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CHAPTER 1

| NTEGRATI NG ECOSYSTEMS AND ECONOM CS

by

John Tschirhart and Thomas D. Crocker,
with assistance from S. Kask

SECTION 1

| NTRODUCTI ON

Popul ation growth and human territorial expansion are placing
unprecedented burdens on ecosystens. \hile forests are being converted to
farm ands, farmands are being converted to suburbs. The Amazon forest,
earth's richest biological region is losing to devel opment each year an
area half the size of Geat Britian [Prance (1977)]. Pollution is now
recognized as a global problem with particular enphasis on acid
precipitation and the greenhouse effect. Estimtes of species lost to
extinction worldwide are as high as 1000 per year [Mers (1979)].

But what values are reflected by this and simlar data on our
dwi ndling natural environment? Part of the answer can come froma study of
ecol ogi cal systems placed in an economc framework. Ecol ogical systens
nmust be reduced to tractable analytical franmeworks which can then be
incorporated into economic nmodels that are able to ascertain benefits and
costs. For exanmple, in environnmental economics, studies have estimted the
willingness to pay for trout fishing along a particular stream  These
studies could then be used to estimate the value that the effect of a
pollutant such as acid precipitation has on trout populations. 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
removing other species, say certain insects that may appear to be of no
value, the trout may also vanish. Thus, a proper valuation of an ecosystem
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 nmade of the unconpensated costs associated with
popul ation growth and industrial expansion which affect the sources of
pl easure and |ife support services that ecosystem provide.

Ecosystens are incredibly conplex. They may be conposed of thousands
of species interacting in diverse ways. Each species fills a niche in the
overall system and depends on one or nore of the other species for
survival . But conplex systens are not foreign to econonists who have the
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difficult task of sorting out conplex econom es. Noti ons such as
short-run and long-run equilibriums, steady states, and exogenous shocks
appear to be applicable to both ecosystens and economes. For an econony,
the economi st uses nodels to deternmine the effect a tax in one sector has
on other econonic sectors. For an ecosystem the ecologist (and the
economi st) may need to know the effect that a particular pollutant harm ng
one insect species will have on all other species.

The parallels between ecosystens and economni cs suggest that sinilar
model s may be used for each. Mreover, if this can be acconplished, then
linking ecosystems with economes is possible. Such a linkage would permt
not only detailed descriptions of how a pollutant will effect an ecosystem
but how t he changes brought about in the ecosystemw || effect the
econony and, in turn, how these changes in the economy will influence the
ecosystem

Ecol ogists attenpt to answer such questions by using energy as a unit
of value. By neasuring the flow of energy through an ecosystem one can
determ ne how an exogenous shock mght affect that energy flow [ Grodzi nsk
(1975)]. The effect is then evaluated using sone pecuniary val ue placed on
an energy unit. Some support for this approach once was found ampng
econoni st s. The English economist, J.A Hobson (1929) has renarked that:

“...all serviceable organic activities consune tissue and expend
energy, 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
must be taken as the groundwork for that conscious valuation.

For npst economic purposes we are well-advised to prefer the
organic test to any other test of welfare, bearing in mnd that
many organic costs do not register themselves 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 statement 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
implications for human welfare, both as a source of pleasure and as a
|ife-support system Hobson's first point has been received warmy by
ecol ogi sts such as H T. Odum (1971), to the point where it has been
enshrined al ongside cost-benefit analysis as a means of eval uating proposed
energy technol ogies [Energy Research and Devel opment Agency (1975)].
However, it has been coldly received by mbdern econonists.

Geor gescu- Roegen (1979) neatly expresses the econonists' source of
difficulty with energy as the unit of value for the satisfaction of human
want s:

"The entropic nature of the economic process notwithstanding, it
woul d be a great mistake to think that it nay be represented by a
vast system of thernmpdynami ¢ equations...The entropic process
noves through an intricate web of anthroponorphic categories, of
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utility and I abor above all. Its true product is not a physica
flow of dissipated matter and energy, but the enjoynent of
life...pleasure is not related by a definite quanitative law to
the |ow entropy consunmed." (p. 1042)

The correct approach is therefore to include the ecosystemin the econony
where the uses of the ecosystemcan be evaluated relative to all other
goods.

Hobson's second point, that econonics should 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),

t he economics discipline continues to be notable for its inability to
capture many of the concerns of biological scientists, particularly
ecol ogi sts, about the inpacts of human activities upon ecosystens and, via
t hese ecosystem inpacts, ultimately upon human wel fare. Perhaps economi sts
have dism ssed these thenes sinply because the econonics discipline has

| acked a nmeans of fitting theminto the framework of econom ¢ anal ysis.

The purpose of this paper is to develop a link between ecosystens and
econonmes that will allow an econom ¢ eval uation of ecosystem structure and
diversity. W try to broaden traditional approaches to environnenta
econoni ¢ problens by enconpassing bioenergetics, 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 equivalent to production functions, optinization, and
equilibria. Humans are absent from this phase. Al energy input into the
nodel derives from the sun. In the second phase, humans are introduced
under the famliar guise of utility maximzers. This leads to behavior
that interferes with the ecosystemthrough changes in the sources and uses
of energy.

Section Il develops a nobdel of the optim zing behavior of a single
organismin an ecosystem Section Ill extends this idea to multiple
organisnms and to ecosystem equilibrium  Section |V suggests that there is
enpirical support for the results in Section Ill. Sections V, VI and VI
introduce the economic problem This is where human perspectives of the
ecosystementer. Section VIII introduces a nethodol ogy for val uing
speci es. | X deals with ecol ogical diversity.



SECTI ON 2

SINGLE ORGANI SM5 AS ENERGY MAXI M ZERS

Initially, a nodel of an ecosystemis devel oped where humans have
neither a direct nor jndirect influence. 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 nenber of a particular trophic |evel, where atrophic |eve
is defined as "...a collection of species which feed fromthe same set of
sources and which do not produce for each other" [Hannon (1976, p. 260)].

In essence, each trophic |level can be thought of as a stratumin a food
pyram d. 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 individua
organi sms nust be described. In a general equilibrium nmodel of an econony,
i ndi vidual consumers and firms are usually described as utility and profit
maxi m zers, respectively. But in an ecosystem do nonhuman organi sns
maxi m ze? Can a weasel be credited with thoughtful preference revelation
when it raids the chicken coop instead of ferreting out a nouse or two?
"...men consciously optimze, animals do not - they survive by adopting
successful strategies '"as if' conscious optimzation takes place"
[Hrschleifer (1977, p. 4)]. This "as if" assunption is sufficient to
capture nmuch of the behavior of nonhuman organi sns, and, thereby,
establish a fruitful nodel. Indeed, "as if" is the methodol ogi cal basis
adopted by many nodern econonists [Friedman (1953)].

Various suggestions have been nade as to what it is that nonhuman
organi sms naxinize, or behave as if they are naxinmizing. Lotka (1925)
devel oped a nodel where the naximand is the rate of increase of the
species. This rate is a function of food capture, shelter, and other
physical needs. Obtaining these needs requires energy expenditure.
Naturally, if a species is to be successful, then the energy expended on
t he needs nust be less than or equal to the energy acquired. Lotka
characterizes a maximumin this systemwith a set of equations where the
mar gi nal productivity (i.e., an increase in the species with respect to net
energy input) of an energy expenditure equals the marginal loss (i.e., a
decrease in the species) from that energy expenditure. Modern work has
enphasi zed the role of energy nore directly in the search for a maxi nand.
Odum (1971, p. 90) points out that life requires power and "...the maxi num
and nost economical collection, transmssion, and utilization of power nust
be one of the principal selective criteria...". Finally, Hannon (1976)
devel ops a nodel using stored energy as the maximand. Stored energy is
sinply the energy acquired by the organismless the energy needed to
maintain itself. Hannon argues for the reasonabl eness of this objective
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based on general observation, and on the increased organismstability it
provides during periods of fluctuating inputs.

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 transformers. If organisms of a species are successful in

storing energy, this is interpreted as leading to an increase in the
species' health and nunbers. Hence, the stored energy approach appears
acceptable to nodern ecologists, and consistent with the pioneering work of
Lot ka.

For specificity, suppose the organismis a fox, which as an energy
transformer, gathers all its energy fromfood, and then assinilates this
energy for various purposes. Al input energy nust be accounted for as
output energy in the form of waste heat, netabolism growth, reproduction,
| osses to predators, detritus, mechanical activities, and storage. Let x.

ande!,j =0, ..., n bethe nass flowfromthe jth source to the
organism and the energy content or caloric content per unit of mass j,
respectively. Subscript i = 0 refers to the sumso that e!x,is the energy

that the fox absorbs directly from sunlight. Thus, x, can be thought of as
time spent in sunlight and eé the energy absorbed per “unit of tine. Many

but not all species absorb energy directly fromthe sun. |f a species does
not then x, = 0. For sinplicity, the sun is the only input that is not
derived from another species. Therefore, subscriptsj =1, . . . ,n
represents all species of plants and animals, and for the fox, a positive
x5 J=1L ..., inplies that species j is prey. Total input energy is
then

n

Z elx. (1)
j=0 33

Let e" be the energy spent to obtain a unit of x., for exanple energy spent

to rua down a mouse, SO that the net input of en from a wunit of Xj is
1

ej =y eg. Therefore, total net input energy is

0 ®5%; (2)

e

3

For sinplicity, all output energy will be captured by a single term
Accordingly,

®n+1%n+1 (3)

represents the above mentioned outputs with the exception of storage and

predator |osses. Again, e i is a price per unit of mass |oss X 41 Sone
outputs, such as heat |oss, can be measured in energy units and €
be one; however, no loss in generality results fromusing e .. Bredator
| osses are not considered here because they are beyond cont?oi of the fox;
and if an individual fox is taken by a predator there is no naximn zation

problem to discuss. In a sense, there is a zero/one solution to the fox's
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probl em Predator |osses are taken up in the next section

Stored energy is the difference between input and output. It
represents energy in excess of what is needed for maintenance. Letting r
be stored energy, then from (2) and (3)

e. X, - e

0o 3 i n+1%n+1 (4)

~
1]
e l=]

3

Expression (4) is the objective function that the fox maximzes, and it is
analogous to a firnis profit function. The chief difference is that 2 firm
sells output to increase profits and purchases inputs which detracts from
profits. The fox' s outputs, such as heat |oss, detract from stored energy
while inputs contribute to stored energy.

A bundl e of inputs and outputs for the fox is represented by the rea
nunbers x = (x,, X45 ... , X_, X . Y. Not all bundles, however, are
feasible for the fox. For ifistance, the fox cannot continually catch mice
without ever |osing heat egergv. The set of feasible bundles will be
cal led the physiology set. In essence, this set places constraints on
what is achievable for the fox by describing the physiol ogi cal processes
whi ch convert inputs to outputs. For exanple, as a general rule of
ecology, in order for an organismto use ingested material, it nust oxidize
the organic nolecules in the material it ingests [Morawitz (1968), Chap.
5)]. This creates useful energy, but some fornerly useful energy is also
| ost as heat. The physiol ogy set depends on anbient tenperature, tinme of
year, and other environmental conditions, and human activities may be
influential as well. Acid precipitation is a good exanple of a human
activity that interacts with an ecosystemvia alterations in physiol ogy
sets. For now, the set is assumed to be unchangi ng.

Several sinple diagrans illustrate these notions. Suppose for the fox
there is only one input, mce, and one output, netabolical heat |o0ss
Figure 1 shows the physiology set as the shaded region. Wth netabolism of
%,, the fox can attain a quantity of mce %, a quantity %, or any anount
beétween % and the horizontal axis. Bundle % represents the greatest anmpunt
of mice attainable for %,. For this reason, % is |abelled an efficient
poi nt of the physiology Set; and all points along the upper border of the
set are referred to as the physiologically efficient points. Thus, a
physi ol ogically efficient bundle is one where greater mice bionass cannot
be attained w thout even greater metabolism

The dependency of the physiol ogical set on environnental conditions is
depicted in Figure 2. The cross-hatched area may represent the
physi ol ogi cal set of a lake trout prior to the occurrence of acid
precipitation, while the double cross-hatched region represents the trout's
set subsequent to the acid precipitation. This change indicates a
detrinmental effect from the pollution, since the feasible set has been
di m ni shed.

For a fixed |evel of stored energy, r, (4) can be plotted as the
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straight line in Figure 3 labelled r. A higher fixed level of stored
energy is shown by the line r. The further these lines are above the
origin, the greater is the stored energy. These lines can be referred to
as iso-stored energy lines, since every point on any given line represents
a conbination of x. and x., that yield the sane stored energy at the given
energy prices. The verti‘cal and horizontal intercepts are the stored
energy in units of nice biomass and heat |oss, respectively. The slope of
the line is the ratio ez/e].

The fox is assumed to take e, and e, as given; that is, it has no
control over these values and they enter”as parameters in the maxin zation
process. Maxi mum stored energy will be given by that iso-stored energy
line that is furthest above the origin, but still having at |east one point
in common with the physiology set. Coviously, this point will be one that
is physiologically efficient. Figure 4 illustrates maxi nuns of r for
val ues e, and e, and, # for values &, and &,. The maxinizing solution
depends on the Shape of the physiol ogy set and tie val ues of e, and e,
The solution at % = (&,, £,) contains greater levels of heat I'6ss and mice
than x = (x,, x,), because biomass of nice has nore energy content
(&, > e,) and/or netabolismresults in less heat loss (&, < e.). For
values &, and e., the fox would not move beyond point x = (x,, x,). To do
so would mean nbre heat loss and nore mice, but the energy gained woul d_be
less_than the energy lost. For instance, moving from x to & at prices e
and e, would nmean a drop in stored energy fromr to r. However, suppose
mce Were to become nmore plentiful, then e, would increase because eY,t he
energy required to catch a nouse, would decrease. |f (El, e,) becane

(él, &,) the fox would nove to % where stored energy increase from r to 2.

A maxi num wi || exist provided certain restrictions are placed on the

physiology set. In particular, the set nust be bound above and include its
boundaries. These restrictions do not seem unrealistic in a real
ecosystem Figure 5 illustrates a set that is not bounded. For positive

e, and €5 maxi mum stored energy is infinite since even higher iso-stored
efergy lines are feasible. The shape of the set nust be left to
experinents, observations, and statistical analysis, and it can be expected
to vary significantly anong organisns.

Further insights into the maxinization nodel can be gained by
returning to the general case. The concept of a physiology 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 value of x, that is conpatable with
physi ol ogi cal efficlency This is obvious for the’two variable case from
the above figures. For n+2 variables, let x 3 = (xo, see s X s X

. o - +i_
» x_..), then there is a one-to-one correspondence bet weed "the B+2-1
di mensi On vector x 3 and the scal ar Xy In functional form

X, = f(x_j
3 )
or equivalently

PG = x, f(x%) =0 (5)
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The function F(x) i the physiology function, an
enbodi es physi ol ogical efficiency. That is, [
if and only if F(2) = 0.

t he border

d, by construction, it
s physiologically efficient
)

X
In two dinmensions, F{(%) = 0 inplies that % is on

of the physiology set.

The maxim zation problem can be restated as

o jXJ - en+lxn+l (6)

subject to F(x) =0

where F(x) is assumed to be twice differentiable and the physiology set is

assumed to be strictly convex. Strict convexity assures that the
second- or der

sufficiency conditions of the naxinization problem are
satisfied, and that there is a unique maxinmum  The Lagrangi an for problem
(6) is

L(x, \) =1 + AF(s) (7)

and the first-order conditions for a maxi num are

oF ()
= 0’ = O, >
XJ ej + on, J (8)
J
OL({) _
N 0 (9)
n+l
Ar Flx) =0 (10)
Dividing any two conditions in (8) by one another yields
BF(X)/Bxi ) fi_ "
TG ax, e, (1)

so that for a maximum the ratio of partial

derivatives of F(x) nust be
equal to the ratio of energy prices. Using (5),
F(XO, vee s Xj—l’ (x ), xj+l’ eee s Xn+l) =0

and differentiating with respect to % i # j, yields

If (x _j) BF(X)/BXi
0% . = dF(x)/93x.
1 J

(12)

Thus, the left-hand-side of (11) can be interpreted as the rate at which x,
must be substituted for x, while all other values are held constant. O,
for the fox's predatory bé&havior, (11) states that the rate at which he can
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trade mouse biomass for say rabbit biomass, while achieving the same stored
energy must equal the ratio of the energy contents in units of nopuse

bi onass and rabbit biomass. Alternatively, (11) and (12) can be used to
obtain

de . f(x 1)
-3 =1 (13)

The left-hand side of (13) is the rate at which energy fromsource j nust
be traded for energy from source i in order to be physiologically

efficient. O, substituting mice for rabbits nust | ower ghe i nput of

rabbit energy at the same rate nouse energy is increased. To see the
rational e behind this result, suppose the fox was obtaining nore stored
energy fromthe last unit of rabbit biomass than fromthe last unit of
mouse biomass. Then (13) would be an inequality. The fox would begin to
consune nore rabbit biomass and | ess nmouse biomass. Gver, the shape of the
physi ol ogi cal function, eventually, the amount of nouse biomass given up
for each unit of rabbit bionass consuned, and it nust be given up with a
fixed level of outputs (x_,.), becomes so great that further rabbit bionass
is undesirable. The tradgg%f of mce for rabbits stops when (13) is
satisfied as an equality.

In a simlar fashion, (9) can be combined with any of the n+l
conditions in (8) to obtain

AF(x)/3x.
T AFGO /ex. . Tn+l T %y (14)
n+l
for j =0, ... , n. The interpretation is that all n+l inputs are obtained

such that their energy contribution to the netabolical processes are in
proportion to their energy prices

The first-order maxi mum conditions given by (8) - (10) constitute n+3
equati ons which can be solved for the optinmumvalues of the x, and i as
functions of the energy prices. A solution is guaranteed by the assunption
of a convex physiology set. Thus, there exist the functions:

Xj = Xj(e) j =0, ... , ntl (15a)

A= A(e) (15h)
The function x.(e) indicates the anount of the jth input acquired or jth
out put spent, §iven the energy prices of all inputs and outputs

Substituting these ambunts back into the objective function gives the
maxi mum stored energy,

e.x. (e) — e

”
1]
N ~s

n+]xn+1(e) (16)

j=0
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If j represents rabbits, x,.(e) can be thought of as the fox's demand for
rabbits at prices 2. J

Finally, the x,(e) terns can be substituted into (8) - (10) and
derivatives can be taken with respect to thee.. This yields the system of
equati ons: J

] 10 e 71 [0 o 0
0 Fy R Yoo N Antl
. ~{-10 0
Fo o e Mop M onsl %00 o1 Xon+1 t
R < x 0 -1
Fi o AFg IR 10 11
0 0
-1 0
-1+AF > o 0 . 0 1
Fn+l AFOn+l l*xrn+l n+l {fn+10 Yn+l n+l
L J . - J
(17)

where subscripts indicate partial derivaties. For instance,

x,. = ox,(e)/de.. This system can be used in a conparative static analysis
(3¢e =.g7, Chiadg) to solve for the 9xk(e)/aej val ues to obtain

dax. (e)

—t— >0 i=0....,n (18)
e,
J

X (e)
+1

Se <0 (19)
n+l

The interpretations of (18) is that an increase in the energy price of a

net input results in an increase in the use of that input, ceteris paribus.
If the net energy the fox could obtain fromrabbit bionmass were to increase
whil e the net energy obtained from mouse bi omass renained the same, the fox

woul d chase nore rabbits and fewer mice. A similar interpretation holds on
the output side and (19).
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SECTION 3

MULTI PLE ORGANI SI M5 AND NATURAL EQUI LI BRI UM

The individual organismin the previous section nust now be placed in
the context of an entire ecosystem Each organism belongs to a species,
and sets of species form trophic levels. The trophic levels are links in a
food chain or levels in a hierarchy. Species nay feed on other species in
| ower trophic levels, and in turn may provide substance for species in
hi gher trophic |evels.

To sinplify the following analysis and to avoid notational conplexity
of defining the ecosystem individual. organisms will be aggregated to the
species level. Thus, the collective goal of an entire species is to
mexi mze stored energy which is the sumof stored energy for all the
organisms in the species. This also avoids certain conplications that
occur when, say a bobcat consunes a rabbit. The bobcat receives an input
but the rabbit is gone. At the species level, however, the bobcats
collectively receive an input, while the rabbits collectively yield an
out put .

