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LAND USE AND INCENTIVE SCHEMES

FOR NONPOINT POLLUTION CONTROL IN A SPATIAL EQUILIBRIUM SETTING

I. Introduction

This paper reports an initial investigation of the economic effects of

policies to control nonpoint pollution from agricultural lands in a sim ile

spatial equilibrium model. We focus on the impacts of environmental policy

on land use patterns and on land rents in a regional setting. A spatial

model is used to study the economic role of location in the control of

agricultural nonpoint pollution.

It is well-recognized that spatial dimensions of pollution are of key

importance in the design of economically efficient environmental policy.

That different sources of emissions of pollutants have differential impacts

on ambient environmental quality has been incorporated into the literature

on the design of Pigovian taxation, tradable discharge permit, and command-

and-control approaches to achieving pollution abatement.

While much of this literature concerns point sources of pollution,

recent investigations (e.g., Braden) have shown that one can reduce

substantially the cost of achieving a given reduction in pollutant

loadings from agricultural land by "targeting" pollution control efforts

differentially within a small watershed. The issue of targeting abatement

effort to locations has become a major focus of research on the design of

pollution policies for agricultural lands.

Segerson presents an incentive scheme for nonpoint pollution control

which incorporates heterogeneity among sources. She designs a scheme such
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that all producers of an externality have appropriate incentives to abate

pollution. This is achieved via taxes/subsidies levied on changes in

ambient quality. As Segerson notes, with heterogeneous polluters, her

model implies that zero-profit conditions cannot hold for all firms; firms

with relatively low contributions (per unit of emissions) to ambient

quality would earn relatively larger profits, with all firms earning

positive profits except the marginal firm, for which the zero-profit

condition is satisfied.

Of course, by incorporating rents on locations, it is apparent that

zero profit conditions can hold for all firms, with rents differentially

affected by implementation of the incentive scheme. However, once location

and land rents are introduced, it becomes clear that the tax/subsidy scheme

devised by Segerson no longer is sufficient to achieve an efficient

outcome. In addition to a tax on deviations from ambient quality targets,

which operate on incentives to control emission rates from firms given

their locations, the planner should also consider efficient allocations of

firms to locations themselves. We show that an additional instrument, such

as a tax on farming, which varies across locations, needs to be combined

with an ambient quality tax if decentralized decisions are to sustain a

Pareto optimum.

The model used here to study these issues is intermediate between the

partial equilibrium analysis of much of the literature on environmental

economics, and a full general equilibrium analysis of a large country. Our

analysis is tailored to a regional environmental authority within a larger

country. At this juncture, our investigation is incomplete. In

particular, as stressed by Segerson, nonpoint problems are distinguished
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from point pollution problems by the fundamental nature of the uncertainty

surrounding them. We do not consider such uncertainties and information

gaps in this paper. However, while the details of the model would be

altered by including uncertainty, our basic point that incentive schemes

need to consider both the emission rate from locations as well as choice of

locations would apply in a more elaborate version of our model.

II. A Spatial Equilibrium Model: The Competitive Equilibrium

Here we present a highly stylized model that is designed to capture

several aspects of the agricultural pollution problem. The model developed

is one of spatial equilibrium in a small, open region. We take as given

the prices of produced goods and some inputs, but allow the model to

determine equilibrium wages and land rents, as well as the level of

environmental quality. In this section the initial competitive equilibrium

is set out; in the next sections the effect of policies to control water

pollution will be studied.

The region is assumed to be linear. At one end lies the central

business district (CBD), and a water body. The CBD takes up zero area.

Between the CBD and distance s* along the region lies a suburban area, made

up of residences of consumer/workers. Between s* and s** lies an area

devoted to agriculture. We do not consider any possible spillovers to

other regions; beyond s** lies more land which is available to the region

but currently unused.

In the CBD a good is produced using capital, K, and labor, L; the

production function for this good, the output of which is denoted by ym, is
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given by

[1] ym - fm(K,L).

The good ym is produced by a large number of identical firms which take

output price, pm, the price of capital, k, and the wage rate for labor, w,

as given. We assume that the production relation in [1] is neoclassical,

i.e., it is increasing in its arguments, has strictly diminishing marginal

products of the inputs, and further assume that it exhibits constant

returns to scale. The latter assumption implies that the number of firms

in the industry is indeterminant and that, in equilibrium, firms make zero

profits. The production relation in [1] gives aggregate output of ym as a

function of aggregate input use.

The profits earned in the manufacturing sector are given by

[2] Wm - pmym kK - wL .

It is assumed that firms maximize profits. Let L*(pm,w,k) and K*(pm,w,k)

be the profit-maximizing labor and capital demands, found by solving the

first order necessary conditions for maximization of [2]. If these are

inserted back into [2], the profit function wm*(pm,w,k) is obtained.

