the input mx naximzing his expected net revenues. Al though

this input mx will, on aver%ge, wield x“, during any one season it wll

result in yields of either x or x . Thus if acid prec%pitation is high
. o .. . .

during one season, x Wll result, while if it is low, X will result. In

effect, the variability in levels of acid precipitation causes yields in areas
sonetimes subjected to acid precipitation to be nore variable than in areas
where acid precipitation never affects yields or where it is always at a high
| evel . Thus, for given input mxes, the odds of discrepancies between
experinental | y-derived response surfaces and fiel d-observed response surfaces
are greater in regions subject to fluctuating levels of acid precipitation.

[f maximum acid precipitation levels have been increasing over time, then
one woul d expect yield variability to increase in those areas where acid
precipitation has been increasing. This is because the |owest |evel of acid
precipitation (zero) cannot be altered while the highest level has increased,
causing the MC|e) curve to shift upward. Unless the farmer constantly |ives
in the darkest depths of despair about the acid precipitation problem the MC
curve, which is a probability weighted average of the other two curves, wll
never shift upward as nmuch as the (MCla) curve. The result will be increasing
vield variability over tine. Consequently, discrepanci es between
experimental | y-derived response surfaces and fiel d-observed surfaces are
likely to be greater where levels of acid precipitation have historically been
i ncreasing.

A Recapitul ation

Based or current know edge, it appears that an ordered, predictable se-
quence of events follows the deposition of acidifying substances on
ecosystems. Acid depositions cause the buffering capacities of ecosystens to
decrease, the rates of decrease depending on the buffering capacity at the
tine of deposition. Systens with |ow buffering capacities will display
relatively rapid decreases, whereas those with high capacities tend to have
sl ow decreases. Also, systems with low buffering capacities generally show
relatively rapid negative inpacts from increasing hydrogen ion concentrations.
Systens with high buffering tend to show initially positive responses from
nutrients entering the system with the acidification and from nutrients
nmobi | i zed by increased hydrogen ion concentrations. Over tine, however, the
initial positive response to acidifying depositions will reverse as nutrients
leach fromthe system nobilized netals reach toxic concentrations, hydrogen
ion concentrations reach toxic levels, and/or nutrient cycling rates are
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reduced as deconposition rates decline

so and acid particles have harnful direct effects on plants. In
general? when deposited on foliage surfaces, the pollutants enter the plants
t hrough the stomata. Pl ant seedlings and neristematic tissues are nost
sensitive. Therefore, acidification can cause establishment of plant species
to be linmted to those nost tolerant of acid conditions. Over tine, selection
for tolerant species will sinplify terrestrial communities and shift
domi nance

Because of their weaker buffering systems, aquatic ecosystens tend to be
more sensitive to acidifying depositions than are terrestrial systems. Wthin
the aquatic system fish appear to be the nmpst sensitive group of organisns and
the reproductive processes appear to be the sensitive stage of the fish life
cycl e. Fronm (1980) ranked various reproductive processes in order of
decreasing sensitivity: egg production > fry survival > frv growh > egg
fertility. Wth declining environmental pH |level, nunbers of fish species are
continually reduced. Available data indicates that nmany of the econonically
nost valuable fish species are the nobst sensitive to depressed pH |evels and
are the first to be elimnated fromthe system Continual depression of pH
| evels effects reductions in primary production rates, algal biomsses, and
invertebrate biomasses. In addition, species diversities are reduced as the
nost acid tol erant species becone dom nant. In tine, the system can reach a
nearly abiotic state

Aci di fying depositions accelerate the decay rates of a wide variety of
material artifacts nmainly because the presence of acids upon the material
surfaces increases the flow across the surfaces of the electric currents that
cause corrosion, discoloration, and enbrittlenent. These processes are
intensified for those materials, such as cement, concrete, and sone netals,
often used in subaqueous and/or high tenperature environments.

