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Abstract
This paper considers continuous and cyclical farming strategies for the management of soil
resources for sustainable agriculture. The results of the Lewis and Schmalensee (1975, 1977,
1979) analysis of the optimal use of a renewable resource in the presence of nonconvexities
is used to demonstrate that cycles of exploitation (farming) and regeneration (bush fallow) can

be the optimal strategy for soil management for sustainable agriculture.
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POPULATION GROWTH, SOIL FERTILITY, NONCONVEXITIES,
AND AGRICULTURAL INTENSIFICATION
1. Introduction

In the classical model of agriculfure and population, an increase in population is the result
of an increase in agricultural productivity. Technological improvements in agriculture create
an agricultural surplus which leads to an increase in the wage rate for agricultural workers.
The higher wage rate induces an increase in population. Since there are diminishing returns
at both the extensive and intensive margins of agricultural production, eventually the growth
in population forces the wage rate to return to the subsistence level. This view of agricultural
production presents a fairly pessimistic view of the prospects for economic growth and de-
velopment. Technological progress is necessary to improve productivity but since population
increases in response to higher wages, the wage rate always tends toward the subsistence level.

Ester Boserup (1965, 1981) presents a view of agricultural development and population
growth in which the Maltbusian relationship between agricultural production and population
is reversed. Population growth, which is more or less exogenous, leads to more intensive use
of agricultural land in the sense that a given piece of land is cropped more frequently. That
is, the cropping pattern changes from long periods of fallow to shorter fallow to continuous
cropping as the population grows. Population growth is seen as a precondition for agricultural
development since even though the more land intensive techniques of farming are available,
a higher density population is required for their aioption to be econcmically desirable.! A
more concentrated and sedentary population facilitates the development of economic and social
infrastructures which are favorable to agricultural productivity and are important for further

economic development. Consequently, the Boserup perspective pisents a more optimistic
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view of population growth and agricultural deveiopment, particularly when the development of
other sectors of the economy are considered.?

There are several formal models of the Boserup perspective on the relationsh.ip between
population growth and agricultural dévelopment (Darity, 1980; Pryor and Maurer, 1982; Robin-
son and Schutjer, 1984; and Salehi-Isfahani, 1988).3 The formal models assume a convex
agricultural production technology and, in general, these models are not particularly optimistic
about the prospects for agricultural development independent of technological progress in the
agricultural sector. The theme that runs through these models is that population growth cre-
ates a demand for increased agricultural production which is supplied by more ‘intensive’
production—-usualiy an increase in labor input (or ‘effective’ labor input) per unit of output. In
the absence of an improvement in farming technology, either per capita consumption or leisure
must fall. In either case, the population increase results in a decrease in well-being and the
analysis has a Malthusian flavor.4 In additon, and perhaps more importantly, none of these ef-
forts have explicitly incorporated the role of soil fertility in the choice of farming technique and
none have directly examined the transition from long fallow periods to continuous cropping.

The convexity of the production technology is an important reason why the prospects for
agricultural development in response to population growth depend upon technological progress.
That is, as more labor is applied to a fixed amount of land, the average productivity of labor
must fall in response to the increase in population (even as the average productivity of land
increases). In the absence of technological progress, living standards must fall--consumption
and/or leisure m:st decrease in response to population growth.

This paper explicitly models the dynamics of soil fertility and demonstrates that noncon-

vexities are an important element of explaining the optimality of the use of long fallow periods
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for soil management. Indeed, nonconvexities are necessary in order for a non-continuous
farming strategy to be optimal. As population grows, and the demand for food increases, the
importance of the nonconvexity diminishes and it becomes economical to farm the land more
frequently. The periods of fallow become shorter and eventually it is optimal to follow a
continuous farming strategy.

Since nonconvexities in the production technology are necessary in order for a cyclical
farming strategy to be optimal, it is possible that the average productivity of labor increases
as more intensive methods of farming are used, particularly when there is a discrete shift
in the method of farming. Thus, it is possible to reconcile the greater labor requirement of
intensive farming with an increase in the average productivity of labor. These observations are
reinforced if there are nonconvexities, such as fixed costs, associated with the developmeht of
more intensive farming techniques, such as the fixed cost of irrigation systems or the cost of
developing transportation or marketing infrastructures associated with the development of an
urban industrial sector. This results in a more optimistic view of the prospects for agricultural
development which is more consistent with the spririt of the Boserup analysis of agricultural
development.®

The next section of the paper reviews the previous formalizations of the Boserup frame-
work. Section 3 presents the dynamic model of soil fertility and section 4 examines the role of
nonconvexities in explaining the use of long fallow periods. Section 5 discusses the: relationship

between population growth and agricultural intensification.

2. Agricultural Intensification
Boserup defines agricultural intensification in terms of the frequency with which a given

hectare of land is cropped. Five types of land use are described, in order of increasing intensity:
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forest-fallow cultivation, bush-fallow cultivation; short-fallow cultivation, annual cropping, and
multi-cropping (Boserup, 1965, p. 15). The management of soil fertility is the key factor in
determining the appropriate degree of agricultural intensification and the associated farming
techniques.5 V/lien population dersity is low, long fallow periods can be used as a low
cost means of managing soil fertility. As the population grows, more intensive techniques of
agriculture are used—that is, the land is cropped more frequently. The quantity of labor and
other inputs must be increased in order to maintain the fertility of the soil.

The previous models of agricultural intensification have focused on the effect of population
pressure on the land-labor ratio. The models do not directly address the issue of the frequency
of cropping or, equivalently, how much of the available land is actually cultivated in a given
time period. Consequently, they are unable to distinguish between extensive agriculture as a
Jow labor input per unit of cultivated land and extensive agriculture as the infrequent cropping
of a unit of land with long fallow periods as a means of managing soil fertility. Indeed, soil
fertility is not included in the previous formal models of agricultural intensification.

Darity (1980) and Pryor and Maurer (1982) formalize the Boserup framework with a vari-
ation of a neoclassical growth model with one output, one input, labor, and a labor-augmenting
factor. In Darity (1980) population growth is exogenous and agricultural output is a concave,
exponential function of the ‘effective labor supply’. While the labor supply at any given time
is perfectly inelastic, the amount of effective labor depends upon an additional parameter, the
labor augmenting factor. The nature of this labor-augmenting factor is not explicitly defined
but it is given the interpretation of either capital (roundabout production) or technical progress.

The labor-augmenting factor changes over time in proportion to the difference between

the exogenously given “socially accepted subsistence threshhold” average wage and the actual
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average wage. The acutal wage rate is determined by the labor supply and the size of the
wages fund. The savings rate is constant and so the wages fund changes in strict proportion
to the agricultural surplus. Because of the constant savings rate, the mv "2l has a knife-edge
property in that the economy either grows without bound, collapses into starvation, or just
happens to follow the knife-edge between those two outcomes, depending upon the value of
key parameters.

In this model, agricultural intensification is defined as an increase in the labor augmenting
factor rather than a transition from long fallow periods to more frequent or continuous cropping
periods. Intensification can occur with no population growth and there can be populétion growth
without intensification. In addition, the initial level of intensification is not determined by a
specific relationship between land and population but must be given exogenously.’

The Pryor and Maurer (1982) model is similar to the Darity model in many respects but
it also incorporates a Malthusian population growth equation. The population feedback allows
the existence of a steady state equilibrium. The rate of growth of population is a linear function
of the difference between the actual income and a “reference” income and the determinants of
the reference income are not specified. It is interesting that the steady state income level is
below the reference income if there is an exogenous component to population growth and if
the production function is strictly concave.

Various specifications of the intensification equation are examined and the labor augment-
ing factor is interpreted as “work int<nsity”. There are two types of intensification: an increase
in the number of liours a person works and the degree of roundaboutness of production. As i
Darity (1980), the rate of intensification is proportional to the difference between the reference

income and the actual level of income and there is no specification of what determines the
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initial level of work intensity. That is, there is no behﬁvioral description of how working hours
are determined nor is the roundaboutness of production described. The analysis begins with
the case in which all of agricultural production accrues to agricultural workers. In the case
of a non-working elite, the speciﬁmﬁon of the the dynamics of the wages fund also differs
somewhat from the specification in Darity (1980)..