In aggregating, all individuals in a species are assuned identical
that is, their physiological functions are the same. This avoids having to
consi der the distribution of resources anobng individuals, and a single
physi ol ogi cal function can be used for an entire species. The problem for
species i is to

n n
maximze R, = jzo Eji Aji - i Eijxij - Ei,n+1Xi,n+1 (20)

i Ty =
s.t. F (Xi, Xi) =0
where R,, is the species stored energy E's are the energy prices, x,.'s are

i nput s In the first summtion and k.. 's are outputs to other species®in the
second sunmation, n is the nunber o%Jspecies, x. 1S a vector whose el enents

are the %, andx, , and the bar notation onx., is to indicate that
out put s o0t her éﬁgzlesare fixed. Mst of thesd’terns require a nore
detail ed discussion. In general for outputs and inputs, X.., i, j=1, ...
n, is the output of the ith species to the jth species. T ds it is an
input to the jth species. The X,. 's enter paranetrically into a species
physi ol ogi cal function. If thesejoutputs were decision variables, the

species would set their values to zero; therefore, these outputs are fixed.
They are exogenous to the individual species, but endogenous in the entire
ecosystem since they are inputs of other species. For exanple, oak trees
cannot avoid having squirrels consume their acorns; therefore, the output
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of acorns to squirrels is fixed in the oak trees' maxinzation problem

Figure 6 illustrates the effect of these fixed outputs on the fox
species' physiological function. The axes are the same as in the previous
section, except that they represent aggregates for the entire fox species.
Also, ¥, is an output to a predator of foxes. Wen X! of fox biomass is
sacrifr%ed to predators, an input of X, mce requires metabolism of XI].
But when XY > Xé is lost to predators, the function shifts downward afd a
greater megabollcal level, X', is required for the sane input of nice
Basically, the greater netabglical level is needed to support the
additional fox biomass taken by predators.

Wiere there is no direct interaction between species i and j then X..

=x,. =0 If X,. >0 then X =0 that is, if species i feeds on specide
j, then j does ndt feed on i.™JThis is not universally true, however, it
| eads to less notation in the nodel. As in the previous section, the zero

index in the first summation of (20) indicates incomng solar energy, and
the n+l index indicates output, such as heat loss to the physica
environment and not an input to another species.

The E's are energy prices as discussed in the previous section. In
the case where predator in species i captures prey in species j, X ., units
of biomass are transferred to the predator. This bionass contains g, x..
energy units. Since the predator nmust also expend energy in the capfﬁré}
Ejixji is the net energy gained by the predator or as in the last section

X,. = (E!, - E".))X
1% = (Bl 1~:jl)>\j],L (21)

Al energy prices are paranmetric in that every species takes the prices as
gi ven.

A natural equilibrium of the ecosystem where natural refers to no
human intervention, is provided by the simultaneous solution of al
species' first order conditions. Each species provides at npst n+2

equations fromits n+l input variables (XO., Tigs wen » X ) and one input
variable (%, ). There may be fewer if theréis no diréct interaction
with some s§é31es. In total, there are at mpbst n x (n+2) equations and
vari abl es. In the long-run, all species will have zero stored energy. The

driving force for this outcome is the change in prices that occur when
stored energies are nonzero. For exanple, supposeR, > 0. Then E,. for j
=1, ... , nwll decrease, since species i is bountiful and more &dsily
preyed upon. As nore predation occurs, R, will tend towards zero. A
simlar but reverse story can be told forlRi < 0.

This ecosystem can be likened to an economic system A storage
mexi m zing species is like a profit maximzing firm and the firmsells
outputs to other firms and buys inputs from other firms. The physiologica
function is like the firms production function. One distinction is the
presence of the X terms which have no counterparts in econonic nodels. But
this is because econonic nodels deal with voluntary trades, involuntary
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trades are largely ignored. Involuntary trades are an essential part of
the ecosystem Mce do not volunteer themselves as inputs to the fox.

Provided certain conditions are net on species' physiology functions
(i.e., strict quasi-concavity), the first-order conditions for stored
energy nmaxi m zation (conditions conparable to (8), (9), and (10)) can be
inverted to obtain continuous, differentiable input demand functions.
Species i's demand for bionmass fromorganismj is

in(E’ X) (22)
Wiere E represects all the energy prices as defined above and X are the

exogenous outputs supplied by i to other species. Using conparative static
analysis, it can be shown that

ani
%, ¢ (23)
31
for j =1, ... , n. Thus, an increase in the energy content per unit of
j's biomass (E..;, or a decrease in the energy spent to obtain a unit of j's

bi omass (E'.) w11l result in an increase in demand for species | by species

i. Qher ﬁémparative statics results will have signs dependent upon the
conpl ementarity between inputs and outputs in the physiological function.
These signs are not unequivocal without placing further restrictions on the
function.

Finally, as was done for (16) and the individual organism the demands
can be substituted into the original objective function for each species to

obtain a stored energy function. Thus, for species i, i =1, ... , n;
Y = X 3 - - 7
Ri(E’ X z Eji“ji(E’ X) ' Eijxij Li,n+lxi,n+1(E’ X)
J=O J:l
(24)

The function R, gives the maxi mum stored energy possible for species i over
all val ues of %nput/output prices and outputs. The envel ope theorem can be
used to show

3R, aR, 3R _
BT, - T sEr, X517 Cegp T Ky <0 (25)
ji ji ij
Thus, if species i and j interact, increased energy content per unit of
bi omass of input species j, or decreased energy expenditures for obtaining
units of biomass from species j, or decreased energy content of biomass

yielded to species j will result in increased stored energy. Additionally,

3R i
i .. AQF

o I > S (26)
1j ij
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so that increases in exogenous outputs to predators have negative effects
on stored energy. This follows fromFigure 6 where igcreased predation

al ways decreases the feasible region for the species. As noted bel ow,
this is a short-run effect; that is, increased predation i mediately
| oners stored energy of the species. In the long run, as the ecosystem

seeks a new equilibrium certain prices nmay adjust and stored energy may
increase. Wtness the human practice of culling species to increase
stability and productivity.
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SECTION 4

EMPI RI CAL SUPPORT FOR THE ECOSYSTEM MODEL

A central result in the previous Section is the derivation of the
input demand function of one species for another. That is, X..(E,X) is the
ith species demand for the biomass of organismj. Moreover ~¢23) showed
that the partial of X..with respect to E,. is positive (inequality (23)).
This result constituck: a testable hypotﬂésis which, if verified, |ends
support for the theory devel oped above. In economcs, one would test
equi val ent hypot hesi s about consumer denmand by gathering primarily price,
quantity, and incone data, and using econonetric techniques to estimate a
demand function. Testing the ecosystem hypothesis given by (23) requires
gathering the appropriate data and, if the data is adequate, using
econonetric techniques to estimate the demand function of one species for
anot her. In this Section, the data requirenents are discussed, and
shortfalls in data cited. However, a nunber of biological studies are
cited which do lend support for the ecosystem nodel

Result (23) inplies that an increase in the energy content per unit of
species j's biomass (E!.) or a decrease in the energy spent to obtain a
unit of j's biomass (EY5) will result in an increase in demand for speci es
j by species i. Thus dita requirenents include; i) the energy content per
unit of all prey species' biomass; ii) the energy spent to obtain a unit of
all prey species' bionass. The former requires studies to determ ne how
the energy content varies over neasures of bionass for the prey species. A
reasonabl e proxy here might sinply be to use a neasure of weight such as
pounds of the prey. The latter data is nore vexing. However, a reasonable
proxy here woul d be some neasure of the availability of the prey. An
abundant prey species would require |l ess energy to be spent in capture than
a nonabundant prey species, assuming both species have sinmlar escape
responses. One possibility is to use the reciprocal of the abundance of
bi onass per unit area as a measure of the energy price

In addition to the price, (22) shows that the exogenous outputs are
also variables in the demand function. This would require obtaining a
measure of the biomass |loss of the predator species to its own predators.

These various data are not always readily available or in a useful
form  Sone studies provide information on the quantities of various foods
consuned by certain species, but do not indicate the relative abundance of
these foods. An exanple would be a study by Baker and Hobbs (1982) which
t abul at ed various plant species consunmed by elk in Colorado. A study that
does collect the correct type of data is one by Wallno et al. (1977). They
exam ne deer diet and habitat in Colorado. They list the different forage
consumed; they tabulate the relative abundance of the forage consuned; and
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they then docunent how the forage breaks down into crude protein,
carbohydrates, cellulose, etc. Wiile this qualitatively satisfies the data
requirenents, the quantity of data is too scanty for an econonetric

anal ysi s. Kufeld (1973) docunents forty eight papers that study food
habits of elk, and ranks the various foods in the elk's diet according to
their value of the elk. This borders on the type of data requirenents
useful to economsts, and may be adequate for econonetric analysis

A nunmber of papers have used laboratory experinents to test hypothesis
of the type given by (23). On one hand, |aboratory experinents have an
advantage in that other variables (weather, age of organisns, etc.) can be
held constant. On the other hand, this is no guarantee that behavior is
not nodified in a laboratory setting

Rapport (1971) uses microecononic techniques to exam ne the foraging
behavi or of certain protozoan. His purpose is to show that the
"fundanmental theorem’ of foraging theory, that predators rank order single
prey species, can be inproved upon using econonic techniques. In
particular, he argues that predators choose anong alternative bundl es of
prey. Moreover, while the "fundamental theorenmt inplies that changes in
relative abundance of |ess desired prey has no effect on foraging, Rapport
shows that changes in relative abundance of any prey species effects
f oraging. Hi s experiments consisted of allowi ng protozoan to feed for one
hour in the presence of varying densities of two algae prey species. A
clear pattern emerged whereby greater densities of a species led to greater
consunption of that species as (23) would dictate

In another |aboratory experinment, Kagel et al. (1975) observed the
behavi or of white rats. Specifically, the rats were allowed to push one of
two |evers, where one |ever delivered rootbeer and the other Collins mx
Each rat was allowed so many pushes on the levers and initially 20 pushes
were required on either lever to obtain a unit of liquid. At these prices,
different rats chose different conbinations of rootbeer and Collins mix.
Then the prices were changes and 40 pushes were required for rootbeer and
10 for Collins mix. Each rat was provided with enough total pushes so that
the original consunmption bundle was possible. The result was as (23) woul d
predict. Al rats increased consunption of Collins mx and decreased
consunption of rootbeer. Thus, goods are not ranked one at a tine, but
rather bundles of goods are ranked and the highest ranked bundle in the
opportunity set is consuned.

Finally, there have been nonlaboratory studies that also | end support
to the hypothesis presented above. Menge (1972) observed the foraging
strategy of starfish. The observations were conducted over a period of
about two years in the San Juan |slands off Washington. Menge anal yzed the
starfish diet by both nunerical and caloric consunption and he observed
that they consumed nore of a type of cirripede in the summer and autumm
when the cirripede was nmore abundant. The increased abundance results in a
reduction in the expended energy of the starfish and an increase in demand.
Menge al so found that the starfish consumed | arge anounts of a certain
gastropod which can be explained by the ease with which the gastropod is
captured. Cenerally, he found that prey species with |ess effective escape
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responses were consuned nore often than those with nore effective escape
responses.

In another study, Werner and Hall (1974) examined bluegill sunfish
predation on three different size groups of daphinea. The authors observed
that an the density of prey increased for all groups, the sunfish began to
select only the largest prey. (Goss-Custard (1977) had simlar findings
with the foraging habits of redshark.

Bar-tailed godwits were studied by Evans (1976) who observed that the
birds used | ess costly foraging net hods when prey was scarce, thereby
reduci ng expended energy. In fact, he found that foraging may conpletely
stop when prey is very scarce, presumably because net energy from preying
may actually be negative.
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SECTION 5

HUVMAN | NTERVENTI ON

The natural ecosystemis characterized by inputs, outputs, energy
prices, and phsyiology functions. Humans intervene in the ecosystem by
directly or indirectly effecting all of these characteristics. Humans also
change in the overall energy equation, since total energy into the
ecosystem does not originate only with the sun. Instead, stored energy or
fossil fuels are another source.

Exanpl es of human intervention are given in Table 1. In fact,
virtually any human action will have sone influence on the ecosystem either
directly or indirectly through one or nore of the listed characteristics.
The objective here is to capture this influence by augnmenting the natural
ecosystem nodel .

Initially, the analysis will be confined to the effects of human
inputs and outputs. Humans have initial endowrents of s raw naterials to
be used in the production of ecosystem goods and m manufactured goods. In
turn, these ecosystem goods are al so used in the production of manufactured

Table 1
Physi ol ogy Functions Energy Prices | nput s/ Qut put s
Agricul ture, Devel oping new breeds Tilling the soil Adding fertilizer
Ranchi ng of donestic plants to nmake nutrients
and animal s more accessible
Ti mber Breeding faster Creating nono- Cropping the
growi ng trees cultures that forests

decrease diversity
and alter prices
of food search

Hunt i ng, Fi sh hatcheries Creates higher Cropping and

Fi shi ng devel opi ng new prices for pred- st ocki ng
breeds of wild ators of the
fish hunted speci es

Pesti ci des Interfering wth Rai si ng energy El i minating
birds' of prey prices of food i nsect species
ability to produce search by insect

predat ors
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goods. Let Z =(z,, ... , Z) be manufactured goods, and let 7 be che
amount of raw input p used ifi the production of Z . Furthermor8} let Y,
be the anount of raw input p used as an input to fhe ith species. Then}'if
Yp is the initial endowrent of raw input p, it follows that

m n h _
1Y + Iy =% (27)
=1 P4 gop PL P

for p=1, ... , s

The problem for the ith species given by (20) can now be rewitten as

S
Maximize R = R, + I E° 7" (28)
i i pipi
p=1
O R
s.e. PR, B, 7)) =0 (29)

The stored energy in the intergentionist state is rewitten as R? to denote
human presence. The inputs, Y _,  that have been appended to the objective

function are fixed for everysBécies. This is to say that species have no

control over how humans supply inputs, as the oak tree has no control over

squirrels pilfering acorns

Humans export bionmass from the ecosystem to be used as inputs in the
production of manufactured goods. Agriculture is a good exanple. A
manuf actured good may be a tomato in the supernmarket. The ecosystem
provides a tomato on the vine which is ten conbined with other resources
(labor, transportation, etc.) to produce the manufactured good. This
exportation or cropping is done from stored energy. "...cropping from
storage (is) renoving from the system a constant fraction of that energy
which is being diverted into storage" [Hannon (1976), p. 260]. The species
continues to maxinize stored energy which is modified as

h s
Ri = (1 *ci)[Ri + i

P

h zh
1 Eptii] (28")
In (28'), c. is the fraction of stored energy being cropped. Al so,
0<c. <1 where c¢. = 1 implies all stored energy is diverted to humans as
in some agricultural products (wheat, vegetables, and other annuals) and c.
= 0 inplies no human cropping. The actual amount of cropped stored energy
fromthe ith species is denoted by

N e
ey IRy * £ B o1l = eidy (30)

The c. are fixed at levels that maintain the viability of the species. In
other’words, too much cropping may lead to instability in the species, but
this possibility will be ignored at this point.
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Speci es' demand for biomass are now dependent on the human inputs as
well. Thus, (22) becones
X, (E, E', X, 1) (31)
ji b 3 b
where the human associ ated energy price vector Eh and input vector ?h are
additional arguments. The nmaxi mum stored energy function of species
becones

h - ch h - ch

h ~ ;
R{(E, E', X, T1) = (1 - c)A (B, E', X, ¥ (32)

And by the envel ope theorem

h
R i

i h 3F >
— = (l-c)E . +2==120 (33)
3y, P oY

pi pi

so that changes in human inputs to a species have anbi guous effects on
stored energy. The anbiguity arises because humans may be supplying too
much or too little input given the species' objective of storage
maxi m zat i on
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SECTION 6

THE ECONOM C PROBLEM

The economics problemis to allocate the raw i nputs anong manufact ured
goods and the ecosystem to maximze human welfare. A conmmunity welfare
function will be used to represent human preferences. The function is
witten as

U(ZyseeiZ s RyseeeuR) (34)
Humans derive utility from manufactured goods and directly fromthe species
in the ecosystem The latter sources of utility refer to enjoying (or not
enj oyi ng) nonconsunptive qualities of the ecosystem Included are
aesthetics, studying plants and ani nals, canping, photography, and so on
(not enjoying refers to insect attacks, aversion to snakes, etc.). These
activities are enhanced by 2 healthy ecosystem and stored energy is
assuned to be a reasonagle proxy for health. Let U = au/3z for q =
1,..,m and U, =8U/R. for i =1,...,n. Nonsatiafion for Manufactured
goods implies“U > 0 for q = 1,. For the ecosystem however U _. > 0
for species pro%iding nonconsunptive enjoynent (maple trees, deer, etc.),
U . = 0 for species that are virtually unnoticed (soil mcrobes, |ichens:
e?%.), and Uhi < 0 for pest species (weeds, mpsquitoes, etc.).

For species that are used as inputs to manufacturing, humans
essentially view the output from those species {(c.A,) as a production
function that depends on the raw inputs supplied to these species. That
is, raw inputs are supplied, the species solves its stored energy
mexi m zation problem and then yields output to the humans. Wile the
humans are not cogni zant of the intricacies involved in stored energy
maxi m zation, they are aware of the approxi mate anmpbunt of species out put
available for a given raw input. A farner knows reasonably well the yield
of corn from a given anount of fertilizer, although know edge of the corn's
physi ol ogy set and other inputs and outputs is unnecessary. That humans do
not know precisely the species' output froma given input can be attributed
to uncertainties (e.g., weather in agriculture) and |lack of know edge about
ecosystem interactions. Uncertainties are beyond the scope of this work,
but the lack of know edge will be discussed bel ow as ecosystem
externalities. One further sinplification is made to avoid notationa
conplexity. The ecosystemis conprised of n species that forma very
simple food chain. Species i, i =1, ..., n, receives inputs, or demands
outputs, from species i - 1 only. Were i =1, the species only obtains
input fromthe sun. Al though this nmasks much of the richness of the
ecosystem interactions, it suffices to show how human intervention can
reverberate through the ecosystem Gven this assunption, the stored
energy for species i can be witten
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ho_ . B}
Ry T Bion,e®i1,1 7 By par®i a7 Finelfinel

(35)

Manuf act ured goods are produced using raw i nputs and ecosysteminputs.
Production of the gth good is given by the function

z =6cYy? , ..., Y, e A, e s e A) (36)
q lq pq’ Tiq iq ng nq
where ¢, A. is the cropped stored energy fromspecies i used in the

productignlgf the gth good.

The human probl em can now be stated as maxim zing welfare given by
(34) subject to the functional relations given by (32) and (36) and
endowrent conditions from (27). Maximzation is over all raw inputs. The
maximum, is charactegized by the followi ng expression which shows the case
where Y', > 0 and Y. > 0, that is, positive anounts of raw input p are
used aspinput for ngcies i and for manufactured good q

h h
q 3R i 3R] i-1 3X 3X.
o 3G -u v1 + 15 U Mw 1 A\jk—l,k i-1,1 +
1 5y bl oy ger B3RSy SN e gyt
Pq pi pi
: i 3¢, A, i-1 3X 33
i ? v } SGQ‘ Ciq 1q . \k~A % CJ\1—1,1
- o e . ~ o .
o=t Y=t T%atiq CNye1,g ey Thokel v
Pl
(37)

Basically, (37) states that raw input p should be distributed in such
a way that the marginal benefits of its use in manufacturing (left hand
side (l.h.s.)) should equal the marginal benefits of its use as an
ecosystem input (right hand side (r.h.s.)). Specifically, the first term
on the I.h.s. is the marginal utility fromthe change in the qth
manuf act ured good as the pth raw input to this good is changed. The first
termon the r.h.s. is the marginal utility of a change in the ith species'
stored energy due to changing the pth raw input to this species. The
second termon the r.h.s. is the marginal utility of a change in stored
energy of all |ower species due to changing the pth raw input to the ith
species. For exanple, if the food chain consists of three species
mayflies (1), trout (2), and eagles (3), then a human input to the eagles
will effect eagle stored energy and the associated utility - the first term
on the r.h.s. In turn, the eagles' demand for trout, the trout's demand
for myflies, and the mayflies' use of solar energy are all effected
Thus, the stored energy in all three species is effected which is then
reflected in utility changes. Al of these effects are captured in the
second term The third termis the sumof marginal utilities for al
manuf act ured goods as the production of these goods is altered by the

stored energy changes in all the species lower than i in the food chain
The stored energy changes inmply that cropping for use in these nanufactured
goods is effected. If input pis used as an input for either nore than one
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species or nore than one manufactured good, additional terns would be
appended to (35).

There is a first order condition for each input used in each
manuf actured good and in each species. In total, there are mP + n P + s
first order conditions. The s is for the constraints in (27)

The raw inputs or resources are decision variables for the humans as
they are allocated between manufacturing and the ecosystem For the
species, however, those resources are the paraneters, since species have no
control over them Thus, as humans manipulate a resource to find its
optimal use, conparative static changes are occurring in the ecosystem as
it responds to the exogenous changes. The ecosystem seeks a new
equil i brium which nay not be what hunans have in nind. An ecosystem
externality, discussed below, is created

At this juncture, a nuch sinplified version of this nodel may be
useful .  Suppose there is a single raw input, one species, and one

manuf actured good. The raw input is divided between the manufactured good
and the ecosystem so that

7 =y% 4yl (38)
The manufactured good is produced according to

z = G(Y%, cA) (39)
where cA is the cropped stored energy.

The stored energy of the species is

h
RY = (1 - o)ACE, EY, YD) (40)
Tge humag problemis to nmaximze U(Z,Rh)subject to (38) - (40). [f both
Y" and Y are positive at the maximum then first order conditions require
Yn 36 56 24 aA
= e e sl S 1/ - o) ) (41)
z Y aY oY

This is a tangency condition between the human's marginal rate of
substitution and the rate of product transformati on between ecosystem
amenities and the manufactured good. The numerator on the r.h.s. of (41)
is the manufactured good's marginal product. It accounts for the fact that
whil e manufactured output may tend to increase with increased raw input,
this also nmeans less raw input to the ecosystem and | ess ecosystem out put
into manufacturing which tends to decrease output. The denonminator is the
stored energy nmarginal output from changes in raw inputs.