Because of the water treatment facilities already in place, there is ro
substantive evidence at this time that the human health effects of acid
precipitation are worrisone.

Tn order for the econonmist to be able to value the aforementioned effects
of acid precipitation upon |ife and property, the natural scientist nust
provide himwth infornmation on response surfaces (see footnote 1, however).
A response surface describes the nagnitudes of the influences of various
environmental and anthropogenic factors upon sonething that is valued for its
own sake or for its contribution to something that is so valued. Because it
enphasi zes the description of substitution possibilities anong the influential
factors, know edge about the response surface contributes to inforned
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mani pul ati on of the system of interest. Thus any natural science exercise
which fails to make explicit the mapping between the influential factors and
the object of value is of no use whatsoever to the economst. A study of the
effect of acid precipitation upon leaf necrosis of apple trees is worthless to
the economist if the relation between |eaf necrosis and apple yields is
unknown.

In order for natural science research into response surfaces to be nost
useful to the econonist, it nust always have certain properties

1) Only those portions of the surface where the marginal products of the
influential factors (reductions in acid precipitation are a positive
input) are positive should be studied. Know edge about other portions of
the surface is economcally irrelevant.

2) Only those response surface input conbinations consistent with the
behavi or of any organismthat is the object of the research is
econonmically relevant.

3) Al econonically relevant portions of the surface should be svstem-
atically sanpl ed. Coverage of these portions should be as dense as

research resources permt. Achieving this broad vet dense coverage will
require that substantiallv fewer research resources than are traditiona
be devoted to replications of experinments at one or a few points on the
surf ace.

4) Replication should be given greater consideration onlv when the
system being investigated is thought to be extrenmely sensitive to
variations in exogenous paramneters.

5) I ncreased density and breadth of coverage of the economically

rel evant portions of the surface should be striven for whenever there is
a large nunber of factors thought to impinge in nontrivial ways upon
syst em behavi or.

6) Research resources should be ai med at denser coverage and greater
replication along the steeper parts of the economically relevant portions
of the surface.

7)  Wen the response surface is stochastic, probability distributions

shoul d be stated for the random vari ables that enter. The natural sci-
entist should not |eave users of his research with only his “best”
estimte.
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8) The above remarks apply with equal force to tenporal and spatial con-

si derations. In particular, research into the effects of acid precip-
itation should neither be devoted onlv to imrediate effects nor concen-
trated only in a snall nurmber of |ocations. Ecol ogi cal theory cannot

often be depended upon to allow enpirical findings at one site and/or
tinme to be generalized to other sites and/or tines.

Even if the above eight factors are consistently adhered to, there renain
factors about which the natural. science researcher nust be cautioned if he
wi shes to produce results that are useful to the economist.

9) Jointly determned variables plausibly play a large role in ecosystem
response surfaces. Thus attenpts to account for the additional factors
thought to influence an organisnis response to acid precipitation by
simply stringing out variables in a single expression will often yield
biased estimates. Because some human decision variables both influence
and are influenced by the response, econonic analysis nmust often be
involved in the initial research design.

10) Basel i ne descriptive measurenents of ecosystem states nmay now be
equal |y as worthy as research on response surfaces. If researchers are
aware of the fact of change, even though they nmay be unaware of the
causes of change, the change can, in principle, be assigned an economic
value. Know edge of the cause of the change is necessary only when one
Wi shes to mani pul ate the system and/or assign responsibility for the
change to humar agents.

11) Aggregated or grouped variables to which natural science research is
indifferent in terns of informational content nmy destroy the useful ness
of the research for the economist. In general, natural science research
should structure its units of analysis so that substitution possibilities
are not hidden.

12) The farther is an affected conponent renmoved (in the sense of
trophic |inkages) from sonething econonmically valued for its own sake,
the less research worthy is the conponent likely to be. This is because
there are nore likely to be available substitutes for the conponent.

