
SECTION 8

EVALUATING ECOSYSTEM OUTPUTS

At the outset, the purpose of this report was stated to be the
development of a means by which ecosystems and the organisms that
comprise ecosystems can be evaluated. To accomplish this, it was
necessary to mathematically model the behavior of ecosystem species using
constructs that are similar to those used in economic models. In this
way, it was possible to integrate the ecosystem into existing economic
frameworks which allowed species to be placed alongside other economic
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 optimizing behavior
themselves. Moreover 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 links among
species must be well understood.

In the remainder of this Section, a methodology is outlined that uses
the results from the previous Sections to evaluate various species. Since
the results are woven into familiar economic models the evaluation process
appeals to techniques already derived in other contexts. In particular,
the literature that deals with welfare measures for goods in intermediate
markets is applied [see, e.g., Schmalensee (1976) and especially Just and
Hueth (1979)]. The basic idea is as follows. A food chain is comprised of
numerous species; each one provides food for the next highest species in
the chain and preys on the next lowest species. Only the highest species
enters directly into consumers' utility functions. All lower species are
basically then intermediate goods iron the consumers' perspective. Hence,
the value of these lower species is assessed in the same way that the value
of intermediate 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 i+1 species and demands 2

The ith species provides input to
output from the i-1

may also be other inputs and &t!$u.?ts
There

to and from species outside the food
chain. The stored energy function for species i is given by a
simplification of (24) as

(53)

This function is not complete 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
considered. Furthermore, the assumption here is that other food chains are
not appreciably effected by changes in this food chain.

Now consider the impact of changing an energy price, say
species i, where j<i. This could come about for many reasons
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 maximize stored energy given the new price. This leads
to other price changes throughout the food chain as species alter prey
patterns and thereby alter availabilities. Assume that prices change
according to a well-behaved monotonic 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 written using the envelope theorem as

(54)

Integrating (54) for a specific price change, say
yields the change in stored energy for species i

(55)

These terms can be interpreted in the same way that Just and Hueth (1979)
interpret their results for economic sectors. The first term on 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

A positive or negative area change for species i represents a
or loss in terms of stored energy in the sane way as the area

changes behind a standard demand curve represent consumer surplus
changes. This change will be denoted as
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(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 term is a demand curve for biomass that accounts for
adjustments in species in the food chain. Similarly, the second
term in (55) is

(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.

Combining (55), (56), and (57) yields

i = l, . . . . n-l (58)

and after solving the difference equation,

(59)

The first term in (59) represents
the humans' demand curve for the n

tqe change in consumers surplus behind
species. This term is the ultimate

goal of the analysis, for it provides a measure of the value of lower
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
consumers surplus) due to a change in an energy price somewhere
ecosystem food chain equals the change in stored energy of the
species where the energy price change
energy changes for species between the i

e-fiiginated, plus allththe  stored
species and the n species.
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By way of example, 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
time to time feed on elk. The loss to humans is accounted for by summing
all these stored energy changes as (59) suggests. Thus, the value of the
plant species can be calculated via its role in the ecosystem's food
chain.

Calculating the actual welfare gains or losses in these situations
will be complicated by several factors which can be explained by extending
the example. 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 also 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 golden eagles, where the latter may be
a variable in the human utility function as are grizzlies. In this
extended example, 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 must be utilized to assess the
welfare losses due to ozone. In a complex ecosystem, the number and
interactions among food chains may be substantial. One cannot expect to
account for all these complexities; therefore, isolating the most important
in terms of potential welfare losses is crucial.

A second complication in the analysis is that some species are not
directly in the utility function, but do show up as species cropped by
humans and used as inputs to manufactured goods. In these instances, the
approach is similar 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 must be added into an equation of the type
given in (59). Referring back to the grizzly bear example, 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 leads to losses because grizzlies are more scarce and both more
difficult to photograph and more difficult to hunt. Thus, a fourth
equation representing losses must be recognized. To summarize, the
ozone-induced loss to the plant species causes losses to humans 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 number due to
fewer rodents; and d) a loss in grizzly hunting opportunities because,
again, they are fewer in number.

One additional note on welfare losses and gains is that they may arise
from sources other than energy price changes. In particular, they may
arise 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
modified to account for these other types of parameter shifts.

The original goal was to place an ecosystem within an economic
framework and assign values to ecosystem components. In economic models,
this can be done because humans have demands for the goods that are
manufactured, and these goods can be valued by observing how much of one
good must be given up to obtain more of another. This is precisely what
has been done with the ecosystem components. How must grizzly bears be
sacrified to obtain more of a manufactured good or vice versa? To
answer this question, an appeal was made to measure grizzly bears, and
all other species, in terms of stored energy. Thus, stored energy has
played a key role throughout the theory. It has been a common
denominator across all species, and a unit of measurement 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 something else such as
number of individuals may be appropriate. But this does not detract from
the methodology 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 matter of
convenience and not essential to the analysis. The convenience is due to
the ability to measure all species in this common denominator as well as
what it is about species that appeals to humans. The common denominator
provides a measurement link between ecosystems and economics, and as
indicated in the introductory remarks, it is a concept accepted by
ecologists.

The model development in this section leading to (59) suggests the
type of data and approaches needed to apply the theory to actual problems.
Because of the complexity of the ecosystem and 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 more heroic than assumptions
used by economists that allow partial equilibrium models to approximate
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
discussed further.

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

Nevertheless, the theory does provide a framework for formalizing the
evaluation of ecosystems and their components. It provides, as well,
directions for future research by indicating the data requirements for
the evaluation process. Furthermore, by studying the links that comprise
(59) in any one food chain, negative ecosystem externalities like those
discussed in Section VII can be identified and avoided.
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SECTION 9

A DIVERGENCE ON DIVERSITY

Watt (1973, p. 34) sets forth the following as a fundamental
principle of ecological science: the diversity of any ecosystem is
directly proportional to its biomass divided by its productivity. That
is:

(60)

where D is a diversity measure directly related (Pielou, 1977, Chap. 19)
to the number of in a given habitat and the relative abundances
of each species; B is the total weight or standing biomass of living
organisms in a habitat; P is the amount of new living tissue produced per
unit time; and k is a constant differing from one habitat to another.
Thus, for a given biomass, system diversity and system productivity are
inversely related.

Within a given habitat, d(B/P)/dt > 0, implying that in the early life
of an ecosystem, the production of new tissue is very large compared to the
amount of biomass. This high relative productivity is the source of
biomass growth. It is achieved by introducing into an abiotic or stressed
environment a small number of pioneer species (e.g., weeds) with rapid
growth rates, short and simple life cycles, and high rates of reproduction.
In the mature stages of an ecosystem, a wider variety of organisms that
grow more slowly and have longer life spans is present. Net production or
"yield" is lower in a mature system because most energy is invested in
maintenance of the standing biomass. Thus, whereas energy in the pioneer
stage is used to increase biomass, so that a relatively empty habitat can
be filled, all the captured energy coming into a fully mature system is
employed to maintain and operate the existing biomass, which already
occupies all the habitat territory available.

Ecosystems that must live under intermittent or continued severe
stress exhibit the attributes of immature systems: they have relatively
low diversity and biomass but high throughputs of energy and thus high
yields.

Ecologists traditionally prefer ecosystems with large biomass and
diversity. This preference for mature ecosystems appears to rest on two
positions: the maximization of system energy capture; and the
maximization of system stability. In the first case, more energy is
captured per unit biomass in a mature system because less energy has to
be "wasted" in growth and reproduction activities. The distinction is
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similar to Boulding's (1966) description of the "cowboy economy" and "the
spaceship economy", where the former maximizes throughput and therefore
energy diffusion, while the latter maximizes incoming energy
concentration and fixation. According to Margalef (1968), the immature
or stressed system expends more energy per unit biomass in reproduction
in order to make up for its more frequent loss of individuals. In
addition, because of its relatively small energy recycling capacity and
its relative inability to alter and to renew its environment in ways
favorable to its sustenance, it must expend relatively more energy per unit
biomass in food gathering activities. The immature system thus expends
relatively more energy in producing new tissue to replace that which has
disappeared (depreciated). In contrast, the mature system expends most of
its incoming energy in keeping what it has already developed: it is
durable. Because it sustains a greater biomass per unit energy, the mature
system is frequently said to be more "efficient" (B.P. Odom, 1971, p. 76).

Although exceptions appear to exist [May (1971), Jorgensen and Mejer,
(1979)], the greater efficiency of mature ecosystems is associated in
ecological 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 homeostatic controls present in greater number and variety in
mature systems, thus providing a greater number of avenues through which
the system can recover from damages to one or more of its components. The
greater simplicity of the immature system is thought to increase the
likelihood that if anything goes wrong, everything goes wrong. Thus
monocultures, which are by definition the simplest and least diverse of
ecosystems, are susceptible to being wiped out by any single pest or event
to which they are sensitive. Incoming energy flows only through one or a
small number of pathways; when this pathway is degraded, no means to
capture energy remains. The system therefore collapses unless energy
subsidies (e.g., fertilizers) are provided from outside. These subsidies
are of course a further source of the low biomass supported per unit
incoming energy that is characteristic of immature ecosystems.