Noni nterior solutions are al so possible and can be illustrated
dizgramatically. Figures 7 and 8 show the production possibility frontiers
in R'Z space (abc in Figure 7 and ab in Figure 8) and several possible
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Figure 7
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indifference curves. In Figure 7, the positively sloped portion, cbh
indicates that raw input to the ecosystem creates higher stored energy in
addition to nore manufactured goods, since the stored energy can be cropped
for inputs to the manufactured goods. Negatively sloped portions indicate
a direct tradeoff between the use of raw inputs for manufacturing ang
ecosystens.  Which shape obtains crucially depends on the termdA/3Yy . The
greater is this termthen the nore productive the ecosystemis in providing
inputs to manufacturing from raw inputs. This then increases the
possibility of a positive slope in the production possibility frontier
since the ecosystem can provide both inputs to manufacturing and to stored
energy.

Indifference curve | in both Figures yield interior solutions.

Indifference curve Il in Figure 8 yields a solution where the ecosystem
experiences no hunman intervention.
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SECTION 7

ECOSYSTEM EXTERNALI Tl ES

Above, the conditions which characterize an optinum distribution of
resources anong nmanufacturing and the ecosystem are presented. Resources
are used as inputs for certain species, and these inputs can then enhance
outputs from the species to humans. Inserting inputs to and cropping
outputs fromcertain species will change stored energy levels and the
availﬁbility of inputs and outputs to other species in the ecosystem That
is, R, # R,. Consequently, human intervention into any one species wll
have affectd on many other species, as the intervention dictates a
different ecosystem equilibrium To the extent that stored energy levels
differ in the new equilibriumin unexpected ways, an ecosystemexternality
is created. The stored energy levels may be expected to change, changed in
unexpected ways, or certain species whose were not expected to change, did
so.

The ecosystemexternality can be contrasted to conventiona
externalities. An air polluting firmdirectly effects an argunent in a
consunmer's utility function, that argunent being clean air. The decrenent
inutility is clearly traceable to the externality source (although acid
deposition may be an exception), but solutions to the problem are
conplicated because clean air is outside the market system  Human
intervention into the ecosystemis an exogenous shock which causes that
systemto seek a new equilibrium This gives rise to new stored energy
| evel s, where these levels are arguments in a consuner's utility function.
The intervention, which is tantanount to polluting in this exanple, nust
work its way through a conplex general equilibriumsystemthat is wholly
external to the economic system Thus, the effect on utility arguments are
less direct for ecosystem externalities. And when |inks among species are
unknown or poorly understood, the decrement (or increnment) to utility due
to an ecosystemexternality may be untraceable to the original hunan
i ntervention

The followi ng story provides a sinple exanple of an ecosystem
externality. Around the turn of the century, the citizens of Kern County,
California, a rural area of farns and small towns, decided to do away with
various predators that killed donestic aninmals and frightened children
Armed with shotguns, traps, and strychnine, they were very effective in
deci mating popul ations of skunks, foxes, badgers, weasels, snakes, ow s,

and hawks. In addition, they hired a team from the Departnent of
Agriculture to extermnate all coyotes in the county. This was also
successful.  The nyopic canpaign took place over a period of two decades.

Then, during a year when farmers were enjoying a bunper crop, hordes of
m ce appeared where they were not wanted. Their vast nunbers, unchecked by
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natural predators, were too nuch for the usual wild grains to feed; and the
m ce began to encroach on silos, barns, and hones. In places, the nice
were ankl e-deep, and people were killing them by the thousands.

Di stributing poisoned grain subdued the mice for a few nonths, but they
eventual |y regrouped and descended on the villages. U S. H ghway 399
became so slippery from squashed nice that cars ran into ditches and "go
slow' signs were erected. The affair was labelled by the U S. Biol ogical
Survey as the greatest rodent infestation in US. history. One particular
school had mice in every classroom in all the waste paper baskets, and in
some desks.

The infestation attracted ow s, hawks, ravens, and vultures from other
areas, but they were quickly done away with by the citizenry. The mce
were continually in search of new food supplies, and, in 1926, occupied an
area of 96 square mles. Finally, an expert from Washington in the U S
Bi ol ogi cal Survey, whose name was actually Piper, was given the
externmnating duties. By counting burrows, he estimted his foe at 100
mllion strong. Using 40 tons of strategically situated strychnine
alfalfa, he succeeded in his assignment. But not before Kern County | ost
over one nillion dollars in crops and property damage and spent $5000 on
poi son.

The essence of this misadventure can be captured by the nodel herein.
Tothe world of one raw input, one manufactured good, and one species, add
two species. Species 1 can be a type of grain, species 2 mce, and species
3 a nenber of the oW fanmily. The interaction anmong the species is a
sinple food chain with grain on the bottom and ows at the top. The
societal utility function is
h _h _h

R,, R}) (42)

u(z, Rl’ 3

where grain is an internediate good and not an argument. For the citizens
of Kern County, it must have been the case that

th < 0, and Uh3 <0 (43)

O course, if a diverse citizenry is considered, and U™ is the utility
function for the ith individual, Ulq >0 and U, > 0 are reasonable
possibilities, say for naturalists or birders. ~Nevertheless, (43) is
assumed to hold for this exanple. Also, grain is assuned to provide no
utility in and of itself, but is useful only in producing food or

manuf actured goods.  Thus,

U, =0 (44)

Total raw inputs are accounted for by

S z h h h
Y =Y YR Y, Y, (45)
wher e Y}i1 is the input to the ith species, i =1, 2, 3. Since thereis only
one raw i'nput, double subscripting is unnecessary. The manufactured good
is produced according to
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Z = G(Y*, ciA)) (46)
where c A, is grain output.., For the nice, 0 = 0, at least until the tine
that strychnine is used. Y, is the input to"the owls, but in this case
where the input is destructi've (poison, shotgun pellets) nothing is
cogtribuﬁed to stored energy.. Thus the associated energy price
(E3 - E3 ), is negative or E; < 0. The stored energy functions from (32)

3
2re
h h h h h
R = (1 - ) , = (1 - ¢ ){E. X <0 )Y,
1 = oA (E, B Ko YD) = (L - ed By Xy (B, BT, X (X5 (Y))
(47)
h h ) . .h h
RZ = (1 - CZ)AZ(E, E, X23) = (1 - C2){E12 ‘{12(1, E, x23(Y3)) -
E._X. (YD)}
23%25(¥4)} (48)
n h _h ho.h
= - ¥ = - {F -
Ry = (L= e)ay(E, B ¥3) = (1= ) {E,; %,5(5, 27, ¥ - B %,
h _h.
£y Y1) (49)

interactions occurring external to the sphere of human influence and

know edge. While (48) is an ecosystem|ink between (47) and (49), that is,
m ce consune grain and are consumed by ows, it is not part of the hunan
calculus. The energy prices, E, are unknown as well as how these prices
adj ust to exogenous shocks (human intervention) to the ecosystem and the
demand for grain by mce and the demand for mice by ows given by (31) in
the general case are another unknown. Consequently, the feedback effects
fromthe ecosystem seeking a new equilibriumw |l not be part of the human
cal cul ati ons.

Maxi mi zation yields the following condition:

h h
. 34 N OA, R IR,
T S RV i LU, —
Z ay® Z 9C1ay Gyl 4 2971 5y 5Y ? 5y
1 3 3
(50)

The first termis the manufactured good's margi nal product weighted by the
marginal utility for the good;, the second termis the manufactured good's
mar gi nal product of ecosysteminput (grain) weighted by the margina
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utility; and the third, fourth, and fifth terms are the marginal utility of
t he manufactured good's margi nal product of grain input which is effected
by the change in owms, the marginal utility of mice tinmes the change in the
stored energy of mice due to the change in ows, and the marginal utility
of owmls times the change in the OMs' stored energy due to their slaughter.

The val ues of YZ, Yh, and Y},‘ that satisfy (50) provide the optinum
solution for the citizenry of Kern County. The optinumis thwarted,
however, because of a lack of information. The first two terns in (50) are
accounted for by the citizens; that is, they are aware of how inputs of Y~
and grain contribute to the production of manufactured good Z.  Presumably,
they al so account for the last term since they know that killing off ows
will ostensibly inprove their situation. Their know edge ends here,
however, and the County did not taken into account the effects represented
by the third and fourth terns. These terms capture the ecosystem
externality, as they forma wedge between marginal rates of substitution in
consunption and the rates of product transformation. Examining these terns
in nore detail,

dA 5 3
g 26 T Ly Py Py Ry 3Ky 3%,
z dc A, ., h17 Jc A 1701 X 3X 1 ) i
ISTES SOt 0L oX)5 3Xy5 4yt 12 3%y3 g¢R
3 3
(51)
h
aR 3X,, 3X 5X
o} c J. a
Vo T = Upp (L= e [E,, 5o —22 - L —22
° ey B WS o 23 5y
) J
(52)
Expression (51) is the effect that killing owms has on the grain available
for the manufactured good weighted by the marginal utility of Z.  Inside

the brackets are the chain of events in the ecosystemleading to |ess

grain. Mrre ows destroyed neans |ess predation of nmice and then nore nice
leads to less grain available. The first string of partials within the
brackets accounts for grain's changed use of solar energy. Expression (52)
is the effect that killing oms has on the mce and this is weighted by the
marginal utility for mce.

Al of the partials within the brackets in (51) and (52) were negative
for Kern County. Mreover, U > 0 and U , <0 whi ch neans that both (51)
and (52) are negative. Retur%ing to (5051, negative third and fourth terns,
along with dimnishing marginal utility and marginal product of v® i nply
that too little of the raw input is being used directly in the product of
the manufactured good, and too nuch is being used to destroy ows. This is

rem ni scent of the standard case of negative externalities. |f production
of a good produces negative externalities, the market will produce too much
of this good from a welfare standpoint. In Kern County, there was too nuch

production of a good (dead ow s) that caused negative externalities in the
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formof too many nice and too little grain.

Graphicallyh Figure 9 depicts the situation. In Z Rh space, and for a
given level of R,, the perceived production possibility cdrve is Op. It is
positively slopeé, since nore resources devoted directly to Z inply nore Z
and fewer resources for destroying owms, thus nore ows, Curves | and |
are community indifference curves with the direction of preference being
north-west. The, ¢itizenry, using the 'perceived curve Op, kill off enough
owls to attain R3 which presumably |eaves Z* available and satisfies the
usual tangency cdnditions. However, accounting for the negaﬁ;’eve
externalities neans that the true curve is Q. Thus, when R, s attained
only Z** is available: mce devour Z* - Z**. UWility is lower than
expected, and a larger value for ow stored energy, or fewer resources
devoted to killing ows, would be an inprovenent.
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SECTION 8

EVALUATI NG ECOSYSTEM QUTPUTS

At the outset, the purpose of this report was stated to be the
devel opment of a means by which ecosystens and the organisns that

conprise ecosystenms can be eval uat ed. To acconplish this, it was
necessary to mathematically nmpdel the behavior of ecosystem species using
constructs that are similar to those used in econom c nodels. In this

way, it was possible to integrate the ecosysteminto existing econonic
franmewor ks which allowed species to be placed al ongside other econonmc
goods that are often evaluated. A novel result was that some species are
on the one hand goods in a consumer's utility function, but on the other
hand, they are entities that follow certain optimzing behavior

t hensel ves. Mor eover there may be many species that do not enter
directly into consumer's utility functions, but do indirectly effect
utility because they are linked via a food chain to those species that
enter directly. Thus, to evaluate all ecosystem species, the |inks anong
species must be well understood

In the remainder of this Section, a nethodology is outlined that uses
the results fromthe previous Sections to evaluate various species. Since
the results are woven into famliar econom ¢ nodels the eval uati on process
appeal s to techniques already derived in other contexts. In particular,
the literature that deals with welfare nmeasures for goods in intermediate
markets is applied [see, e.g., Schnalensee (1976) and especially Just and
Hueth (1979)]. The basic idea is as follows. A food chain is conprised of
nunerous species; each one provides food for the next highest species in
the chain and preys on the next |owest species. Only the highest species
enters directly into consumers' utility functions. Al |ower species are
basically then internmedi ate goods iron the consuners' perspective. Hence,
the value of these | ower species is assessed in the sane way that the val ue
of internediate goods is assessed in standard markets.

Again, for notational convenience, the analysis will deal with a
single food chain of n species where only the nth species _directly enters
the human's utility function._ The ith species provides X, . , input to

the i +1 speci es and demands ii_ ., output fromthe i-1 sﬁé@ies There
may al so be other inputs and outﬁ@ts to and from species outside the food
chai n. The stored energy function for species i is given by a

sinmplification of (24) as

R (E,X) = E X,y ;(ED - E (53)

i-1,17i-1, i,i+1Xi,i+1

This function is not conplete in the sense that the species may also be
part of other food chains not shown here. But (53) is adequate for
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present purposes, because only changes in one particular food chain are
consi der ed. Furthernore, the assunption here is that other food chains are
not appreciably effected by changes in this food chain

Now consider the inpact of changing an energy price, say E

.. s On
. . .. . +
species i, where j<i. This could cone about for many reasons i&éﬂu&ing a
change in availability of species j due to increased human intervention
in the ecosystem As this price changes, species will adjust their

behavior so as to nmaximze stored energy given the new price. This |eads
to other price changes throughout the food chain as species alter prey
patterns and thereby alter availabilities. Assune that prices change
according to a wel|-behaved nmonotonic function. Again, changes outside
this food chain are ignored or assumed small.

Then the effects on species i by changes in the availability of the
jth species can be witten using the envel ope theorem as

oR. (E,X) OEi—l,i oEi,i‘*‘l _

.. 3E. . i-1,1 3E. . i,i+l
j,3+1 j,j+t j,i+l (54)

Q2
-

Integrating (54) for a specific price change, say é_ .1 to E. 41
yields the change in stored energy for species i denotédja&i. 323

E: S = —_
Js37¢t ~ F ¥
AR, = f R, (B, 4p -
{ i
- 3E. .
Ej 541 j.i+l
E. i, i+l
Jal‘l BER! 3E. . _
Is i1 X,y 4 4E - s PR a4l X, .oy GE
- —_ -1,1 - T , i+
By daitl TR B A
T‘w;i 5 7
(55)

These terns can be interpreted in the same way that Just and Hueth (1979)
interpret their results for economc sectors. The first termon the
right-hand side of (55) is the change in area behind the demand curve of
species i for species i-1 as a result of the energy price change in E,
41 A positive or negative area change for species i represents a rexl
éaln or loss in terms of stored energy in the sane way as the area
changes behind a standard demand curve represent consuner surplus
changes. This change will be denoted as

>
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Eicn,i Gy, 540
. X1
E. . (E, .
l—].,l J’J+1) (56)

Equation (56) follows since, paraphrasing Just and Hueth, integration in
(55) is along equilibrium biomass for species i as the supply of biomass is
shifted. The As, termis a demand curve for biomass that accounts for
adj ustnents in other species in the food chain. Simlarly, the second
termin (55) is

-~

E
J)J i,

il =
28 = ),
i1 =T 3E. . i,iv1 C9F
E J!J+1
j,j+l
Biier By 5000
= |
) X i 9
i By gar)

(57)

This is the change in the area behind species i+l's demand for species i
Again, it represents a real gain or loss to species i+l

Conbi ning (55), (56), and (57) yields

ARi = Asi - Asi+1 i=1, .. .. nl (58)

and after solving the difference equation,

1
AS = Eo ARi+j + 45 (59)

The first termin (59) represents ﬁ?e change in consumers surplus behind
the humans' demand curve for the nt species. This termis the ultinate
goal of the analysis, for it provides a measure of the value of |ower
order species, or species that have no direct value to humans. Equation
(59) states the welfare loss or gain to humans (measured by a change in
consurmers surplus) due to a change in an energy price sonewhere in the
ecosystem food chain equals the change in stored energy of the it
speci es where the energy price change %Eiginated, plus all . the stored
energy changes for species between the i speci‘es and the n speci es.
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By way of exanple, suppose grizzly bears entered directly into human
utility functions as a photographic subject when shot at a safe distance
Then suppose a pollutant, say ozone, has a deleterious effect on a
species of plant that provides food for elk. There will be a change in
stored energy for the plant, a change in stored energy for the elk and,
finally, a change in the grizzly bears' stored energy since they may from
tine to time feed on elk. The loss to humans is accounted for by sunmm ng
all these stored energy changes as (59) suggests. Thus, the value of the
pl ant species can be calculated via its role in the ecosystenis food
chain.

Calculating the actual welfare gains or losses in these situations
will be conplicated by several factors which can be explained by extending
t he exanpl e. First, the initial species on the food chain may also be a
link in other food chains. The plant that is adversely affected by ozone
may al so provide sustenance for deer and insects. In one food chain, there
is a change in stored energy of deer which can also be traced to a change
in the grizzlies' stored energy; and in another food chain, the insects are
food for rodents, which are food for gol den eagles, where the latter nay be
a variable in the human utility function as are grizzlies. In this
extended exanple, then, there are three equations of the type shown in
(59), two for food chains with grizzlies at the top and one for a food
chain with eagles at the top; all three nust be utilized to assess the
wel fare | osses due to ozone. In a conplex ecosystem the nunmber and
i nteractions anong food chains may be substantial. One cannot expect to
account for all these conplexities; therefore, isolating the nost inportant
internms of potential welfare |osses is crucial

A second conplication in the analysis is that sone species are not
directly in the utility function, but do show up as species cropped by

hunmans and used as inputs to manufactured goods. In these instances, the
approach is simlar except that the final welfare loss or gain shows up
in the manufactured good' s market. Basically, there is an extra link at

the top of the food chain that nust be added into an equation of the type
given in (59). Referring back to the grizzly bear exanple, suppose
grizzlies were still hunted for sport. They then represent an input into
a manufactured good, that is, hunting, as well as providing direct
utility for humans through photography. The loss of the plant species
now | eads to | osses because grizzlies are nore scarce and both nore
difficult to photograph and nore difficult to hunt. Thus, a fourth
equation representing | osses nust be recogni zed. To summari ze, the
ozone-i nduced loss to the plant species causes |osses to hunans as
follows: a) 2 loss of photographic opportunities because there are fewer
grizzlies due to fewer elk; b) 2 loss of photographic opportunities
because there are fewer grizzlies due to fewer deer; c¢) a loss of
opportunities to observe eagles because they are fewer in nunber due to
fewer rodents; and d) a loss in grizzly hunting opportunities because
again, they are fewer in nunber.

One additional note on welfare |losses and gains is that they may arise
from sources other than energy price changes. In particular, they may
ari se because physiology functions or human-supplied inputs to the
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ecosystem are altered (refer to Table 1). The analysis would need to be
modi fied to account for these other types of paraneter shifts.

The original goal was to place an ecosystem within an econonic
framework and assign val ues to ecosystem conponents. In econom c nodel s,
this can be done because humans have demands for the goods that are
manuf actured, and these goods can be val ued by observing how nuch of one
good nust be given up to obtain nore of another. This is precisely what
has been done with the ecosystem conponents. How nust grizzly bears be
sacrified to obtain mre of a manufactured good or vice versa? To
answer this question, an appeal was made to nmeasure grizzly bears, and
all other species, in terms of stored energy. Thus, stored energy has
pl ayed a key role throughout the theory. It has been a conmon
denom nator across all species, and a unit of measurenent for the
ecosystem it has also been used directly in the human utility function
as a proxy for whatever appeals to people about wildlife. If stored
energy is not a good proxy for this appeal, then sonething else such as
nunber of individuals may be appropriate. But this does not detract from
t he met hodol ogy used here, since one could obtain a conversion factor to
transform stored energy into numbers of individuals. In other words,
placing stored energy directly into the utility function is a nmatter of
conveni ence and not essential to the analysis. The convenience is due to
the ability to measure all species in this common denom nator as well as
what it is about species that appeals to humans. The conmmon denomi nat or
provi des a measurenent |ink between ecosystens and econom cs, and as
indicated in the introductory remarks, it is a concept accepted by
ecol ogi st s.

The nodel developrent in this section leading to (59) suggests the
type of data and approaches needed to apply the theory to actual problens.
Because of the conplexity of the ecosystemand the interwoven nature of the
many food chains, any applied work will inevitably be confined to a few or
even one food chain. This is, however, no nore heroic than assunptions
used by economists that allow partial equilibrium nodels to approxinate
general equilibrium changes. The data requirements for the right-hand side
of (59) are essentially those outlined in Section IV and they need not be
di scussed further.