A more microeconomic perspective of agricultural intensification is presented in Robinson
and Schutjer (1984) and Salehi-Isfahani (1988). Both models examine changes in the land-
labor ratio which occurs in response to population growth. They differ in their interpretation of
Boserup’s analysis about the prospects for agriculture development in response to population
growth.

Robinson and Schutjer (1984) generally argue that Boserup takes an optimistic view of the
prospects for agricultural development, particularly in the later extensions of her work which
incorperate a non-agricultural sector. They employ a diagrammatic analysis of population
growth and agricultural production in which thers is a choice among different agricultural
practices. The production function for a particular technique is strictly concave with respect to
labor input. Land extensive techniques are more productive than intensive techniques at low
levels of labor input but the relative positions are reversed at high levels of labor input. Thus,
there is a shift in agricultural technique when a population threshold is reached. The switch to
a more intensive technique dampens, but does not revere, the decline in the average product
of labor as the population grows.

In order to generate an increase in labor’s average product with an increase in population,
Robinson and Schutjer (1984) must rely on an ad hoc arugment involving either technological

progress or capital investment. They note that the “...average product of labor need not fall
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as output rises, thanks to technolgical shifts triggered by population growth,” but they do not
specify the link between population growth and technological progress. In addition, as Salehi-
Isfahani (1987, 1988) points out, Boserup's basic argument did not rely on the development of
new techniques and that there was often a shift back to less intensive techniques in response to
a decline in popuiation. In the Robinson and Schutjer model, the new technique (production
function C in their Figure 1) is superior to either of the original production functions and there
would be no return to the previous extensive technique if the population declined.

Salehi-Isfzhani (1988) takes an approach similar to the Robinson and Schutjer (1984)
model, but makes a more careful distinction between technical change, a change in factor
proportions in response to a change in relative scarcity, and technological change, a shift in
the production function, and reaches a much different conclusion. Salehi-Isfahani insists that
labor productivity must decline as population increases and more land-intensive techniques are
used and argues that Roserup also recognized this decline in labor productivity as population
increases. By definition, more intensive techniques are inferior to extensive techniques because
they require more labor per unit of output. The intensive techniques are employed only as a
result of population pressure. Salehi-Isfahani also notes that the ability to use two different
convex technologies simultaneously implies that the production technology is convex but not
strictly convex.? This can slow, but not stop or reverse, the decline in labor productivity which
accompanies agricultural intensification.

Salehi-Isfahani (1988) also adds a model of utility maximizing consumers who face this
production technology. Because of the convex technology, the individual’s budget constraint

shifts inward as the population grows. The individual can adjust by consuming less and/or
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working more. If two production techniques are in use simultaneously, then leisure unam-
biguously declines and an increase in population results in intensification—a decrease in the
land-labor ratio in this framework. This also occurs in the case of one techniqjue if the elas-
ticity of the marginal rate of substitution with respect to consumption is greater than one in
absolute value. The conclusion is a pessimistic, Malthusian-type result that well-being declines
in response to population growth in the absence of technological change.

All of the previous models have assumed a concave production function, that is, a con-
vex production technology. Given this assumption, it the average productivity of labor must
decrease as the labor input applied to a fixed amount of land increases. In the absence of
capital accumulation or technologicai change, which is exogenous to the Boserup framework,
the prospects for growth in per capita production are not good. This seems to run counter to the
spirit of the Boserup analysis that population growth provides the opportunity for agricultural
and economic development which otherwise would not occur.?

None of these previous models focus on the role of long faliow periods as a means of
managing soil fertility. Land plays a static role in these models and there is no distinction
between extensive farming as the continuous cropping of large tracts of land and extensive
farming as the periodic cropping of only a portion of the available land. The intensification of
agriculture is defined as an increase in the amount of labor used in combination with a given
quantity of land rather than an increase in the frequency with which the land is cropped. In the
Jatter case, there may not be any significant change in the amount of cultivated land per farmer
at a given time as agriculture intensifies, although the farmer would expend more labor on the
same amount of land in order to maintain soil fertility. Indeed, it seems that the individual

farmer would like to limit the amount of land under cultivation at a given time in order to
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reduce the trave! time to the. fields (Stryker, 1976). This raises the issue of the role of land per
capita apart from the dynamics of soil fertility and the soil management strategy.

The next section, which is based on the work of Lewis and Schmalensee (1975, 1977,
1979), demonstrates that if the net benefit to farming is strictly concave, then a continuous
farming strategy is optimal. The continuous farming strategy would move either to a steady-
state equilibrium or to the exhaustion and permanent abandonment of the land. If there are
noncovexities in the net return function, then periodic cycles of farming and fallow can be the
optimal strategy for managing soil fertility. The importance of the nonconvexity diminishes as
the demand for food increases with population growth and a more continuous cropping strategy
becomes optimal. |

The incorporation of the dynamics of soil fertility and nonconvexities in the net benefit
function are essential elements of a model in which agricultural intensification is defined as
an increase in the frequency of cropping. Furthermore, if there are nonconvexities in the net
benefit function, then an increase in the labor input and a higher average product for labor are
not necessarily incompatible, particularly if there is a discrete switch from a less intensive to

a more intensive agricultural technique.

3. The Soil Fertility Model
In general, the returns to farming depend upon the fertility of the soil and the application
of labor and other inputs. The state of soil fertility could be described in a variety of ways—soil
depth, soil moisture, the organic matter or nitrogen content of the soil, or a combination or
index of relevant soil characteristics.!® The state of soil fertility at time ¢ is denoted by X(z).
If a given piece of land is left fallow, the fertility of the soil regenerates at a natural rate

which can depend upon the current state of soil fertility. The state of soil fertility can affect the
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soil’s regeneration through the deposition of residue organic matter whose quantity can depend
upon the level of soil fertility.!! Consequently, the natural rate of regeneration of the soil can '
be low when soil fertility is low and then increase, reach a peak, and then decline as the soil
fertility increases. This allows for both a maximum level of soil fertility and a minimum level
below which any degradation of soil fertility is irreversible, such as occurs with desertification.

Let g(X) denote the natural regeneration of the soil. That is, if the land is not cropped
then the change in soil fertility is X(1) = g(X(1)), where X(¢) denotes the time derivative of soil
fertility. It is assumed that there is a maximum level of soil fertility, X, such that g(X) =0 and
a level of fertility, X, below which the soil does not regenerate so that g(X) = 0. It is assumed
that g(X) is concave for X > 0.12

The net return to farming the land depends upon the current level of soil fertility and the
specific farming technique which is employed. The farming technique can represent a schedule
of various ‘activities'—crop selection, tillage, etc.—which affect both the yield from the current
level of soil fertility and the depletion of soil fertility. Thus, the net returns to farming can
be written as a function of the depletion of soil fertility. Let s(r) denote the depletion of soil
fertility at time ¢ and let B(X, s) denote the net return to farming.!3 It is assumed that there are
positive but diminishing marginal returns to soil fertility and soil depletion (farming activity)—
that is, By >0, Bs >0, Bxx <0, Bss<0, and By; > 0. It is assumed that farming is desiratle
at some time so that there exists an s(0) such that B(X(0), s(0)) >0.

Since farming the land depletes soil fertility, the time derivative of soil fertility—that
is, the equation of motion—becomes X(0) = g(X(1)) — s(r). The net benefit function and the
equation of motion capture the trade-off between current net benefits and future agricultural

productivity.!4 The optimal management of soil fertility selects the time path for soil depletion
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which maximizes the present value of et returns from the land over a given time horizon.

Formally, the problem is to choose the time path for soil depletion, s(s), which maximizes:

fo " e~¥B(X(r), s(1)) dt )

subject to:
X(r) = g(X() - 5(1) )
5(),X(t) >0 V¢ 3

where B denotes the rate of discount.1?

The current-value Hamiltonian is given hy:
H(X,s,7) = B(X(1), (1)) + Mg(X(1)) — 5() + &15(r) + 02 X(e) @

where A(7) is the costate variable for the equation of motion governing soil fertility and rep-
resents the current value shadow price, or marginal value, of soil fertility and the o;'s are the
Lagrange multipliers associated with the non-negativity constraints.