We now nmove from cautionary statenments about the performance of natura
science (particularly ecological) research into the effects of acid
precipitation to a set of aggressive statements about how this research m ght
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be inmproved to the nutual benefit of the ecologist and the econom st

13)  Many ecol ogi cal nodel s appear to be insufficiently artificial
perhaps because they stress the short-run dynam cs of species
interactions. Their builders conpound errors of neasurenent by

i ntroducing variables that are highly correl ated; they seem reluctant to
make prior juddgements about the significance or the triviality of a
variable's influence; and they devote inordinate research resources to
reductions in the neasurement errors of trivial. variables. These faults
are often evident in the confusing connected black box sinulation nodels
ecol ogi sts frequently use.

14) Ecol ogists often remark on the great conplexity of ecosystems. It
is not evident that ecosystens are any nore conpl ex than economi es.
Econoni sts have found that an axiomatic approach which enphasizes com
parative static equilibria vields great simplifications of real-world
econonies at no apparent cost in robustness. The long-run equilibria are
used as analytical devices rather than as descriptions of reality. There
is recent interest in ecology in view ng ecosystens and their conponents
as solving a resource allocation problem [Rapport and Turner (1977)],
where energy is the scarce resource. This organizing principle pernmts
use of the tools of economc analysis as Chapter |V denmonstrates. The
contribution these tools can make to understanding the ecological effects
of acid precipitation should be investigated further. Agricul tural
systens, because they are immture in ecological terns, and therefore
stressed and unstable, might be a worthwhile place for initial research
efforts. Note that these systens enphasize grow h. It is generally

t hought that the nost active developing tissues in plants are nost
sensitive to acidifying depositions

15) Because strictly controlled experinents on response surfaces often
are poor facsinmles of the real world, their results are best viewed as
untested hypot heses.

Qur econonmic approach to the effects of acid precipitation has yielded
nore than a set of generalizations about natural science research into
response surfaces of all sorts. VW have gained sonme insights into particular
econonmc features of the acid precipitation problemthat mght be hel pful in
pl anning natural. science research into these problens.

16) The current econonic value of the ecosystem effects of acid precip-
itation is very small conpared to the value of its direct effects upon
materials and perhaps upon agriculture. However, the existing studies of
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the materials danmages caused by pollution are technically weak in
econonmic terns. New econonic approaches to assessing materials damages
must be devel oped hefore trustworthy results can be obtained

17) Potentially, the chronic ecosvstem effects of acid precipitation
al nost certainly donminate in econonic seriousness the acute effects.
Thus natural science research should give greater priority to cunulative
acidity issues rather than to episodic acidic events.

18) Careful inventories of the existing stock of buffering capacities
nmust be constructed. The frequency with which ecosystem responses to
acid precipitation involve nonconvexities and irreversibilities should be
identified. If, as we suspect, one or both appears with substantial fre-
quency, natural science research should concentrate on those systens that
are about to or just have exhibited the first synmptons of acidification.
This, of course, presunes that good indicators of these first synptons
are available. If not, these indicators nust be identified

19) Studies of already acidified systems should be limted to attenpts
to establish whether natural recovery tines, if any, involve less or nore
than two or three decades, and whether there exist any human
mani pul ations that can slow decay rates or accelerate recovery. Because
of the existence of positive discount rates, recoveries occurring nore
than two or three decades in the future have little value to the present
generation.

20) The neasurenent of the changes in long-run equilibrium species
assortnents should be a high priority natural sciences research item
because the value that humans attach to the anenities and the life
support services that ecosystens provide is often conditional upon the
species assortments from which they cone.

21) Econom sts are usually unable to value dung beetles, algae, and
assorted other ecosystem conponents because ecol ogists have failed to
indicate how their contribution to the directly valued conponents of
ecosystens varies with acid precipitation levels. The approach suggested
in recomendation (14) might allow these contributions to be specified
and thus val ued.