The left-hand side of (59) requires estimating human denands for
species that are directly in the utility function. Attenpts have been nade
to do this for species that are hunted (see Sorg, e.g.) but little evidence
exi sts for species that provide only aesthetics. Mreover, hunted species
may also provide aesthetic values, and again there is a dearth of evidence

Neverthel ess, the theory does provide a framework for fornalizing the
eval uation of ecosystens and their conponents. It provides, as well,
directions for future research by indicating the data requirements for
the evaluation process. Furthernore, by studying the links that conprise
(59) in any one food chain, negative ecosystem externalities like those
discussed in Section VIl can be identified and avoided
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SECTION 9

A DI VERGENCE ON DI VERSI TY

Watt (1973, p. 34) sets forth the followi ng as a fundanent al
principle of ecological science: the diversity of any ecosystemis
directly proportional to its biomass divided by its productivity. That
is:

D = k(%) , (60)

where D is a diversity measure directly related (Pielou, 1977, Chap. 19)
to the nunmber of ecies in a given habitat and the relative abundances
of each species; — B is the total weight or standing bionass of I|iving
organisns in a habitat; P is the anount of new living tissue produced per
unit tinme; and k is a constant differing from one habitat to another.
Thus, for a given biomass, 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 newtissue is very large conpared to the
anount of bi onass. This high relative productivity is the source of
bi omass grow 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, and high rates of reproduction.
In the mature stages of an ecosystem a wder variety of organisms that
grow nore slowy and have longer life spans is present. Net production or
"yield" is lower in a mature system because npbst energy is invested in
nmai nt enance of the standing bionass. Thus, whereas energy in the pioneer
stage is used to increase bhionmass, so that a relatively enpty habitat can
be filled, all the captured energy conmng into a fully mature systemis
enployed to maintain and operate the existing biomass, which already
occupies all the habitat territory available.

Ecosystens that nust live under intermittent or continued severe
stress exhibit the attributes of immture systens: they have relatively
| ow diversity and bi omass but high throughputs of energy and thus high
yi el ds.

Ecol ogists traditionally prefer ecosystens with |arge bi omass and
diversity. This preference for mature ecosystens appears to rest on two
posi tions: the maximzation of system energy capture; and the
maxi m zation of system stability. In the first case, nore energy is
captured per unit biomass in a mature system because |ess energy has to
be "wasted” in growth and reproduction activities. The distinction is
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simlar to Boulding's (1966) description of the "cowboy econonmy” and "the
spaceship econony", where the forner maxim zes throughput and therefore
energy diffusion, while the latter naximzes incom ng energy
concentration and fixation. According to Margalef (1968), the immature
or stressed system expends nore energy per unit biomass in reproduction
in order to nmake up for its nore frequent |loss of individuals. In

addi tion, because of its relatively small energy recycling capacity and
its relative inability to alter and to renew its environnent in ways
favorable to its sustenance, it nust expend relatively more energy per unit
bi omass 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 mature system expends nost of
its incom ng energy in keeping what it has al ready devel oped: it is
durabl e. Because it sustains a greater bionass per unit energy, the nature
systemis frequently said to be nore "efficient" (B.P. Odom 1971, p. 76).

Al t hough exceptions appear to exist [May (1971), Jorgensen and Mejer,
(1979)], the greater efficiency of mature ecosystens is associated in
ecol ogi cal thought with greater stability, where stability is variously
interpreted to mean system resiliency to exogenous shocks or infrequent
fluctuations in standing stock. This stability is thought to originate in
a set of honeostatic controls present in greater number 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 sinplicity of the immture systemis thought to increase the
i kelihood that if anything goes wong, everything goes wong. Thus
monocul tures, which are by definition the sinplest and |east diverse of
ecosystens, are susceptible to being w ped out by any single pest or event
to which they are sensitive. Incomng energy flows only through one or a
smal | nunber of pathways; when this pathway is degraded, no neans to
capture energy remains. The system therefore coll apses unl ess energy
subsidies (e.g., fertilizers) are provided fromoutside. These subsidies
are of course a further source of the |ow bionass supported per unit
incomng energy that is characteristic of inmmature ecosystemns.

The human dil emma posed by the ecologists 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
Neverthel ess, flowers and butterflies nourish only the human psyche; they
provide little relief to an enpty stonach. Human activities increase
bi ol ogi cal yields by accelerating energy flows through ecosystens. In
terms of the nodel of the previous two sections, these activities
i ncrease 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
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precipitation, harms human wel fare by reducing yields of the materi al
scaffold of wood, fish, and corn_and by increasing ecosystemsinplicity:
yields are reduced and nmonotony is increased. Wodwell (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
bi onass of the surrounding forest. Final ly the canopy was elim nated
with only resistant shrubs and herbs surviving the assault. He al so
notes that chronic pollution reduces plant photosynthesis w thout having
much effect upon respiration requirenents. As a result, large plants,
whi ch have high respiration requirements, are placed at a di sadvant age
relative to small plants. In a vivid image, he posits the replacenent of
the great variety of phytoplankton of the open ocean by the algae of the
sewage plants that are insensitive to just about any stress.

A Valuing Diversity and Yield

In accordance with the treatnents of Hannon (1979), Muersberger
(1979), and sections tw and three of this chapter, the ecosystens
refered to in the follow ng devel opment are long-run equilibria
sustai nable with various conbinations of energy from solar,
bi ogeochemi cal, and subsidy sources. Contrary to nuch of the ecol ogi cal
literature, day-to-day transient states in the relative abundances of
various species are disregarded. This permts us to concentrate upon a
smal | nunber of key expressions and basic principles, thereby avoiding
the bew | dering black-box flow diagrams often used by ecol ogists. W wish
to gain insight into two questions. First, what is the econom c 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 econonmic value of the assortment or bundle of species that the
location is producing? That is, what is the value of a particular
ecosystem design? For a particul ar species assortment, the first
question is usually answerable, given that narket (no;lenergy) prices of
each species unit are readily observed or inferred.- Fowever, the
second question, whether treated singly or in combination with the first,
has not yet been grappled with insofar as ecol ogical questions are
concerned. W adapt a nodel of Lancaster's (1975) to deal sinultaneously
with the two questions.

To analyze these two questions, we need a nodel permitting us to trace
t hrough the inmpact upon the economc benefits derived from ecosystens of
changes in specie quantities and assortnents caused by changes in energy
flows. 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 (61) identifies ecosystemi with n species and

1 1
e, = (rl,rz,...,r;) (61)
where r> is the quantity of species j. Biomass is used to normalize the
measure 3 of different speci es. An ecosystem thus contains different

species in a particular proportion at a single location. Ecosystens that
contain species in different proportions are considered to be different
ecosyst ens. Gven the linearity of (61), the species content of x units
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of an ecosystemis sinmply x tines the content of each species in an
ecosystem unit

Allow sone time interval sufficiently long to permt each feasible
ecosystemto attain a long-run equilibriumdefined in accordance with the
model of sections two and three. Assune that a given amunt of energy,
E, from solar, biogeochenical, and subsidy sources is available for this
time interval at the location in question. Included in the
bi ogeocheni cal energy source is the energy currently stored in the
standing biomass. Wth E, a variety of ecosystens can be established
the range of the variety being deternmined by the physiology 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 climx
biological equilibrium that is, it includes other sustainable states as
wel | . In particular, by including energy subsidies and biogeochenica
energy in available energy, we allow i mature ecosystens to be formed and
sust ai ned. 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. This standing stock will produce, period after
period, a unique sustainable flow of new biomass or yield as long as the
requi site biogeochenical energy and energy subsidies are provided.
Simlarly, wth enough of an energy subsidy (as with a greenhouse) in
Womi ng, one can sustain a banana-mango ecosystem with its associated
flow of bananas and mangoes. W assune, whether reference is to an
entire ecosystemor to a particular species within that system that the
sustainable yield measure is an order preserving transformation of the
standi ng stock measure

For a particular quantity of incomng energy, there will be some
mexi num anount of each ecosystemthat a particular |ocation can produce.—
Let the mininumenergy requirenents for producing an ecosystem be given by:

E = E(e(r)) = ¢(x), (62)

where the elenents of the r-vector are sustainable yields per unit tine.
¢(r) will be called a diversity possibilities function. It shows the
mexi num quantities of various species conbinations that a |ocation can
sustain with given avail able energy each period. W assune that ¢(r) is
honot hetic and convex, and that ¢~ > 0. For a given energy flow at a
particular |ocation. Figure 10 illustrates a diversity possibilities
function for grass and corn.

In Figure 10, four ecosystens are depicted, one of which, e,, contains
only grass, and another of which e,, contains only cows. Two ecCosystens,
e,s and eg, containing grass and cows in different conbinations, are also
depicted.” If enough alternative ecosystenms are possible, a continuous
diversity possibilities frontier, E, can be forned, as we assunmed in (62).
For given energy availability, each point on the frontier, E represents
t he maxi mum quantity of one species that can be produced with a particul ar
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guantity of the other species being produced. Since cows probably use
relatively less, if any, solar radiation directly, a progressively greater
proportion of biogeochenical energy and energy subsidies will be included
in E as one noves fromthe vertical axis to the horizontal axis.

The convexity of the frontier follows from an ecol ogi cal version of
the economic |aw of dimnishing returns known as Mtscherlich's law [Watt
(1973, p. 21)]. As progressively nore energy is diverted from grass
production to cow production at the location in question, the increnent
to the latter will decline. Simlarly, the diversion of energy from cows
to grass will result in declining increnents to grass production. Si nce
in Figure 10, the cows could feed upon the grass, the convexity of the
feasible region is also attributable to the |l ess biologically efficient use
of the given available energy by cows than by grass. As a food chain
| engt hens, the amount of original energy used for production by species
distant fromthe original energy input tends to decrease at an increasing
rate (E.P. Odom 1971, Chap. 3). O course, as Tullock (1971)
recogni zes, the croppings and droppings of the cows may recycle sone of
the energy originally enbodied in the grass and cause both grass and

yields to increase over sone portion of the frontier. However, as grass
becomes scarce, the cows nust expend progressively nmore energy in search
for it, if it is to remain a part of their food supply. Finally any cow

grazi ng what soever nmight be so harnful to grass that the frontier bows
inward, causing a nonconvexity problem for applications of econonic
optim zation techniques.

The assunptions of homotheticity and ¢ > 0 for (62) inply that:
¢ (A,r) = F(M)o(x) for all x, r > 0. In terms of Figure 10, these
assunptions nmean that there could exist a series of sinilar diversity
possibility frontiers, one for each level of energy availability. The
greater the level of energy availability, the farther would be the
associ ated frontier fromthe origin. Therefore the biomass of any
species obtained in a particular ecosystemto which greater quantities of
energy are nade available will increase but not necessarily on a
one-to-one basis with the increase in available energy.

To make 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 tRerefore conparable in terms of the bionasses of each species
enbodied in them W shall call themunit ecosystens. Keeping in mnd that
an ecosystemis defined as enbodying species in fixed proportions, an
altered quantity of an ecosystemis a sinple nultiple of the quantity of
any species appearing to sone positive degree in the unit ecosystem

To conmpl ete the nost fundanental parts of our analytical apparatus, we
introduce a well-behaved utility function, U(r), for a representative
person.  Assuning others, energy subsidies to the relevant location to be
predeternmined, the Lagrangian of this individual's decision problem then
can be stated as:

L = U(r) + u(E - o()). (63)
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The first-order necessary conditions for a maxi mum of (63) are,

U, 3d (64)
ar M ar 0
and the constraint expressing the avail abl e energy. Expression (64)

states that the individual will equate the marginal utility he obtains
froman additional unit of a species to the marginal cost of expending

the energy to acquire that additional unit. Figure 1leis a diagrammtic
representation of (64) for two types of ecosystens, "1’ ande,, and two
indifference curves U.,, and U,. Wth available energy, Ez, t he

individual's utili ty-m;)(i' mzing thoice is clearly at A which corresponds
to (64). We shall therefore call any ecosystem which confornms to (64) the
i deal ecosystem This is the ecosystem having that species assortnent nost
preferred by the individual.

Assunme that our representative individual, perhaps because he is
unabl e to exercise enough influence over |and use, cannot have the e
ecosystem Instead, he must face the e, system a system contai ni né’
substantially nore cows and | ess grass. The latter system may be
considered to be less "natural” since its maintenance likely requires
substantial man-supplied energy 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 If he were to be as
well off with the e, systemas he would be with the ideal systemat A he
woul d have to be at “B. The attainnment of B, however, requires nore input
energy as indicated by the diversity possibilities frontier, E*. Si nce
OA and OC both require E units of energy, while OB requires E* 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/OC >"1, is then the quantity of the ‘existing systemrelative to
t he quantity of the ideal systemthat keeps the individual at the
original utility level. Since OB and OC are each defined in energy
units, the conpensating ratio is a pure nunber. A glance at Figure 11
mekes it obvious that this conpensating ratio will be greater, the |ess
substitutable the two systens 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 In 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 nust be convex.

If all existing ecosystens are not to be ideal ecosystens, the
preceding framework inplies that in the real world there are sone
ecosystens produced under conditions of increasing returns-to-scale. |If
decreasing returns-to- scale were universal, |ess energy would be used by
producing fewer units of a greater variety of ecosystens. In the
extreme, each individual would have his ideal ecosystem available to him
Simlarly, wunder constant returns-to-scale, the quantity of energy used to
produce a quantity of an ecosystemis directly proportional. Thus,
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with 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 is the
presence og/ increasing returns-to-scale in the production of
ecosystens. = That is, the presence of increasing returns-to-scale for
sone ecosystens may force the individual to choose between an idea
diversity of ecosystem conponents and reduced energy consunption per unit
of production for some snaller set of these conponents.

Let us momentarily return to (62), which gives the amount of input
energy required to produce some amount of a particular ecosystem  Because
of our use of energy to bring the unit quantities of different ecosystens
to the sane neasure, and because of the properties we have assigned to the
diversity possibilities frontier, if Q,, and Q2 represent quantities of
di fferent ecosystens, e, and e,, then 1(Q ) f (Q ) when Q Q Thi s
allows us to performthe™analysi's in terims of a S|ngle i nput functlon

E = £(Q) (65)

The energy required to produce quantity Q, of e

and quantity Q, of e, is
given by the sum of the two input functions:

1

and not the sum of the quantities of (Q + Q). If £,(Q;) + £,(Q,) =
f(Q Q then constant returns-to-scale mnuldex1s§ As usual we

assune féb) >0, and f'(Q > 0, but we need not assune that all incoming
energy results in additional biomass, nor need we attach any sign to

f"(Q.

Now define a degree of econonies-of-scale parameter, 6(Q), which is
the ratio of the average energy input requirement to the marginal energy

input requirement. This is sinply the inverse of the elasticity of (65),
or:

£(Q) _£ £ (67)

50 = F @ "7

If 6is a constant, f(Q wll then have the form
(68)

the inverse of which is

Q = aE’ (69)

This last expression is inmediately recongizable as a honbgeneous
function of degree 6. If 8 > 1, there are increasing returns-to-scale;
if & =1, there are constant returns-to-scale, and if 8 < 1, there are
decreasing returns-to-scale.
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In expressions (63) - (64), we derived the representative
individual's ideal 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 ecosystem available to the individua
from the individual's ideal ecosystem

Assune we wish to enable the individual to reacqlﬁpme predetermined
arbitrary utility level with mninumuse of energy. — Let Q* be the
quantity of an ideal ecosystem e*, that is required for the individua

to reach this predetermned utility |evel. If the avail able ecosystem

e, is nonideal, the individual will have to be conpensated by being
provided nore than Q of the available system According to our previous
definition of the conmpensating function, h(e, e*), the anpunt of the
avail abl e eco-systemrequired to bring the individual up to the
predetermined utility level will be Qh(e, e*). Since the input function
(65) is independent of the species ratios (by the assuned honotheticity
of production and the definition of unit quantities), the optimal ecosystem
is that which mnimzes the quantity, Q required to reach the

predetermined utility level. That is, we wish to nininize
Q = Q*h(e, e%) (70)
This mninmumis given by:
oh
Q* 5o =0 (71)
whi ch obviously corresponds to (64). This result is relatively trivial

but it does serve as a necessary prelude to deternination of the optim
deviation of the available ecosystem from the ideal ecosystem

Suppose there are n-1 |ess-than-ideal feasible ecosystens, the
devi ation of each |less-than-ideal systemfromthe ideal system being given
by x; = e* - e_. Then the quantity of the ith ecosystemrequired to reach
the predetermined utility level is given by: Q, = Q*h(x,). The total

. . . Ly hS
energy inputs required to reach this utility level for all systems, whet her
ideal or not, are then

E = £[Q*h(x,)], (72)

where the x; are the variables of the problem From (72) is obtained

E 73
g—‘(— = *%gg—il = Q*f'h’ (73)
i i
or
Q*h' =L
£' (74)

for a mnimm expenditure of energy.
The interpretation of (74) in economic ternms is quite easy. The
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I.h.s. of the expression shows the increase in the quantity of the ith
ecosystemrequired to maintain the predetermined utility level if there
is a one unit biomass increase in the deviation of the avail able
ecosystem fromthe ideal ecosystem The denom nator of the termon the
r.h.s. shows the increase in the available quantity of the ith ecosystem
to be obtained with a one unit increase in input energy. Thus (74) says
that the optimal deviation of the available ecosystem from the idea
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 |less fromthe idea

system the conpensating ratio decreases. |f the energy inputs required
to reach the predeternmined utility level also decrease, then the idea
system woul d clearly be optinmal. However, if the conpensating ratio

increases and, due perhaps to econonies-of-scale in production with
sinplified ecosystens, energy inputs per unit of yield decrease, then the
achi evenent of an optinumrequires that the tradeoff between the two be
recogni zed

The optimum condition (74) can be clarified when stated in
elasticity terns. Upon defining the elasticity of conpensating function
as n, = xh'/h and substituting this and the elasticity, (65), of the
inpup function into (74), we have

h Q*9
W @ = TF (75)
which if f, h, and Q are fixed is sinply

n G0 = r. (76)

Thus the optimal deviation of the available ecosystem from the idea
ecosystem occurs where the elasticity of the conpensating function,

n. (x), is equal to the degree, 6, of economics of scale in production

I? X were such that n_(x) > 8, a one percent decrease in deviation of
the available ecosystem would require n_ percent |less in ecosystem
quantity (renmenbering that all ecosystens are neasured in the sane units
because they are defined relative to a unit ecosystem) and require

n, (x)/6 > 1 percent |ess energy resources, so that energy inputs would be
nmade smaller by reducing the extent of deviation fromthe ideal system
However, if n,(x)/€ < 1, an increase in the extent of deviation would
reduce energy inputs. Thus when n _(x) = 8, the deviation is optinal
The welfare loss from an increase Fh the deviation of the available
ecosystem fromthe ideal ecosystemis balanced by the increased ecosystem
quantity obtained for a given energy input.

B. The Inpact of Pollution

In the previous section, we have presuned that over some interval of
the input function, (65), there exists increasing returns-to-scale: that
is, as nore energy is devoted to the production of a particular
ecosystem the ecosystemyield per unit of energy is increasing. \hen
there are feasible monocultural ecosystems that yield an output (e.g
beef) highly valued for consunptive purposes, or as an input (e.g.
sawtimber) for a fabricated good, and if these ecosystens exhibit
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increasing returns-to-scale, then some deviation of the avail able
ecosystem from the ideéh_ecosystenlnay he optimal. The condition for
optimality is Qh =(f") or, in elasticity terms,

n, (x) = 8. It is thus apparent that the extent of optinal deviation wll
vary with the paraneters that influence the above conditions. The

el asticity, n,, is determined by the properties of the conpensating
function, h. Mrhe econoni es- of - scal e paraneter, &, is either an exogenous
paraneter (w th honmpbgenous production) or is a function of yield, and
thus of the conpensating function.

Consi der a pollutant, «, which might, in principle, effect h', f',
or both. For exanple, a pollutant stresses ecosystens, naking them
immture, and thus less diverse. In addition, for at |east some of the
ecosystens remaining viable after the introduction of a pollutant, their
yields are |l ess than they woul d be wi thout the presence of the pollutant,
i.e., the level of ecosystemyield obtainable with any given provision of
energy is reduced. Thus, in terms of Figure 11, the diversity-reduction
woul d he reflected in a rotation of the available ecosystemtoward one or
the other axes, while the reduction of yield of whatever ecosystem was
ultimately available would register in a shift of the diversity
possibility frontiers toward the origin. If the ideal ecosystemis
unchanged, and if the reduction in diversity represents a novement away
fromthis ideal system then the individual will require additiona

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 ecosysten) increases. In both cases, an increase

in the deviation of the optimal from the ideal ecosystem occurs. The
effect of a variation in a on the optinmal deviation is easily found by
differentiating either (74) or (76).
Upon differentiating (76) with respect to o, we get:
ax - (d¢/de) - (dnh/dcv.) (77)

da (dn_/dx) - (d8"/4Q)

G ven the convexity of the indifference curves, the dn /dx term in the
denom nator must be positive. If the degree of econofi'es- of -scal e is
fixed or declines with increases in the level of output, the d€/dQ term
in the denom nator nust be negative. Thus the denominator in (77) wll
be unanbi guously positive. The sign for (77) will therefore depend
solely upon the terns of the numerator. If the ideal ecosystem has high
diversity, the sign of dn /da Wl be positive since the convexity of
the indifference curve requires that reduced ecosystem sinplification
inply increased responsiveness of the necessary conpensation to further
sinplification.