The first order conditions for an interior solution are:
8H/3s = Bg(X,5) —A=0 (5)

A =58A - SHIOX = O\ — Bx(X,s) — Ag'(X) 6)

Equation (5) requires that the marginal net benefit of soil depletion is equal to the marginal
value of soil fertility at each point in time along the optimal path—that is, the flow and stock
values of soil fertility are equal at the margin. Equation (6) governs the rate of change in the
marginal value of soil fertility so that the rate of return to soil fertility is equal to the rate of

discount and therefore to the rate of return to other assets.
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Differentiating equation (5) with respect to time and using equation (6) yields the time

derivative of the optimal path for soil depletion:

(® — 5'(X)A — Bx — Bx;(8(X) - s)

B.. @)

$() =

The denominator of equation (7) is negative. The numerator is positive when A is increasing
and soil fertility is decreasing. In this case, then, soil depletion is decreasing over time.

The transversality, or boundary, conditions are:
X(T) > 0, lim—coA(f) >0, and limscoe™ OAE)X() =0. ®)

The transversality condition implies that either the soil fertility is exhausted or the I;resent value
of the shadow price, for soil fertility goes to zero over the infinite time horizon.

The optimal path s*() satisfies equations (5) and (6), the initial condition X(0) = X, the
non-negativity conditions, and the transversality conditions. Thus, the optimal solution s*(r) is
a function of the initial soil depth, the time horizon, the rate of discount, and the parameters
and functional forms of the net benefit function.

With an infinite planning horizon, the optimal path can be to go to a steady-state equi-
librium. A steady-state equilibrium is defined by A = X = § = 0, which implies § = g(X), and
d = g'(X) + Bx(X, 5)/A, where X and § denote the steady state soil fertility and the steady state
soil depletion, respectively. Static efficiency requires A = Bs(X, s). Therefore, the steady state

of soil fertility, X, is defined by the condition:

B, %) , o _
B.(X.g0) S =0 ®)

A sufficient condition for the existence of a steady-state equilibrium is g'(0) > ®.
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Tota! differentiation of equation (9) yields:' .

i s,
dd (d— g)[Bssg' + Bxs] — &'Bxs — Bxx — Bsg"

<0 (10)

if X is a stable equilibrium. Soil fertility in the steady-state equilibrium is inversely related to
the rate of discount. Indeed, there is a rate of discount which is great enough for which it is
optimal to exhaust soil fertility.

If a steady-state equilibrium exists, then soil fertility is monotonically decreasing and its
shadow price is monotonically increasing along the optimal path when the initial soil fertility
is greater than the steady-state level.1® The movement of the state and costate variables is
reversed if the initial soil fertility is less than the steady-state level. If the net benefit function,
B(X,s), is strictly concave everywhere, then the optimal strategy is either to move to a steady-
state equilibrium or to ultimately exhaust the soil fertility, depending upon the own rate of

return to scil fertility, By + g, relative to the rate of discount.

4. Nonconvexities and Farming/Fallow Cycles

If there is a nonconvexity in the net benefit function, then a continuous farming strategy
leading to a steady-state equilibrium may be only a local maximum. That is, there can be a
non-continuous farming strategy—periodic cycles of farming anu fallow which yields a higher
present value. This could occur, for example, if there are fixed costs which do not vary with
the level of farming but are not incurred if the land is fallow, if there is increasing marginal
productivity over some range of farming activity, or if there is a discontinuity in the equation
of motion when farming occurs.

In the case of a fixed cost to farming, the net benefit is zero if the land is not farmed and

B{X,s) — F if the land is farmed, where F denotes the fixed cost of farming. The fixed cost of
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farming could include the cost of preparing the field and the level of fixed cost could depend
upon the level of agricultural intensity.}7 If the net return to farming declines sufficiently as
soil fertility declines, then the net benefits of farming may become negative for all rates of soil
depletion—see Figure 1. In this case, the farmer is clearly better off by avoiding the fixed cost
of farming by not planting a crop and letting the ferti!iy of the soil regenerate before planting
a crop in a later year. The opportunity cost of farming can include forgone returns, such as
fuelwood and forage, which are available if the land is in forest or bush fallow.18

Nonconvexities in the net benefit function can occur in other ways as well. For exainple,
there can be a nonconvexity in crop yields at low levels of farming activity (and therefore soil
depletion). This could arise because because of a minimum level of soil fertility required for
a positive yield or because the marginal productivity of the soil is increasing over some range
of activity.

A nonconvexity in the Hamiltonian, rather than the net benefit function, occurs if there is
a minimura level of soil depletion, denoted o, when the land is farmed. That is, if s() > ¢ >0
when the land is farmed but £(z) = O if the land is fallow. This could occur, for example,
because the removal of the natural vegetative cover exposes the topsoil to erosion. The effect
of this jump in soil depletion is similar to the effect of a fixed cost of production equal to
Ao. However, in this case, the fixed cost of farming is endogenous since the marginal value of
soil fertility is endogenous. If A was constant, then the effect would be identical to a constant
fixed cost to farming. Since A is inversely related to soil fertility, this ‘fixed cost’ of farming
increases as soil fertility is depleted.

In the presence of nonconvexities, the optimal soil management strategy can be cycles

of farming and fallow. Indeed, there are conditions which are sufficient to insure that such
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a cyclical farming strategy .is optimal. The most straightforward case is when there is a
fixed cost to farming. The fixed cost model can be viewed as a first approximation to the other
nonconvexities. The discussion here follows that of Lewis and Schmalensee (1975, 1977, 1979)
which establishes sufficient conditions for the optimality of a cyclical harvest of a renewable
resource.

It is clear that there is a fixed cost which is large enough for it to be optimal to not plant
a crop. For a given fixed cost, let X denote the largest X for which B(X,s(X,0)) < F. That
is, X is the greatest lower bound for the level of soil fertility for which it is possible to have
non-negative net benefits, inclusive of the fixed cost. If the fertility of the soil falls below this
level, then it must be better to not plant a crop. If this occurs, then the option is to abandon
the land or to return to farm the land at a later date when the soil fertility has sufficiently
regenerated to overcome the fixed cost of farming. Whether or not permanent abandonment is
optimal depends upon the cost of returning to farm the land, which is denoted by R.

The most interesting case is when the cost of returning to farm the land is positive but
finite.19 In this case, sufficient conditions for it to be optimal to have farming and fallow
cycles are given by: (a) the net benefit (including the fixed cost) from farming at the steady-
state of the continuous farming strategy, X, is negative (B(X, 2(X)) < F); (b) there is a level of
soil fertility greater than the minimum viable level for which the maximum net benefit from
farming, including the fixed cost, is positive (X > X); and (c) there is a level of soil fertility s..ch
that the present value of returning to farm the land is greater than the cost of returning to farm
the land; that is, there exists an X < X such that V,(X) > R where V, denotes the discounted net
benefit from an optimal abandonment strategy beginning at X (Lewis and Scmalensee, 1977,

Proposition 11).
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The economic intuition behind these sufficient conditions is straightforward. The fized cost
is such that the net return to farming is negative in the steady-state. Thus, a continuous farming
strategy cannot be optimal since eventually’the net return to farming is negative (condition a)
and fallow is the better choice. However, the (temporary) abandonment of the land occurs at a
viable level of soil fertility (condition b) and soil fertility regenerates while the land is fallow.
Eventually, the soil fertility reaches a level at which the present value of farming the land is
greater than the cost of returning to farm the land. But since a continuous farming strategy
is not optimal, eventually it again becomes better to return the land to fallow and the cycle
repeats itself.

Lewis and Scmalensee (1979) point out that these sufficient conditions for the optimality
of cyclical exploitation of the resource are stronger than necessary. Even if the net benefit,
including the fixed cost, is positive in the steady-state, this may be cnly a local maximum,
Cycles of farming and fallow are preferred to continuous farming if the present value of the
increased productivity from the higher soil fertility after a fallow period is greater than the
present value of the net benefit furegone while soil fertility regenerates during fallow. This
is because incurring the fixed cost of farming in each year could result in an annual return
which is less than the average return from a cycle of farming and fallow. In essence, the fallow
periods can be the least cost means of managing soil fertility. The globally optimal strategy
for a specific case would have to be determined by a comparison of the present values for each
farming strategy.

The optimal strategy is stationary if the soil regeneration and net benefit functions, the
fixed cost to farming, the cost of returning to farm the land, and the rate of discount are

independent of time. A farming cycle, then, is defined by the state of soil fertility at which
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farming is stopped, denoted by X, and the level of soil fertility at which farming resumes,
denoted by XR. The cycle interval is then defined to be [x5, XR).