The human dilemma posed by the ecologists then involves a tradeoff
between high yield but risky immature systems with undifferentiated
components, and low yield, reasonably secure systems with a variety of
components. Even if the requisite energy subsidies were usually
available, an earth covered with cornfields would be dangerous.
Moreover, given, as Scitovsky (1976) convincingly argues, the human taste
for variety and novelty, a world of cornfields would be exceedingly dull.
Nevertheless, flowers and butterflies nourish only the human psyche; they
provide little relief to an empty stomach. Human activities increase
biological yields by accelerating energy flows through ecosystems. In
terms of the model of the previous two sections, these activities
increase overall energy prices. To accomplish this, they simplify
ecosystem structures, either by keeping them in a perpetual state of
immaturity or by impoverishing 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 welfare by reducing yields of the material
scaffold of wood, fish, and corn and by increasing ecosystem simplicity:
yields are reduced and monotony is increased. Woodwell (1970) notes that
by elimination of sensitive species, SO., air pollution around the Sudbury
smelter in Ontario first resulted in aL reduction in the diversity and
biomass of the surrounding forest. Finally the canopy was eliminated
with only resistant shrubs and herbs surviving the assault. He also
notes that chronic pollution reduces plant photosynthesis without having
much effect upon respiration requirements. As a result, large plants,
which have high respiration requirements, are placed at a disadvantage
relative to small plants. In a vivid image, he posits the replacement 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 treatments of Hannon (1979), Mauersberger
(1979), and sections two and three of this chapter, the ecosystems
refered to in the following development are long-run equilibria
sustainable with various combinations of energy from solar,
biogeochemical, and subsidy sources. Contrary to much of the ecological
literature, day-to-day transient states in the relative abundances of
various species are disregarded. This permits us to concentrate upon a
small number of key expressions and basic principles, thereby avoiding
the bewildering black-box flow diagrams often used by ecologists. We wish
to gain insight into two questions. First, what is the economic value of
the quantity of each species that a location is producing? For our
purposes, a location is simply a set of map coordinates. Second, what is
the economic 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 particular species assortment, the first
question is usually answerable, given that market (no5,energy) prices of
each species unit are readily observed or inferred.- However, the
second question, whether treated singly or in combination with the first,
has not yet been grappled with insofar as ecological questions are
concerned. We adapt a model of Lancaster's (1975) to deal simultaneously
with the two questions.

To analyze these two questions, we need a model permitting us to trace
through the impact upon the economic benefits derived from ecosystems of
changes in specie quantities and assortments 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 tolone
another. Expression (61) identifies ecosystem i with n species and

(61)

where is the quantity of species j. Biomass is used to normalize the
measure of different species. An ecosystem thus contains different
species in a particular proportion at a single location. Ecosystems that
contain species in different proportions are considered to be different
ecosystems. Given the linearity of (61), the species content of x units
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of an ecosystem is simply x times the content of each species in an
ecosystem unit.

Allow some time interval sufficiently long to permit each feasible
ecosystem to attain a long-run equilibrium defined in accordance with the
model of sections two and three. Assume that a given amount of energy,
g, from solar, biogeochemical, and subsidy sources is available for this
time interval at the location in question. Included in the
biogeochemical energy source is the energy currently stored in the
standing biomass. With E, a variety of ecosystems can be established,
the range of the variety being determined 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 equilibrium need not be a climax
biological equilibrium; that is, it includes other sustainable states as
well. In particular, by including energy subsidies and biogeochemical
energy in available energy, we allow immature ecosystems to be formed and
sustained. For example, 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
requisite biogeochemical energy and energy subsidies are provided.
Similarly, with enough of an energy subsidy (as with a greenhouse) in
Wyoming, one can sustain a banana-mango ecosystem with its associated
flow of bananas and mangoes. We assume, whether reference is to an
entire ecosystem or to a particular species within that system, that the
sustainable yield measure is an order preserving transformation of the
standing stock measure.

For a particular quantity of incoming energy, there will be some
maximum amount of each ecosystem that a particular location can produce.
Let the minimum energy requirements for producing an ecosystem be given by:

(62)

where the elements of the r-vector are sustainable yields per unit time.
$(r) will be called a diversity possibilities function. It shows the
maximum quantities of various species combinations that a location can
sustain with given available energy each period. We assume that Q(r) is
homothetic and convex, and that 0' > 0. For a given energy flow at a
particular location. Figure 10 illustrates a diversity possibilities
function for grass and corn.

In Figure 10, four ecosystems are depicted, one of which, el, contains
only grass, and another of which e4, contains only cows. Two ecosystems,

containing grass and cows in different combinations, are also
If enough alternative ecosystems are possible, a continuous

diversity possibilities frontier, E, can be formed, as we assumed in (62).
For given energy availability, each point on the frontier, E, represents
the maximum quantity of one species that can be produced with a particular
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quantity of the other species being produced. Since cows probably use
relatively less, if any, solar radiation directly, a progressively greater
proportion of biogeochemical energy and energy subsidies will be included
in E as one moves from the vertical axis to the horizontal axis.

The convexity of the frontier follows from an ecological version of
the economic law of diminishing returns known as Mitscherlich's law [Watt
(1973, p. 21)]. As progressively more energy is diverted from grass
production to cow production at the location in question, the increment
to the latter will decline. Similarly, the diversion of energy from cows
to grass will result in declining increments to grass production. Since
in Figure 10, the cows could feed upon the grass, the convexity of the
feasible region is also attributable to the less biologically efficient use
of the given available energy by cows than by grass. As a food chain
lengthens, the amount of original energy used for production by species
distant from the original energy input tends to decrease at an increasing
rate (E.P. Odom, 1971, Chap. 3). Of course, as Tullock (1971)
recognizes, the croppings and droppings of the cows may recycle some of
the energy originally embodied in the grass and cause both grass and
yields to increase over some portion of the frontier. However, as grass
becomes scarce, the cows must expend progressively more energy in search
for it, if it is to remain a part of their food supply. Finally any cow
grazing whatsoever might be so harmful to grass that the frontier bows
inward, causing a nonconvexity problem for applications of economic
optimization techniques.

The assumptions of homotheticity and 0' > 0 for (62) imply that:
$ (X,r) = F(X)+(r) for all X, r > 0. In terms of Figure 10, these
assumptions mean that there could exist a series of similar diversity
possibility frontiers, one for each level of energy availability. The
greater the level of energy availability, the farther would be the
associated frontier from the origin. Therefore the biomass of any
species obtained in a particular ecosystem to which greater quantities of
energy are made available will increase but not necessarily on a
one-to-one basis with the increase in available energy.

To make different ecosystems comparable, we define the solar radiation
to which the location in question is exposed per period as the unit amount
of energy, Each of the ecosystems that can be produced by this unit
energy are t erefore comparable in terms of the biomasses of each speciesh
embodied in them. We shall call them unit ecosystems. Keeping in mind that
an ecosystem is defined as embodying species in fixed proportions, an
altered quantity of an ecosystem is a simple multiple of the quantity of
any species appearing to some positive degree in the unit ecosystem.

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

(63)
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The first-order necessary conditions for a maximum of (63) are,

(64)

and the constraint expressing the available energy. Expression (64)
states that the individual will equate the marginal utility he obtains
from an additional unit of a species to the marginal cost of expending
the energy to acquire that additional unit. Figure 11 is a diagrammatic
representation of (64) for two types of ecosystems, el' and  and two
indifference curves and With available energy, the
individual's utility-maximizing choice is clearly at A, which corresponds
to (64). We shall therefore call any ecosystem which conforms to (64) the
ideal ecosystem. This is the ecosystem having that species assortment most
preferred by the individual.

Assume that our representative individual, perhaps because he is
unable to exercise enough influence over land use, cannot have the
ecosystem. Instead, he must face the e2 system, a system containing
substantially more cows and less grass. The latter system may be
considered to be less "natural" since its maintenance likely requires
substantial man-supplied energy subsidies. With the available energy, E,
the individual will be worse off with the e2 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 system as he would be with the ideal system at A, he
would have to be at B. The attainment of B, however, requires more input
energy as indicated by the diversity possibilities frontier, E*. Since
0A and 0C both require E units of energy, while 0B requires E* energy
units, the energy quantity required to compensate the individual for the
fact of the e2 system is E* - E along the -ray. The compensating
ratio, OB/OC ' 1, is then the quantity of the existing system relative to
the quantity-of the ideal system that keeps the individual at the
original utility level. Since OB and OC are each defined in energy
units, the compensating ratio is a pure number. A glance at Figure 11
makes it obvious that this compensating ratio will be greater, the less
substitutable the two systems 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
depending upon underlying preferences and production conditions, this
ratio is obviously a function h(e,e*), where e* is the species ratio in
the ideal ecosystem and e is the species ratio in the existing system.
Lancaster (1975, p. 57) describes the properties of this compensating
function, which must be convex.

If all existing ecosystems are not to be ideal ecosystems, the
preceding framework implies that in the real world there are some
ecosystems produced under conditions of increasing returns-to-scale. If
decreasing returns-to- scale were universal, less energy would be used by
producing fewer units of a greater variety of ecosystems. In the
extreme, each individual would have his ideal ecosystem available to him.
Similarly, under constant returns-to-scale, the quantity of energy used to
produce a quantity of an ecosystem is 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 more 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
ecosystems they have available. One plausible reason for this is the
presence increasing returns-to-scale in the production of
ecosystems. That is, the presence of increasing returns-to-scale for
some ecosystems may force the individual to choose between an ideal
diversity of ecosystem components and reduced energy consumption per unit
of production for some smaller set of these components.

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 ecosystems
to the same measure, and because of the properties we have assigned to the
diversity possibilities frontier, if represent quantities of
different ecosystems, el and e2, then when Q,=Q,. This
allows us to perform the analysis in terms of a single input function:

(65)

The energy required
given by the sum of

to produce quantity Ql of el and quantity Q, of e2 is
the two input functions:

(66)

and not the sum of the quantities of (Ql + Q,).
then constant returns-to-scale would

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

Now define a degree of economies-of-scale parameter, f!(Q), which is
the ratio of the average energy input requirement to the marginal energy
input requirement. This is simply the inverse of the elasticity of (65),
or:

(67)

If 0 is a constant, f(Q) will then have the form:

(68)

the inverse of which is

(69)

This last expression is immediately recongizable as a homogeneous
function of degree If e > 1, there are increasing returns-to-scale;
if 8 = 1, there are constant returns-to-scale, and if 0 < 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 components, assuming that he
faced no tradeoffs between this ideal and lowered unit energy costs of
ecosystem production. We are now prepared to consider this question of
the optimal deviation of the actual ecosystem available to the individual
from the individual's ideal ecosystem.

Assume we wish to enable the individual to
arbitrary utility level with minimum use of energy.
quantity of an ideal ecosystem, e*, that is required for the individual
to reach this predetermined utility level. If the available ecosystem.
e, is nonideal, the individual will have to be compensated by being
provided more than Q* of the available system. According to our previous
definition of the compensating function, h(e, e*), the amount of the
available eco-system required to bring the individual up to the
predetermined utility level will be Q*h(e, e*). Since the input function
(65) is independent of the species ratios (by the assumed homotheticity
of production and the definition of unit quantities), the optimal ecosystem
is that which minimizes the quantity, Q, required to reach the
predetermined utility level. That is, we wish to minimize:

(70)

This minimum is given by:

(71)

which obviously corresponds to (64). This result is relatively trivial
but it does serve as a necessary prelude to determination of the optimal
deviation of the available ecosystem from the ideal ecosystem.