The sign of d8/da in (77) is less easily detern ned. Remenber i ng
that 8 = (f)f'/(Q, it is plausible that increases in a would increase
only f', inplying that de/da would be positive, but |eaving the sign of
the numerator in (77) dependent on the relative magnitudes of dé/da and
dn, /da. It is of course possible that pollution would reduce the yields
ob?ainable for every ecosystem for all output levels. This event would
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be reflected in a reduction in f, inplying that d6/de < O, for a given f'
and Q In this case, the increase in pollution would reduce rather than
increase the optinmal deviation of the available ecosystemfromthe ideal
ecosyst em

These results obviously inply that econonic anal yses which
concentrate only on the ecosystemyield effects of pollution can be
seriously msleading. In cases where pollution reduces both yields and
diversity, the analyses will tend to underestimte the econonic |osses
fromthe effects. Similarly, if there exist cases where diversity is
decreased while yields are increased, the usual analyses m ght not
perceive any |osses. However, in sone cases, the usual analyses wl|
exaggerate the severity of the |osses. Harkov and Brennan (1979 pp.
157-158) conclude, for exanple, "... that slower growing trees, which
often typify late successional comunities, are |ess susceptible to
oxi dant damage than rapid-growi ng tree species, which are coomonly early
successional species." Assuming that the ideal ecosystemis nore diverse
than was the available ecosystem before the increase in pollution, the
increase in pollution could reduce f',6, or both. In either
circunstance, nore inconmng energy would be required than before to
obtain a given yield with the immture ecosystem  The pollution my
therefore reduce the optimal deviation of the available ecosystem from
the ideal system In short, pollution can enhance rather than hinder the
wi |l lingness of individuals to live with mature biological communities!
Obviously, in this case, any econom c anal ysis which neglected the
increase in diversity would overestimte the econonm ¢ danages
attributable to the pollution.
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! This ignores other possibilities like geothermal systens or tides.

2 Lotka likens the devel opnent of this nodel to the work of Jevons
and the marginalist school of econom sts. He recogni zes that this
maxi mal is not appropriate for hunmans. Borrowi ng from Pareto, he
descri bes humans as maximzers of pleasure. This is consistent with
maxi m zi ng species growth only if the narginal 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 ogists.

3 The physiology set is analogous to the firms technology set often
used in economics. The devel opnent of the nodel presented here closely
parall el s the devel opnment of the econom ¢ nodel in Russell and WIkinson
(1979, Chapter 7).

Conditions (11) and (13) characterize the solutions shown
graphically by Rapport (1971, Figure 2) in a nodel of one predator and
two prey species. Although he has quantities of the prey species on his
axes, he refers to the predator obtaining assimlated energy. Al ong each
indifference curve in his figure, output energy is constant; or x is
constant along each curve.

> The sign of (62) follows from Figure 10. The signs of the
partials of F with respect to inputs i=0, ..., n, and output n+l wll be
opposite. The sign of F with respect to the X outputs, however, wll be
the same as input signs. To relate to an econonmic production function,
the species is always operating in the uneconomic region of its
physi ol ogi cal function for any positive values of the X s.

n+l

The numbers of a particular species are capable of interbreeding.
7 See Freeman (1979) for a thorough survey of avail able techniques
for answering this question.
8 The work of Bigelow and his colleagues (1977) is a detailed
account of the ecosystem possibilities in a Dutch estuary. Cdom (1971)
and other ecology texts are replete with other exanples.

? O her plausible reasons exist. For exanple, a process through

whi ch the individual can register his ecosystem preferences may be
| acki ng.
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10 The envel ope theorem (Shephard's |enmma) assures us that the

solution to this problemis equivalent to the solution of the utility
maxi m zation problem
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CHAPTER 2

ON THE VALUE OF THE CONDI TION OF A FOREST STOCK

by
Thomas D. Crocker
SECTION 1

| NTRODUCTI ON

Any econonic approach to the efficient provision of nonmarketed goods
requires know edge of individual preferences. As is well-known, if
preferences are transitive so that the Slutsky ternms are symetric,
observations on usages of the good across price and income settings can be
enpl oyed to construct demand functions from which unique inferences about
underlying preferences can be drawn. Several specialized techniques such
as travel cost and hedonic pricing nethods have been devel oped to assess
preferences for nonnarketed environmental assets. The prenises on which
these and simlar observed behavior techniques rest have by no nmeans been
i mmune from criticism  However, the appropriateness of the transitivity
axi om which these techniques invoke w thout exception, has been exenpt
from questioning. In this paper, | report a set of enpirical results,
obtained by a contingent valuation nethod, that, for the aesthetic features
of environenmental assets, cast doubt upon the validity of this axiom
Because the axiomis necessary to the uni queness of the preference nmeasures
generated by techni ques that enploy observed behavior, one's confidence is
weakened in those nmeasures which represent the values of the aesthetic
features of environmental assets.

It is possible, of course, that the pattern of results to be reported
here is sinply a creature of the contingent valuation technique. No
assurance can be provided that this alternative hypothesis is false. The
l'i kel'i hood of it being acceptable, however, is reduced by the fact that the
questionnaire used to produce the contingent valuations was built upon a
number of published findings in experinental economics and psychol ogy.
Ideally, one would construct a contingent valuation questionnaire by
initially inducing values in the usual nanner of experinental economcs
[Smith (1982)], and then testing alternative questionnaires in a fully
controlled setting until a version was discovered that generated the
al ready known val uations. If the test setting does not permt this, one
shoul d at |east use as prior information the findings of other controlled
studi es.
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SECTION 2

THE SETTI NG

Even a cursory review of the technical literature dealing with the
bi ol ogi cal inpacts of air pollution soon turns up expressions of concern
about the inpact upon forests of oxidants, primarily ozone, and sul fur
compounds. Nearly always mentioned as the | eading exhibit of what has been
happeni ng and what coul d happen on a far larger scale is the San Bernardino
National Forest of southern California.

Some 30 years ago, observers first noticed 2 yellow mottling of the
needl es and extensive needle drops on the ponderosa and Jeffry pines that
dom nate much of the Forest. It has since been conclusively denonstrated
that the malady is caused by anbient oxidants, the precursors for which are
emtted in the vast upwind Los Angeles urban conplex lying beneath and as
mich as 80 nmiles to the west [MIler and MBride (1975)]. Anong the forest
ecosystem stresses that the needle nottlings and drops represent are
declines in conifer reproduction [Kichert and Genmi || (1980)], reduced
resistance to fungal [James, et al. (1980)] and beetle [Taylor, et al.
(1980)] attacks, mortality rates that are 3 times greater than normal
[MIller (1973)], and reductions of up to 84 percent in standing average
wood volume [Mller, et al. (1977)]. In addition, greater fire frequencies
and intensities, reduced water storage capacities, and substitutions of
deciduous and shrub species for pines and firs have been occurring [Killer,
et al. (1982)]. Attention here is limted to an econom c assessnent for
self-selected current outdoor recreators of the oxidant-induced danages to
the existing stock of ponderosa and Jeffry pine trees that comprise t he
dom nant vegetation types in the nmost popular areas of the Forest.

Assuming that the nmarginal utility of noney, X, is constant, the
formal content of the valuation problem can be represented by an
i ndividual's continuous, differentiable objective function U(v(q), q(x)),
where v is his annual nunber of visits to the forest, and q is a forest
quality index that is a decreasing function of actual biological injury.
For a particular forest visit to which he is already conmmtted, the
individual's marginal loss from nmore injury is then

du 1 [aul [dq
dx = - X>(HH} (Eg) (1)

given that he is unable to influence the levels of x or g. Upon applying
the chain rule to (1), the change in his marginal loss from a change in
injury is seen to be:
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2 2 2 2

du=-11/d U\ dq dau d g
A 2

dx2 A dq?/ dx 49 | ax (2)

Certaintly no one woul d object 4o dU/d§ > 0,d The sign of <12L'/dx2 t hus
depends upon the signs of d"q/dx” and d"U/dq”. If q(x) is lipear,, t hen the
second set of terms in the brackets of (2) disappears, and d“U'dq” is |eft
to deternmine the sing of the entire expression. Thezfoc of the paper is
upon the nmagnitude of dUdgq in (1) and the signof d“U/dq” in (2).
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SECTION 3

THE DESI GN

The questionnaire that was enployed is in the Appendi x. It was
bui It around three 6x8-inch col or photographs of near-identical |arge
ponder osa and Jeffry pine stands similar in size and configuration to
those present in the nost popular areas of the Forest. Each photograph
was taken at ground level froma distance of 30 to 40 feet. The 3
phot ogr aphs were sinultaneously presented to respondents in the
left-to-right ordering shown in the questionnaire. In terns of the
l'inear injury scoring system devel oped by MIler (1973, p. 104), A
represents "very slight injury" with a score of 1 to 8,_B depicts "very
severe injury" having a score of 29 to 35, and_C shows "noderate injury"
with a score of 15 to 21. The photgraphs used to represent the forest
environnents are thus tied to a cardinal and linear index that
bi ol ogi sts have frequently used to characterize oxidant danages, e.g.
Taylor et al. (1980).

The purpose of the questionnaire is to generate truthful respondent
messages that can then be conpared to the aforenmentioned environnments when
the insitutional rules, times, and locations to which the messages refer
are held constant. As Brookshire, et al. (1982) note, the air pollution
problem in southern California is well understood by |ocal residents. So
as to enhance the likelihood that this know edge would be applied and to
provi de anong respondents the conmon frame and editing whose inportance
Tversky and Kahnenman (1981) enphasize, each respondent was initially told
that air pollution was the source of any differences he perceived in the
health states of the depicted forest environnents. In order to tenper
their subjective costs of participating, respondents were also told that
the interview woul d take no nore than 5 or 10 minutes. The questionnaire
had to be brief because all respondents were engaged in outdoor recreation
at the tinme. Moreover, it was expected that nearly all respondents woul d
be daytrippers or overnight canpers having severly linited opportunities to
adapt their schedules to the tine demands of an interview.

Interview brevity was possible because detail ed explanations of
hypot hetical problems renoved in time, space, and institutional detail from
the respondent's i medi ate experience were unnecessary. He was asked to
state his maxi mum willingness-to-pay in terns of a fee to be added to a
daily $6.00 or $7.00 access fee he had, in fact, already paid on the
interview day. Mich of the environmental and preference infornation the
respondent had to process in order to arrive at his additional
Wi | I'ingness-to-pay had therefore already been used by himin his decision
to pay the original access fee. Snith (1982) refers to an experinment of
Siegal's (1961) in which increases in information processing requirenents,
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hol ding reward |evels constant, reduced the proportion of reward-maxim zing
choi ces. Recent experimental studies of auction processes; such as Cox, et
al. (1982), denonstrate that bids reflect full wllingness-to-pay only
after the participant has had considerable experience with the conmodity
and the process. Basically, the close accord between the respondent's
hypothetical and real situations reduced the I|ikelihood of substanti al

di screpanci es between the expected and the realized consequences of his
choices [Aizen and Fishbein (1977); Brookshire and Crocker (1981)], and
allowed a degree of control to be exercised over the respondent's tota
val uations.

A further attenpt was nmade to ease the respondent's information
processing burden by asking himinitially to rank-order the depicted
environments fromhis nost to his least preferred. This had the further
advant age of allowing the respondent to frane as well as to solve his
deci si on problem The separation of the ordering and the bidding
process conforms to the Tversky and Kahneman (1981) view of
deci sion-making in which the editing or fram ng phase precedes the
eval uation phase.

The sequence in which the respondent was asked to bid on the
environments corresponded to the rank-ordering he had already assigned
Since the respondent has no information on the other respondent's bids and
since each bid referred only to one visit in a particular environnent, the
process had the privacy features of a sealed bid solicitation
Engel brecht - Wggans (1980) has shown that when values for nore than one
unit per person of a conmodity are solicited in this fashion,
willingness-to-pay for the initial unit is not fully revealed.

G ven that the respondent's stated maxi mumw | |ingness-to-pay for
access declined as his perception of the quality of the depicted

environment fell, his bids are conpensating surplus neasures. The
iterative bidding procedure was applied only to the respondent's nost
preferred environment. In order to reduce the arduousness of the process,

it was presuned that once the respondent has settled upon this maximm
paynment, he had enough prior information about his preferences to allow him
to state without further prodding his maxi mum willingness-to-pay for a
visit to his next nost preferred and his least preferred environments.

Fol | owi ng the bidding exercise, the respondent was asked whether he
would be willing to go to his least preferred environment if doing so were
the only way to avoid crowds in his nost preferred environment. A
substantial nunber of positive (yes) answers to this question would
suggest that the bids were at least partly due to an association between
the respondent's nost preferred environment and his individualized
perspective of what constitutes "crowding."

There is an additional feature worthy of note in the fact that the
respondent's bid explicitly refers to an increment to an access fee for his
current visit. The respondent did not confront the problem of deciding to
whi ch of his possible several visits over a tine period his bids would
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refer. Moreover, the enphasis on the current visit did not allow sonme
respondents to adjust visit frequencies and bids sinultaneously while
ot hers adjusted only their bids. The introduction of an el ement of
nonconparability across the valuations of different respondents was thus
avoi ded.

Neverthel ess, there are at |east two reasons why the acquisition of
information on visit frequency and its changes and cost consequences is
usef ul . First, the adoption of substitute activities, with consequent
alterations in visit frequencey, is a najor nmeans by which respondents
expand their opportunities to mnimze their |osses or nmaximze their gains
from a changed forest enviornment. A failure to account for alterations in
visit frequency will therefore lead to overestinates of the | osses suffered
in degraded environnments and to underestinmates of the gains acquired in
inproved environnents. Second, this information provides a crude check on
the consistency of stated economic bids with standard econonic logic.q
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SECTION 4

EMPI RI CAL RESULTS

A Data Properties

Some features of the data obtained frominterviews of 36 respondents
during a June 1983 weekday, and to 64 respondents over one day of a July
1983 weekend, are reviewed in Table 1. The interviews for both sanples
were conducted at the sane set of Forest |ocations. The heavy |ocal day
trip and overnight canping use of the Forest that Rausser and Qiveira
(1976) remark upon is evident in both sanples. Twenty-four of the 36
respondents in the weekday sanple had a one-way trip shorter than the
arithmetic mean trip of 82 nmiles. In th weekend sanple, however, exactly
hal f of the 64 respondents had one-way travel |ess than the sanple
arithemetic mean of 73 niles. Gven the heavy preponderance of single day
trip lengths of local origin, it does not seem unreasonable to assune that
the sanple represents single purpose recreational visits.

The average annual visits entry for each sanple in Table 1 makes
pl ausi bl e the conclusion that the two sanples are drawn from distinct
popul ations. This plausibility was enhanced when the hypothesis of
equality of the nmean bids for A° C and B between sanmples was
statistically tested. At the 95-percent confidence level, only the
mean bids for B, the representation of the npbst severe damage, could be
statistically considered as equal between sanpl es. Retirees
school teachers, students, and the unenpl oyed dom nate the weekday
sanple. They appear nuch less frequently in the weekend sanple

In the weekday sanple, only one respondent reported a househol d annua
i ncome exceeding $50,000. The weekend sanple had 6 such respondents. (ne
can only conclude that the break-point for the binary income question was
pl aced at too high a level. Thi's conclusion is reenforced by those
respondents in the conbined sanpl es who said they coul d have worked on the
day of the interview Only 3 of these 23 respondents who coul d have worked
reported an opportunity cost sufficient to exceed $50,000 annually.

Fi ft een weekday and 33 weekend respondents stated they would have
stayed home if they had not visited the Forest on their respective
interview day. The renamining 52 respondents in the conbined sanples
woul d have chosen to engage in a variety of activities ranging from
going to the beach (19), visiting regional fresh water bodies (11),
going to another forested area (12), or to the desert (5), to playing
golf and visiting friends. Even though indoor and outdoor commerci al
activities are plentiful in the Los Angeles area, only one |onely
i ndi vidual volunteered that he would substitute such an activity, an
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TABLE 1

SAMPLE ATTRI BUTES

Sampl e Size (n)
Daytri ppers
Overni ght canpers
Southern California residents
Average one-way distance (miles)
Average annual visits now
Average annual visits if only
| east preferred environment
avail abl e
Usual ly visits sites resenbling
Usual ly visits sites resenbling
Usual ly visits sites resenbling
No resenblances to usual sites
Ear ni ngs > $50, 000
Coul d have worked today
Average earnings for those
who coul d work
Average expenditures on substitute
activity
Substitute to avoid crowding

@ o>

*Standard Error

67

Weekday

36

5

31

34
81.78(10. 71) *
3.69( 0.48)*

3.06(0.53) *
18
11
4

3
1
8

$93. 13(18. 83)*

$35. 14( $9. 47) *
29

Weekend

64
64
64

72.77(3.92)*
5.97( 1.03)*

5.31(1.18)*
39
16
3
6
6
15

$173.21(17. 86) *

$25. 31( 8. 50) *
48



amuserment park visit.

Twenty-nine of the 36 weekday respondents and 48 of the 64 weekend
respondents said they would go to their least preferred site if their npst
preferred site were congest ed. It seem that respondents’
willingness-to-pay to avoid "crowding" is at |east equal to their
wi | lingness-to-pay to be without the oxidant-induced environmental damages
that the differences between A and C or B represent. This result is
consistent with the statistically significant higher nean bids obtained for
the weekday sanple. As Daubert and Young (1981) point out,
willingness-to-pay will be higher for those who participate in the
presurmedly |ess-congested weekday periods.

B. Pref erence Expressions

Table 2 is a frequency count of respondent rank-orderings across
the environnents. A which is the "very slight injury" obviously rules
respondent preferences. However, the nearly equal frequencies of
A>B>Cand A>C>B, along with the 10 people who expressed A > (BC),
imply that the sanple respondents are unable to express a clear preference
when asked to choose between B and C

The preference pattern that energes in Table 2 also appears with
respect to the respondents' cardinal evaluations. Tables 3a and 3b include
t he nean and the median willingn%s/s‘-to- pay additional access fees to each
of the 3 depicted environnents. — The willingness-to-pay for the A
environnent in each sanple is nmore than twice the willingness-to-pay for
either the C or the_B environnents. The hypothesis of bid equality of the
elenents in the three possible pairs of the depicted environments in each
of the sanples was tested statistically. At the 95 percent confidence
| evel, the hypothesis was rejected for all pairs except for the C and B
mean bids in the weekend sanple. Equality of the mean bids for this sane
pair in the weekday sanple could not be rejected at the 70 percent
confidence |evel.

No respondents exhibited differences between the place they assigned A
in the rank-ordering and the cardinal ordering of their bids; however, 12
respondents who stated B > C, or C> B, stated identical positive bids for
C and B.

Bradford (1970) has denonstrated that marginal bid functions can be
interpreted as indifference curves whose slopes represent narginal rates of
substitution between an inconme equivalent and the good of interest. H s
denonstration does not require that the indifference curves exhibit a
di mi nishing marginal rate of substitution, a requirement that indifference
curves underlying Tables 3a and 3b would clearly fail. Mor eover, the
convex formof the total wllingness-to-pay functions in these tables
cannot have originated in the biological danage index since Taylor, et al.
(1980) state that it is linear. Any nonotonic transformation of this index
will continue to yield a convex total wllingness-to-pay function. The
source of the patterns displayed in Tables 2 and 3 nust therefore reside in
the underlying preferences for the depicted environnments.

68



TABLE 2

RANK- ORDERI NG OF ENVI RONMENTS

Rank- Ordering | nci dence
Veekday Weekend

A>B>C¢C 12 20
A>C>B 12 22
A > (BC 4 6
( ABC) 5 13
B>C>A 2 1
C >A>8B 1 -
C>3B8B>A - 1
B > (AQ) - 1
Not e:

(BC) is indifference between B and _C.
(ABC) is indifference among A, B, and _C.
(AC) is indifference between A and _C
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TABLE 3a

W LLI NGNESS- TO- PAY (Weekday Sample, n=36)

A B
Injury score nidpoint 4.5 18
Arithnetic nean bid $2.51. $1. 07
(Standard Error) (.604) (.337)
Medi an Bid $1. 00 -
TALBE 3b

W LLI NGNESS- TO- PAY (Weekend Sanple, n=64)

A B
Injury Score midpoint 4.5 18
Arithmetic nmean bid $1.84 $0. 55
(Standard Error) (.257) (.102)
Medi an Bid $1.00 -
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There are abundant arguments that nonconvexities reflect systematic
and regular features of individual preferences. My (1954) showed that if
the alternatives being considered are nultidimensional, intransitivities
may arise, unless in a lexical fashion, one dimension always dictate
choi ce. Qther arguments are built upon either the unavailability of
i nformation about the consequences of alternative acts, or unwllingness
or inability to process this information. The result is a "threshold of
sensitivity" [Georgescu-Roegen (1936, 1958)] or a "zone of indifference"
[Luce (1956); March (1978)] within which choices are randomy made or an
“inerta of choice" prevails [Devletoglou (1971)]. The existence of these
t hreshol ds or zones has been supported for nore than 100 years by
psychophysi cal experiments involving human perceptions of sensory phenonena
such as heat, light, and sound. \Weber proposed in 1846 that a just
noticeable increment in a stinmulus would be proportional to the magnitude
of the stimulus [Baird and Noma (1978)]. Fechner (1966) in 1860 refine?
Weber so that the strength of a sensation is proportional to the |ogarithm
of the stimulus.