The level of fixed cost affects the optimal length of the farming and fallow cycles. A
decrease in fixed cost increases the optimal amount of time spent farming the land (Lewis and
Schmalensee, 1979, Proposition 3) and decreases the level of soil fertility at which farming is
resumed (Lewis and Scmalensee, 1979, Proposition 5). Ceasequently, a decrease in fixed cost
results in agricultural intensification in the sense that the land is cropped more frequently. In
the next section, these comparative dynamic results are used to examine the effect of population

growth on agricultural intensification.

5.. Population Growth and Agricultural Intensification

Whether a continuous or cyclical farming strategy is optimal depends upon the available
agriculturzl technology, the geological and biological conditions governing soil regeneration,
and the economic conditions in a specific location. Population growth and expanding markets
affect the economic factors which determine the optimal farming strategy. Population growth
increases the demand for food and the price, or value, of agricultural commodities will increase
relative to the cost of preduction. The increase in the value of agricultu:al commodities
increases the net return to farming for a given level of soil fertility and soil depletion. This
tends to reduce the importance of the nonconvexity associated with the fixed cost to farming, the
fixed cost of soil enhancement activities, or discontinuities in the regeneration of soil fertility
when the land is farmed. In essence, the greater population makes it economical to bear the
greater fixed costs associated with a continuous farming strategy.

The effect of an increase in the net benefit from farming which results from the greater

demand for food is approximately the same as the effect of a decrease in fixed cost. Since
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a decrease in fixed cost increases the frequency of cropping, an increase in the net return to
farming has the same effect. Essentially, the higher return to farming reduces the importance
of the nonconvexity in that it reduces the range of values for soil depletion for which the
net benefit from farming is not concave. It also increases the net benefit from farming in a
steady-state and so it is easier to overcome the higher ﬁxeq costs associated with a continuous
farming strategy. However, the shift in the net benefit function is parallel for a change in fixed
costs but not necessarily for an increase in the value of agricultural commodities and so the
analogy is not exact—see Figure 2. A decrease in input costs would cause a similar upward
shift of the net benefit curve.

Thus, agricultural intensification, defined as an increase in the frequency of cropping a
given hectare of land, can be viewed as a change in the optimal farming strategy for soil
management in response to an increase in the value of agricultural production resulting from
population growth. Another interpretation is that as the population grows, the opportunity
cost of fallow land increases and it becomes more economical to use intensive agricultural
techniques to manage soil fertility. In any case, some kind of nonconvexity in the net benefit
function is necessary in order for population growth to result in more frequent cropping rather
than simply a change in the amount of input applied to a continuously cropped hectare of
farmland.

Total agricultural output will increase with agricultural intensification as will the amount
of labor required to maintain soil fertility. If the net return to farming is a concave function
of labor input, then the average productivity of labor must decline as the labor input increases.

However, if there is a nonconvexity in the net benefit function, then it is possible that the
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average product of labor does not decrease in résponse to an incréase in the amount of labor
applied to a given hectare of land.

For simplicity, consider the case in which there are two farming techniques, one which
uses long fallow periods in order to maintain the soil, and a ‘more intensive’ continuous
cropping technique in which soil fertility is maintained through a greater application of labor.
Also suppose that there is a fixed cost to farming. The less intensive, fallow technique will
incur the fixed cost of farming less frequently. In addition, the more intensive, continuous
cropping technique may have a higher fixed cost for one farming period if there are additional
fixed costs—such as labor investments in land improvements—to more intensive techniques for
soil management. One possible situation is depicted in Figure 3.20 The less intensive, fallow
technique is more productive for low inputs of labor, but the more intensive, continuous farming
technique is more productive for high levels of labor input. If labor input is proportional to
population, then the long fallow technique is used when the population is small and a switch
to continuous cropping is made when the population reaches a certain size.

Given that the fixed cost of farming induces a nonconvexity in the production function for
a given farming technique, the average productivity of labor for that technique can be rising
over some range of labor input. If the production function is concave apart from the fixed cost,
then eventually the average productivity of labor for the chosen technique will decline as the
labor input increases. However, the average productivity of labor in agriculture can increase, at
least over some range of labor input, after the switch to the more intensive technique is made
in response to the population growth. This occurs in the specific case depicted in Figure 3.

The possibility that the average productivity of labor in agriculture will increase with

the adoption of more intensive farming, even in the absence of technological change, gives a
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more optimistic perspective.on agiicultural development than in the previous formal models
of agricultural intensification induced by population growth. Of course, whether the average
productivity of labor increases or decreases with agricultural intensification is an empirical
question. Boserup (1965, 1981) generally viewed the productivity of labor as decreasing with
intensification so that intensive techniques are not used until population pressure necessitates
their adoption, but some remarks indicate that labor productivity could increase with some
types of intensification, particularly irrigated multi-cropping. In any case, the average labor
productivity with intensive techniques would be greater than the average productivity of the
same amount of labor using extensive techniques.

Boserup (1965, 1981) also emphasized the interaction between agricultural intensification
and the development of the non-agricultural sectors of the economy. Agriculture intensification
resulting from increased population density provides a larger total agricultural surplus to support
a high degree of urbanization even if the average surplus per worker declines. In addition,
agricultural intensification leads to a more sedentary population. A more concentrated and
sedentary population allows the economy to take advantage of returns to scale in other sectors of
the economy. It is particularly helpful in overcoming the fixed costs associated with developing
social and economic infrastr:ztures since the per capita cost of supplying infrastructure is
greatest when the population is small and widely dispersed. Thus, nonconvexities are also
important in the development of the infrastructure of the ecouomy.

The development of the transportation and marketing sectors and the ability to support
investments in human capital, agricultural research and extension, have particularly important
effects on the agricultural productivity by lowering the costs of obtaining industrial and scientific

inputs—fertilizers, pesticides, extension services, etc.—and the cost of getting crops to market.
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The use of industrial and scientific inputs can enhance labor productivity in agriculture so
that output per man-hour does increase with more intensive agricultural techniques (Boserup,
1975).21

These improvements in agricultural productivity are available only with intensive tech-
niques of agriculture. When the improvement in agricultural productivity associated with the
development of other sectors of the economy is incorporated into the net benefit of intensive
farming (i.e. frequent cropping), the nonconvexity in agricultural production at the switching
point from extensive to intensive technology is even more pronounced and there is a greater
likelihood that the average productivity of labor will increase in response to agricultural inten-
sification. If this is the case, then population growth is necessary for it to be economical to
capture the productivity gains from agricultural intensification rather than agricultural intensi-
fication being a necessary response to population pressure.??

The advantageous contributions of population growth to agricultural development are ob-
tained through the mechanism of the increased value of agricultural commodities. If the price
(or value) of these commodities is kept artificially low, then there is insufficient incentive for
the necessary investments in land improvements and rural infrastructure and the possible gains
from agricultural intensification are not achieved. Unfortunately, agricultural policies such as
subsidies and price supports in developed countries and price ceilings in developing countries
may have had this type of negative impact on agricultural development in some countries
(Boserup, 1987).

In summary, a nonconvexity in the net return to farming is an essential, indeed necessary,
element in explaining the transition from land extensive, long fallow techniques of cultivation

to more labor intensive continuous cropping techniques. Because of the nonconvexity in net
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returns to farming, it is possible to reconcile the'greater labor requirement of intensive farming
methods with a higher average labor productivity in agriculture as the population increases. The
prospects for increased agricultural development in response to population growth are enhanced
by the development of the non—agﬁculmd sectors which contribute to the productivity of

agriculture,
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Notes

IThe causal relationship running from population density to farming technique rather than
vice versa is supported by several historical cases in which a population decrease resulted in a
return to less intensive farming strategies. Boserup, (1981) cites the examples of Mesoamerica
(p. 55), European settlers in the New World (p. 135), and post-World War II Japan (p. 170).

2Darity (1980) lists a “clear repudiation of Malthusian population pessimism” as one of
the important differences between Boserup’s view and older perspective. Boserup (1965, p.
14, 21-22) also rejects the neo-Malthusian view that increased population necessarily leads to
the destruction of land. Boserup places a heavy emphasis on the economic and sociological
changes which follow in the wake of agricultural intensification.