Suppose there are n-1 less-than-ideal feasible ecosystems, the
deviation of each less-than-ideal system from the ideal system being given
by Then the quantity of the ith ecosystem required to reach
the utility level is given by: total
energy inputs required to reach this utility whether
ideal or not, are then:

(72)

where the are the variables of the problem. From (72) is obtained:

or

(73)

(74)

for a minimum expenditure of energy.

The interpretation of (74) in economic terms is quite easy. The
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l.h.s. of the expression shows the increase in the quantity of the ith
ecosystem required to maintain the predetermined utility level if there
is a one unit biomass increase in the deviation of the available
ecosystem from the ideal ecosystem. The denominator of the term on 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 ideal
ecosystem occurs when the change in the compensating ratio is equal to
the reciprocal of the additional energy required to produce more of the
ith ecosystem. As the available ecosystem deviates less from the ideal
system, the compensating ratio decreases. If the energy inputs required
to reach the predetermined utility level also decrease, then the ideal
system would clearly be optimal. However, if the compensating ratio
increases and, due perhaps to economies-of-scale in production with
simplified ecosystems, energy inputs per unit of yield decrease, then the
achievement of an optimum requires that the tradeoff between the two be
recognized.

The optimum condition (74) can be clarified when stated in
elasticity terms. Upon defining the elasticity of compensating function

= xh'/h and substituting this and the elasticity, (65), of the
function into (74), we have

(75)

which if f, h, and Q are fixed is simply

(76)

Thus the optimal deviation of the available ecosystem from the ideal
ecosystem occurs where the elasticity of the compensating function,

(x), is equal to the degree, 0, of economics of scale in production.
x were such that nh(x) > 8, a one percent decrease in deviation of

the available ecosystem would require nh percent less in ecosystem
quantity (remembering that all ecosystems are measured in the same units
because they are defined relative to a unit ecosystem) and require

(x)/6 > 1 percent less energy resources, so that energy inputs would be
made smaller by reducing the extent of deviation from the ideal system.
However, if nh(x)/6 < 1, an increase in the extent of deviation would
reduce energy inputs. Thus when rib(x)) = 8, the deviation is optimal.
The welfare loss from an increase in the deviation of the available
ecosystem from the ideal ecosystem is balanced by the increased ecosystem
quantity obtained for a given energy input.

B. The Impact of Pollution

In the previous section, we have presumed that over some interval of
the input function, (65), there exists increasing returns-to-scale: that
is, as more energy is devoted to the production of a particular
ecosystem, the ecosystem yield per unit of energy is increasing. When
there are feasible monocultural ecosystems that yield an output (e.g.
beef) highly valued for consumptive purposes, or as an input (e.g.,
sawtimber) for a fabricated good, and if these ecosystems exhibit
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increasing returns-to-scale, then some deviation of the available
ecosystem from the ecosystem may he optimal. The condition for
optimality is Q*h'=(f') or, in elasticity terms,
Tl,!Y.) = 8. It is thus apparent that the extent of optimal deviation will
vary with the parameters that influence the above conditions. The
elasticity, is determined by the properties of the compensating
function, h. economies-of-scale parameter, 8, is either an exogenous
parameter (with homogenous production) or is a function of yield, and
thus of the compensating function.

Consider a pollutant, a, which might, in principle, effect h', f',
or both. For example, a pollutant stresses ecosystems, making them
immature, and thus less diverse. In addition, for at least some of the
ecosystems remaining viable after the introduction of a pollutant, their
yields are less than they would be without the presence of the pollutant,
i.e., the level of ecosystem yield obtainable with any given provision of
energy is reduced. Thus, in terms of Figure 11, the diversity-reduction
would he reflected in a rotation of the available ecosystem toward 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 ecosystem is
unchanged, and if the reduction in diversity represents a movement away
from this ideal system, then the individual will require additional
compensation if he is to remain at the original utility level. A similar
result occurs if f' (the additional energy input required to obtain an
additional unit of an ecosystem) increases. In both cases, an increase
in the deviation of the optimal from the ideal ecosystem occurs. The
effect of a variation in a on the optimal deviation is easily found by
differentiating either (74) or (76).

Upon differentiating (76) with respect to a, we get:

(77)

Given the convexity of the indifference curves, the dnh/dx term in the
denominator must be positive. If the degree of economies-of-scale is
fixed or declines with increases in the level of output, the de/dQ term
in the denominator must be negative. Thus the denominator in (77) will
be unambiguously 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 dnh/da will be positive since the convexity of
the indifference curve requires that reduced ecosystem simplification
imply increased responsiveness of the necessary compensation to further
simplification.

The sign of de/da in (77) is less easily determined. Remembering
that 8 = (f)f'/(Q), it is plausible that increases in a would increase
only f', implying that de/da would be positive, but leaving the sign of
the numerator in (77) dependent on the relative magnitudes of de/da and

It is of course possible that pollution would reduce the yields
for every ecosystem for all output levels. This event would
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be reflected in a reduction in f, implying that d8/du < 0, for a given f'
and Q. In this case, the increase in pollution would reduce rather than
increase the optimal deviation of the available ecosystem from the ideal
ecosystem!

These results obviously imply that economic analyses which
concentrate only on the ecosystem yield effects of pollution can be
seriously misleading. In cases where pollution reduces both yields and
diversity, the analyses will tend to underestimate the economic losses
from the effects. Similarly, if there exist cases where diversity is
decreased while yields are increased, the usual analyses might not
perceive any losses. However, in some cases, the usual analyses will
exaggerate the severity of the losses. Harkov and Brennan (1979 pp.
157-158) conclude, for example, "... that slower growing trees, which
often typify late successional communities, are less susceptible to
oxidant damage than rapid-growing tree species, which are commonly early
successional species." Assuming that the ideal ecosystem is more diverse
than was the available ecosystem before the increase in pollution, the
increase in pollution could reduce f',B, or both. In either
circumstance, more incoming energy would be required than before to
obtain a given yield with the immature ecosystem. The pollution may
therefore reduce the optimal deviation of the available ecosystem from
the ideal system. In short, pollution can enhance rather than hinder the
willingness of individuals to live with mature biological communities!
Obviously, in this case, any economic analysis which neglected the
increase in diversity would overestimate the economic damages
attributable to the pollution.

54



REFERENCES

This ignores other possibilities like geothermal systems or tides.

Lotka likens the development of this model to the work of Jevons
and the marginalist school of economists. He recognizes that this
maximal is not appropriate for humans. Borrowing from Pareto, he
describes humans as maximizers of pleasure. This is consistent with
maximizing species growth only if the marginal pleasures (i.e., marginal
utilities) are proportional to the marginal productivities of the
physical needs. Thus, Lotka essentially denies the validity of an energy
theory of value which, as pointed out earlier, has been propounded by
many modern-day ecologists.

The physiology set is analogous to the firm's technology set often
used in economics. The development of the model presented here closely
parallels the development of the economic model in Russell and Wilkinson
(1979, Chapter 7).

Conditions (11) and (13) characterize the solutions shown
graphically by Rapport (1971, Figure 2) in a model of one predator and
two prey species. Although he has quantities of the prey species on his
axes, he refers to the predator obtaining assimilated energy. Along each
indifference curve in his figure, output energy is constant; or
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 will be
opposite. The sign of F with respect to the X outputs, however, will be
the same as input signs. To relate to an economic production function,
the species is always operating in the uneconomic region of its
physiological function for any positive values of the X's.

The numbers of a particular species are capable of interbreeding.

See Freeman (1979) for a thorough survey of available techniques
for answering this question.

The work of Bigelow and his colleagues (1977) is a detailed
account of the ecosystem possibilities in a Dutch estuary. Odom (1971)
and other ecology texts are replete with other examples.

Other plausible reasons exist. For example, a process through
which the individual can register his ecosystem preferences may be
lacking.
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The envelope theorem (Shephard's lemma) assures us that the
solution to this problem is equivalent to the solution of the utility
maximization problem.
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CHAPTER 2

ON THE VALUE OF THE CONDITION OF A FOREST STOCK

by

Thomas D. Crocker

SECTION 1

INTRODUCTION

Any economic approach to the efficient provision of nonmarketed goods
requires knowledge of individual preferences. As is well-known, if
preferences are transitive so that the Slutsky terms are symmetric,
observations on usages of the good across price and income settings can be
employed to construct demand functions from which unique inferences about
underlying preferences can be drawn. Several specialized techniques such
as travel cost and hedonic pricing methods have been developed to assess
preferences for nonmarketed environmental assets. The premises on which
these and similar observed behavior techniques rest have by no means been
immune from criticism. However, the appropriateness of the transitivity
axiom, which these techniques invoke without exception, has been exempt
from questioning. In this paper, I report a set of empirical results,
obtained by a contingent valuation method, that, for the aesthetic features
of environemental assets, cast doubt upon the validity of this axiom.
Because the axiom is necessary to the uniqueness of the preference measures
generated by techniques that employ observed behavior, one's confidence is
weakened in those measures 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 simply a creature of the contingent valuation technique. No
assurance can be provided that this alternative hypothesis is false. The
likelihood 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 experimental economics and psychology.
Ideally, one would construct a contingent valuation questionnaire by
initially inducing values in the usual manner of experimental economics
[Smith (1982)], and then testing alternative questionnaires in a fully
controlled setting until a version was discovered that generated the
already known valuations. If the test setting does not permit this, one
should at least use as prior information the findings of other controlled
studies.
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SECTION 2

THE SETTING

Even a cursory review of the technical literature dealing with the
biological impacts of air pollution soon turns up expressions of concern
about the impact upon forests of oxidants, primarily ozone, and sulfur
compounds. Nearly always mentioned as the leading exhibit of what has been
happening and what could 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
needles and extensive needle drops on the ponderosa and Jeffry pines that
dominate much of the Forest. It has since been conclusively demonstrated
that the malady is caused by ambient oxidants, the precursors for which are
emitted in the vast upwind Los Angeles urban complex lying beneath and as
much as 80 miles to the west [Miller and McBride (1975)]. Among the forest
ecosystem stresses that the needle mottlings and drops represent are
declines in conifer reproduction [Kichert and Gemmill (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 [Miller, 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 limited to an economic assessment for
self-selected current outdoor recreators of the oxidant-induced damages to
the existing stock of ponderosa and Jeffry pine trees that comprfse the
dominant vegetation types in the most popular areas of the Forest.