C. Expl ai ning the Bids

When explaining the bids, the sem-logarithmic formto be used for
the relation between the total bid and the damage index can be justified
by appeal to Fechner's proposition. In general, the threshold of
sensitivity or zone of indifference arguments are consistent with the
presence of 153 zero bids in a total of 300, where each of the 100
respondents had 3 bids. These 153 zero bids nean that the sanple of
bids is censored at a |ower bound of zero. Mre broadly, one observes a
positive bid only when oxidant-induced damages cross a threshold, and
the placenent of this threshold differs according to observable
i ndi vi dual respondent attributes and the sets of relative prices that
respondents confront [Maddala (1983)]. At least in principle, there was
no upper bound to the bid a respondent could make. However, the high
frequency of zero bids nakes it unlikely that the sanple of bids is
normal Iy or log-nornally distributed. Al of these facts justify the
application of the Tobit transformation if unbiased and consistent
parameter estimates are to be obtained for the follow ng expression:
Bid = « + 8, 1n (Danmage) + B8, (Foregone incone) + B, (Substitute
activity exbendltures + B, (Current visits) + B (%ravel cost + On-site
cost) + 8, (Weekend sample§ +8 (Avoi d crowds 2 8 (Depicted
envi ronne t exhi bits nore danage than conmonly visited environment? + e,
where ¢ is a constant and ¢ is nowa normally distributed error term
The results of applving the Tobit estimator to this expression are set
forth in Table 4.” Travel costs were assuned to be 20 cents a mle, and
on-site costs were either $6.00 or $7.00.

Wien considering the signs of the coefficients in Table 4, one nust
remember that Bid represents the respondent's maxi mum willingness-to-pay
over and above what he is currently paying for current day ("today") of
access to a particular forest environment. Thus, whether oxidant
damages reduce the utility of the current visit, or increase the cost of
attaining a particular level of visit quality, the sign of 8., the
damage index will be negative. Three rationales can be offered for the
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Par anet er

MAXI MUM LI KELI HOOD (TOBIT)

Uni t

Dol | ars

Danage
i ndex

Dol | ars
Dol | ars
Annual

Dol | ars

Dummy

Weekend =

Log-li kel i hood
(bservations at
(bservations not at
SEandard error of estimate
R

Signi fi cant

TABLE 4

Expect ed
Sign

+

1 ?

function
[imt
[imt

at |east at

the one-tailed t-test.

** Gignificant

at | east

the two-tailed t-test.
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Nor mal i zed

Coefficient

-. 0790

-. 4271

. 0020*
-.0012
. 0120

. 0066**

-. 0808

1. 0543*

. 0647

-452.2018
153
147
2.9724
. 1810
.05 level of

.05 | evel of

Asynptotic
St andard
Error

. 3212

. 0807
. 0009
. 0011
. 0078

. 0034

. 1428

. 1925

. 1786



positive sign attached to 8,, foregone income. First, for those who could
have worked on the interview day, their earnings are likely to be
proportional to their annual inconmes. Alternatively, if foregone incone
al so represents the opportunity costs of choosing to recreate on the
interview day, the higher this cost, the higher the surplus over and

above access costs that nust accrue to the respondent. Finally, if the
respondent's work time is unrationed, he is better able to exploit any
opportunities for gain that a particular forest visit offers him

G ven that the respondent equates the marginal rate of substitution
between his forest activity and his naned substitute activity to their
relative prices, a |lower price for the substitute activity inplies a
| ower maximum willingness-to-pay for the forest activity, and a negative

3° Ability to perceive oxidant-induced forest damages can reasonably be
expected to increase with increased visits. Frequent visitors are nore
élnely calibrated. B8, should therefore be positive. The sign attached to

> the dummy for the weekend sanple is anbiguous, even though a sinple

conparison of mean bids showed a significant difference between the weekend
and weekday samples. Oher factors nOM/taken into account could account

for this change. A desire to avoid crowds, is consistent with a

hei ghtened sensitivity to differences anong t%e"qualltles of forest

envi ronments, whatever the sources of these differences. The variable to
which 8, is attached is intended to account for a proposition initially put
forth by Kahneman and Tversky (1979). Al though originally developed in the
context of an argunent for the state-dependence of decisions under risk

the proposition inplies that the respondent will value a |loss of what he
already has more highly than the equivalent foregone gain. The proposition
thus inplies that the Bg coefficient will be positive.

At first glance, the proper sign for 8., the travel cost variable,
woul d seem obvious. Higher travel and on-site costs result in a smaller
appropriable surplus, inplying a negative B.. In the context of the
problem with which these sanple respondents ~“were confronted, another
interpretation is plausible, however. As already enphasized, respondent
bids refer to an access fee on the very day of the interview Failure
to pay the access fee would result in exclusion fromthe forest
environment. Gven that all respondents would return home within one
day, those who had travelled longer distances would have less time to
adapt and thus plausibly fewer and nore costly opportunities to do so
Their losses from being denied access would be correspondingly greater.
The expected sign of 65 is therefore ambi guous.

Al'l the coefficients of Table 4 possess the expected signs. Only the

coefficients for "1n (Danmage)' -- B., and "Avoid crowds" -- B,, are
significant at the 95 percent level "or better. The relatively |ow
t-value for "Substitute activity expenditures" -- 8,,is probably due to

the fact that this variable was set at zero for all “respondents who
woul d choose to stay hone.

D. Checking for Inconsistencies

The above nonconvex preference ordering results are discredited if
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Weekday Sanpl es

Sampl e si ze

Average expenditures
Access costs

Loss in surplus

Weekend Sanpl es

Sampl e size

Average expenditures
Access costs

Loss in surplus

TABLE 5

CONSI STENY CHECKS

Unal t er ed

Visit

Frecuenci es

Al tered

Visit

Frequenci es

17
53.79
35.00
$ 1.00

B

20
$ 41.26
$ 36.37
$ 1.95
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they fail to conformto the mniml requisites of consumer theory. Because
the 48 respondents who woul d have renai ned at hone were not asked how much
noney they woul d spend at hone, there is no information on the "prices" of
their naned substitute activities. Table 5 allows conparisons of
arithmetic mean substitute activity prices and differences in bids of npst
and | east preferred environments for subsets of the remaining 52
respondents. The discussion of Table 5 presunes that the bids for the
visit on the day of the interview correspond exactly to the bids for any
visit throughout the year. In addition, if annual visit frequency is to be
reduced because of having access only to the |least preferred environment,

it is assuned that the nanmed substitute activity would be adopted to
replace the marginal visit. Finally, the forest activity and the named
substitute activity are considered to be perfect substitutes.

If a representative respondent is not to alter his visit frequency,
then the sum of his access costs and his loss in surplus nust be no greater
than his expenditures in his nost preferred substitute recreationa
activity. Oherwise, the respondent would adopt the substitute activity.
The first colum of Table 5 obviously conforms to this proposition, where
$53.79 > $35.00 + $1.00 for the weekday sanple, and $41.26 > $36.37 + $1.95
for the other sanple. Simlarily, if a representative respondent is to
reduce his visit frequency, his access costs plus his loss of surplus nust
exceed his expenditures on the substitute activity. Again, the second
colum of Table 5 is consistent with this proposition.
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SECTION 5

AGGREGATE VALUES

Provided that the character and the value of each potential and
actual visit is identical to the interview day visit, that the actual
visit is identical to the interview day visit, that the independence of
irrelevant alternatives axiomis applicable here, and given appropriate
separability and linearity assunptions [Forster (1981)], the bid results
can be used to estimate the aggregate annual gains that small changes in
the existing pattern of oxidant-induced damages woul d cause to accrue to
current outdoor recreational users of the Forest.

In 1982, the Forest had 6,446,000 recreational visitor-days of which
approxi mately 90 percent were day or overnight trips [Personal
Communi cation (1983)]. Presunme in the followi ng calculations that at
| east sone part of each of these visitor-days was spent in the 161, 000
acres conposing the ponderosa-Jeffry pine portion of the Forest. Mller
(1973) renarks that 46,000 acres, 54,000 acres, and 61,000 acres of this
forest type have respectively been heavily, noderately, and lightly or
not at all damaged by anbient oxidants. Treat these categories as
corresponding to our A C and_B representations.

In Table 2, it was noted the 34 of cur 100 respondents perceive that
they currently recreate in G and B-type environments. [f we assune that
the remaining 66 respondents are indifferent to damage reductions in_C and
B-environnents, then only the aforenentioned 34 sanple respondents will
benefit froma shift of all Forest environnents to A The respective nean
bids for A, C_ and B of the 15 weekday individuals anong these 34
respondents were $2.53, $0.87, and $0.33; for the weekend individuals, the
respective nmean bids were $1.22, $0.53, and $0.60. O the 515 annual
visitor days in the combined 100 respondent sanple, these 34 individuals
accounted for 199 days, or 39 percent. |If adjustments in visitor days are
di sal lowed, and if visitor days are assuned to be distributed equally
bet ween weekdays and weekends, the aggregate annual willingness-to-pay of
those Forest visitors who do not now recreate in A-environentns is readily
cal cul ated. For exanple, the aggregate annual wllingness-to-pay for the C
environment is:

$0.87 + $0.53
2 2

(0. 39) (6, 446, 000) = $1, 760, 000

Simlar calculations perforned for the _A- and B-environments yield annual
values of $4,714,000 and $1,169,000, respectively.
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Assuming that the willingness-to-pay for the various environments
are independent of the acreage in any particular environnent, the
aggregate annual w llingness-to-pay by those who do not now recreate in
the A-environnent for the existing mx of _A _C and_B-environnents is:

61, 000 acres

($4,714,000) + 22000 acres ¢ 755 ggg) +
161, 000 acres

161,000 acres

46, 000 acres
161, 000 acres

(%1, 169, 000) = $2,716, 000

or $16.87 per acre per year. If the entire 161,000 acres were in the
A-environnent, the per acre annual nean bid of these sane individuals would
be $4,714,000/ 161,000 acres = $28.63. Simlarly, the annual nean per acre
bid for a conpletely C environnent Forest would be $10.93, and for a wholly
B-environnent Forest, it would be $7.26. Thus, for those individuals who
currently do not recreat in_A-environments, the shift of an acre-fromthe
Cenvironment to the A-environnment would, on average, generate $28.63 -
$10.93 = $17.70 in additional annual surplus, while a shift of an acre from
the B- to the_A-environentn woul d, on average, generate $28.63 - $7.26 =
$21.37 in additional annual surplus for the recreator.

The inmredi ately preceding cal cul ati ons presunme that the numbgr of
daily visits would not change as the forest environnent changes. In
fact, the 100 respondents state that the sum of their individual annua
visits would decline from515 days to 479 days if they always had to
retreat in the C or_B environments. Mreover, these calculations
dismss the very real possibility that those who already recreate in_A
environments mght acquire surpluses from having additional acreages
shifted fromC and B into A  Additional A acreages expand their choice
sets, and they may sinply prefer that nore_A-environnents exist [MIler and
Menz (1979)].

When the above cal cul ations are redone to account for changes in
visits and for the bids of all respondents for all environnents, the shift
of an acre fromC to_A generates an annual average surplus of $93.80 -
$32.05 = $61.75 while a shift of an acre fromB to_A provides an annual
average surplus of $93.80 - $26.09 = $67.71.
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SECTION 6

CONCLUSI ONS

Wth the single exception of Calish, et al. (1978), the literature
is devoid of enpirical work relating the condition of forest stocks to
measures of economc values. Forest managers will nonethel ess make
deci sions of economc value. This and simlar studies can assist in
giving enpirical formto the econom c content of these decision
probl ens.

The margi nal value function of this study increases with reductions in
oxi dant-induced damages. The result is not idiosyncratic. Even though
they usually fail to note it, many other contingent valuation studies of
environmental questions have found the same phenomenon. None of these
studies have forced a form upon the objective function. Crocker and
Forster (forthcomng) review 5 frequently cited studies of atnospheric
visibility and conclude that each finds an increasing marginal benefit
function. Daubert and Young (1981) state that shoreside users are
“relatively indifferent” among all but extreme high or |ow streamfl ows.
Table 11l of Loehman, et al. (1979) represents an increasing margina
benefit function for reductions in the health effects of air pollution
Under | yi ng physical and biological relations or adjustnents in sone
endogenous variable such as visit frequency could be the sources of these
nonconvexities. The formof the present study rules out these sources.
However, it can neither rule out nor distinguish between intervals of
nonconvexity in preference orderings or the multidinensional character of
its depicted environments as sources of the increasing marginal benefit
functions it observes. Sone inplications nevertheless follow for future
studi es of the values of environnental goods having substantial aesthetic
conponent s.

Using the lucid phrases of Gensch and Svestka (1979), observed
behavi or studies mght be well-advised when formulating propositions to
devote more attention to "sequential noncompensatory" nodel s of
i ndi vi dual decision processes such as Tversky and Sattah (1979) rather
than focusing only upon the "simultaneous conpensatory" nodels that
currently domnate. The former are able to incorporate randommess and
inertia of choice; they do not insist that the individual be cognizant
of all mathematically unequal utilities. The choice between the two
classes of models could often anmount to a subjective evaluation of the
tradeoff between the biases introduced by a lack of descriptive reality
and the inelegance caused by the absence of a unique mappi ng between
demand and utility.

On the other hand, the imediately preceding conclusion may actually

78



be offered little support by the present study. Its results may sinply be
a creature of the multidinmensional character of the depicted environnents.
In particular, a nultiplicative interdependence may be present in utility
terns between healthy pine trees and other elenents (bushes, resistant tree
species, terrain) present in the packages of forest environnents. The

m ni num val ue of a conbination of the healthy pine trees and these other
el enents may be nuch greater than the sum of their values when treated
separately; that is, the health of the pine trees nust be sone necessary

mniml scale in order for the other elements to be val ued. If so, the
val ues obtained here, and perhaps in other contingent valuation studies as
well, are relevant only to the entire environnental package. One could not

t hen repackage particular elements in order to extrapolate their values to
ot her settings.
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SBNF Oxi dant Questionnaire

[ nt ervi ener ; Location

Dat e

Hello. | am fromthe Univ., of California.
SECTI ON

As you may know, the San Bernardino National Forest has been
exposed to increasing annual dosages of air pollution in the last 3 or 4
decades. This air pollution is thought by many scientists to have
damaged the health of the forest.

SECTI ON |

These phot ographs show 3 forest environnments. Suppose you were to
visit an environnent |ike one of them today. \Wich environment would
you nost prefer to visit?

A B C No preference (Circle)

Is there a single environment you would least like to visit?
A B C (Gircle)

Suppose that the only way you can enter any environnment |ike the one you
most prefer is by paying a daily fee additional to any you are now paying
This additional fee will be used to finance special prograns designed to
protect this forest. Wuld you be willing to pay an additional $3.00 to
assure entrance today to the environment you nost prefer?

If yes, increment by $2.00 until a negative response is obtained,

then decrease by $1.00 until a positive response is again obtained

Record final bid $ . If no decrease by $.50 until a

positive response is obtained, then increase by $.25 until a

negative response is again obtained. Record final bid $

81



How nuch additional would you be willing to pay to assure entrance
today to your nest nost preferred environment? Record bid $

How much additional would you be willing to pay to assure entrance
today to your least preferred environment? Record bid $

Woul d you be willing to go to your |east preferred environment if
it were the only way to avoid crowds present in your nost preferred

envi ronnent ?

SECTI ON | |
Now | would like to ask a few other brief questions.

Where is your hone?

How far did you travel today to get here?

Whi ch environnent in the photos nost closely resembles the sites

you usually visit?

A B C None (Grcle)
About how many days do you visit this forest each year?
If all the forest were sinilar to your |least preferred environnent,

how nany days each year would you visit?

[f you wanted, could you have worked today?
Yes No (Circle)

If yes, about how nmuch would you have earned?

[f you hadn't come here today, and hadn't worked, what would

you have done?

About how much would it have cost you including the cost of

transportation, if any?

Does your household' s annual income exceed $50,000?

Yes No (CGrcle)
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According to Bolsinger (1980), these two species also conprise 59
percent of the Forest's sawtinber volume. Though little actua

| oggi ng takes place, the Forest contains nearly 1.2 billion board
feet of sawtinmber. Oiginally established in 1925, "...primarily
for the conservation of water resources" [U S. Forest Service
California District (1942)], the Forest has since becone the npst
heavily used unit for outdoor recreation in the National Forest
system [Hilb (1976)].

These color print enlargenents were sel ected from anmong hundreds of
35 mm slides owned by Dr. Paul R MIller of the Pacific Southwest
Forest and Range Experinent Station. Buhyoff and Wellman (1980) cite
nuner ous psychophysical studies which support the hypothesis that
peopl e eval uat e phot ographs of |andscapes "in the sanme manner" in
which they evaluate the actual scenes. The injury scores were
assigned by Dr. MIler on June 17, 1983

This is not quite accurate, since the fee change neasures the price
change required to maintain the ex ante utility level. Hicksian
conpensating neasures refer to the inconme required for such

mai nt enance. However, as opposed to sonme unidentified visit, the
fees in terns of which the bids were stated refer to a specific
visit to which the respondent was already commtted. The

di fference between the income equivalent of the fee change and the
fee change is therefore likely to be trivial. Note also that if
the individual is allowed to adjust his visits in response to a
change in forest quality, (2) becones very conplex, inplying that
its sign will likely be amb}guoui for reasons in addition to the
anbiguity of the sign for 3°U/3q .Many contingent valuation
studies are less than clear as to whether the respondent was
allowed to adjust his visits as he calculated his bid

In the contingent valuation literature, tests for biases in bids
have fallen into three classes: (1) tests for discrepancies
between respondents' stated bids and the prices the investigator
infers they have paid in a real market for the same good, e.g.
Brookshire, et al. (1982); (2) tests for discrepancies between
respondents' statements about the willingness-to-paid and their

wi | |ingness-to-accept payments that are actually offered, e.g.

Bi shop and Heberlein (1979); and (3) various tests for the
consistency with econonmic logic of the respondents' statenents,
e.g., Rowe, et al. (1981). Rowe and Chestnut (1983) provide a npst
useful commentary on the meani ngful ness of many of the test results
reported to date
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The interviews were supervised by Professor Henry J. Vaux, Jr. No
more than 10 individuals refused to particpate. The two interviewers
had conducted hundreds of interviews in another contingent valuation
study involving forest fire danmges.

The binary formof the annual income question was pronpted by two
consi derati ons: (1) the fact that, when trying to explain bids for
aesthetic environmental commdities, nost contingent valuation
studi es have obtained small and statistically insignificant
coefficients for annual incone; and (2) serious doubt that one can
define adequately within the confines of a 5 or 10 mnute interview
what is to constitute annual incone. The binary neasure enhances
the likelihood that different respondents enployed sinmlar
definitions.

Al'l those who were not indifferent anbng the environnents yet who
refused to provide any positive bid replied with "W pay too nuch
already," "Present fees are high enough," and similar sentinents.
One weekday individual bid $20.00 for the A environment. This was
the highest bid for any environnent. There were 2 weekday and 2
weekend bids of $10.00. Both of the weekend $10.00 bids were for
the A environment. One of the weekday $10.00 bids was for the C
environnent, while the other was for the _A environnent. Renoval of
these "outliers" does not alter nmonotonically increasing form of
the marginal benefits functions.

Only 68 of these zeroes were for the A environnent, and 54 of the
68 were by the 18 respondents who were indifferent anong all the
depicted environnents.

As usual, the nornalized coefficients of Table 4 represent the
change in Bid with respect to a change in the explanatory variable.
In this case, however, the change in Bid enbodies two conponents:
(1) the change in the probability of a bid being greater than zero
wei ghted by the expected value of those bids which are greater than
zero; plus (2) the change in the expected val ue of those bids
greater than zero weighted by the probability of a bid being
greater than zero. The Tobit estimator thus accounts for changes
in the probability of nmaking a positive bid as well as for changes
in the magnitudes of the positive bids.

An ordinary-least-squares, linear in the original variables
regression for explaining the variation in visits produced the
fol | owi ng:

Visits = 1.7859 - 0.1486 (DAMG - 4.9433 (INCM
(2.6099) (0.0704) (3. 0585)

+ 3.3514 (RTON) + 0.0246 (SBST) - 0.0671 (TRVL)
(1.7366) (0.0112) (0.0377)

where DAMG is the pine tree damage index of Taylor, et al. (1980);
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INCM is a dunmmy set equal to unity when the respondents stated that
his annual incone exceeds $50,000; RTON is a dummy set equal to

unity when the respondent stated that his worktine was unrationed
on the day of the interview, SBST is respondent expected dollar

expenditures in his named substitute activity; and TRVL is the

respondent's dollar amount of travel ,ard oOn-site costs. Sunmmary
statistics for this expression were R° = 0.15, F = 13.82, and n =
180. Ten respondents who professed never to visit a site simlar
to those depicted excised from the sanple. The parenthetic terns
beneath the coefficients are standard errors. Six observations on

the dependent variable were zeros.
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CHAPTER 3
THE VALUE OF YI ELD RESPONSE | NFORMATI ON | N ECONOM C ASSESSMENTS OF

POLLUTI ON | MPACTS ON MANAGED ECCSYSTEMS:
A METHODOLOGY W TH | LLUSTRATI ONS

by
R M Adans, T.D. Crocker, RW Katz
SECTION 1

| NTRODUCTI ON

Consi der a policynmaker who nust make a deci sion about altering an

al l owabl e anmbient pollution level. Suppose that he tries only to maximze
an econom ¢ nmeasure of the difference between the benefits and costs of air
pollution control. Control -induced inprovenments in agricultural vyields

contribute positively (and independently of other classes of benefits) to
the net benefits he will realize, but he is uncertain about yield responses
to various |levels of control. He therefore supports biologica
dose-response (yield) research in order to reduce his uncertainty.
However, a finite research budget forces himto ask how nuch this yield
response uncertainty mght be reduced before he makes a control decision.
To answer this question, he nust know the extent to which inproved yield
response information will affect net benefit estimates and therefore

i nfluence his policy choice. W try to provide answers to this question
for exposures to anbient ozone of four major United States agricultura
commodi ties: corn, cotton, soybeans, and wheat. Al though our prinary
concern is nethodol ogical, we provide estimtes of the gross econonic
benefits of ozone control for these four crops in order to show how the
question can be answered.