3There has been at least one test the empirical implications of the Boserup analysis. Levi
~ (1976) conducts an empirical investigation of the relationship between population density and
zgricultural intensity in Sierra Leone. He finds that population density is not necessarily a
good measure of population pressure since population density can be the result of migration to
areas with particularly productive land or areas which are desirable for cther reasons. Instead,
the study uses actual to potential output—as measured by the ratio of population to labor
force (the dependency ratio)—as a measure of population pressure on the land. The findings
are generally consistent with the Boserup hypothesis, including a negative correlation between
popuiation pressure and the length of the fallow period and a small positive correlation between
the adoption of swamp farming (continuous farming) and population pressure.

4Robinson and Schutjer (1984) are more optimistic about the prospects for agricultural
development. They note that, “The basic point of view is optimistic and stresses that most
rural societies have an unrealized potential for further technological adaptation, if and when
population pressure begins to build up.” Their optimistic results rely upon either technologicai
progress or the development of an urban industrial sector which can supply the inputs necessary
for agricultural intensification.

5An investment of labor in land improvements is important: “...the land-saving sys-
tems usually cannot be applied without some preliminary labor intensive land improvements.
.. clearing roots and stones from land before it can be plowed,... building wells, ponds, dams,
terraces, bunds, and so on, for irrigation. Once such labor investments have been made, it may
be possible to obtain higher output per man-hour from the cultivation of permanent fields than
from long-fallow agriculture on similar land. ... (Boserup, 1976).” Boserup relied more on the
growth of a non-agricultural sector in the wake of agricultural intensification as the source of
increased labor productivity in agriculture.

6Bose:rup (1965, p. 13) notes, “The very distinction between fields and uncultivated land
is discarded and instead emphasis is placed on the frequency with which the land is cropped.
...Once the time-honoured distinction between cultivated and unclutivated land is replaced by
the concept of frequency of cropping, the economic theory of agricultural development becomes
compatible with the theories of changing landscape propounded by natural scientists. ...when
the analysis is based on the concept of frequency of cropping, there can be no temptation
to regard soil fertility exclusively as a gift of nature, bestowed upon certain lands once and
for all. Thus. soil fertility, instead of being treated as an exogenous or even unchangeable
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‘initial condition’ of the analysis, takes its place as a variable, closcly associated with changes
in population density and related changes in agricultural methods.” She also notes that fallow
lands, “...have the functions of recreating soil fertility or humidity, preventing erosion, or
suppressing troublesome weeds before the land is again used for crops (Boserup, 15687)."

7Indeed, land is not explicitly included in the model.

8This is not a major innovation. As Salehi-Isfahani notes, as the number of techniques
increases, the flat spots on the ‘meta-isoquant’ become less relevant.

9Boserup (1965) notes that “...primitive communities with sustained population growth
have a better chance to get into a process of genuine economic development than primitive
communities with stagnant or declining, population, provided of course, that the necessary
agricultural investments are undertaken.”

100f course, the construction of such an index is not trivial. A model with two state
variables—soil depth and soil quality—is presented in Krautkraemer (1987). More complicated
dynamic behavior occurs with two state variables, including the possibility of cyclical behavior
in the state variables even in :he absence of nonconvexities.

UIn some cases, the regeneration of soil productivity actually occurs when the fallow veg-
etation is burned and the nutrients in the vegetation are released into the soil.

I2The case of a constant rate of soil regeneration, g(X) = k, which is common in the soil
conservation literature, is examined in Krautkraemer (1990).

13An alternative formulation of the model could specify a level of farming activity, say u(z),
as the control variable and the depletion of soil fertility would be a function of the level of
farming activity, s(f) = f(u(s)). In the present formulation, the relationship between farming
activity and soil depletion is embedded within the net benefit function. The formulation used
here simplifies the exposition of the cyclical farm strategies. The formulations are the same
when there is a monotonic relationship between farming activity and soil depletion. McConnell
(1983) also uses soil depletion as the control variable. Krautkraemer (1987) develops the current
model with farming activity as the control variable.

14This implicitly assumes that the schedule of farming activities is monotonic. That is,
if s = f(u), as in the previous footnote, then f'(4) >0 so that dB/du >0. There are farming
activities which can enhance soil fertility at some cost. If there are fixed costs associated with
these soil enhancement activities, they introduce nonconvexities which are important to the
discussion of the cyclical farming strategy in section 4 below. A farming technique which
reduces soil depletion and increases the net return to farming would represent a technological
improvement.

15An infinite planning horizon is used in order to avoid the need to specify a terminal value
for soil fertility. With a finite time horizon, there must be, at least implicitly, a valuation for the
terminal level of soil depth, V(X(7)). This terminal valuation essentially represents a summary
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statement of all the economic and technological conditions which are expected to prevail after
the terminal time and so an infinite time horizon is used here.

16The steady-state equilibrium may not be unique. The initial level of soil fertility then
determines the optimal steady-state. It is possible that exhaustion is optimal for some initial
values of soil fertility while movement toward a steady-state with positive soil fertility is
optimal from other initial values for soil fertility.

17Many of the additional labor requirements associated with more frequent cropping can be
characterized as fixed costs.

13«pyring fallow periods, the land is used for a variety of purposes: for gathering fuel
and other wood, for hunting, for gathering of fertilizer, for grazing and browsing by domestic
animals. therefore, a change of the falow system may create unintended damage to the envi-
ronment unless substitutes are introduced for these commodities, or the pattern of consumption
is changed (Boserup, 1987)."

191f returning to the land to farm is not possible, then abandonment must be permanent. It
may be that the soil fertility is not sufficient to overcome the fixed cost of farming unless the
rate of soil depletion is greater than the rate of depletion which allows the level of soil fertility
to be sustained. This includes the case in which the cost of soil conservation measures are too
great relative to the return to farming, particularly if there are fixed costs associated with these
activities. In a continuous time framework, if returning to farm the land is costless, then the
nonconvexity essentially disappears. This is because abandonment and return can take place
infinitely often in a finite period of time (Lewis and Schamalensee, 1975).

20This diagram is much like the diagram in the upper right-hand quadrant of Figure 1
in Robinson and Shutjer (1984) but the fixed cost creates a nonconvexity in the production
technology.

21Boserup (1975, p. 262) notes that “...an expansion of output by means of modemn inputs
raises agricultural output at a rate that is significantly higher than the rate of increase of input
of agricultural labor.”

22This may be what Robinson and Schutjer (1984) have in mind with production function C
in their Figure 1 although this figure does not reflect that the productivity enhancing effects of
the urban industrial sector are not available at low levels of population density. A nonconvex
production technology is necessary in order to have higher average productivity with greater
population density.
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Net Benefit Function with Fixed Costs, F
x1>x25%

As soil fertility declines, the net return to farming, including the fixed cost of farm-
ing, declines and may become non-positive for any level of soil depletion (farming
activity). The state of soil fertiliy at which there can be no positive return to farming

is denoted by .
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Figure 2

The effect of a price increase, or increase in the value of agricultural output is compared
to the effect of a decrease in fixed cost. Both changes reduce the relative importance of
the nonconvexity--that is, the interval of soil depletion (farming activity) levels for
which the net return function is not concave.
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This diagram depicts the net benefit curve for extensive and intensive
agricultural techniques with fixed cost Fg and Fj, respectively. In the
case depicted, the average productivity of labor decreases from point A
to point B but increases from B to C after the transition to continuous
cropp:ing.



ENR88-01

ENR88-03

ENRBB-04

ENR89-01

ENR89-02

ENR89-03

ENR89-05

ENR89-06

ENR89-07

ENR90-01

ENR90-02

ENR90-03

ENR90-04
ENR90-05
ENR90-06

v

o
RBSOURCES FOR THE FUTURE
DISCUSSION PAPERS
July 1990

The following RFF discussion papers are currently in print. The cost of
each is indicated. Prcpayment is required for discussion papers for which
there is a charge. Checks should be made out to Resources for the Future.
Orders should be addressed to Publications and Communication, Resources for
the Future, 1516 I’ Street, N.VW., Washington, D.C. 20036.