Assuming that the marginal utility of money, A,. is constant, the
formal content of the valuation problem can be represented by an
individual's continuous, differentiable objective function U(v(q), q(x)),
where v is his annual number 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 committed, the
individual's marginal loss from more injury is then:

(1)

given that he is unable to influence the levels of x or q. 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)

Certaintly no one would The sign of d2L/dx2 thus
depends upon the signs of If q(x) is lyear? then the
second set of terms in the brackets of (2) disappears, and d U/dq is left
to determine the sing of the entire expression.
upon the magnitude of dU/dq in (1) and the sign
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SECTION 3

THE DESIGN

The questionnaire that was employed is in the Appendix. It was
built around three 6x8-inch color photographs of near-identical large
ponderosa and Jeffry pine stands similar in size and configuration to
those present in the most popular areas of the Forest. Each photograph
was taken at ground level from a distance of 30 to 40 feet. The 3
photographs were simultaneously presented to respondents in the
left-to-right ordering shown in the questionnaire. In terms of the
linear injury scoring system developed by Miller (1973, p. 104), A
represents "very slight injury" with a score of 1 to 8, B depicts "very
severe injury"
with a score of

having a s2ort of 29 to 35, and C shows "moderate injury"
15 to 21. The photgraphs used to represent the forest

environments are thus tied to a cardinal and linear index that
biologists have frequently used to characterize oxidant damages, e.g.,
Taylor et al. (1980).

The purpose of the questionnaire is to generate truthful respondent
messages that can then be compared to the aforementioned environments 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 local residents. So
as to enhance the likelihood that this knowledge would be applied and to
provide among respondents the common frame and editing whose importance
Tversky and Kahneman (1981) emphasize, each respondent was initially told
that air pollution was the source of any differences he perceived in the
health states of the depicted forest environments. In order to temper
their subjective costs of participating, respondents were also told that
the interview would take no more than 5 or 10 minutes. The questionnaire
had to be brief because all respondents were engaged in outdoor recreation
at the time. Moreover, it was expected that nearly all respondents would
be daytrippers or overnight campers having severly limited opportunities to
adapt their schedules to the time demands of an interview.

Interview brevity was possible because detailed explanations of
hypothetical problems removed in time, space, and institutional detail from
the respondent's immediate experience were unnecessary. He was asked to
state his maximum willingness-to-pay in terms 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. Much of the environmental and preference information the
respondent had to process in order to arrive at his additional
willingness-to-pay had therefore already been used by him in his decision
to pay the original access fee. Smith (1982) refers to an experiment of
Siegal's (1961) in which increases in information processing requirements,
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holding reward levels constant, reduced the proportion of reward-maximizing
choices. Recent experimental studies of auction processes; such as Cox, et
al. (1982), demonstrate that bids reflect full willingness-to-pay only
after the participant has had considerable experience with the commodity
and the process. Basically, the close accord between the respondent's
hypothetical and real situations reduced the likelihood of substantial
discrepancies 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 total
valuations.

A further attempt was made to ease the respondent's information
processing burden by asking him initially to rank-order the depicted
environments from his most to his least preferred. This had the further
advantage of allowing the respondent to frame as well as to solve his
decision problem. The separation of the ordering and the bidding
process conforms to the Tversky and Kahneman (1981) view of
decision-making in which the editing or framing phase precedes the
evaluation 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 environment, the
process had the privacy features of a sealed bid solicitation.
Engelbrecht-Wiggans (1980) has shown that when values for more than one
unit per person of a commodity are solicited in this fashion,
willingness-to-pay for the initial unit is not fully revealed.

Given that the respondent's stated maximum willingness-to-pay for
access declined as his perception of the quality of the
environment fell, his bids are compensating surplus measures.
iterative bidding procedure was applied only to the respondent's most
preferred environment. In order to reduce the arduousness of the process,
it was presumed that once the respondent has settled upon this maximum
payment, he had enough prior information about his preferences to allow him
to state without further prodding his maximum willingness-to-pay for a
visit to his next most preferred and his least preferred environments.

Following 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 most preferred environment. A
substantial number of positive (yes) answers to this question would
suggest that the bids were at least partly due to an association between
the respondent's most 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
which of his possible several visits over a tine period his bids would
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refer. Moreover, the emphasis on the current visit did not allow some
respondents to adjust visit frequencies and bids simultaneously while
others adjusted only their bids. The introduction of an element of
noncomparability across the valuations of different respondents was thus
avoided.

Nevertheless, there are at least two reasons why the acquisition of
information on visit frequency and its changes and cost consequences is
useful. First, the adoption of substitute activities, with consequent
alterations in visit frequencey, is a major means by which respondents
expand their opportunities to minimize their losses or maximize their gains
from a changed forest enviornment. A failure to account for alterations in
visit frequency will therefore lead to overestimates of the losses suffered
in degraded environments and to underestimates of the gains acquired in
improved environments. Second, this information provides a crude
the consistency of stated economic bid s with standard economic
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SECTION 4

EMPIRICAL RESULTS

A. Data Properties

Some features of the data obtained from interviews 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 for both samples
were conducted at the same set of Forest locations. heavy local day
trip and overnight camping use of the Forest that Rausser and Oliveira
(1976) remark upon is evident in both samples. Twenty-four of the 36
respondents in the weekday sample had a one-way trip shorter than the
arithmetic mean trip of 82 miles. In th weekend sample, however, exactly
half of the 64 respondents had one-way travel less than the sample
arithemetic mean of 73 miles. Given the heavy preponderance of single day
trip lengths of local origin, it does not seem unreasonable to assume that
the sample represents single purpose recreational visits.

The average annual visits entry for each sample in Table 1 makes
plausible the conclusion that the two samples are drawn from distinct
populations. This plausibility was enhanced when the hypothesis of
equality of the mean bids for A, C, and B between samples was
statistically tested. At the 95-percent confidence level, only the
mean bids for B, the representation of the most severe damage, could be
statistically considered as equal between samples. Retirees,
schoolteachers, students, and the unemployed dominate the weekday
sample. They appear much less frequently in the weekend sample.

In the weekday sample, only one respondent reported a household annual
income exceeding $50,000. The weekend sample had 6 such respondents. One
can only conclude that the bgeak-point for the binary income question was
placed at too high a level. This conclusion is reenforced by those
respondents in the combined samples who said they could have worked on the
day of the interview. Only 3 of these 23 respondents who could have worked
reported an opportunity cost sufficient to exceed $50,000 annually.

Fifteen weekday and 33 weekend respondents stated they would have
stayed home if they had not visited the Forest on their respective
interview day. The remaining 52 respondents in the combined samples
would 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 commercial
activities are plentiful in the Los Angeles area, only one lonely
individual volunteered that he would substitute such an activity, an
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TABLE 1

SAMPLE ATTRIBUTES

Sample Size (n)
Daytrippers
Overnight campers
Southern California residents
Average one-way distance (miles)
Average annual visits now
Average annual visits if only

least preferred environment
available

Usually visits sites resembling A
Usually visits sites resembling C
Usually visits sites resembling B
No resemblances to usual sites
Earnings > $50,000
Could have worked today
Average earnings for those

who could work
Average expenditures on substitute

activity
Substitute to avoid crowding

*Standard Error
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Weekday Weekend

36 64
5

31
34

81.78(10.71)*
3.69( 0.48)*

3.06(0.53)* 5.31(1.18)*
18 39
11 16
4 3
3 6
1 6
8 15

$93.13(18.83)* $173.21(17.86)*

$35.14($9.47)* $25.31(8.50)*
29 48

--
64
64

72.77(3.92)*
5.97( 1.03)*



amusement 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 most
preferred site were congested. It seem that respondents'
willingness-to-pay to avoid "crowding" is at least equal to their
willingness-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 mean bids obtained for
the weekday sample. As Daubert and Young (1981) point out,
willingness-to-pay will be higher for those who participate in the
presumedly less-congested weekday periods.

B. Preference Expressions

Table 2 is a frequency count of respondent rank-orderings across
the environments. A, which is the "very slight injury" obviously rules
respondent preferences. However, the nearly equal frequencies of
A > B > C and A > C > B,
imply that

along with the 10 people who expressed A > (BC),
the sample respondents are unable to express a clear preference

when asked to choose between B and C.

The preference pattern that emerges in Table 2 also appears with
respect to the respondents' cardinal evaluations. Tables 3a and 3b include
the mean and the median
of the 3 depicted

-to-pay additional access fees to each
environments. The willingness-to-pay for the A

environment in each sample is more than twice the willingness-to-pay for
either the C or the B environments. The hypothesis of bid equality of the
elements in the three possible pairs of the depicted environments in each
of the samples was tested statistically. At the 95 percent confidence
level, the hypothesis was rejected for all pairs except for the C and B
mean bids in the weekend sample. Equality of the mean bids for this same
pair in the weekday sample could not be rejected at the 70 percent
confidence level.