The uncertainties the policynmaker wi shes his yield response researcher
to confront arise fromthree sources: (1) natural uncertainty, or
uncertainty about the stochastic process such as the exact nmanner in which
a plant netabolizes each nolecule of the toxin; (2) statistical
uncertainty, or the doubts due to limted data, associated with estimtion
of the paraneters of any particular nodel of the stochastic process; and
(3) nodel uncertainty, or the msgivings about whether a particular node
of the stochastic process is the "true" nodel. Only the advances in
fundamental know edge that basic research provides can overconme natura
uncertainty. Model uncertainty refers to the researcher's inability to
identify and unanbi guously defend uni que choices of the system of equations
to be estimated, the functional formand dinensionality of the design
matrix, the values to be assigned to each elenent of the design matrix, and
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the designation of the endogenous variables and their density functions.
Gaver and Ceisel (1973), Barry and Wldt (1977), and Klein, et al. (1978),
anmong others, treat these issues, usually within a Bayesian framework. CQur
di scussion, which is also Bayesian, is limted to statistical uncertainty,
where this kind of uncertainty is interpreted as inprecision in biologica
estimates of yield responses. We want to know the consequences for

pol lution control benefits assessments of varying degrees of statistica
imprecision in biological yield response estimates. Though our problem
and our treatnent is somewhat different, our basic perspective is in the
tradition of the line of work originating with Hayam and Peterson (1972).

Statements that the benefits of environmental pollution control are
much nore difficult to assess than the costs are commonpl ace, e.g., Eads
(1981), although the arguments that support the conclusion are rarely
provided. Jacobson (1981) and O son (1982) argue that a major obstacle to
benefits assessments springs fromthe difficulty of replicating the
responses of conplex natural systens having |arge geographical and tenpora
scopes. This presunes that benefits assessnment nethods requires
difficult-to-acquire yield response information. Wen this presunption is
conbi ned with concerns about the conpounding of measurenent errors fromthe
| ogi cal chain of pollution exposures to yield responses to economc
benefits assessnments, one can easily conclude that all yield response
information has high marginal value. It readily follows that frequent and
rigorous policy applications of benefits assessnent techniques nmust wait
upon the accunulation of extremely precise yield response information.
Formal economi c assessnents of the benefits of environnental pollution
control are then supposedly rendered intractable if the prior yield
response information they are thought to require is ill-defined. Many
econom sts have inplicitly accepted the prenises of this position by their
recent advocacy and application of duality [e.g., Crocker, et al. (1981)],
hedonic [e.g., Freeman (1979)], and survey [e.g., Brookshire, et al.
(1982)] techniques which do not require explicit yield response
information. W reject the ease with which the position has been accepted
by natural scientists and some econom sts, and denonstrate how the val ue of

more preci se dose-response information to benefit-cost analysis can be
estimat ed.

A premise of the above position is that nore precise yield response
information always contributes at |east as much to benefits estimates as
does a thorough representation of price responses and producer and consumner
adaptations to an environnmental change. Sone recent enpirical work,of
Adans, et al. (1982) casts doubt upon but does not deny this prem sé. For
the particular circunstances Adams et al. (1982) studied, price responses
and producer adaptations played a far larger role in determning the
predi cted crop production adjustments resulting froman air quality
i mprovenent than did the biological predictions of yield changes triggering
the econonmic reactions. In short, at least in the case of Adans et al.
(1982), the ultinmate yield effects and consequent benefits estimates of air
pol lution hinged as much on an adequate representation of producer and
consuner deci sion processes as they did upon any grasp of biological yield
response functions.
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In the next section, we derive the nmeasures we wll enploy for
assessing the worth of nore precise yield response information. Wrth is
to be interpreted in terms of the differences this nmore precise informtion
makes in estimates of the economic benefits of alternative anbient air
quality levels. An exanple enpirical application of the aforementioned
neasures to estinmates of the value of controlling ozone inpacts upon United
States production of corn, cotton, soybeans, and wheat follow All
bi ol ogical yield response data we use in these sections are drawn from
recent information generated by USEPA's National Crop Loss Assessnent
Network (NCLAN), a coordinated nulti-site, biological research program
explicitly ained at providing estimtes of biological yield responses for
use in econom c assessnments. A concluding section summarizes our findings
and offers suggestions for future research directions. An appendi x

provides additional analytical and enpirical support for the textual
mat eri al
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SECTION 2

DECI SI ON- MAKI NG UNDER UNCERTAI NTY

In essence, the policynmaker of the preceding section confronts a
probl em of deci si on-maki ng under uncertainty. Yield response information
is assumed to be the source of his uncertainty. Its consequence is error
in the net benefits he associates with each of the alternative pollution
control policies he is considering. The nagnitude of this error will vary
inversely with the precision of his yield response information. H's basic
problem then is to decide how many observations to acquire for each yield
response relation of interest. To capture the policynmaker's problem we
adopt a Bayesiar approach [Bayes (1764)] that allows the policymker to
revise in a statistically neaningful manner the neans and variances of his
net benefits estimates when he acquires additional yield response
information. The structure of the Bayesian regression anal ysis we enploy
to specify the degree of uncertainty in the parameters and rel ated
statistics (e.g., mean response) of the yield response function is set
forth in the Appendix.

In order to characterize our approach nore fully, consider a situation
in which a finite nunber, say I, of possible actions a.,i =0, 1, ... | -
1, is available: Action a consists of naintaining the current anbient
standard, in which case the" resultant pollutant concentration is X = X .
Action a_, i > 1, consists of setting a new standard, in which case the
pollutan% concentration is X = X, The new standard, K(i)’ may be

either less than or greater than X(ol.)

A Expected Payoffs

The net benefits the policymaker expects to realize fromany action he
sel ects are the expected payoffs. He nust estimate the expected payoffs
corresponding to each possible action. The expectation of payoffs is used
because actual payoffs depend on the unknown paraneters of the yield
response function and, consequently, are randomvariables. Letting R(i)
denote the payoff when action aiis t aken,

R(i) = Wi) - c(i), (1)

where Wi) represents the gross econonmic benefit to society when action g,
is taken, and c(i) represents the costs of inplementing the same action. *
From a Bayesian viewpoint, Wi) is a random variable (i > 1) and, hence,
R(i) also is a random variable. Taking expectations,

E[R(I)] = E[Wi)] - c(i). (2)
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It remains to derive an expression for EfWi)], the expected gross econom c
benefit when action a; is taken

W consider J different crops. Let Q . be the quantity of the jth
crop (j =1, 2, ..., J) produced under current air pollution concentration
X = Xo. Simlarly, Qi' denotes the quantity of the jth crop produced under
air pollution concentrhation X = X(.) (i.e., when action a, is taken, i >
1).  Then, . *

Qj = 715 By izl (3)
vhere T_,, denotes the percentage adjustment in yield for the jth crop when
X = X(i33 1t is expressed as a fraction of the yield under the current
standard [see (4) of the Appendix].

In this analysis, the gross societal benefit obtained fromthe
agricultural systemwhen quantity Qis produced is measured in terns of the
mean | evel of consunption realized at time t. Followi ng the specification
of Bradford and Kelejian (1977), the societal benefit is given by the
expected value of the Marshallian surplus, WQ:

J Q Q
w(Q) = E {i [’oD P?(g) dg - ’os P?(g) dgl} (4)

j=1

where E is the expectation operator, 0, = Q. is the level of copsumption
at which quantity supplied and gquantity demanded are equated, P,(g).is
the demand price at time t for quantity g of the conmodity j, and P (g)
is the analogous supply price. For sinmplicity, we disregar
intertenporal questions and transfer costs. To inplenment the policy
assessment that (4) represents, consider the follow ng well-behaved
general equilibrium inverse linear demand and supply functions [Just
et al. (1982)]:

P, = a

j _b-g (5)

P, =d

]
where a., and 4, are constants incorporating the effect of other
variables in the demand and supply structure. Under this structure, the
integral defines w(Q in (4) as a convex function of P.

The benefits measure, W(Q, reflects Marshallian surplus under a
given set of econom c and environmental conditions. The economic
benefit to society when quantity Qof the jth crop is produced can be
geonetrically approximted as

t e.g (6)

w(@ =l (b, +e)) Q2, (7)

where b, is the absolute value of the slope of the demand equation (5)
and e, is the slope of the supply equation (6). Applying (3) and (7)
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J
N oL 2
w(i) = 4 i (bj. + ej) (Tionj) . (8)

[
8

Wth the convention that TOj =1, (8) still holds when i = 0.

Taki ng expectati ons,

S

.

. _ 1 2 2
E(D] =% 5 (b + e E(T°, ). (9)

j=1

Using the fact that T., has a posterior distribution of the Student t
form[see (9) of the Agpendix],

E(Tij) = Tij + [(nj-Z)/(nj—a)] s? (Tij), (10)
where the n, refer to the nunber of experinmental yield response
observations or the jth crop. It follows that
E[W(i)] = ‘cg (b.+e.)(€‘..Q )%+ 4 g (b.+e.)Q2.[(n.—2)/(n.—4)]

421 4 3713703 521 J 37703 3 3

~ ]

(11)

Her e the’f‘.. and sz(“}..) are conputed fromthe yield response experinment
for the jth crop [s& (10) and (11) of the Appendix]. Wth the
conventions that

-~

=1, s¥(T_) =0, (12)

o] b

(11) still holds when i = 0.

Thi s anal ytical expression (11) for the expected econonic benefit when
action a_, is taken shows explicitly the effect of uncertainty about
the yield ratio for the jth crop, as measured by s?(T..). The naive
approach of substitutingT,.. in place of T.. in (8) y’itl.lds only the
first termon the right-ha#d side of (I1), Tdnd would result in a negatively
bi ased benefit value. Specifically, renenbering that b,is the absolute
val ue of the slope of (5), such a benefit value would be smaller than the
expected benefit, E[Wi)] by the quantity

J ~
L + 2 - - 2
5 L (bj ej) on [(nj 2)/nj 4)] s (Tij). (13)

B. Optimal  Policy

Gven the results of a yield response experinment, the expected
payoffs, (2), associated with each possible action can be conputed fromthe
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expected benefits function, (11). The optimal action" is the action with
the highest expected payoff, and the decision making rule that specifies

which action is optimal is called the "optimal policy." Action a,*is
optimal if -
E[R(i*)] > E[R(i)], (14)
for every i, i =1, 2, ..., | - 1, that is, if
E[W(ir)] - E[W(D)] > c(i*) ~ c(i). (15)

Using (11), action ai* is optimal if

1

2

N~

~ - J
b, +e.) (T2,. - T2) 02, + % I (b, + e,
(by + e (T3, - T2 Q2 I o(by+e) (1)

j=1i 3

2 - - 2 _ZA ] s _ .
QS [(nj 2)/(nj 4)] [s (Ti*j) s (Tij); > (e(i*) - (D).
Condition (16) specifying the optimal policy sinmplifies if only one
crop is considered (i.e., J =1). In this case, action C is optinal
if

~ ~

Tiw 2 1T+ [e(i®) - (D I/1(1/2) (b+e)Q?] - (17)

[(a-2)/(n=0)] [s2(T,) - s2(T) 1™

. Probability Distribution of Benefits

The results just derived are based only on the criterion of
maxi m zi ng expected return. As Klein, et al. (1978) denonstrate, other
criteria may be nore appropriate for sone decision problens. It is
therefore of interest to obtain the entire probability distribution of
the benefits, Wi), when action a, is taken, not just the expected
benefits, E[Wi)]. Such an approa%h makes explicit that uncertainty in
the benefits estimates for which inperfect information about the
parameters of the yield response function is responsible.

We first derive an expression for the probability density function
(p.d.f.) of the benefits attributable to action i for the jth crop, Wi,j)
say, with

w.,. =L’, 2,
(1,9 =% (b, + e) (1 Q) (18)

i =1, 2, ..., | - 1. Now, by equation (9) of the Appendix, the
standardi zed yield ratio random variable

*

Ty = (Tyy = Ty /sy (19
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has a Student t distribution withn, - 2 degrees of freedom That is,
ng has p.d.f. J

Fln, - /2] X2 ~(n, - 1)/2
fT*i-(X) = I (1 + n - 2 ) 3
[(nj - 2)ﬂ]2T[(nj - 2)/2] h|
(20)
Usi ng change of variabl e techniques, the benefits p.d.f., f,(; ) for
the jth crop when action 3y is taken to related to the p.d.f?,‘f%,., for
the yield ratio 7T,. by +
iy
= L IL 2 %
fw(i)j) (v) =3 [z(bj + ej) on w]
£, (0 - ; 0
e AKX T 1 v4 y W > U, (21)
Ti 5 (b, + e, .
- : J eJ) QOJ
To evaluate (21), we note that (19) inplies that fT.. and fT*,, are
related by H
fpg3®) = s(:fij) fragy [GT ) /s(T 0] (22)

We now derive an expression for the p.d.f. of the benefits
attributable to all J crops

[ e IS

W(i) =
3

w(i,j). (23)
1

Since (23) expresses Wi) as a sum of independent random variables, its
p.d.f. f£ say is a J-fold convolution [Feller (1950, pp. 214-2161 of

(i) | (1
the p.d.¥. £ n» j =1, 2, ..., J. Specifically, £ can be
obtained by the £di%witng Tecursion: w(i)

(I) 8w(l’l) (w) = fW(l,l) W)y, w> O; (24)

i 7 = v - <

(0 8uci, 5y O = 76 Bu(a, -1 70 fug,y) 0 w20,

i =23 . ... (25)
(1) £ gy G0 = By(i,g) W w0 (26)

If (21) is substituted into (25, it is difficult to obtain an
anal ytical expression for fw 0" However, (25) can be evaluated by
numerical methods to conpute thé p.d.f., f

w(i)®
Using a nunerical algorithm (25) is evaluated in Figure 1 for one
crop, cotton, and one action, a,. The appendix displays the mechanics of
the calculation. As explained in Section IIl, action a, refers to meeting
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a secondary standard of .10 ppm The parameter values used to
establish Figure 1 are also set forth in the nest section. Figure 1
portrays the uncertainty in the benefits calculation for action a, that is
due to the statistical inmprecision in the cotton yield response function.
The latter is also presented in the next section. Finally, in the next
section, the results of similar calculations are presented for each
action-crop conbination. However, the figures of Section Ill are in terns
of the differences in benefits attributable to neeting the existing ambient

standard of . 12 ppm and neeting each of three plausible alternative
st andar ds.
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SECTION 3

AN EMPI RI CAL EXAMPLE

The conbi ned production of corn, soybeans, cotton, and wheat
conprised 64 percent of 1980 cropped acreage, 70 percent of 1980 tota
crop value, and 65 percent of the value of 1980 agricultural exports for
the United States [USDA (1980)]. The obvi ous econom c inportance of
these crops has probably notivated the attention that USEPA' s NCLAN
research program on the yield response effects of air pollution has
devoted to them On the basis to date of the NCLAN and other-yield
response research results, Heck, et al. (1982) conclude that ozone has
the greatest crop production inmpact of the various air pollutants known
to harm vegetati on. Further, ozone in potentially damaging concentra-
tions is thought to be the nost w despread of these pollutants. In
order to illustrate the nethodol ogy of the preceding section, we
therefore chose to use as an exanple the contribution that nmore precise
yield response infornmation makes to estimates of the inpact that meeting
alternative anbient ozone standards would have upon the econom c val ue
of production for the four aforenentioned crops. In principle, the sane
met hodol ogy is applicable to other pollutants, such as 802, and ot her
classes of crops, such as vegetables.

Specific paranmeters are required to inplenment the nethodol ogy of
Section Il. To calculate the benefits function, the paraneters of the
supply and denmand rel ations nust be avail abl e. Paraneters of the yield
response function are necessary for estimtes of how benefits are
altered under alternative anmbient ozone concentrations. Cearly,
assurmed and actual (current anbient) concentrations by regions are
needed. The demand and supply relations are estimated via standard
econometric procedures. The yield response information, with region-
alization where possible, is taken from NCLAN' s Annual Reports for 1980
and 1981; USEPA's SAROAD data base is the source of the anmbient ozone
information. Each of these required bits of information is discussed in
more detail bel ow

A Supply and Denand Rel ations

We enmpl oy changes in Marshallian surpluses to neasure the
differences in economc benefits across alternative anbient ozone
concentrations. For each of the four crops, a set of semi-equilibrium
market relations is estimated. Gven that each crop is an internediate
product, full general equilibrium properties cannot be invoked [Just and
Hueth (1979)]. This can affect the neaning of the benefits neasures.
The seni-equilibrium market relations are specified as:
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P = f (Q, R, T, WP, 0SM) (27)
S —_—

Q = f (PC’ S’ Pj, T’ QL) (28)
Q® = ° (29)

where P is crop price, QD and 0° are, respectively, supply and
consumpéion levels in equilibrium R is per capita disposal income, T is
tine, WP is a weighted price of other feed grains, CSMis oil seed nea
price, S are stocks, P, is an index of production prices (costs), and Q
is |agged production.d Prices and income are expressed in actua
dollars. The markets are assumed to be well-ordered. For estimation,
each expression was assuned to be linear in the original variables.

The system (27)-(29) was estimated for corn, soybeans, and wheat by
the Zellner (1962) seeningly unrelated regression (SUR) procedure.
Two-stage |east squares, with the Cochrane-Orcutt (1949) iterative
procedure for serial correlation, was used for the cotton system The
supply and demand paraneters for corn, wheat, and soybeans were taken
from SUR supply and denmand bl ocks for mmjor |ivestock feeds and feed
grains. Sinultaneities involving cotton stocks required 2SLS estimation
for that crop. Data cover the period 1960 to 1980, and are fromthe
USDA Agricultural Statistics annuals, The estimated supply and denand
paranmeters are presented in Table 1. As is evident fromthe table, the
statistical results are consistent with expectations concerning signs
and significance of the relevant variabl es. These are the supply and
demand paraneters (the b and e coefficients of (4) in Section Il) that
we use to calculate the economc benefits associated with neeting
alternative anbient ozone standards.

B. Yield Response Information

The magni tudes of the yield response paraneters used for the
enpirical version of expression (Al) in the Appendix are reported in
Table 2. They were derived from data reported in the 1980 and 1981
annual NCLAN reports [Research Managenent Committee (1981, 1982)], and
were estinmated by ordinary-least-squares for an expression linear in the
original variables. Regi onal differences in responses were accounted
for by testing for the honpgeneity of slopes across regions. For those
crops where regionalization was statistically justified, regional yield
response was wei ghted by the sane region's market share in arriving at
the overall yield response.

The yield reductions predicted by the estimated yield response
functions are paraneters in the nodel of Section Il. They serve to drive
the benefits assessnent. Table 3 reports, in the formof yield ratio
statistics, the yields occurring under the current SNAAQS stquard for
ozone of 0.12 ppm not to be exceeded nore than once a year. These
relative yields thus represent the biological consequences of alter-
native regulatory options. They trigger the econom c consequences. In
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TABLE 1
Supply and Denand Paraneters

Prices are in actual dollars. Corn, soybean, and wheat quantities are in
bushels. Cotton quantities are in 500-pound bales

Supply Coefficients Demand Coefficients

Crops Own Price Elasticitya Omn Price Price Flexibilitya
Corn® 654.75 d 0.31 -0. 000089 0.24
(3.211) (1.850)
Cotton® 1. 002 0. 47 -0.1306 0.50
(1.821) (1.602)
Soybeansb 272. 44 0.48 -0. 0015 0.38
(4.662) (2.296)
Wheat” 226. 66 0.59 -0. 00081 0.52
(3.743) (1.810)

Eval uated at nean quantity and price for 1960-1980 peri od.

Estinates from Seemingly Unrel ated Regression (SUR) supply and demand
bl ocks for four feed grains (corn, barley, wheat, and grain sorghum
and soybeans.

Estimates fromtwo-stage | east squares and Cochrane-Ocutt iterative
procedure applied to expressions which were linear in the origina
vari abl es.

Val ues in parentheses are "t" statistics
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TABLE 2

ESTI MATED VALUES OF Yl ELD RESPONSE PARAMETERS

Yield is in grams per harvested plant.

OQzone is in parts per mllion

by vol une.