ENERGY AND NATURAL RESOURCES DIVISION

ALTERNATIVE AGRICULTURE: A REVIEW AND ASSESSMENT OF THE LITERATURE.
Pierre Crosson and Janet Ekey (1988)

AN ASSESSMENT OF FERC PROPOSALS FOR REFORMING WHOLESALE GENERATION MARKETS.
Michael A. Toman and Joel Darmstadter (REV. 1989)

ANALYZING U.S. OIL AND GAS EXPLORATION: A JOINT-PRODUCTS RATIONAL
EXPECTATIONS FRAMEWORK. Margaret A. Walls (1988)

CHANGES IN ELECTRICITY MARKETS AND IMPLICATIONS FOR GENERATION
TECHENOLOGIES. Hadi Dowlatabadi and Michael Toman (1989)

MANAGEMENT OF WATERSHEDS FOR AUGMENTED WATER YIELDS--PLUMAS NATIONAL
FOREST. John V. Krutilla, Michael Bowes, and Thomas B. Stockton (1989)

' TEMPORAL AGGREGATION IN FORPLAN LINEAR PROGRAMS. Michael D. Bowes (1989)

POLICY OPTIONS FOR ADAPTATION TO CLIMATE CHANGE. Norman J. Rosenberg,
Pierre Crosson, William E. Easterling III, Kenneth Frederick, and Roger
Sedjo (1989)

WILL NUCLEAR POWER RECOVER IN A GREENHOUSE? John F. Ahearne (1989)

ETHANOL FUEL AND NON-MARKET BENEFITS: IS A SUBSIDY JUSTIFIED? Margaret A.
Walls, Alan J. Krupnick, and Michael A. Toman (1989)

AGRICULTURE IN A CHANGING ENVIRONMENT. Pierre Crosson and Norman J.
Rosenberg (1989)

THE NATION’S WATER RESOURCES: PAST TRENDS AND CURRENT CHALLENGES. Kenneth
D. Frederick (1989)

THE NATION’S CROPLAND AND SOILS: PAST TRENDS AND CURRENT CHALLENGES.
Pierre Crosson (1990)

RANGELANDS. B. Delworth Gardner (1990)
IS REGULATION WHAT REGULATORS DO? Charles G. Stalon (1990)

RECENT INTERNATIONAL DEVELOPMENTS IMPACTING UNITED STATES FOREST PRODUCTS
TRADE. A. Clark Wiseman (1990)

$5.00

$5.00

$5.00

$5.00

$5.00

$5.00

$5.00

$5.00

$5.00

$5.00
$5.00
$5.00

$5.00



ENR90-07
ENR90-08

ENR90-09

ENR90-10

ENR90-11

ENR90-12

Energy and

THE NATION’S FOREST RESOURCES. Roger A. Sedjo (1990)

FROM BAD TO WORSE; IMPACTS OF THE 1986 OIL PRICE COLLAPSE. Margaret A.
Walls and Andrew S. Jones (1990)

AN ANALYSIS OF OIL AND GAS SUPPLY MODELING TECHNIQUES AND A SURVEY OF
OFFSHORE SUPPLY MODELS. Margaret A. Walls (1990)

TAXATION, DEPLETION, AND WELFARE: A SIMULATION STUDY OF THE U.S. PETROLEUM

RESOURCE. Rovert T. Deacon (1990)

POPULATION GROWTH, SOIL FERTILITY, NONCONVEXITIES, AND AGRICULTURAL
INTENSIFICATION. Jeffrey A. Krautkraemer (1990)

CONTINUOUS ANDD CYCLICAL FARMING STRATEGIES FOR SOIL MANAGEMENT FOR
SUSTAINABLE AGHRICULTURE. Jeffrey A. Krautkraemer (1990)

Materials

D-0821

D-082s
D-082V

D-110

D-113

EM85-01

EM85-02

EM85-03

EM86-01

EMB6-04

EMB6-05

EM87-02

A NONCOOPERATIVE EQUILIBRIUM FOR STATE DEPENDENT SUPERGAMES. Michael A.
Toman (Rev. 1986)

WHAT CAUSES OIL PRICE SHOCKS? Douglas R. Bohi (1983)

GEOGRAPLIC VARIATION IN FUEL FLEXIBILITY: IMPLICATIONS FOR THE REGIONAL
INCIDENCE OF OIL SUPPLY DISRUPTIONS. Molly K. Macauley (1984)

ECONOMIC ANALYSIS OF NONRENEWABLE RESOURCE SUPPLY: AN OVERVIEW. Michael
A. Toman (Rev. 1985)

COMMON PROPERTY RESOURCE EXTERNALITIES AND ENTRY DETERRENCE. Michael A.
Toman (1983)

THE SITE VALUE OF LOCATIONS IN THE GEOSTATIONARY ARC. Molly K. Macauley
(1985)

THE WELFARE COST OF REGULATORY POLICY GOVERNING THE GEQOSTATIONARY ARC.
Molly K. Macauley (1985)

IMPLEMENTING AN AUCTION: STEPS TOWARD IMPROVED ALLOCATION OF THE
GEOSTATIONARY ARC. Molly K. Macauley (1985)

OUT OF SPACE? REGULATION AND TECHNICAL CHANGE IN COMMUNICATIONS
SATELLITES. Molly K. Macauley (1986)

AN ECONOMICS PERSPECTIVE OF THE 21st CTNTURY SPACE STATION. Molly K.
Macauley (1986)

DESIGNING RATES FOR NEW CONDITIONS IN GAS DISTRIBUTION MARKETS. Michael A.

Toman (REV. 1989)

MARKET-BASED REGULALTION OF NATURAL GAS PIPELINES. Dan Alger and Michael
A. Toman (REV. 1988)

$5.00

$5.00

$5.00

$5.00

$5.00

$5.00

$5.00
$5.00

$5.00

$5.00

$5.00

$5.00

SS-OO

SS-OO

$5.00

$5.00

$5.00

$5.00

\:b
N



EM87-03

EMB7-04

EMB7-05

EM88-01

EM88-02
EM88-03

FORECASTING OIL MARKET BEHAVIOR: RATIONAL EXPECTATIONS ANALYSIS OF PRICE
SHOCKS. Margaret A. Walls (REV. 1989)

A COMPARISON OF NUCLEAR POWER REGULATION IN CANADA AND THE UNITED STATES.
John F. Ahearne (1987)

HOW NATURAL IS MONOPOLY? The Case of Bypass in Natural Gas Distribution
Markets. Harry G. Broadman and Joseph P. Kalt (1987)

FEDERAL COAL LEASING: AN ANALYSIS OF THE ECONOMIC ISSUES. Richard L.
Gordon (1988)

WHY FEDERAL RESEARCH AND DEVELOPMENT FAILS. John F. Ahearne (1988)

DYNAMIC FIRM BEHAVIOR AND REGIONAL DEADWEIGHT LOSSES FROM A U.S. Oll, IMPORT
FEE. Margaret A. Walls (REV. 1989)

Renewvable Resources

D-096

D-117

RR85-04

RRB6-04

RR88-01

RR88-02

QE88-02

QEBR-04

QEB8-05
QE88-06

DISCRETE TIME OPTIMAL CONTROL ALGORITHM FOR ANALYSIS OF LONG-RUN TIMBER
SUPPLY. Kenneth Lyon and Roger Sedjo (1982)

PROCEEDINGS OF A WORKSHOP ON FOREST POLICY EDUCATION sponsored by the
Forest Economics and Policy Program of Resources for the Future with the
Lincoln Institute for Land Policy and the Society of American Foresters
(1984)

SHELTER IN AMERICA: COSTS, SUPPLY CONSTRAINTS, AND THE ROLE OF FORESTS.
Marion Clawson (1985)

A PRIMER ON CLIMATIC CHANGE: MECHANISMS, TRENDS AND PROJECTIONS. Norman J.
Rosenberg (1986)

PUBLIC FORESTS IN NEW ZEALAND AND IN THE UNITED STATES. Marion Clawson
(1988)

WESTERN WATER ALLOCATION INSTITUTIONS AND CLIMATE CHANGE. Kenneth D.
Frederick and Allen V. Kneese (1988)

QUALITY OF THE ENVIRONMENT DIVISION

ENFORCEMENT LEVERAGE WHEN PENALTIES ARE RESTRICTED. Winston Harrington
(1988)

ECONOMICS AND NUTRIENT REDUCTIONS IN THE CHESAPEAKE BAY. Alan J. Krupnick
(1988)

TEMPORAL AN SPATIAL CONTROL OF AMBIENT OZONE. Alan J. Krupnick (1988)

MOMENT-BASED TESTS FOR POISSON AND RELATED COUNT DATA MODELS. John Mullahy
(1988)