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 demonstrated that marginal bid functions can be
interpreted as indifference curves whose slopes represent marginal rates of
substitution between an income equivalent and the good of interest. His
demonstration does not require that the indifference curves exhibit a
diminishing marginal rate of substitution, a requirement that indifference
curves underlying Tables 3a and 3b would clearly fail. Moreover, the
convex form of the total willingness-to-pay functions in these tables
cannot have originated in the biological damage index since Taylor, et al.
(1980) state that it is linear. Any monotonic transformation of this index
will continue to yield a convex total willingness-to-pay function. The
source of the patterns displayed in Tables 2 and 3 must therefore reside in
the underlying preferences for the depicted environments.
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Rank-Ordering

A>B>C

A>C'B

A ' (BC)

(ABC)

B>C>A

C'A>B

C>B>A -

-

1

1B ' (AC)

TABLE 2

RANK-ORDERING OF ENVIRONMENTS

Incidence

Weekday Weekend

12 20

12 22

4 6

5 13

2 1

1 -

Note:

(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

WILLINGNESS-TO-PAY (Weekday Sample, n=36)

Injury score midpoint

Arithmetic mean bid
(Standard Error)

Median Bid

A B

4.5 18

$2.51. $1.07
(.604) (.337)

$1.00

TALBE 3b

WILLINGNESS-TO-PAY (Weekend Sample, n=64)

Injury Score midpoint

Arithmetic mean bid
(Standard Error)

Median Bid

A

4.5

$1.84
(.257)

$1.00

B

18

$0.55
(.102)

C

32

$0.69
-(.202)

C

32

$0.65
(.102)
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There are abundant arguments that nonconvexities reflect systematic
and regular features of individual preferences. May (1954) showed that if
the alternatives being considered are multidimensional, intransitivities
may arise, unless in a lexical fashion, one dimension always dictate
choice. Other arguments are built upon either the unavailability of
information about the consequences of alternative acts, or unwillingness
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 randomly made or an
"inerta of choice" prevails [Devletoglou (1971)]. The existence of these
thresholds or zones has been supported for more than 100 years by
psychophysical experiments involving human perceptions of sensory phenomena
such as heat, light, and sound. Weber proposed in 1846 that a just
noticeable increment in a stimulus 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 logarithm
of the stimulus.

C. Explaining the Bids

When explaining the bids, the semi-logarithmic form to 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 b&ds in a total of 300, where each of the 100
respondents had 3 bids. These 153 zero bids mean that the sample of
bids is censored at a lower bound of zero. More broadly, one observes a
positive bid only when oxidant-induced damages cross a threshold, and
the placement of this threshold differs according to observable
individual 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 makes it unlikely that the sample of bids is
normally or log-normally distributed. All of these facts justify the
application of the Tobit transformation if unbiased and consistent
parameter estimates are to be obtained for the following expression:
Bid = o + Bl 1n (Damage) + (Foregone income) (Substitute
activity expenditures) + Current visits) cost + On-site
cost) + S6 (Weekend + 67 (Avoid crowds) B (Depicted
environment exhibits more damage than commonly visited environment? + E,
where cr is a constant and E is now a normally distributed error term.
The results of the Tobit estimator to this expression are set
forth in Table costs were assumed to be 20 cents a mile, and
on-site costs were either $6.00 or $7.00.

When considering the signs of the coefficients in Table 4, one must
remember that Bid represents the respondent's maximum 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 the
damage index will be negative. Three rationales can be for the
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Parameter

TABLE 4

MAXIMUM-LIKELIHOOD (TOBIT) ESTIMATES OF BIDS

Unit

Dollars

Damage
index

Dollars

Dollars

Annual

Dollars

Dummy
Weekend = 1

+

-

+

?

?

+

+

Dummy
Yes = 1

Dummy
Yes = 1

Expected
Sign

+

-

Normalized
Coefficient

-.0790

-.4271*

.0020*

-.0012

.0120

.0066**

-.0808

1.0543*

.0647

Asymptotic
Standard
Error

.3212

.0807

.0009

.0011

.0078

.0034

.1428

.1925

.1786

Log-likelihood function -452.2018
Observations at limit 153
Observations not at limit 147

error of estimate 2.9724
.1810

* Significant at least at the .05 level of
the one-tailed t-test.

** Significant at least at the .05 level of
the two-tailed t-test.
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positive sign attached to %2, foregone income. First, for those who could
have worked on the interview day, their earnings are likely to be
proportional to their annual incomes. Alternatively, if foregone income
also 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 must 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.

Given that the respondent equates the marginal rate of substitution
between his forest activity and his named substitute activity to their
relative prices, a lower price for the substitute activity implies a
lower 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 more
finely calibrated. should therefore be positive. The sign attached to
$6' the dummy for the weekend sample is ambiguous, even though a simple
comparison of mean bids showed a significant difference between the weekend
and weekday samples. Other factors now taken into account could account
for this change. A desire to avoid crowds, is consistent with a
heightened sensitivity to differences among "qualities" of forest
environments, whatever the sources of these differences. The variable to
which 3% is attached is intended to account for a proposition initially put
forth by Kahneman and Tversky (1979). Although originally developed in the
context of an argument for the state-dependence of decisions under risk,
the proposition implies that the respondent will value a loss of what he
already has more highly than the equivalent foregone gain. The proposition
thus implies that the B% coefficient will be positive.

At first glance, the proper sign for the travel cost variable,
would seem obvious. Higher travel and costs result in a smaller
appropriable surplus, implying a negative In the context of the
problem with which these sample respondents  were confronted, another
interpretation is plausible, however. As already emphasized, respondent
bids refer to an access fee on the very day of the interview. Failure
to pay the access fee would result in exclusion from the forest
environment. Given 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 more costly opportunities to do so.
Their losses from being denied access would be correspondingly greater.
The expected sign of Bj is therefore ambiguous.

All the coefficients of Table 4 possess the expected signs. Only the
coefficients for "1n (Damage)' -- and "Avoid crowds" -- are
significant at the 95 percent level or better. The relatively low
t-value for "Substitute activity expenditures" -- B3, is probably due to
the fact that this variable was set at zero for all respondents who
would choose to stay home.

D. Checking for Inconsistencies

The above nonconvex preference ordering results are discredited if
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TABLE 5

Weekday Samples

Sample size
Average expenditures
Access costs
Loss in surplus

7
$ 40.33
$ 38.97
$ 6.92

Weekend Samples

Sample size
Average expenditures
Access costs
Loss in surplus

CONSISTENY CHECKS

Unaltered
Visit Frecuencies

17
$ 53.79
$ 35.00
$ 1.00

20
$ 41.26
$ 36.37
$ 1.95

Altered
Visit Frequencies

8
$ 21.25
$ 40.75
$ 2.25
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they fail to conform to the minimal requisites of consumer theory. Because
the 48 respondents who would have remained at home were not asked how much
money they would spend at home, there is no information on the "prices" of
their named substitute activities. Table 5 allows comparisons of
arithmetic mean substitute activity prices and differences in bids of most
and least preferred environments for subsets of the remaining 52
respondents. The discussion of Table 5 presumes 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 assumed that the named 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 must be no greater
than his expenditures in his most preferred substitute recreational
activity. Otherwise, the respondent would adopt the substitute activity.
The first column of Table 5 obviously conforms to this proposition, where
$53.79 > $35.00 + $1.00 for the weekday sample, and $41.26 > $36.37 + $1.95
for the other sample. Similarily, if a representative respondent is to
reduce his visit frequency, his access costs plus his loss of surplus must
exceed his expenditures on the substitute activity. Again, the second
column 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 axiom is applicable here, and given appropriate
separability and linearity assumptions [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 would cause to accrue to
current outdoor recreational users of the Forest.

In 1982, the Forest had 6,446,000 recreational visitor-days of which
approximately 90 percent were day or overnight trips [Personal
Communication (1983)]. Presume in the following calculations that at
least some part of each of these visitor-days was spent in the 161,000
acres composing the ponderosa-Jeffry pine portion of the Forest. Miller
(1973) remarks that 46,000 acres, 54,000 acres, and 61,000 acres of this
forest type have respectively been heavily, moderately, and lightly or
not at all damaged by ambient 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 C- and B-type environments. If we assume that
the remaining 66 respondents are indifferent to damage reductions in C- and
B-environments, then only the aforementioned 34 sample respondents will
benefit from a shift of all Forest environments to A. The respective mean
bids for A, C, and B of the 15 weekday individuals among these 34
respondents were $2.53, $0.87, and $0.33; for the weekend individuals, the
respective mean bids were $1.22, $0.53, and $0.60. Of the 515 annual
visitor days in the combined 100 respondent sample, these 34 individuals
accounted for 199 days, or 39 percent. If adjustments in visitor days are
disallowed, and if visitor days are assumed to be distributed equally
between weekdays and weekends, the aggregate annual willingness-to-pay of
those Forest visitors who do not now recreate in A-environemtns is readily
calculated. For example, the aggregate annual willingness-to-pay for the C
environment is:

 (0.39)(6,446,000) = $1,760,000

Similar calculations performed for the A- and B-environments yield annual
values of $4,714,000 and $1,169,000, respectively.

76



Assuming that the willingness-to-pay for the various environments
are independent of the acreage in any particular environment, the
aggregate annual willingness-to-pay by those who do not now recreate in
the A-environment for the existing mix of A, C, and B-environments is:

61,000 acres
161,000 acres

($4,714,000) 54,000 acres+
161,000 acres

($1,760,000) +

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-environment, the per acre annual mean bid of these same individuals would
be $4,714,000/161,000 acres = $28.63. Similarly, the annual mean per acre
bid for a completely C-environment Forest would be $10.93, and for a wholly
B-environment Forest, it would be $7.26. Thus, for those individuals who
currently do not recreat in A-environments, the shift of an acre-from the
C-environment to the A-environment 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-environemtn would, on average, generate $28.63 - $7.26 =
$21.37 in additional annual surplus for the recreator.

The immediately preceding calculations presume that the
daily visits would not change as the forest environment changes
fact, the 100 respondents state that the sum of their individual annual
visits would decline from 515 days to 479 days if they always had to
retreat in the C or B environments. Moreover, these calculations
dismiss the very real possibility that those who already recreate in A
environments might acquire surpluses from having additional acreages
shifted from C and B into A. Additional A acreages expand their choice
sets, and they may simply prefer that more A-environments exist [Miller and
Menz (1979)].

When the above calculations are redone to account for changes in
visits and for the bids of all respondents for all environments, the shift
of an acre from C to A generates an annual average surplus of $93.80 -
$32.05 = $61.75, while a shift of an acre from B to A provides an annual
average surplus of $93.80 - $26.09 = $67.71.
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SECTION 6

CONCLUSIONS

With the single exception of Calish, et al. (1978), the literature
is devoid of empirical work relating the condition of forest stocks to
measures of economic values. Forest managers will nonetheless make
decisions of economic value. This and similar studies can assist in
giving empirical form to the economic content of these decision
problems.