Crop Sanpl e size I nt er cept Sl ope Standard error
0 n c e s(8)
Corn® 24 174.0 - 685.0 128.0
Cotton® 12 1098. 4 -3708.0 228.52
Soybeans® 16 21. 4 93.1 7.6
Wheat® 16 5.0 12.0 2.6

® Estimated from data reported in NCLAN Annual Reports (1981, 1982).
Estimates were obtained by ordinary-Ileast-squares for an expression
linear in the orginal

vari abl es.
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TABLE 3

YI ELD RATI O STATI STICS

Units are identical to Table 2. Ozone is in ppm

Crop Action Estimated Standard error
(ozone standard) yield ratio® of ratio
J Tij s(Tij)
Corn 0.10 1. 052 0. 00963
0.08 1.103 0.01926
0.14 0.948 0. 00963
Cotton 0.10 1. 042 0. 00329
0.08 1. 085 0. 00659
0.14 0. 958 0. 00329
Soybeans 0.10 1. 059 0. 00481
0.08 1.118 0. 00961
0.14 0.941 0. 00481
Weat 0.10 1.028 0. 00329
0.08 1. 056 0. 00659
0.14 0.972 0. 00329

% The yield ratio is the estimated yield for the action i relative to the
current standard of 0.12 ppm  These ratios were calculated fromthe
information in Table 2.
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biological yield ternms, they match or exceed the |osses that Boyer (1982)
attributes to insects, diseases, and weeds.

In addition to the biological and econom ¢ consequences of the ozone
exposures that result frommeeting the current ambient standard, the
consequences of alternative SNAAQS for ozone of 0.8 ppm 0.10 ppm and 0.14
ppm are eval uated. By mani pulating the equilibrium supply condition of
expression (4) for each crop, one can give econon c neaning to the
bi ol ogi cal consequences of the alternative hypothetical anbient standards.
The supply shifts that the biol ogi cal consequences induce are registered in
nmovenents of the economic surplus (gross benefit) measures. Thus, by
conparing changes in econom ¢ surplus across successful attainnents of the
alternative anbient standards, we are able to assess the differences in
soci etal benefit across standards, including the current standard of 0.12

ppm

C Cal cul ati on of Expected Econom c Surplus

Integration of the areas under the crop supply and demand functions at
relevant price and quantity equilibria provides neasures of the econonic
surplus associated with each anbient standard. Gven the assuned |inear
nature of the nmarket relations, the integration can be acconplished by
using the geometric approximation set forth in expression (7). Table 4
reports these surpluses, where the consunption level for each crop is taken
to be the 1978-80 arithmetic mean. The table states that the tota
econom ¢ surplus for the national consunption of the four crops is $51
bill'ion when the anbient ozone standard is 0.12 ppm it does not say that
this standard is responsible for the entire $51 billion. The last colum
| abelled "Change in Economic Surplus" is the feature of interest. Its
entries represent the addition to or subtraction from econom c surplus
predgcted to result fromaltering the current ambient standard of 0.12

ppm

The economi ¢ nmodel in expressions (27)-(29) does not register the
different cropping patterns growers mght select as |evels of anbient ozone
change; that is, some of the ways in which the grower nmight neximze his
gains froman ozone decrease and mnimze his | osses froman ozone increase
have been onitted. This causes the estimated gains of economic surplus in
Table 4 from an ozone decrease to be understated and the estinated | osses
from an ozone increase to be overstated. W do not know the extent of
under- or overstatenent the onmission, causes. Its repair requires a nore
conpl ete model of grower decision processes.

D. The | npact of Enhanced Precision in Yield Response Estimates

The enpirical inplenentation of expression (25) is the real focus of
our concern. For given yield response information, and when a particul ar
ozone standard is to be enforced, we want to know the entire probability
distribution of the economc surplus, not just the expected surplus.

Rat her than assuming that the estimated yield response paraneters are the
“true" ones, we wsh to acknow edge statistical uncertainty explicitly by
including it in the analysis. The inclusion provides insight into what can
be gai ned by additional observations on
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TABLE 4

Sum of Economic Surpluses for Four Crops with
Alternative Secondary Ozone Standards

Al values are in billions of 1980 dollars.
Assunmes linear vyield-response functions.

Anbi ent standard Expected Surplus Change in Expected Surplus
2, E[W(i)] E[Wi)] - E[Wo)]

0 (0.12 ppm 51.286  ommee-

1 (0.10 ppm 56. 177 4.891

2 (0.08 ppm 61. 257 9.971

3 (0.14 ppm 46. 637 -5. 349

SOURCE: Calculated from information in Tables 1 and 3.
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the yield responses of corn, soybeans, wheat, and cotton to anbient ozone.
Addi tional observations provide reductions in the variance of the yield
response paraneter, ‘£, ultimately causing it to converge on sone stable
magni t ude whi ch approaches the true but unknown nagnitude, 8.

The nore precise yield response information afforded by additiona
experinental observations has policy worth only if it has the potential to
alter a decision. W ask whether additional precision in the linear yield
response results reported in the NCLAN Annual Reports (1981, 1982) and in
Heck, et al. (1982) is likely to influence the econom c surplus estimtes
that could form a basis for decisions about allowable anbient ozone
concentrations.

Figures 2, 3, 4, and 5 display the uncertainties in econom c surpluses
caused by the estimated paraneters of the yield responses of Tables 2 and
3. For each of the four crops, the figures represent the density functions
of the differences in econom c surpluses between the current anbient
standard of 0.12 ppm and alternative standards (reading fromleft to right
in the figures) of 0.14 ppm and 0.10 ppm and 0.08 ppm The scales on the
vertical axes are probabilities per unit of output. Two features of these
functions are worthy of note, particularly when one renenbers (recall Table
2) that the linear yield response estimates on which these surplus
di stributions are founded involved as few as 10 and no nore than 22
degrees- of - freedom

First, the nass of the surplus estinmates at and in the i medi ate
nei ghborhood of their means is very great for each crop-anbient ozone
conbi nati on. Only the distributions for the 0.08 ppm standard |ying on
the far right of each figure exhibit nuch variability. Addi ti onal
experiments using linear yield response functions for the four crops
woul d i ncrease the mass at the nean of each distribution, but it seens
likely that this increase would contribute very little to any standard
setting policy decisions based on these distributions. This judgenent
is reenforced by the lack of overlap between distributions, with the
sol e exceptions of the 0.10 and 0.08 ppm surplus distributions for corn
and wheat, which display sone overlap with one another. This |ack of
overlap between distributions inplies that the common tradeoff between
Types | and Il statistical error need not be confronted, given that the
surplus estimates are to be used to discrimnate anong the econonic
inplications of the nanmed alternative anbient ozone standards. Even for
the two cases where overlap does occur, it happens in each case about
one standard deviation (the inflection point) from the nean of at |east
one of the overlapping distributions. If, as is in fact done in Figure
6, one aggregates the surplus distributions for each anbient standard
across the four crops, the force of any policy concerns about these two
i nstances of overlapping is tenpered sinply because the extent of the
over| apping nearly beconmes nonexistent.
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Figure 3
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Figure 5

DI STRIBUTI ON OF NET BENEFITS, WHEAT
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SECTION 4

CONCLUSI ONS

We have presented and enpirically inplenented an anal yti cal
framework in which the worth of nore precise yield response infornation
may be reckoned. Qur framework deconposes into two parts. The first
part depends on the statistics of the yield response function, while the
second operates with the slopes of the supply and demand functions at
their equilibriumpoints. Wrth is dependent upon reductions in that
variability of economic surplus estimates for which biological yield
response estimates can be assigned responsibility. It isultimately
determ ned by the extent to which the variability affects the
probabilities of overestimating ultimtely realized economc surplus and
thereby failing to plan for a nore |ax ambient standard, or by
underestimating the realized surplus and thereby failing to plan for a
stricter anbient standard. In effect, the framework explicitly captures
statistical uncertainty caused by yield response estinates and, by
penalizing alternative anbient standards which are possibly too
conservative or too optimstic, allows this uncertainty to be
incorporated directly into the decision process.

By way of illustration, framework has been applied to four different
field crops having quite dissimlar growing requirenments [Heck, et al.
(1982)] and which, with the exceptions of corn and soybeans, are
geographically concentrated in unlike regions. Moreover, as Table 1
illustrates, the market relations for the four crops are diverse. Finally
the framework was used to evaluate discrete anmbient ozone standards
differing by as little as 17 percent and by no nore than 33 percent from
the current standard of 12 ppm Rel atively small variations in ozone
l evel s should, in principle, enhance the relevance of good precision in
yield response estinates. Better precision inproves one's ability to
di scrim nate anong the economi ¢ consequences of the alternative standards.
In short, substantial opportunities were provided for the yield response
information to neke a najor difference in one's ability to distinguish
anong the econonic effects of alternative air pollution levels. VW have
found for all four crops, if possibilities for the grower to alter his
cropping patterns are ignored, that about 20 or fewer linear yield response
observations simlar to those found in Heck, et al. (1982) are quite
adequate to discrimnate anmong the differences in econom ¢ surplus, that
ambi ent ozone standards of 0.14, 0.12, 0.10, and 0.08 ppm generate. This
finding would seemto say as much for the success of the aforenentioned
l'inear yield response experinmental designs as it does for the role of the
econoni ¢ anal ysi s.

Qur findings also provide information that can be used to choose anong
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Figure 6

OVERALL DI STRI BUTI ON OF NET BENEFITS: FOUR CROPS
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future yield response experinents. In particular, yield response
experinmentation with a greater nunber of crops, rather than nore
experinments with those crops that have already been studied, would seem
desirabl e. As Adams, et al. (1982) illustrate, econom sts possess
analytically sound, enpirically verifiable techniques allowing them to
account for the shifts in cropping patterns as well as the market price
effects that changes in anbient air pollution induce. However, these
t echni ques presuppose know edge of the differential yield responses to
given air pollution levels of the substitute crops ,that the
representative grower would consider feasible to produce

In evaluating our conclusions, the reader will have renenbered that
our treatnent enploys linear yield response functions simlar to those
found in Heck, et al. (1982). The issue of nobdel uncertainty has
t heref ore been di sregarded. When dealing with small perturbations in
yield, linear fornms can serve as reasonable and highly tractable
approxi mations to actual nonlinear responses. However, sone of the
yield changes presented in Table 3 approach 10 percent or nore of the
base vyi el ds. One m ght doubt whether changes of this magnitude are
properly viewed as "small." Nonlinear forms such as the quadratic could
provide better fits. When censoring is present, as it is certainly
likely to be when dealing with perennial crops such as citrus and
alfalfa, the various time-to-failure nmodels set forth in Kalbfleish and
Prentice (1980) are deserving of attention. Qur framework is equally
applicable to nonlinear yield response functions. Nonetheless, if given
precision is to be attained, nost nonlinear nobdels are nore consunptive
of degrees-of-freedom than is the linear form

Finally, there are no grounds at this time to extrapolate our results
on the worth of nore yield response information on corn, cotton, soybeans,
and wheat to other response functional forns, crops, or ecosystens. |n
order to judge when such an extrapol ation would be proper, a formal
analysis of the properties of yield response and denand and supply
relations that are influential for econom ¢ surplus measures nust be
undertaken.  This has not yet been done for the vegetative effects of
pol | ution. For classes of vegetation effects involving many-decade tinmne
intervals and episodic events, the supply and demand portion of the
judgenent is unlikely to be available any tine soon. In these
circunstances, the worth of nore precise yield response information will be
greater because it will be the only technical information the policymaker
has avail abl e about the potential nature of societal inpacts.
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APPENDI X

BAYESI AN REGRESSI ON ANALYSI S FOR YI ELD- RESPONSE EXPERI MENTS

A Nature of the Analysis

The purpose of this appendix is to describe how the observations
obtai ned from a dose-response experinent can be nodel ed using Bayesi an
regression analysis. A Bayesian approach is necessary to provide inputs
in a form appropriate for making a decision regardi ng an econonically
efficient level of environmental regulation.

Consider the following "sinple normal linear" regression nodel
[ Zel I ner (1971)]:

Y, =a+ 8K + e (A1)

k =1, 2, ..., n, with the error term(e, ) being independently normally
distributed with zero nean and constant™ variance o2, [N(0,02)]. Here
the X, denote the level of pollutant applied to the kth plot of the
experinent and Y, denotes the corresponding observed crop yield for that
plot. In keeping with the Bayesian approach, the paraneters, «, 8, and
o2 of the regression nodel are viewed as random vari abl es, rather than
as unknown constants.

Assume for purposes of illustration that no prior information is
avail abl e concerning the paraneters of the regression nodel. In
particular, not even the sign of the slope 8 of the regression (or yield
response) function is assunmed to be known. W are allowing for the
possibility, a priori, that crop yield Y and pollutant concentration X
have a positive association. Formally, it is mathematically convenient
to assume that a, B, and log o are uniformy and independently
distributed, a priori. Such a "diffuse" prior probability distribution
has probability density function

p (e, B, 0) == (A2)

—®» < g <® o< B <o <o <o

W wish to estinmate the nean yield Yh corresponding to setting a
pol I utant concentration standard . For convenience, express this mean
yield Y, as a fraction, T_ say, of the nean yield Y associated with the
current “pollutant |evel Xo; that is,

T, = Yh/Yo. (A 3)
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The yield ratio (3) can be reexpressed as
To= 1o B(X - X )/Y . (A 4)

It is assuned that the current mean yield Y is known, so that by (4), the
yield ratio T, is sinply a linear transformation of the slope & of the
yi el d-response” function

W now obtain the posterior probability distribution of the yield
ratio T, given the sanple of n observations {(X,, Y ):k =1, 2, ..., n}
generated by the experiment. The slope B of the yield-response function
has posterior probability distribution of the Student t form
specifically,

(8 - B)
£, = ———m— (A 5)
s(8)

is a random variable having the Student t distribution with n-2 degrees
of freedom Here

R k .Y _ &ax
g - k=1 - ,and a =Y - 8 X, (A 6)
I (X -X°¢
k=1 k
and
- 2
s? (B) = 2 (A7)
n
T (X, - X)?2
=1
with
2 1 o ¢ 32 v o« + B
s? = —5 kil(Yk - Yk) » and Y, = a + BXk. (A.8)

From the posterior distribution of the slope B of the yield
response function, it follows that the posterior distribution of the
yield ratio Th is also the Student t form specifically,

(Th - Th)/s(Th) (A 9)

is a random variable having the Student t distribution with n-2 degrees
of freedom Here
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~

T,o= 1+ B(R - X)/Y (A 10)

and

~

s(7) = s(B) | X, o= X A

o]

(A 11)

This result concerning the form of posterior probability distribution of
percent yield reduction, T, , enables us to nmake probability statenments
(e.g., to determine the probability that T, is greater than a certain
specified value, given our sanple). In particular, the posterior
probability distribution of T, will be used to compute expected benefits
in the decision-making problem of setting a standard on poll utant
concentration X

B. Exanpl e: cotton-ozone data

W now denobnstrate the application of the Bayesian regression
nmet hodol ogy for estimating yield response functions. Data are taken
froman agrononmic experinment involving cotton plants which were exposed
to different ozone concentrations. The 12 pairs of observations (i.e.,
n = 12) of nean seasonal ozone concentration X (ppm} and cotton yield Y
(grans) per plot are listed in Table Al

Enpl oying the sinple normal linear regression nmodel with the diffuse
prior probability distribution, (A 2), assumed for the paraneters ¢ 8 and
o, the followi ng statistics were obtained:

~

¢ = 1098.39 g, 6§ = -3707.99 g/ppm  s(B) = 288.52 g/ppm (A 12)

The slope, B, of the cotton-ozone dose-response function has posterior
probability distribution of the Student t form nanely,

tcrpy = [8 - (-3707.99)] / 288.52 (A 13)

has a Student t distribution with n-2 = 10 degrees of freedom Figure
Al shows the posterior probability density function for 8. Al though the
prior distribution allowed for the possibility that B is positive (i.e.,
a positive association between cotton yield and ozone concentration), a
posteriori_ the probability that 8 is positive is virtually zero (in
fact, smaller than 0.005%.

W now wish to estimate the percent yield ratio T, for various levels
of ozone concentrationX, , relative to a current nean dotton yield of Y =
838.83 g corresponding to a current ozone concentration of 0.07 ppm For
conveni ence, the value of Y was obtained by using the
regression coefficient estimates a and 8, whereas the form of the
posterior distribution of the yield ratio T,, (A 9), requires that Y be
known. Taking the case of ozone concentratioh Xh = 0.06 ppm (A 10) and
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TABLE Al
Mean Seasonal Ozone Concentration and Cotton Yield by Pl ot

Qzone is in ppm Cotton yield is in grams.

Pl ot Nunber Ozone Concentration Cotton Yield
k Xk Yk
| 0.018 ppm 1030
2 0.032 1030
3 0. 046 988
4 0. 043 936
5 0.070 781
6 0.073 868
7 0.113 633
8 0. 107 600
9 0. 144 647
10 0.138 573

11 0.179 409
12 0. 186 456
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Figure Al

POSTERI OR DI STRI BUTI ON OF COTTON SLOPE
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Figure A2

PCOSTERI OR DI STRI BUTI ON OF COTTON YI ELD RATI O
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(A 11) give:

~

Th = 1.0331, s(Th) = 0. 003440. (A 14)

Thus the standardized yield ratio
(Th - 1.0442)/(0.003440) (A 15)
has a Student t distribution with 10 degrees of freedom Figure A2

shows the posterior probability density function for T.. We note, for

i nstance, that Ty falls between 1.0365 and 1.0519 with a"95% chance a
posteriori.
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! We thus disregard the abundant sources of uncertainty residing in
the econom c propositions and enpirical applications that support contro
benefits assessnents.
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“ On the other hand, Snmith and Vaughn (1980) and Kopp and Snith
(1982) provide sone enpirical support on the cost side for the prem se.
In their studies of the costs of pollution control in the iron and stee
i ndustry, they found their cost estinates to be very sensitive to the
engi neering details enbedded in their nodels.

See Crocker (1982) for nore details. Adans, et al. (1982)
enpl oyed a price endogenous, quadratic progranm ng nodel to examnine the
economi ¢ impact of anbient oxidants upon the 1976 production of 14
annual crops in four southern California subregions. For all but two
the 56 possible region-crop conbinations, the differences between
estimated and actual |evels of crop production were substantially |ess
than £ 10 percent. In 29 of the 56 conbinations, the predicted
percentage yield change inclusive of the econonmic reactions differed
fromthe triggering percentage yield change by a factor of 2 or nore
Many, perhaps nost, of these latter differences are accounted for by the
propensity of farmers to take advantage of changes across crops in nost
favorabl e production opportunities. The errors in predicting ultimte
yi el d responses that neglect of farnmers' econom c reactions wll
i ntroduce can be rigorously shown to be inversely dependent on the
absolute curvature of the production possibility surfaces and the price
flexibility of crop supplies.

The pollution exposure (dose) in each of the yield response
expressions was neasured as a seven-hour seasonal nean concentration of
ozone. The seven-hour period is from9:00 aam to 4:00 p.m, the period
in which stonatal activity and hence plant sensitivity to pollution is
greatest. In order to transformthe nmean seven-hour dose to the same
basis as the SNAAQS, anbient ozone is assumed to be log-nornally
di stri but ed. Thus, for exanple, a seasonal seven-hour concentration of
.07 ppmis treated as being a SNAAQS concentration of 14 ppm

In accordance with expression (2) of the text, the expected
payoffs of the alternative standards are the EfWi)] - E[Wo)] less the
costs of inplenenting the alternatives. USEPA's Ofice of Air Quality
Pl anning and Standards (1979) has estinmated the costs of inplenmenting a
range of alternative ozone standards sinmlar to those we consider at
$3 billion to $9 billion annually. Crocker (1982) suggests that tota
agricultural benefits from all classes of inmproved air quality nay not
exceed 10-20 percent of total air pollution control benefits. If cost
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responsibilities are assigned to agriculture in accordance with its
supposed share of these total benefits, then the expected payoffs for the
0.10 ppm and the 0.08 ppm standards are positive. However, about half the
gain in surplus associated with going fromthe 0.12 ppm standard to the
0.08 ppm standard is due to the estimated increase in corn yields. W have
recently experinmented with a quadratic form for the corn yield response
function and have found that yield responses and consequent changes in
econom ¢ surplus are sonewhat |ower in absolute nmagnitude than the corn
surplus used to arrive at Table 4. In particular, with a quadratic yield
response function for corn, Table 4 becones:

Ambi ent St andard Expected Surplus Change in Expected Surplus

a; E[Wi)] E[Wi)] - E[Wo)]
0 (0.12 ppm 51.3
1 (0.10 ppm 54. 6 3.3
2 (0.08 ppm 57.8 6.5
3 (0.14 ppm 47.5 -3.8

Mre significantly, the density functions for the quadratic version of
Figure 2 now display no overlap. This suggests that biological nbdel
uncertainty may be as inportant a factor as sanple size (precision) in
the role that yield response information plays in benefit-cost analysis.

6 The policymaker woul d have to possess a |loss function putting
extrenely heavy enphasis on Type | error in order to be very concerned
with the overlap between the 0.10 and 0.08 surplus distributions for
corn and wheat.

7 See Adans and Crocker (1982) for detail on the features of these
differential yield responses that are of particular interest to
economi st s. If research resources are limted, the decision problem of
which crops are deserving of additional yield response observations
resenbles a portfolio problem The crops are the kinds of securities
and the observations are the nunber of units of each kind of security to
be hel d.
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