Application of the Envelope Theorem shows that 6Sm*/6w - -L*(.), 6Rm*/Sk =

-K*(.), where the superscript * means that derivatives are evaluated at the

optimal input choices. Moreover, 6wm*/6p
m - Ym*(pm,w,k), which is the

supply function for the manufactured good.

Turning now to the agricultural sector, we need to distinguish between

farms located at different distances s from the CBD. We assume that three

inputs are used in production at s: land, A(s), agricultural labor La(s),

and fertilizer, N(s).

6



Let

[3] Y(s) - F(A(s),La(s),N(s))

be the output of the agricultural good at location s, where the production

function F(.) is also assumed neoclassical and to exhibit constant returns

to scale.

We make the simplifying assumption that each farmer is endowed with

one unit of labor, which he/she supplies perfectly inelastically to

production on his/her farm. There is no opportunity to work off of the

farm. However, farm labor can be used for two purposes: crop production

or erosion control. Let B be the proportion of the labor endowment devoted

to erosion control; 1-B is used in crop production. Finally, let p be the

price of the agricultural good, n be the price of fertilizer, R(s) be the

rental payment per unit of agricultural land, and V(s) be the cost per

unit of output of transporting the agricultural good to the market at the

CBD.

The profitability of farming at s is given by

[4] X - [p-V(s)]f(l-B(s),A(s),N(s)) - nN(s) - R(s)A(s).

Note that ours is a static analysis in that soil depth does not

appear as an argument in f(.), and hence that current erosion rates do not

affect future production possibilities. For more on this issue, see

McConnell (1983), or Shortle and Miranowski (1987).

Maximization of [4] takes place subject to the constraint that B(s) is

less than or equal to one. Let B*(.), A*(.) and N*(.) be optimal choices,

and let r*(.) be the profit function corresponding to [4]. Regarding B, we

assume that the marginal product of labor used in crop production is

increasing at all levels of land and fertilizer application, and hence that
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the corner solution B-O is obtained in this initial scenario where there is

no private incentive to control erosion. The optimal input choices and

the profit function all are functions of the vector (p,n,R(s),V(s)), which

is parametric to each farmer.

Turning our attention to pollution generation, we assume that the

amount of pollution generated per unit of area at location s is an

increasing function of x(s)-N(s)/A(s), an index of the intensity of

fertilizer application on a farm at distance s from the CBD, and a

decreasing function of labor devoted to pollution control per unit of area,

b(s)-B(s)/A(s). The pollution loading function per unit of area is denoted

by the function g(.,.); total loadings (emissions) at s are

[5] z(s) - A(s)g(x(s),b(s)).

We take it that g is strictly concave.

It is necessary to translate pollutant loadings at each point in space

into ambient water quality changes where water quality is demanded. We

model this by assuming that water quality is demanded only at the CBD. The

natural amelioration of loadings generated at one place during their

transportation to another is modeled via a "distance-decay" function c(s).

Thus, c(s)z(s) gives the contribution to aggregate pollutant loadings at

the CBD from pollution generated by farming at location s. Total loadings

of pollutants at the CBD are given by
**

[6] Z - f c(s)g(s)ds.

Loadings of pollutants and attributes of water quality demanded by

consumers are not the same thing. Let perceived water quality be given by

Q - Q(Z); it is reasonable to assume that, at least over some range, Q is a

decreasing function of Z.

8



Finally, we turn our attention to modeling the household sector. It

is assumed that people live between the CBD and the boundary between the

residential and agricultural sectors at s*. Individuals demand housing

services, denoted by h(s), the unit cost of which is given by residential

rents r(s). Consumers at s also enjoy consumption of the manufactured

good, ym(s), and the agricultural good, y(s). Consumers are endowed with

one unit of labor, which they supply at the CBD perfectly inelastically,

and for which they receive wages w. While at the CBD, they purchase goods

and also "consume" water quality Q. They must travel to the CBD once each

period to undertake these activities; the cost of commuting is v(s), with

v'(s) > 0.

Consumers are assumed to be identical with the representative consumer

having utility function U(h,ym,y,Q). Demands of consumers located at s are

assumed to be generated as the solution to the maximization problem

[7] max U(h(s),ym (s),y(s),Q(Z))

s.t. pmym(s) + py(s) + r(s)h(s) - w - v(s).

As with input demands and supplies, we denote with an asterisk the

solutions to the problem stated in [7]. These demands are functions of the

parameter vector (pm,p,r(s),v(s),w,Q); for brevity demands at s will be

denoted, e.g., y*(s,.). Let the indirect utility function, obtained by

substitution of the demands back into the utility function, be denoted by

U(pm,p,r(s),v(s),w,Q), or just U(s). Demands can be obtained by an

application of Roy's Theorem; for example,

y*(s) - [6U(s)/6p]/[6U(s)/5v(s)].