The marginal value function of this study increases with reductions in
oxidant-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 (forthcoming) review 5 frequently cited studies of atmospheric
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 low stream flows.
Table III of Loehman, et al. (1979) represents an increasing marginal
benefit function for reductions in the health effects of air pollution.
Underlying physical and biological relations or adjustments in some
endogenous variable such as visit frequency could be the sources of these
nonconvexities. The form of the present study rules out these sources.
However, it can neither rule out nor distinguish between intervals of
nonconvexity in preference orderings or the multidimensional character of
its depicted environments as sources of the increasing marginal benefit
functions it observes. Some implications nevertheless follow for future
studies of the values of environmental goods having substantial aesthetic
components.

Using the lucid phrases of Gensch and Svestka (1979), observed
behavior studies might be well-advised when formulating propositions to
devote more attention to "sequential noncompensatory" models of
individual decision processes such as Tversky and Sattah (1979) rather
than focusing only upon the "simultaneous compensatory" models that
currently dominate. The former are able to incorporate randomness 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 amount 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 mapping between
demand and utility.

On the other hand, the immediately preceding conclusion may actually
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be offered little support by the present study. Its results may simply be
a creature of the multidimensional character of the depicted environments.
In particular, a multiplicative interdependence may be present in utility
terms between healthy pine trees and other elements (bushes, resistant tree
species, terrain) present in the packages of forest environments. The
minimum value of a combination of the healthy pine trees and these other
elements may be much greater than the sum of their values when treated
separately; that is, the health of the pine trees must be some necessary
minimal scale in order for the other elements to be valued. If so, the
values obtained here, and perhaps in other contingent valuation studies as
well, are relevant only to the entire environmental package. One could not
then repackage particular elements in order to extrapolate their values to
other settings.
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Interviewer

Date

SBNF Oxidant Questionnaire

; Location .,

Hello. I am

SECTION I

from the Univ., of California.

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.

SECTION II

These photographs show 3 forest environments. Suppose you were to

visit an environment like one of them today. Which environment would

you most prefer to visit?

A B C No preference (Circle)

Is there a single environment you would least like to visit?

A B C (Circle)

Suppose that the only way you can enter any environment like 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 programs designed to

protect this forest. Would you be willing to pay an additional $3.00 to

assure entrance today to the environment you most 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 $ .
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How much additional would you be willing to pay to assure entrance

today to your nest most preferred environment? Record bid $

How much additional would you be willing to pay to assure entrance

today to your least preferred environment? Record bid $

Would you be willing to go to your least preferred environment if

it were the only way to avoid crowds present in your most preferred

environment? .

SECTION III

Now I would like to ask a few other brief questions.

Where is your home?

How far did you travel today to get here?

Which environment in the photos most closely resembles the sites

you usually visit?.

A B C None (Circle)

About how many days do you visit this forest each year?

If all the forest were similar to your least preferred environment,

how many days each year would you visit?

If you wanted, could you have worked today?

Yes No (Circle)

If yes, about how much would you have earned?

If 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 (Circle)
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REFERENCES

1 According to Bolsinger (1980), these two species also comprise 59
percent of the Forest's sawtimber volume. Though little actual
logging takes place, the Forest contains nearly 1.2 billion board
feet of sawtimber. Originally established in 1925, "...primarily
for the conservation of water resources" [U.S. Forest Service
California District (1942)], the Forest has since become the most
heavily used unit for outdoor recreation in the National Forest
system [Hilb (1976)].

2 These color print enlargements were selected from among hundreds of
35 mm slides owned by Dr. Paul R. Miller of the Pacific Southwest
Forest and Range Experiment Station. Buhyoff and Wellman (1980) cite
numerous psychophysical studies which support the hypothesis that
people evaluate photographs of landscapes "in the same manner" in
which they evaluate the actual scenes. The injury scores were
assigned by Dr. Miller on June 17, 1983.

3 This is not quite accurate, since the fee change measures the price
change required to maintain the ex ante utility level. Hicksian
compensating measures refer to the income required for such
maintenance. However, as opposed to some unidentified visit, the
fees in terms of which the bids were stated refer to a specific
visit to which the respondent was already committed. The
difference 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) becomes very complex, implying that
its sign will likely be for reasons in addition to the
ambiguity of the sign for Many contingent valuation
studies are less than clear as to whether the respondent was
allowed to adjust his visits as he calculated his bid.

4 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
willingness-to-accept payments that are actually offered, e.g.,
Bishop and Heberlein (1979); and (3) various tests for the
consistency with economic logic of the respondents' statements,
e.g., Rowe, et al. (1981). Rowe and Chestnut (1983) provide a most
useful commentary on the meaningfulness of many of the test results
reported to date.
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5

6

7

8

9

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 damages.

The binary form of the annual income question was prompted by two
considerations: (1) the fact that, when trying to explain bids for
aesthetic environmental commodities, most contingent valuation
studies have obtained small and statistically insignificant
coefficients for annual income; and (2) serious doubt that one can
define adequately within the confines of a 5 or 10 minute interview
what is to constitute annual income. The binary measure enhances
the likelihood that different respondents employed similar
definitions.

All those who were not indifferent among the environments yet who
refused to provide any positive bid replied with "We pay too much
already," "Present fees are high enough," and similar sentiments.
One weekday individual bid $20.00 for the A environment. This was
the highest bid for any environment. 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
environment, while the other was for the A environment. Removal of
these "outliers" does not alter monotonically increasing form of
the marginal benefits functions.

Only 68 of these zeroes were for the A environment, and 54 of the
68 were by the 18 respondents who were indifferent among all the
depicted environments.

As usual, the normalized 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 embodies two components:
(1) the change in the probability of a bid being greater than zero
weighted by the expected value of those bids which are greater than
zero; plus (2) the change in the expected value 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 making a positive bid as well as for changes
in the magnitudes of the positive bids.

10 An ordinary-least-squares, linear in the original variables
regression for explaining the variation in visits produced the
following:

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 dummy set equal to unity when the respondents stated that
his annual income exceeds $50,000; RTON is a dummy set equal to
unity when the respondent stated that his worktime 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
statistics for this expression were

on-site costs. Summary
= 0.15, F = 13.82, and n =

180. Ten respondents who professed never to visit a site similar
to those depicted excised from the sample. The parenthetic terms
beneath the coefficients are standard errors. Six observations on
the dependent variable were zeros.
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CHAPTER 3

THE VALUE OF YIELD RESPONSE INFORMATION IN ECONOMIC ASSESSMENTS OF
POLLUTION IMPACTS ON MANAGED ECOSYSTEMS:

A METHODOLOGY WITH ILLUSTRATIONS

by

R.M. Adams, T.D. Crocker, R.W. Katz

SECTION 1

INTRODUCTION

Consider a policymaker who must make a decision about altering an
allowable ambient pollution level. Suppose that he tries only to maximize
an economic measure of the difference between the benefits and costs of air
pollution control. Control-induced improvements in agricultural yields
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 biological
dose-response (yield) research in order to reduce his uncertainty.
However, a finite research budget forces him to ask how much this yield
response uncertainty might be reduced before he makes a control decision.
To answer this question, he must know the extent to which improved yield
response information will affect net benefit estimates and therefore
influence his policy choice. We try to provide answers to this question
for exposures to ambient ozone of four major United States agricultural
commodities: corn, cotton, soybeans, and wheat. Although our primary
concern is methodological, we provide estimates of the gross economic
benefits of ozone control for these four crops in order to show how the
question can be answered.

The uncertainties the policymaker wishes his yield response researcher
to confront arise from three sources: (1) natural uncertainty, or
uncertainty about the stochastic process such as the exact manner in which
a plant metabolizes each molecule of the toxin; (2) statistical
uncertainty, or the doubts due to limited data, associated with estimation
of the parameters of any particular model of the stochastic process; and
(3) model uncertainty, or the misgivings about whether a particular model
of the stochastic process is the "true" model. Only the advances in
fundamental knowledge that basic research provides can overcome natural
uncertainty. Model uncertainty refers to the researcher's inability to
identify and unambiguously defend unique choices of the system of equations
to be estimated, the functional form and dimensionality of the design
matrix, the values to be assigned to each element of the design matrix, and
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the designation of the endogenous variables and their density functions.
Gaver and Geisel (1973), Barry and Wildt (1977), and Klein, et al. (1978),
among others, treat these issues, usually within a Bayesian framework. Our
discussion, which is also Bayesian, is limited to statistical uncertainty,
where this kind of uncertainty is interpreted as imprecision in biological
estimates of yield responses. We want to know the consequences for
pollution control benefits assessments of varying of statistical
imprecision in biological yield response estimates. our problem
and our treatment is somewhat different, our basic perspective is in the
tradition of the line of work originating with Hayami and Peterson (1972).

Statements that the benefits of environmental pollution control are
much more difficult to assess than the costs are commonplace, e.g., Eads
(1981), although the arguments that support the conclusion are rarely
provided. Jacobson (1981) and Olson (1982) argue that a major obstacle to
benefits assessments springs from the difficulty of replicating the
responses of complex natural systems having large geographical and temporal
scopes. This presumes that benefits assessment methods requires
difficult-to-acquire yield response information. When this presumption is
combined with concerns about the compounding of measurement errors from the
logical chain of pollution exposures to yield responses to economic
benefits assessments, one can easily conclude that all yield response
information has high marginal value. It readily follows that frequent and
rigorous policy applications of benefits assessment techniques must wait
upon the accumulation of extremely precise yield response information.
Formal economic assessments of the benefits of environmental pollution
control are then supposedly rendered intractable if the prior yield
response information they are thought to require is ill-defined. Many
economists have implicitly accepted the premises 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. We reject the ease with which the position has been accepted
by natural scientists and some economists, and demonstrate how the value of
more precise dose-response information to benefit-cost analysis can be
estimated.