$5.00
$5.00
$5.00

35.00
$5.00

$5.00

Free

Free
$15.00
$3.00
$3.00

$3.00

$2.25

$2.25
$2.25

$2.25

92,
0%



QEB8-07
QEB8-08

QE88-09
QE88-10

QE88-11
QE88-12

QEB8-13

QE89-01

QE89-02

QE89-03

QEB9-04

QEB9-05

QEB9-06
QE89-07

QEB89-08

QEB9-09

QE89-10

QE89-11

QE89-12

QE89-13

MOMENT-BASED TESTS FOR SELECTIVITY BIAS. .John Mullahy (1988)

POLICIES FOR THE MITIGATION OF ACID RAIN: A CRITIQUE OF EVALUATION
TECHNIQUES. Hadi Dowlatabadi and Winston Harrington (1988)

ACID DEPOSITION: SCIENCE AND POLICY. Winston Harrington (1988)

THE HEALTH AND AGRICULTURAL BENEFITS OF REDUCTIONS IN AMBIENT OZONE IN THE
UNITED STATES. Alan J. Krupnick and Raymond J. Kopp (1988)

NATURAL RESOURCE ECONOMICS. Allen V. Kneese (1988)

ENVIRONMENTAL STRESS AND POLITICAL CONFLICTS: SALINITY IN THE COLORADO
RIVER. Allen V. Kneese (1988)

EFFICIENCY PROPERTIES OF SOURCE CONTROL POLICIES FOR AIR POLLUTION
CONTROL: AN EMPIRICAL APPLICATION TO THE LOWER DELAVARE VALLEY.
Valter O. Spofford, Jr. (1988)

AMBIENT OZONE AND ACUTE HEALTH EFFECTS: EVIDENCE FROM DAILY DATA. Alan J.
Krupnick, Winston Harrington, and Bart Ostro (1988)

MARKET SEGMENTATION AND VALUING AMENITIES WITH HEDONIC MODELS: THE CASE OF
HAZARDOUS WASTE SITES. R. Gregory Michaels and V. Kerry Smith (1988)

TRAVEL COST RECREATION DEMAND METHODS: THEORY AND IMPLEMENTATION. V. Kerry
Smith (1988)

VALUING ENVIRONMENTAL RESOURCES UNDER ALTERNATIVE MANAGEMENT REGIMES. A.
Myrick Freeman III (1988)

SIGNALS OR NOISE? EXPLAINING THE VARIATION IN RECREATION BENEFIT
ESTIMATES. V. Kerry Smith and Yoshiaki Kaoru (1988)

ALCOHOLISM AND HUMAN CAPITAL. John Mullahy and Jody L. Sindelar (1989)

TRADABLE NUTRIENT PERMITS AND THE CHESAPEAKE BAY COMPACT. Alan J. Krupnick
(1989)

VALUING INDIVIDUALS’ CHANGES IN RISK: A GENERAL TREATMENT. A. Myrick

‘Freeman III (1989)

BENEFIT ESTIMATION GOES TO COURT: THE CASE OF NATURAL RESOURCE DAMAGE
ASSESSMENTS. Raymond J. Kopp and V. Kerry Smith (1989)

MOMENT-BASED ESTIMATION AND TESTING OF STOCHASTIC FRONTIER MODELS. Raymond
J. Kopp and John Mullahy (1969)

THE SOCZAL COST OF ENVIRONMENTAL QUALITY REGULATIONS: A GENERAL EQUILIBRIUM
ANALYSIS. Michael Hazilla and Raymond J. Kopp (1989)

PUBLIC CHOICES AND PRIVATE RISKS: THE ROLE OF ECONOMIC ANALYSIS. V. Kerry
Smith (1989)

BENEFIT-COST ANALYSIS OF POLICIES TOWARD RISK. A. Myrick Freeman III
(1989)

2.

$2.
$2.

S2.
$2.

s2.

$2.

$2.

$2.

$2.

S2.
S2.

2.

$2.

$2.

$2.

$2.

s2.

S2.

25

25
25

25
25

25

25

25

.25

25

25

25
25

25

25

25

25

25

25

25

e -) L/' /



QE89-14

QEB89-15

QEB9-16

QE89-17

QE89-18

QEB9-19

QE89-20

QEB9-21

QE89-21-B

QEB9-22

QEB9-23
QE90-01

QE90-02

QE90-03
QE90-04

QE90-05

QE90-06

QE90-07

MEASURING WELFARE V*'UES OF PRODUCTIVITY CHANGES. A. Myrick Freeman III
and Vinston Harringwon (1989)

UNCERTAINTIES IN ESTIMATES OF THE COSTS AND BENEFITS OF GROUNDWATER
REMEDIATION: RESULTS OF A COST-BENEFIT ANALYSIS. Walter O. Spofford, Jr.,
Alan J. Krupnick, and Eric F. Wood (1989)

THE SOCIAL COSTS OF CHRONIC HEART AND LUNG DISEASE. Maureen L. Cropper and
Alan J. Krupnick (REV. 1990)

THE ECU; 'C ANALYSIS OF AGRICULTURAL CHEMICAL REGULATION: THE CASE OF
PHENOXY HERBICIDES AND WHEAT. Leonard P. Gianessi, Raymond J. Kopp, and
Cynthia A. Puffer (1989)

NOTES ON SYSTEMS OF FRONTIER FACTOR DEMAND EQUATIONS. Raymond J. Kbpp and
John Mullany (1989)

WEIGHTED LEAST SQUARES ESTIMATION OF THE LINEAR PROBABILITY MODEL,
REVISITED. John Mullahy (1989)

THE EFFECTS OF UNCERTAINTY ON POLICY INSTRUMENTS: THE CASE OF ELECTRICITY
SUPPLY AND ENVIRONMENTAL REGULATIONS. Hadi Dowlatabadi and Winston
Harrington (1989)

REGULATING PESTICIDE USE: SOCIAL COSTS, POLICY TARGETING AND ECONOMIC
INCENTIVES. Leonard P. Gianessi, Raymond J. Kopp, and Cynthia A. Puffer
(1989)

A DATA APPENDIX TO REGULATING PESTICIDE USE: SOCIAL COSTS, POLICY TARGETING
AND ECONOMIC INCENTIVES. Leonard P. Gianessi, Raymond J. Kopp, and Cynthia
A. Puffer (1989)

LONGITUDINAL PATTERNS OF COMPLIANCE WITH OSHA HEALTH AND SAFETY REGULATIONS
IN THE MANUFACTURING SECTOR. Wayne B. Gray and Carol Adaire Jones (1989)

REGRESSION MODELS FOR BETA-DISTRYBUTED OUTCOMES. John Mullahy (1989)

VALUING AMENITY RESOURCES UNDER UNCERTAINTY: A SKEPTICAL VIEW OF RECENT
RESOLUTIONS. V. Kerry Smith (1989)

ESTIMATING RECREATION DEMAND USING THE PROPERTIES OF THE IMPLIED CONSUMER
SURPLUS. V. Kerry Smith (1989)

TRENDS IN AMERICAN WILDLIFE RESOURCES. Winston Harrington (1989)

HOUSEHOLD PRODUCTION FUNCTIONS AND ENVIRONMENTAL BENEFIT ESTIMATION.
V. Kerry Smith (1989)

ARE OSHA HEALTH INSPECTIONS EFFECTIVE? A LONGITUDINAL STUDY IN THE
MANUFACTURING SECTOR. Wayne B. Gray and Carol Adaire Jones (1989)

CAN WE MEASURE THE ECONOMIC VALUE OF ENVIRONMENTAL AMENITIES? V. Kerry
Smith (1989)

USING AN UPPER BOUND ON STAND-ALONE COST IN TESTS OF CROSS SUBSIDY. Karen
Palmer (1989)

S2.

$2.

S2.

S2.

S2.

s2.

S2.

s2.

S2.

S2.

S2.
s2.

$2.

s2.

25

25

25

25

25

25

25

25

25

.25
$2.

25

25

25
25

25

25

.25

.25



QE90-08

QE90-09

QE90-10

QE90-11

'QE90-12

QE90-13

QE90-14

QE90-15

QE90-16

QE90-17

QES0-18

QE90-19

QE90-20

QE90-21

RR87-01

FAPB7-02

FAP89-01

AN ECONOMIC APPRAISAL OF THE D.C. APPEALS COURT RULING ON THE DOI
REGULATIONS FOR NATURAL RESOURCE DAMAGE ASSESSMENTS. Raymond J. Kopp, Paul

R. Portney, and V. Kerry Smith (1989) $2.25
UNINTENDED IMPACTS OF PUBLIC INVESTMENTS ON PRIVATE DECISIONS: THE

DEPLETION OF FORESTED WETLANDS. Robert N. Stavins and Adam B. Jaffe (1989) $2.25
ALTERNATIVE RENEWABLE RESOURCE STRATEGIES: A SIMULATION OF OPTIMAL USE.