Aggregation across consumers is straightforward. Since each "house"
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is assumed to contain one consumer, the density of consumers at location s

is given by l/h*(s,.), whence aggregate demands for goods are given by:

rs
0

[8a] y*(.) J [l/h*(s,.)]y*(s,.)ds ;

[8b] ym*() _ [l/h*(s,.)]ym*(s,.)ds.
0

Aggregate labor supply equals the total population of consumers in the

region, i.e.,

*

[9] P(.) - f l/h*(s,.)ds.

Hence, the consumer/laborer population of the region is endogenous, and a

function of the vector of prices, as well as environmental quality.

Having constructed the pieces of the economy, we now are in a position

to define a competitive equilibrium. Two crucial assumptions are made at

this juncture: that the region of interest is small, and that it is open.

By smallness it is meant that the region takes as given the prices of goods

traded outside of the region. We assume that the manufactured and

agricultural goods are traded; hence, pm and p are parameters of the

system. Regarding inputs, it is assumed that the region is endowed with

some capital, K; it is assumed that capital is costlessly mobile, and that

the price of capital is determined in the country at large.

By openness is meant that individuals are free to move within and

between regions. This implies that the level of indirect utility attained

at all points in the region is a parameter; let this level of utility be

U*.

In terms of prices, these assumptions leave the wage rate and

residential and agricultural rents as endogenous variables.
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Let yC and ymc denote the export demand (supply if negative) for the

agricultural good and the manufactured good, respectively, and let Kc be

the supply (demand) of capital to (from) the region. The overall

competitive equilibrium consists of the following equations/identities:

[10] Y*(p,n,R(.),V(.)) + yC - y(pm,p,r(.),v(.),w,Q) ;

[11] Ym*(pm,w,k) + ymc - ym*(pm,p,r(.),v(.),w,Q) ;

[12] L*(pm,k,w) - P(pm,p,r(.),v(.),w,Q) ;

[13] K*(pm,p,w) - K + Kc ;

[14] U(pm,p,r(s),v(.),w,Q) - U* ;

[15] 7*m(.) - 0 

[16] r*(s,.) - 0 ;

[17] r(s*) - R(s*) ;

[18] R(s**) - 0.

Equations [10] and [11] require that excess demand equals imports for

the two goods in the economy. Equation [12] determines the equilibrium

labor wage rate. It requires that at some w* aggregate labor demand equal

the population of the region, which is aggregate labor supply by the

assumption that each agent is endowed with one unit of labor. Equation

[13] specifies that the demand for capital at the prevailing prices must

equal the region's capital endowment plus any imports of capital from the

rest of the country. Equation [14] expresses the openness condition that

all agents achieve the utility level U*, irrespective of their location.

Equations [15] and [16] are simply zero-profit conditions generated by free

entry into these sectors in the usual fashion.

Equation [17] is an important equilibrium condition regarding the rent

gradient: it must be continuous over the boundary between the residential
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and agricultural areas. This condition results from an absence in

equilibrium of arbitrage opportunities in land uses; if it does not hold

profits could be made by converting land from one use to another. This

condition reflects the absence of any governmental policies directed to

land use practices in this initial equilibrium. Equation [18] merely

defines the edge of the region.

In fact, it may be that current policy favors agriculture and

protects, via zoning, agricultural land from conversion to nonagricultural

uses. In this case, the initial "competitive" equilibrium would have [17]

replaced by r(s*) > R(s*); i.e., residential rents would exceed

agricultural rents at the land use boundary, and the observed rent gradient

would be discontinuous there. Absent pro-agricultural zoning regulations,

this is not a sustainable situation, since riskless profits could be made

by transferring a unit of land from agricultural to residential use. Here,

we abstract from this sort of circumstance and suppose that the initial

equilibrium embodies no explicit government agricultural land use policy.

In addition to these equations, a trade balance equation of some sort

is needed, but not stated. In this paper we are not especially concerned

with the trade effects of regional environmental policy. Naturally, these

are of general interest, but a full investigation of this issue is beyond

the scope of this effort.

The exogenous variables in this model are the prices of the

manufactured good (pm) and the agricultural good (p); the input prices of

capital (k) and fertilizer (n); the transport cost of the agricultural good

(V(.)) and commuting costs (v(.)); and the utility level U*. The

endogenous variables of the system are the land rent schedules for

12



residential (r(.)) and agricultural (R(.)) land; the wage rate (w); the

input demands in manufacturing (L* and K*); the density of housing (l/h*);

the input demands in agriculture, (B*, A*, and N*); total population (P);

the land use boundaries (s* and s**); and the levels of pollution and water

quality (Z and Q).