A premise of the above position is that more precise yield response
information always contributes at least as much to benefits estimates as
does a thorough representation of price responses and producer and consumer
adaptations to an environmental change. Some recent empirical of
Adams, et al. (1982) casts doubt upon but does not deny this premise. For
the particular circumstances Adams et al. (1982) studied, price responses
and producer adaptations played a far larger role in determining the
predicted crop production adjustments resulting from an air quality
improvement than did thy biological predictions of yield changes triggering
the economic reactions. In short, at least in the case of Adams et al.
(1982), the ultimate yield effects and consequent benefits estimates of air
pollution hinged as much on an adequate representation of producer and
consumer decision processes as they did upon any grasp of biological yield
response functions.
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In the next section, we derive the measures we will employ for
assessing the worth of more precise yield response information. Worth is
to be interpreted in terms of the differences this more precise information
makes in estimates of the economic benefits of alternative ambient air
quality levels. An example empirical application of the aforementioned
measures to estimates of the value of controlling ozone impacts upon United
States production of corn, cotton, soybeans, and wheat follow. All
biological yield response data we use in these sections are drawn from
recent information generated by USEPA's National Crop Loss Assessment
Network (NCLAN), a coordinated multi-site, biological research program
explicitly aimed at providing estimates of biological yield responses for
use in economic assessments. A concluding section summarizes our findings
and offers suggestions for future research directions. An appendix
provides additional analytical and empirical support for the textual
material.
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SECTION 2

DECISION-MAKING UNDER UNCERTAINTY

In essence, the policymaker of the preceding section confronts a
problem of decision-making 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 magnitude of this error will vary
inversely with the precision of his yield response information. His basic
problem then is to decide how many observations to acquire for each yield
response relation of interest. To capture the policymaker's problem, we
adopt a Bayesiar approach [Bayes (1764)] that allows the policymaker to
revise in a statistically meaningful manner the means and variances of his
net benefits estimates when he acquires additional yield response
information. The structure of the Bayesian regression analysis we employ
to specify the degree of uncertainty in the parameters and related
statistics (e.g., mean response) of the yield response function is set
forth in the Appendix.

In order to characterize our approach more fully, consider a situation
in which a finite number, say I, of possible actions i = 0, 1, ... I -
1, is available: Action a consists of maintaining current ambient
standard, in which case the" resultant pollutant concentration is
Action consists of setting a new standard, in which case

concentration is The new standard,
either less than or greater than

may be

A. Expected Payoffs

The net benefits the policymaker expects to realize from any action he
selects are the expected payoffs. He must estimate the expected payoffs
corresponding to each possible action. The expectation of payoffs is used
because actual payoffs depend on the unknown parameters of the yield
response function and, consequently, are random variables. Letting R(i)
denote the payoff when action is taken,

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

where W(i) represents the gross economic benefit to society when action
is taken, and c(i) represents the costs of implementing the same action.
From a Bayesian viewpoint, W(i) is a random variable and, hence,
R(i) also is a random variable. Taking expectations,

E[R(i)] = E[W(i)] - c(i). (2)
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It remains to derive an expression for E[W(i)], the expected gross economic
benefit when action ai is taken.

We consider J different crops. Let be the quantity of the jth
crop (j = 1, 2, ..., J) produced under air pollution concentration

Similarly, denotes the quantity of the jth crop produced under
air pollution X = XCi) (i.e., when action
1). Then,

is taken, i

(3)

denotes the percentage adjustment in yield for the jth crop when
It 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 from the
agricultural system when quantity Q is produced is measured in terms of the
mean level of consumption realized at time t. Following the specification
of Bradford and Kelejian (1977), the societal benefit is given by the
expected value of the Marshallian surplus, w(Q):

(4)

where E is the expectation operator,
at which quantity

is the level of
supplied and are equated,

the demand price at time t for quantity g of the commodity j,
is the analogous supply price. For simplicity, we
intertemporal questions and transfer costs. To implement the policy
assessment that (4) represents, consider the following well-behaved
general equilibrium, inverse linear demand and supply functions [Just,
et al. (1982)]:

(5)

(6)

and are constants incorporating the effect of other
in 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 economic and environmental conditions. The economic
benefit to society when quantity Q of the jth crop is produced can be
geometrically approximated as

(7)

where
and

is the absolute value of the slope of the demand equation (5)
the slope of the supply equation (6). Applying (3) and (7),

93



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

Taking expectations,

(8)

(9)

Using the fact that has a posterior distribution of the Student t
form [see (9) of the

(10)

where the refer to the number of experimental yield response
or the jth crop. It follows that

(11)

Here the and
for the

are computed from the yield response experiment
crop (10) and (11) of the Appendix]. With the

conventions that

(12)

(11) still holds when i = 0.

This analytical expression (11) for the expected economic benefit when
action is taken shows explicitly the effect of uncertainty about
the  ratio for the jth crop, as measured by The naive
approach of substituting in place of in (8) only the
first term on the side of (ll), would result in a negatively
biased benefit value. Specifically, remembering that is the absolute
value of the slope of (5), such a benefit value would smaller than the
expected benefit, E[W(i)] by the quantity

B. Optimal Policy

(13)

Given the results of a yield response experiment, the expected
payoffs, (2), associated with each possible action can be computed from the
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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."
optimal if

Action ai* is

(14)

for every i, i = 1, 2, ..., I - 1; that is, if

(15)

Using (11), action ai* is optimal if

(16)

Condition (16) specifying the optimal policy simplifies if only one
crop is considered (i.e., J = 1).
if

In this case, action ai* is optimal

(17)

c. Probability Distribution of Benefits

The results just derived are based only on the criterion of
maximizing expected return. As Klein, et al. (1978) demonstrate, other
criteria may be more appropriate for some decision problems. It is
therefore of interest to obtain the entire probability distribution of
the benefits, W(i), when action is taken, not just the expected
benefits, E[W(i)]. Such an makes explicit that uncertainty in
the benefits estimates for which imperfect 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, W(i,j)
say, with

(18)

i = 1, 2, ..., I - 1. Now, by equation (9) of the Appendix, the
standardized yield ratio random variable
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has a Student t distribution with - 2 degrees of freedom. That is,
has p.d.f.

(20)

Using change of variable techniques, the benefits for
the jth crop when action ai is taken to related to the for
the yield ratio by

(21)

To evaluate (21), we note that (19) implies that
related by

and fT.+ij are

(22)

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

(23)

Since (23) expresses w(i) as a sum of independent random variables, its
p.d.f.
the

say is a J-fold convolution [Feller (1950, pp. 214-2161 of

obtained by the recursion:
Specifically, fwCi) can be

(i) (24)

(ii)

j = 2, 3, . . . . j; (25)

(iii) (26)

If (21) is substituted into (25), it is difficult to obtain an
analytical expression for However, (25) can be evaluated by
numerical methods to compute p.d.f.,

Using a numerical algorithm, (25) is evaluated in Figure 1 for one
crop, cotton, and one action, The appendix displays the mechanics of
the calculation. As explained Section III, action al refers to meeting
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FIGURE 1

Posterior Distribution of Economic Surplus for Cotton
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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 that is
due to the statistical imprecision in the cotton yield response
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 combination. However, the figures of Section III are in terms
of the differences in benefits attributable to meeting the existing ambient
standard of . 12 ppm and meeting each of three plausible alternative
standards.
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SECTION 3

AN EMPIRICAL EXAMPLE

The combined production of corn, soybeans, cotton, and wheat
comprised 64 percent of 1980 cropped acreage, 70 percent of 1980 total
crop value, and 65 percent of the value of 1980 agricultural exports for
the United States [USDA (1980)]. The obvious economic importance of
these crops has probably motivated 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 impact of the various air pollutants known
to harm vegetation. Further, ozone in potentially damaging concentra-
tions is thought to be the most widespread of these pollutants. In
order to illustrate the methodology of the preceding section, we
therefore chose to use as an example the contribution that more precise
yield response information makes to estimates of the impact that meeting
alternative ambient ozone standards would have upon the economic value
of production for the four aforementioned crops. In principle, the same
methodology is applicable to other pollutants, such as and other
classes of crops, such as vegetables.

Specific parameters are required to implement the methodology of
Section II. To calculate the benefits function, the parameters of the
supply and demand relations must be available. Parameters of the yield
response function are necessary for estimates of how benefits are
altered under alternative ambient ozone concentrations. Clearly,
assumed and actual (current ambient) 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 ambient ozone
information. Each of these required bits of information is discussed in
more detail below.

A. Supply and Demand Relations

We employ changes in Marshallian surpluses to measure the
differences in economic benefits across alternative ambient ozone
concentrations. For each of the four crops, a set of semi-equilibrium
market relations is estimated. Given that each crop is an intermediate
product, full general equilibrium properties cannot be invoked [Just and
Hueth (1979)]. This can affect the meaning of the benefits measures.
The semi-equilibrium market relations are specified as:
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(27)

(28)

(29)

where P is crop price, and Qs
consumpt%on levels in equilibrium,

are, respectively, supply and
R is per capita disposal income, T is

time, WP is a weighted price of other feed grains, CSM is oilseed meal
price, S are stocks, is an index of production prices (costs), and QL
is lagged production Prices and income are expressed in actual
dollars. The markets are assumed to be well-ordered. For estimation,
each expression was assumed to be linear in the original variables.

The system (27)-(29) was estimated for corn, soybeans, and wheat by
the Zellner (1962) seemingly unrelated regression (SUR) procedure.
Two-stage least squares, with the Cochrane-Orcutt (1949) iterative
procedure for serial correlation, was used for the cotton system. The
supply and demand parameters for corn, wheat, and soybeans were taken
from SUR supply and demand blocks for major livestock feeds and feed
grains. Simultaneities involving cotton stocks required 2SLS estimation
for that crop. Data cover the period 1960 to 1980, and are from the
USDA Agricultural Statistics annuals, The estimated supply and demand
parameters are presented in Table 1. As is evident from the table, the
statistical results are consistent with expectations concerning signs
and significance of the relevant variables. These are the supply and
demand parameters (the b and e coefficients of (4) in Section II) that
we use to calculate the economic benefits associated with meeting
alternative ambient ozone standards.