Finally, so as to noderate our commentary about the research efforts of
the natural sciences into the effects of acid precipitation, we direct a few
remarks at our own discipline. We have tried to identify those sets of acid

preci pitation effects where one may feel resonably secure using the
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conventional analysis. W have also tried to identify some possible special
features of vegetative and ecosystem damages that appear to require either
expansi ons or even conplete replacenments of the traditional analysis.= In
Chapter IV, we have tried to extend conventional nethods to include ecosystem
diversity. Unfortunately, we are unable to reject the disconforting notion
that the effects for which one may feel secure using the conventional nethods
are those having the |east |ong-termeconomc significance. If this is true
it is inportant, for both scientific and policy reasons, to set the strengths
and limts of the conventional analysis, and to design valuation nethods that
can be extended to phenonena where the analysis either fails or is nisleading.
At least insofar as the setting of limts is concerned, it is inportant for
obvi ous reasons that the task not be left soley to econom sts. However ,
meani ngful participation in this task by noneconcm sts neans that they nust
learn the structure and the requirenents of the conventional analysis.
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REFERENCES

‘.

1/

= As noted in Chapter |, we presune in this report that Shephard's |emma (the
envel ope theorem) has linmted practical applicability. Nevert hel ess, the
extent to which applications of the envel ope theorem m ght permit assessors of
the economc benefits of controlling acid precipitation to avoid having to
know t hese biol ogical and physical influences, awaits some detailed research
attention. To see why, consider the restricted profit function of Diewert
(1974) and Lau (1976). Let X denote a vector of fixed outputs and inputs,
where the inputs are measured as negative quantities, thus allow ng both
inputs and outputs to be stated in terms of net supplies. In addition, allow
p to be a vector of nominal prices of the variable net supplies and let v be a
vector of their rates of production or use. The variable profit is then:

T =p i=1,...n (a)
The maxi num variable, or restricted, profit is:
[T* = 1T(p,x) (b)

Taking the derivatives of n* with respect to the fixed outputs yields of the
negative of the marginal cost. \Wen these derivatives are taken with respect
to the fixed inputs the negatives of the marginal valuations or demand prices
are vielded. Sinmilarly, the derivatives of 7* with respect to p vield the
efficient rates of production or uses of the outputs and inputs. These
results are obtained because, under appropriate conditions, every production
possibility set defined with at |east one fixed input or output inplies a
unique restricted profit function, and, conversely, every restricted profit
function satisfying certain regularity conditions inplies a technology. Using
these results, given that nomnal prices and quantities of inputs and outputs
can be observed, know edge of the exact influence of various physical and
bi ol ogi cal factors upon ecosystem variables of interest is unnecessary.
However, even if these duality techniques ultimtely allow econom c anal yses
to proceed w thout prior know edge of response surfaces, know edge of

thesurfaces would still prove useful as a nmeans of checking the results
obtained from applications of the duality techniques
2/

This is not strictly true. For the statement to hold w thout exception
even for only two inputs, it nust also be true that:
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= See Chapter T1II for further discussion of cancavity (nonconvexity). The
di scussion in that chapter is consistent with activities which operate at
either A or Din Figure 2.

4/ See also Anderson and Dillon (1970).

5/ This illustration is an adaptation of a devel opment in Crocker, et al.
(1979, pp. 9-12).
6/

This and the subsequent three paragraphs draw extensively upon Crocker
(1975).

7/ The “law,” as succintly stated by Swanson (1963), says that yields increase

at a constant rate with respect to applications of each factor unitl sone
other factor is limting.

—Insofar as acid precipitation is concerned, nonconvexities, as was argued
in Chapter 111, likely constitute an inportant exception to this statenent.

8/ By no neans is our listing exhaustive. For exanple, benefit-cost analysis
as presently constituted, is less than robust in its treatment of the benefits
and costs of alternative paths of adjustnent to an environmental perturbation.
Neither is it very helpful in valuing reduced uncertainty about future
environnental states. Oher items could be added to this |isting.
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