Formal treatment of the conditions under which an equilibrium will

exist is not addressed here; see Miyao et al. (1980) for an analysis of

this issue in a similar, though not identical, setting. Before laying out

a Pareto optimal allocation, some features of the initial decentralized

equilibrium are explored.

The Envelope Theorem implies that

[19] 6X*/Ss - -V'(s)f*(.) - A*(.)R'(s).

Since competitive equilibrium requires that all farm firms make zero

profits, w*(s) - 0, it follows that 6w*/6s - 0 for all s. Then [19] shows

that

[20] R'(s) - -V'(s)f*(.)/A*(.) < 0,

where the inequality follows from an assumption that V'(s) > 0, i.e., that

it costs more to transport crops longer distances. Thus, agricultural land

rents must fall ceteris parabis as distance from the CBD increases, as one

expects. A similar result can be demonstrated for the residential sector.

Since U(.) - U* by the openness assumption, the total derivative of U(.)

with respect to any variable equals zero. Differentiating with respect to

s and rearranging yields

[1] 6U/6r _ v'(s)
[21]

6U/Sv r'(s)

By assumption, v'(s) is positive. Since the left hand side is the ratio of

a price derivative and the negative of an income derivative, the LHS has a
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negative sign. Thus, for the RHS to also have a negative sign, r'(s) must

be negative, which says that rents fall as one moves away from the CBD.

By Roy's Theorem, the entity on the LHS of [21] is the negative of the

demand for housing services. The manner in which the demand for housing

changes with distance from the CBD is ambiguous, since it depends on

whether the decrease in price outweighs the decrease in income as s

increases. In the case of linear or convex commuting cost schedules (which

seem plausible), the sign of h*'(.) depends on the convexity or concavity

of the rent gradient; if r(s) is convex (concave), housing demand increases

(decreases) with distance from the CBD. It makes sense that as s increases

the demand for housing services rises due to the price effect; in this case

the population density, l/h*(s), falls with s, which accords with what we

observe. We note also the requirement for stability that the residential

rent gradient cut the agricultural rent gradient from above at s*.

III. Pareto Optimal Allocations

This section of the paper characterizes the Pareto efficient regional

economy. This is done by appropriately specifying a social planner's

maximization problem and interpreting the resulting necessary conditions

for a maximum. Naturally, a comparison of the competitive equilibrium and

the solution to the social planner's problem reveals that the competitive

equilibrium is not Pareto efficient, due to the external effect of farming

activities on water quality. In the following section we explore the

features of an optimal taxation scheme for the control of pollution.

The social planner's problem can be specified as maximization of one

consumer's utility (or equivalently, since all consumers have the same
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utility function, maximization of consumers' utility at one location),

subject to achieving a fixed level of utility for other consumers, and

subject to production/distribution constraints implicit in the above

economy. This optimization problem is quite complex. A simpler approach

is available, however, for our simple economy.

Anything that increases the profits of farmers must lead to a rise in

agricultural land rents if the zero-profit condition is to hold.

Similarly, anything that enhances the well-being of consumers must lead to

an increase in residential rents, or a decrease in wages, or both. This

must be so if consumers are to maintain their fixed level of indirect

utility U*. It cannot be, however, that wages decrease in equilibrium,

since this would lead to positive profits being made in the manufacturing

sector, and entry would increase the aggregate demand for labor, thereby

bidding wages back up to their initial level. (Recall that the price of

the manufactured good is fixed.) Thus, residential rents are an exact

barometer of consumer well-being. The central planner can therefore act to

maximize land rents in the region. Thus, we presume that the central

planner solves the problem

[22] max r(s)ds + R(s)ds

*0 s

Maximization takes place with respect to all of the choice variables

in the economy, as listed in the previous section, subject to the

technological constraints implied by the economy. Here, we attend to only

two key elements of the model: input use in the agricultural sector, and

the urban/rural boundary, s.
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In order to keep track of which equilibrium/optimum we are discussing,

let a superscript (*) on a variable denote the competitive equilibrium in

the absence of pollution control policies, as above, a superscript (o)

denote a Pareto optimal control, and a superscript (t) denote the value of

that variable in an economy where the planner sets taxes and a

"competitive" equilibrium is then attained.

Differentiating the objective function in [22], and setting the

resulting expressions equal to zero, yields a set of first-order necessary

conditions which any optimum must satisfy. We assume that second order

necessary and sufficient conditions hold; a detailed treatment of these

conditions is not considered here.

