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
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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

123



Figure 5.1
A Response Surface
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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
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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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