B. Yield Response Information

The magnitudes of the yield response parameters used for the
empirical version of expression (A1) in the Appendix are reported in
Table 2. They were derived from data reported in the 1980 and 1981
annual NCLAN reports [Research Management Committee (1981, 1982)], and
were estimated by ordinary-least-squares for an expression linear in the
original variables. Regional differences in responses were accounted
for by testing for the homogeneity of slopes across regions. For those
crops where regionalization was statistically justified, regional yield
response was weighted 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 parameters in the model of Section II. They serve to drive
the benefits assessment. Table 3 reports, in the form of yield ratio
statistics, the yields occurring under the current SNAAQS for
ozone of 0.12 ppm not to be exceeded more than once a year. These
relative yields thus represent the biological consequences of alter-
native regulatory options. They trigger the economic consequences. In
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TABLE 1

Supply and Demand Parameters

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

Crops
Demand Coefficients

Own Price Price

Comb 654.75
(3.211)d

0.31 -0.000089 0.24
(1.850)

CottonC 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)

Wheatb 226.66 0.59 -0.00081 0.52
(3.743) (1.810)

a Evaluated at mean quantity and price for 1960-1980 period.

Estimates from Seemingly Unrelated Regression (SUR) supply and demand
blocks for four feed grains (corn, barley, wheat, and grain sorghum)
and soybeans.

' Estimates from two-stage least squares and Cochrane-Orcutt iterative
procedure applied to expressions which were linear in the original
variables.

Values in parentheses are "t" statistics.
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TABLE 2

ESTIMATED VALUES OF YIELD RESPONSE PARAMETERS

Yield is in grams per harvested plant. Ozone is in parts per million
by volume.

Crop

j

Corna

Sample size Intercept Slope Standard error

n

24 174.0 - 685.0 128.0

Cottona 12 1098.4 -3708.0 228.52

Soybeansa 16 21.4 - 93.1 7.6

\iheata 16 5.0 - 12.0 2.6

El Estimated from data reported in NCLAN Annual Reports (1981, 1982).
Estimates were obtained by ordinary-least-squares for an expression
linear in the orginal variables.
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TABLE 3

YIELD RATIO STATISTICS

Units are identical to Table 2. Ozone is in ppm.

Crop Action
(ozone standard)

Estimated
yield ratio

Standard error
of ratio

i

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

Wheat

0.10 1.059 0.00481
0.08 1.118 0.00961
0.14 0.941 0.00481

0.10 1.028 0.00329
0.08 1.056 0.00659
0.14 0.972 0.00329

a The yield ratio is the estimated yield for the action i relative to the
current standard of 0.12 ppm. These ratios were calculated from the
information in Table 2.

j
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biological yield terms, they match or exceed the losses that Boyer (1982)
attributes to insects, diseases, and weeds.

In addition to the biological and economic consequences of the ozone
exposures that result from meeting the current ambient standard, the
consequences of alternative SNAAQS for ozone of 0.8 ppm, 0.10 ppm, and 0.14
ppm are evaluated. By manipulating the equilibrium supply condition of
expression (4) for each crop, one can give economic meaning to the
biological consequences of the alternative hypothetical ambient standards.
The supply shifts that the biological consequences induce are registered in
movements of the economic surplus (gross benefit) measures. Thus, by
comparing changes in economic surplus across successful attainments of the
alternative ambient standards, we are able to assess the differences in
societal benefit across standards, including the current standard of 0.12
ppm.

C. Calculation of Expected Economic Surplus

Integration of the areas under the crop supply and demand functions at
relevant price and quantity equilibria provides measures of the economic
surplus associated with each ambient standard. Given the assumed linear
nature of the market relations, the integration can be accomplished by
using the geometric approximation set forth in expression (7). Table 4
reports these surpluses, where the consumption level for each crop is taken
to be the 1978-80 arithmetic mean. The table states that the total
economic surplus for the national consumption of the four crops is $51
billion when the ambient ozone standard is 0.12 ppm; it does not say that
this standard is responsible for the entire $51 billion. The last column
labelled "Change in Economic Surplus" is the feature of interest. Its
entries represent the addition to or subtraction from economic surplus
predfcted to result from altering the current ambient standard of 0.12
ppm.

The economic model in expressions (27)-(29) does not register the
different cropping patterns growers might select as levels of ambient ozone
change; that is, some of the ways in which the grower might maximize his
gains from an ozone decrease and minimize his losses from an ozone increase
have been omitted. This causes the estimated gains of economic surplus in
Table 4 from an ozone decrease to be understated and the estimated losses
from an ozone increase to be overstated. We do not know the extent of
under- or overstatement the omission, causes. Its repair requires a more
complete model of grower decision processes.

D. The Impact of Enhanced Precision in Yield Response Estimates

The empirical implementation of expression (25) is the real focus of
our concern. For given yield response information, and when a particular
ozone standard is to be enforced, we want to know the entire probability
distribution of the economic surplus, not just the expected surplus.
Rather than assuming that the estimated yield response parameters are the
"true" ones, we wish to acknowledge statistical uncertainty explicitly by
including it in the analysis. The inclusion provides insight into what can
be gained by additional observations on

104



TABLE 4

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

All values are in billions of 1980 dollars.
Assumes linear yield-response functions.

Ambient standard Expected Surplus Change in Expected Surplus
E[W(i)] E[W(i)] - E[W(o)]

0 (0.12 ppm) 51.286 -----

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 ambient ozone.
Additional observations provide reductions in the variance of the yield
response parameter, 'e, ultimately causing it to converge on some stable
magnitude which approaches the true but unknown magnitude, 6.

The more precise yield response information afforded by additional
experimental observations has policy worth only if it has the potential to
alter a decision. We 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 economic surplus estimates
that could form a basis for decisions about allowable ambient ozone
concentrations.

Figures 2, 3, 4, and 5 display the uncertainties in economic surpluses
caused by the estimated parameters 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 economic surpluses between the current ambient
standard of 0.12 ppm and alternative standards (reading from left 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 remembers (recall Table
2) that the linear yield response estimates on which these surplus
distributions are founded involved as few as 10 and no more than 22
degrees-of-freedom.

First, the mass of the surplus estimates at and in the immediate
neighborhood of their means is very great for each crop-ambient ozone
combination. Only the distributions for the 0.08 ppm standard lying on
the far right of each figure exhibit much variability. Additional
experiments using linear yield response functions for the four crops
would increase the mass at the mean of each distribution, but it seems
likely that this increase would contribute very little to any standard
setting policy decisions based on these distributions. This judgement
is reenforced by the lack of overlap between distributions, with the
sole exceptions of the 0.10 and 0.08 ppm surplus distributions for corn
and wheat, which display some overlap with one another. This lack of
overlap between distributions implies that the common tradeoff between
Types I and II statistical error need not be confronted, given that the
surplus estimates are to be used to discriminate among the economic
implications of the named alternative ambient 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 mean of at least
one of the overlapping distributions. If, as is in fact done in Figure
6, one aggregates the surplus distributions for each ambient standard
across the four crops, the force of any policy concerns about these two
instances of overlapping is tempered simply because the extent of the
overlapping nearly becomes nonexistent.
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FIGURE 2

DISTRIBUTION OF NET BENEFITS, CORN
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Figure 3

DISTRIBUTION OF NET BENEFITS, COTTON
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Figure 4

DISTRIBUTION OF NET BENEFITS, SOYBEANS
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Figure 5

DISTRIBUTION OF NET BENEFITS, WHEAT
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SECTION 4

CONCLUSIONS

We have presented and empirically implemented an analytical
framework in which the worth of more precise yield response information
may be reckoned. Our framework decomposes 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 equilibrium points. Worth is dependent upon reductions in that
variability of economic surplus estimates for which biological yield
response estimates can be assigned responsibility. It is ultimately
determined by the extent to which the variability affects the
probabilities of overestimating ultimately realized economic surplus and
thereby failing to plan for a more lax ambient standard, or by
underestimating the realized surplus and thereby failing to plan for a
stricter ambient standard. In effect, the framework explicitly captures
statistical uncertainty caused by yield response estimates and, by
penalizing alternative ambient standards which are possibly too
conservative or too optimistic, 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 dissimilar growing requirements [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 ambient ozone standards
differing by as little as 17 percent and by no more than 33 percent from
the current standard of 12 ppm. Relatively small variations in ozone
levels should, in principle, enhance the relevance of good precision in
yield response estimates. Better precision improves one's ability to
discriminate among the economic consequences of the alternative standards.
In short, substantial opportunities were provided for the yield response
information to make a major difference in one's ability to distinguish
among the economic effects of alternative air pollution levels. We 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 similar to those found in Heck, et al. (1982) are quite
adequate to discriminate among
ambient ozone standards of 0.14,

the differences in economic
0.12, 0.10, and 0.08 ppm generate.

finding would seem to say as much for the success of the aforementioned
linear yield response experimental designs as it does for the role of the
economic analysis.

Our findings also provide information that can be used to choose among
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Figure 6

OVERALL DISTRIBUTION OF NET BENEFITS: FOUR CROPS
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future yield response experiments. In particular, yield response
experimentation with a greater number of crops, rather than more
experiments with those crops that have already been studied, would seem
desirable. As Adams, et al. (1982) illustrate, economists possess
analytically sound, empirically verifiable techniques allowing them to
account for the shifts in cropping patterns as well as the market price
effects that changes in ambient air pollution induce. However, these
techniques presuppose knowledge of the differential yield responses to
given air pollution levels of the substitute crops 7that the
representative grower would consider feasible to produce.

In evaluating our conclusions, the reader will have remembered that
our treatment employs linear yield response functions similar to those
found in Heck, et al. (1982). The issue of model uncertainty has
therefore been disregarded. When dealing with small perturbations in
yield, linear forms can serve as reasonable and highly tractable
approximations to actual nonlinear responses. However, some of the
yield changes presented in Table 3 approach 10 percent or more of the
base yields. One might 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 models set forth in Kalbfleish and
Prentice (1980) are deserving of attention. Our framework is equally
applicable to nonlinear yield response functions. Nonetheless, if given
precision is to be attained, most nonlinear models are more consumptive
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 more yield response information on corn, cotton, soybeans,
and wheat to other response functional forms, crops, or ecosystems. In
order to judge when such an extrapolation would be proper, a formal
analysis of the properties of yield response and demand and supply
relations that are influential for economic surplus measures must be
undertaken. This has not yet been done for the vegetative effects of
pollution. For classes of vegetation effects involving many-decade time
intervals and episodic events, the supply and demand portion of the
judgement is unlikely to be available any time soon. In these
circumstances, the worth of more precise yield response information will be
greater because it will be the only technical information the policymaker
has available about the potential nature of societal impacts.
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