It is convenient at this point to work with the intensive form of the

production function. Let b-B/A, a-(1-B)/A, x-N/A, and

f(a,x)-F([1-B]/A,N/A,l). Substitution of this in [22] and maximizing with

respect to (a(s),b(s),x(s)) for each s yields the following conditions

(assuming interior optima at each s). (Note: To better understand the

derivation of these fonc's, think of rents as a residual determined by the

difference between total revenue and variable cost at the optimal choices

in the case of agriculture.)

[23] [p - V(s)] f (.) - n + Mc(s) go - 0

6x 6x

[24] [p - V(s)] f (.) + Mc(s) sg - 0
6a 6b

where

s[2] M ds

~ [25] M- Jd J6Q 6Z
0o 1 6U/6w 6Q Z16
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To verify these expressions, consider a marginal increase in the intensity

of fertilizer use, x. The first term of [23] is the value of the marginal

product of fertilizer application per acre at location s. Naturally, the

additional cost of this is n. These two terms show the change in

agricultural rents with an increase in fertilizer at s. The third term

represents the effect on aggregate residential rents of intensification of

fertilizer applications at s.

Changes in aggregate residential rents from changes in agricultural

practices consist of the effect of an increase in x(s) on Z, as given by

c(s)6g°(s)/6x, times the change in residential rents at s from a change in

Z, added up over the residential zone. Residential rents change by the

amount that indirect utility changes (i.e., [6U/6Q]6Q/6Z) divided by the

marginal utility of income. Thus, the term M represents the marginal

benefits of an increase in water pollution at the CBD; M is a negative

number.

We see from condition [23] that the social planner would use a lower

level of fertilizer than would the competitive farmer. This follows

because the latter, using x*, equates the first two terms of [23] to zero,

and the third term is negative; this implies that the first term of [23]

must be strictly larger than n, and strict concavity of f then implies that

x° < x*.

Regarding labor use in agriculture, condition [24] holds because of

the constraint that labor used in crop production (a) plus that used in

pollution control (b) must sum to the available labor per unit of area

(1/A). Hence, an increase in labor for crop production, which yields rent

increases equal to the value of the marginal product of labor, must be
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balanced against the reduction in labor for pollution control, the social

cost of which is the second term in [24].

It is clear that the social planner devotes no more labor to crop

production than does a competitive economy, and generally will devote more

labor to pollution control. Recall that the competitive allocation has a

corner solution at b*-O, a*-l/A*. Hence, the marginal product of labor in

farming is positive at a*; letting w be the "virtual wage" at which a* is

just demanded, (p-V(s)).Sf*/6a - w - 0. The second term of [24] is

positive. Now, it may be that (p-V(s))-6f°/6a > w, (i.e., 0 < Mc(s)6g°/6b

< w) and the labor allocation is Pareto efficient. However, if Mc(s)Sg° /Sb

> w, then, by strict concavity, we conclude a° < a*.

Finally, regarding the position of the boundary between the

residential and agricultural sectors, we differentiate [22] with respect to

s to obtain

[26] -R(s°) + r(s°) + M[6Z/6s] = 0.

Using the definition of Z, this becomes

[27] -R(s°) + r(s°) - c(sO)g(x(sO),b(s°))M - 0

Here we see that the equilibrium condition that rents are equal at the

boundary between land uses, which must hold for any decentralized

allocation, does not hold in a Pareto optimal allocation. The third term

in [27] is positive; denote it by Jo. Equation [27] can be rearranged to

read

[28] r(so ) = R(so ) - J°.

This says that residential rents must be below agricultural rents at the

optimal boundary. Relative to a decentralized equilibrium, with the same
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values for the other control variables, the optimal boundary is farther

from the CBD. This is shown in the following figure.

Figure 1. Optimality of a Discontinuity in the Presence of an Externality.

$ \r°O(s)

------ R0(s)

s I

Po o T o S

IV. Pollution Tax Policies and Welfare Effects

A comparison of the conditions for a competitive equilibrium and those

for a Pareto optimum suggests an incentive scheme for the internalization

of the pollution externality. The usual such scheme involves the levying

of a Pigovian tax on emissions of pollutants at each source. Since farmers
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are spatially heterogeneous, one would think that optimal taxes must be

spatially heterogeneous as well. This turns out to be the case. We also

examine the effects of a spatially homogeneous tax system and other second-

best policies. Such second-best solutions may be implied by an absence of

information or a constitutional limitation on distinguishing among farmers

via tax rates based on location.