Robert N. Stavins (1989) $2.25
INNOVATIVE POLICIES FOR SUSTAINABLE DEVELOPMENT IN THE 1990s: ECONOMIC

INCENTIVES FOR ENVIRONMENTAL PROTECYTION. Robert N. Stavins (1990) $2.25
ENVIRONMENTAL ECONOMICS: A SURVEY. Maureen L. Cropper and Wallace E. Oates

(1990) ) $2.25
THE EFFECT OF INFORMATION ON HEALTH RISK VALUATIONS. Alan J. Krupnick and

Maureen L. Cropper (1990) $2.25
VALUING ENVIRONMENTAL HEALTH EFFECTS. Maureen L. Cropper and A. Myrick

Freeman III (1990) $2.25
EMISSIONS TRADING IN THE ELECTRIC UTILITY INDUSTRY. Douglas R. Bohi,

Dallas Burtraw, Alan J. Krupnick, and Charles G. Stalon (1990) $2.25
REAPPORTIONMENT RECONSIDERED. Deanna Marquart and Winston Harrington

(1990) $2.25
CONSISTENT ESTIMATION AND INFERENCE FOR ECONOMETRIC FRONTIER MODELS

ESTIMATED BY LEAST SQUARES. Raymond J. Kopp and John Mullahy (1990) $2.25
THE INCENTIVE CONTRACT FOR STRATEGIC DELEGATION IN BARGAINING. Dallas

Burtraw (1990) $2.25
BARGATINING WITH NOISY DELEGATION. Dallas Burtraw (1990) $2.25

THE ESTIMATION OF CONSUMER PREFERENCES FOR ATTRIBUTES: A COMPARISON OF
HEDONIC AND DISCRETE CHOICE APPROACHES. Maureen L. Cropper, Leland Deck,
Nalin Kishor, and Ted McConnell (1990) $2.25

RISK COMMUNICATION AND ATTITUDE CHANGE: TAIWAN’S NATIONAL DEBATE OVER
NUCLEAR POWER. Jin Tan Liu and V. Kerry Smith (1990) $2.25

THE NATIONAL CENTER FOR FOOD AND AGRICULTURAL POLICY

AGRICULTURAL TRADE MODEL COMPARISON: A LOOK AT AGRICULTURAL MARKETS IN THE
YEAR 2000 WITH AND WITHOUT TRADE LIBERALIZATION. Rachel Nugent Sarko

(1986) $5.00

PROMOTING INCREASED EFFICIENCY OF FEDERAL WATER USE THROUGH VOLUNTARY WATER

TRANSFER. Richard V. Wahl (1987) $3.00

REFLECTIONS FROM THE PAST, CHALLENGES FOR THE FUTURE: AN EXAMINATION OF

U.S. AGRICULTURAL POLICY GOALS. Kristeh Allen (1988) $3.00
6



FAP89-03

FAP89-04

FAP89-05
FAP89-06

FAP89-07

FAP90-01
FAP90-02

FAP90-03

FAP90-04

FAP90-05

FAP90-06

FAP90-07

FAP90-08

FAP90-09

CRM 88-01

CRM 88-02

CRM 89-02

CRM 89-03

ENVIRONMENTAL PROTECTION AND AGRICULTURAL SUPPORT: ARE TRADE-OFFS
NECESSARY? Katherine Reichelderfer (1989)

THE CONSUMER’S STAKE IN FOOD POLICY: THE UNITED STATES AND THE EUROPEAN
COMMUNITY. Carol S. Kramer and Barbara J. Elliott (1989)

TEN TRUTHS ABOUT SUPPLY CONTROL. Thomas W. Hertel (1989)

PROPOSITION 65 AND THE ECONOMICS OF FOOD SAFETY. Carol S. Kramer and
Eileen 0. van Ravenswaay (1989)

THE POLITICAL ECONOMICS OF CALIFORNIA’S PROPOSITION 65. Tim T. Phipps,
Kristen Allen and Julie A. Caswell (1989)

TARGETING FARM PROGRAMS. Daniel A. Sumner (1989) '

THE 1985 FOOD SECURITY ACT AS A BASIS FOR FUTURE FARM LEGISLATION.
Robert L. Thompson (1989)

U.S. TRADE POLICY AND THE GATT: IMPLICATIONS FOR AGRICULTURE. David
Blandford (1989)

DECOUPLING AND RELATED FARM POLICY OPTIONS. Tim T. Phipps, G. E.
Rossmiller, and William H. Meyers (1989)

FOOD SAFETY AND PUBLIC POLICY: WHAT CAN ECONOMISTS CONTRIBUTE? Carol S.
Kramer (1990)

FOOD SAFETY: THE CONSUMER SIDE OF THE ENVIRONMENTAL ISSUE. Carol S. Kramer
(1990)

TREATING FOOD SECURITY AND FOOD AID ISSUES AT THE GATT. Nicole Ballenger
and Carl Mabbs-Zeno (1990)

THE DISTRIBUTION OF DIRECT PAYMENTS TO FARM OPERATORS IN 1987 AND 1988:
SOME QUESTIONS ABOUT POLICY OBJECTIVES. James Duncan Shaffer and Gerald V.
Vhittaker (1990)

MEASUREMENT AND EVALUATION OF THE IMPACTS OF AGRICULTURAL CHEMICAL USE: A
FRAMEWORK FOR ANALYSIS. John M. Antle and Susan M. Capalbo (1990)

CENTER FOR RISK MANAGEMENT

REGULATION AND RISK ANALYSIS OF HAZARDOUS MATERIALS TRANSPORTATION ROUTES.
John C. Allen and Theodore S. Glickman (1988)

ATIR POLLUTION, CIGARETTE SMOKING, AND THE PRODUCTION OF RESPIRATORY HEALTH.
John Mullahy and Paul R. Portney (Revised 1989)

URBAN AIR QUALITY ANWD CHRONIC RESPIRATORY DISEASE. Paul R. Portney and
John Mullahy (1988)

THE NET BENEFITS OF INCENTIVE-BASED REGULATION: THE CASE OF ENVIRONMENTAL
STANDARD-SETTING IN THE REAL WORLD. Wallace E. Oates, Paul R. Portney and
Albert M. McGartland (1988)

$3.00

$3.00
$3.00

$3.00

$3.00
$5.00

$3.00

$3.00

$3.00

$3.00

$3.00

$3.00

$3.00

$3.00

Free

Free

Free



CRM 89-04

CRM 89-05

CRM 89-06

CRM 89-07

CRM 90-01

CRM 90-02

.CRM 90-03

..

.':

PROTECTIVE ACTION DECISION-MAKING IN TOXIC VAPOR CLOUD EMERGENCIES.
Theodore S. Glickman and Alyce M. Ujihara. (1988)

ECONOMICS AND THE RATIONAL MANAGEMENT OF RISK. A. Myrick Freeman III and
Paul R. Portney (1989)

AN EXPEDITIOUS RISK ASSESSMENT OF THE HIGHWAY TRANSPORATION OF FLAMMABLE
1IQUIDS IN BULK. Theodore S. Glickman (1989)

RESTRICTING HAZARDOUS MATERIALS ROUTES ON THE NATIONS’ RAILROADS: SOME
CONSIDERATIONS FOR REGULATORY ANALYSIS. Theodore S. Glickman (1989)

A SIMPIE FORMULA FOR CALCULATING THE "MASS DENSITY" OF A LOGNORMALLY-
DISTRIBUTED CHARACTERISTIC: APPLICATIONS TO RISK ANALYSIS. Adam M. Finkel
(1989)

DISCOUNTING AND THE EVALUATION OF LIVE-SAVING PROGRAMS. Maureen L. Cropper
and Paul R. Portney (1990)

GAUGING THE DEGREE OF CONFIDENCE IN CHOICES BETWEEN RISKY ALTERNATIVES.
Theodore S. Glickman and Emily D. Silverman (1990)

Free

Free

Free

Free

Free

Free

Free