Surprisingly, it is found that taxes on pollution alone cannot be used

to sustain the Pareto optimum in a decentralized economy. In the initial

equilibrium, farm firms engage in excessively intensive production

practices and do not use sufficient labor for pollution control. A

Pigovian tax on sediment can solve this distortion on the intensive margin

of agriculture. It also is true, however, that farm firms are "too close"

to CBD: moving the farms farther away from the CBD will lead to an

improvement in water quality due to the decay function c(s). This movement

is achieved in two ways. First, taxing pollution decreases agricultural

rents, which leads to an outward shift in the residential/agricultural

boundary for the usual no-arbitrage reasons. Thus, land use shifts out of

agriculture and into residential uses in response to a pollution emissions

tax. However, it turns out that this incentive to change land use is not

sufficient. Pareto optimality requires that land uses be reassigned to

locations beyond those induced by Pigovian taxation, with a discontinuity

of the rent gradient at the boundary s° . Therefore, a zoning policy which

can sustain a gap between the agricultural and residential rents is also

needed to obtain a Pareto optimum.
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First-Best Policies

Consider a Pigovian tax levied on pollution generated at the edge of

the farm field. Let t(s) be the magnitude of this tax at location s. The

farmer's objective function becomes

[29] max A(s){[p-V(s)]f(a(s),x(s)) - nx(s)} - R(s)A(s)

- t(s)A(s)g(x(s),b(s)),

where the maximization is over (a,b,x) and is subject to the constraint

that a + b - 1/A.

The first order necessary conditions for a solution to [29] imply

[30] [p-V(s)]Sft/Sx - n - t6gt/6x - 0

[31] [p-V(s)]6ft/6a - t6gt/6b - 0.

Equations [31] and [32] are identical to those for Pareto efficient input

use if the pollution tax t is set such that

[32] t(s) - - c(s)M.

Of course, there also exists the equilibrium condition that maximal profits

equal land rents, i.e.,

[33] [p-V(s)][ft(.) - nxt] - tgt(.) - Rt(s).

In order to not distort marginal incentives, the tax revenues must be

disposed of by the regional planner; in our model, they are returned to the

national treasury, which we assume has no noticeable impact on the region.

It is important to note that the optimal tax scheme is such that a

different tax is levied on farmers at each location. They differ due to

the decay function c(s). An alternative scheme perhaps less costly in

terms of informational requirements would levy the same tax on every farmer

at the rate M, but the tax would be assessed per unit of increase in Z.
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As discussed in the introduction to this section, and as revealed by

[28], the emissions (or ambient quality) tax t, as specified in [32], is

necessary but not sufficient to achieve a Pareto optimum from decentralized

behavior. This is so because the optimal rent schedules r°(s) and R°(s)

are equivalent to the rent schedules Rt(s) and rt(s) when t is given by

[32]. But if the tax t is levied alone, arbitrage behavior will lead to

[34] rt(st) - Rt(st),

which violates [28]. Thus, for a full optimum we require as well a tax on

land use. This tax is levied on farming, and takes the form

Rt(s) - rt(s) if s < so and Rt(s) > rt(s)

[35] r(s) -
[0 if s > s° or Rt(s) < rt(s).

It is also possible to sustain a Pareto efficient outcome via the

taxation of inputs, as long as these are taxed at the rate c(s)M 6g/6i for

input i. In the case of labor, a tax on labor use in production and a

subsidy (at the same rate) on labor use for pollution control have

identical effects.

Naturally, in a world of perfect certainty, it also is possible to

sustain an optimum using a set of best-management practices, which vary by

location s. These BMPs simply tell the farmer that input mix (x°,b
° )

should be applied; they also require that farming cannot take place for any

s < s° .

It is clear from [33] that the levying of a tax on pollution (or on

inputs) leads to a reduction in profits in the agricultural sector, ceteris

paribus. This leads to negative profits being earned at all locations.

Given the assumption of constant returns to scale in agricultural

production, we know that profits in equilibrium are zero. By the
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small/open assumptions, the prices of the fertilizer input and output are

fixed. Hence, all that can adjust to allow zero profits in the after-tax

equilibrium is the rent paid at each location.

Let R°(s) denote the agricultural land rent schedule in the efficient

equilibrium. By the reasoning of the preceding paragraph, R°(s) < R*(s)

for all s; with these equal only if c(s) - 0; i.e., only if pollution

generated at s has no impact on water quality at the CBD. It is also clear

that (R*(s) - R°(s)) is a decreasing function of s. Thus, the rent

gradient in the after-tax equilibrium is flatter, if its slope is negative.

It may be that the externality effect outweighs the transportation effect

over some locations and that the efficient rent gradient is positively

sloped over some range.

The effect of these tax policies on consumers is unambiguous.

Clearly, since Z has fallen consumers are better off, given that Q'(Z) < 0

over the relevant range of Z. By assumption, their equilibrium level of

utility must remain unchanged at U*. Thus, since the prices of the goods

are fixed, and capital is owned by absentee capitalists (consumers own only

labor), two adjustments can take place: residential rents may rise, and/or

wages may fall.

The economic mechanism for this is through in-migration. An increase

in the utility level of consumers in the region above U* makes this region

attractive relative to other regions in the economy. Since migration is

assumed to be costless, individuals move to the region. This increases the

demand for residential land, which raises land rents, and lowers utility

back toward U*. This also increases the supply of labor, which acts to

lower wages, which also reduces utility. As we reasoned earlier, the wage
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effect cannot be permanent, since the manufacturing sector must make zero

profits. Hence, low wages relative to other regions will induce entry in

the manufacturing sector, thereby increasing the demand for labor until

wages are bid back to their original level. Interestingly, we see that

manufacturing activity and labor force growth are enhanced by agricultural

pollution control.

A comparison of the competitive and optimal rent schedules before and

after the implementation of Pigovian taxes is presented in the following

figure.

Figue 2. Rent Gradient and Land Use Response to Pigovian Taation
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Some Second-Best Approaches

In contrast to a subsidy on labor for pollution control, a subsidy

scheme for fertilizer use is not efficient, however. If reduction in x
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from a base level of x* is subsidized at the rate r', where r' -

c(s)M5g/6x, then the equilibrium condition [33] is disrupted. More

specifically, in a post-tax or post-subsidy equilibrium, equation [33] will

hold as an identity, along with the equilibrium condition

[36] ri(si) - Ri(si), i - t,r'

where si is the boundary between the residential and agricultural sectors

in equilibrium. If a subsidy is used, we find

[37] [p - V(s)]fr'(.) - nxr' + r'[x* - xr'] - Rr'(s)

Comparison to the condition [33], which describes an optimum, reveals that

the post-subsidy equilibrium agricultural rent schedule will be too high,

and given [36], the residential sector will be too small and the

agricultural sector too large in the area. This is a version of the well-

known result that subsidies for pollution control can be employed to

efficient short-run allocations, but that in the long run, the polluting

sector will experience excessive entry relative to that in an efficient

allocation.

However, a little more than this can be said in the present model. A

subsidy clearly implies that there is too much land in agriculture, and

that the land use boundary is too close to the CBD. This implies that

water quality is too low, relative to an optimum, which implies in turn

that residential rents must be too low as well (otherwise, consumers'

indirect utility would not equal U*). Lower rents increases housing

consumption at each distance, which lowers population density. The

combination of excessively low population density and inadequate area

devoted to residences implies that total population is reduced relative to

the optimum population. This emigration leads to an increase in wages,
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hence manufacturing firms must exit the region to maintain the zero-profit

condition in that sector. This analysis reveals clearly the political-

economic tradeoffs inherent in the subsidy scheme.

A tax on the output of the agricultural good is unable to achieve an

efficient outcome in general, since this may induce a reduction in

pollution, but not in a cost-minimizing fashion. If there is only one

input, an input tax and an output tax are equivalent, but here, while an

output tax can be used to attain an optimal usage of either x or a, it

would not be able to attain optimality for both in the general case.

As discussed earlier, for the efficient equilibrium, a zoning

regulation (tax on land use) is required which sets the efficient boundary

even farther from the CBD that the st determined by arbitrage behavior and

the Pigovian tax alone. The efficient rent gradient has a discontinuity,

with agricultural land rents lying above residential rents at the boundary.

Zoning is needed to prevent the conversion of residential land to

agricultural use, since otherwise, profits could be made from such a

transaction.

Naturally, if such zoning is not undertaken, too much land will be

devoted to agriculture. As well, consumers will not be as well off as they

might otherwise be, and it will be the case that residential rents will not

rise by as much as they should. Following our earlier reasoning, this

implies that the population level is too low, and there is too little

manufacturing activity.

Let us suppose that the planner does not impose the tax r, but does

impose the Pigovian tax t. He or she may then observe that the emission

tax is too low, since the marginal cost of pollution control in terms of
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reduced agricultural rents is less than the marginal damages of pollution

in the CBD. This may induce the planner to raise t. Such an approach

would lead to an excessive penalty on more distant rural areas, since the

agricultural rent gradient would be shifted too far down to compensate for

the absence of land retirement schemes on the more highly damaging lands

close to the CBD.

It may be that the tax levied on agricultural pollution (or on input

use) be spatially homogeneous for reasons of "horizontal equity." In this

case, the agricultural rent gradient will fall in the after-tax

equilibrium, but it will not get flatter. The overall effect depends on

how the tax is levied, i.e., whether it is set corresponding to the

efficient tax at the inner boundary of agricultural production, the outer

boundary, or somewhere in between. For the sake of argument, suppose that

it is set equal to average marginal impacts of agriculture with the same

overall amount of pollution reduced. Farmers close to the CBD are

undertaxed relative to an optimum, while those farther away are overtaxed.

Thus, with the agricultural rent gradient too steep, the urban/rural

boundary is too close to the CBD.

If the land use tax/land retirement scheme is not adjusted to account

for this effect, then not enough land would be retired, too much pollution

would exist, residential land rents would fall and manufacturing activity

would decline as discussed previously above. An adjusted retirement scheme

could be used, however, to partially offset the restriction that emission

taxes be spatially homogeneous.

Finally, suppose that, instead of a tax on land use, farmers are paid

to take their land out of production. The effect of this approach, which
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actually is used in the U.S. in the form of the Conservation Reserve

Program (CRP), depends on how it is carried out. Suppose that funds for

such a scheme are raised locally. Consumer taxes lower consumer welfare,

leading to lowered rents and out-migration of laborers and the exit of

manufacturers. Idled labor from farming is not absorbed in the urban

areas, as it was (at least partially) by a taxation scheme, since farmers

who no longer farm cannot find work in the CBD due to a decline in the

manufacturing sector.

If for some reason the planners cannot observe perfectly the

reservation prices of farmers, this effect is exacerbated.

If funds are provided by the national government for the purchase of

cropping rights, then there is no change in the residential rent schedule

due to taxation. However, farmers who no longer farm increase the local

supply of labor. Since regional wages cannot be lower permanently, there

is no work for them at the going wage, and hence they must migrate out of

the region. In this case, population effects in the region are not as

great as when the cropping rights purchases are locally financed, but they

do occur in the direction opposite to that for the efficient zoning scheme.

V. Discussion

This paper has presented an initial exploration of a model for the

study of environmental policies directed to agricultural pollution in a

regional setting. Obviously, the analysis is incomplete, and many of the

more interesting questions are not addressed. However, it appears that the

ability to gain insight into the issues involved is enhanced by

investigation of this model. Our model needs improvement on several
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counts: notably, regarding the treatment of trade, the treatment of the

manufacturing sector, and the incorporation of uncertainty.

The paper here did not address the trade implications of unilateral

environmental policy formulation at the regional level. This was odd,

since trade is what allows the fixed price assumption in the first place.

Implicit in the analysis are trade activities and a balance of trade

constraint; modification of the current paper to make this explicit is

straightforward. But a detailed analysis of how trade positions change

when environmental policies are introduced is not so straightforward. This

issue is being investigated in further research using a similar model.

The manufacturing sector is poorly handled here. This sector has only

one variable to be determined in equilibrium: labor demand, which

contributes to the determination of wages. The capital sector, and the

possibility of price-modifying entry was circumvented by assumptions

designed to make the analysis tractable. This will be improved upon in

future research.

As well, the manufacturing sector did not contribute to pollution in

this model, nor was it affected by pollution. It seems unreasonable that

this is the case. A more elaborate model would admit a modification of our

assumptions with an attendant complication of the analysis.

Another issue which did not receive attention is the interplay between

agricultural policies devoted to prices and/or incomes in the agricultural

sector, or to zoning regulations which inhibit the transfer of land from

agricultural to urban land uses. Clearly, these policies work in the

opposite direction to those which are directed to environmental concerns.

We have shown that the agricultural rents should fall relative to the
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competitive equilibrium; a policy which increases the price of farm

products, or which transfers income to farmers leads to an increase in

rents. In this case, the urban/rural boundary is even closer to the CBD

than it should be if environmental concerns are recognized. This leads to

a situation in which residential rents are too low and wages too high

relative to an efficient allocation.

There are many instances in which positing a regional environmental

authority is realistic, and the prices of many goods are fixed for the

region. Perhaps a good example is the Veneto, and other areas within the

EEC, where local authorities may set pollution guidelines to achieve

regional goals, but a broader economic milieu governs equilibria that may

obtain. However, it clearly would be desirable to relax some of the fixed-

price assumptions invoked here. Current research by the authors is devoted

to this task. Of course, the increased generality reduces the specificity

of the results that can be obtained.

Finally, much of this analysis by-passes what might be the defining

feature of agricultural pollution: its nonpoint nature. The nonpoint

attributes render untenable the assumption that the central authority can

set optimal taxes for each location based on actions taken there. Segerson

suggests that, in this nonpoint setting, uncertainty becomes key, and

proposes a principle-agent framework for the design of policy. Her

analysis does not consider land use changes (although they are mentioned

briefly). A topic of future research is the recognition of true nonpoint

problems addressed by Segerson, but in the spatial equilibrium model

proposed here.
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