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Abstract
This study uses optimd control theory to examine the dynamic features of agriculturd landscapes
characterized by soatid externdites. A stylized system of agriculturd production and groundwater flow
isused to illustrate how spatia externdities affect land use decisons over time. Policy dternatives are

aso consdered.



Using Optima Control to Characterize the Economic and
Ecologicd Implications of Spetid Externdities

1. INTRODUCTION

For decades, environmenta economists have discussed the implications of externditiesasa
cause of market failure. According to Baumol and Oates (1988,[1]) an externdlity exists “whenever
some individud’s (say A’9) utility or production reaionshipsinclude red (that is, nonmonetary
variables) whose vaues are chosen by others (persons, corporations, governments) without particular
attention to the effects on A’swedfare” Many issues of concern with regard to natura resources, such
as the contamination of ar or water, fal under the category of negative environmenta externdities; the
contamination is produced as a Sde effect of some production process, and it then affects the utility (or
production vaue) of individuas who are not involved in those production decisons. Environmenta
economigts have illugtrated that if the disutility to the affected individuasis not taken into account in the
origind production decision, then an excessve level of production will be engaged in, and asocidly
excessve amount of contamination will be produced.

Economigts have adso explored arange of possible solutions to externdity problems. These
solutions range from command and control approaches that specify maximum production or
contaminant levelsto incentive- (or market-) based approaches that induce the origina producer to
take into account the cost that their production externdities are imposing on others when they are
meaking their production decisons. This accountability may be enforced through taxes on production or

contaminated emissons, for instance, or through the implementation of marketable permits schemes that



force to producers to pay for their contamination through the purchase of permits. These gpproaches,
and the concepts of externditiesin genera, have been described in detail throughout the literature.

The proliferation of techniques enabling dynamic socid optimization, with its emphads on the
future impacts of current production decisions, brought a new dimension to the analyss of
environmenta externdities. Some environmenta externdities form stock pollutants, for ingtance, whose
production and utility effects are not limited to the time period in which they are produced. Designing a
policy to compe polluters to take into account the costs of emitting a ton of carbon dioxide must take
into account not only the current cogts of that emission but aso the future stream of costs that arises
from having that extraton is the atmosphere (Falk and Mendelsohn, 1993[3)).

Thereisafind dimengon to the andyss of environmenta externdities that has received less
atention in the literature, but that is equally relevant in the andyss and design of policy solutions. Just
as the effects of externdlities extend, and vary, tempordly, they dso vary spatidly. In ther discusson of
policiesto ded with externdities, Baumol and Oates acknowledge the complexity introduced when
geographicd digtinctions among polluters must be taken into account; permit and tax systems that might
otherwise appear, at least theoretically, quite Smple to implement become cumbersome to administer
when spatid distinctions are involved (see Braden et d. 1989[2], Henderson, 1977[5], Morgan,
1999[6]).

Unfortunately for the smplicity of environmenta policies, spatid distinctions with respect to
externd environmenta effects probably represent the rule rather than the exception. An examination of
the spatid aspect of environmenta externdities suggests that the effects of externdities, and the extent

to which they enter into individuals production or utility functions, operate & a number of different
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levels. Certain types of contamination, such as upper amosphere ozone pollution, have globd effects,
so that individuas located hundreds of miles away from the source of contamination are affected as
subgtantidly as those immediately adjacent to the source of contamination. At thisglobd leve, the
effects of ozone pollution can be consdered nongpatid, for there islittle geographical distinction in how
the externdity enters digtinct production and utility functions. However, most types of contamination,
including ozone pollution, have locd effects as wel; the magnitude of the effects at the locdl level may
far exceed the magnitude of the globd effects, and these effects are often spatidly differentiated. This
spatid differentiation can ether arise from distance effects, in which individuds farther from the source
of the externdity are less strongly affected by it, or from directiona effects, where the effects of an
externdity are not fdt uniformly at a given distance from the source point. Directiond differentiation
arises from a combination of natura processes and channels of digperson, such as wind patterns or
ground- or surface- water flow patterns, and ingtitutional factors such as the positioning of wells or
monitoring sations. Although awatershed' s groundwater flow is physicaly fixed, for ingance, the
effects of each individua producers contribution to groundwater contamination, and the producers
“respongbility” for those effects in the design of policy, will depend on both the producer’ s location
within the watershed and where within the watershed a drinking water well is placed.

The presence of such geographica distinctions consderably complicates the implementation of
policies designed to force the interndization of externa costs in producer’s production decisons (see,
e.g., Goetz and Zilberman, 2000[4] and Morgan, 1999[6]). Recent studies have examined, for
instance, the design of permit schemes in watersheds where contamination is measured a asingle well.

Such schemes require the use of large integrated model s to calculate atransfer coefficient that describes



how production activity at the source trandates into contamination at the measurement point; this
caculaion must be made separately for each individua producer in order to design an efficient structure
of permit trading ratios. Anindividud distant from a measurement well, for instance, may require fewer
emissions permits for the same amount of production activity as an individua immediatdy adjacent to
the wdll; the ratio of permits required for activity arises from a comparison of the producers transfer
coefficients.

While acknowledging the presence and importance of ingtitutionaly imposed complications
such as those mentioned in the case of placement decisons for drinking water wells, this study focuses
on the complications introduced into policy design by purely physica processesin the creation of
directiond externdities. A highly stylized system of agriculturd production and groundwater flow is
used to illustrate how directiond externdities can gppear in an optimd control andyss of land use
decisions, what their environmenta and ecologica effects would be on a steady state solution, and what
implications they have for possible policy dternatives.

2. METHODOLOGY: OPTIMAL CONTROL

Dynamic optimization problems seek a solution to the question of what is the optima path of
resource use over time for the management interval of interest. A solution to a dynamic optimization
problem therefore provides an optima magnitude for every choice variable a any given point in the
management interva. Optima contral is a solution method for dynamic optimization problems that
establishes and then solves necessary conditions for optima resource use over time. Optima control
divides a system’ s endogenous variables into control variables, which are the decison variables

avallable to the system’ s manager, and state variables, which describe the sate of the system’s



components. The gtate variables evolve within the system according to a series of first order differentia
equations cdled the equations of motion.

One st of necessary conditions for an optima control solution gppliesto asolution for a steady
date, which is an equilibrium solution in which the magnitude of the Sate and choice varidbles remains
congtant over time, with an infinite time horizon. Steady state solutions conform to the popular notion of
sugtainability in that they describe a decision solution that maximizes a given objective function subject
to the condition that the state of the system is unchanging in perpetuity. Such an anadlyss permits atype
of comparative statics that is andogous to that traditionaly applied in static analyses; this gpproach
might explore, for instance, how sengtive the steady-state, or sustainable, levels of choice and control
variables are to changesin exogenous variables. This research will use a steady-dtate andysisto
explore how the sugtainability of ahighly stylized production system is affected by the exogenous
variables that form that system’s physical framework.

3. MODEL DESCRIPTION

Condder the case of multiple agricultura producers, each of whom produce using the same
production function. Production on each parcd is afunction of effort gpplied (%), generic hydrologicd
contamination (h), and level of contaminant abatement sdected (a).

P=f(x, h, a)
where i indexes agriculturd production units. The control, or decison, variablesin this scenario are x
and a. The state variables are h, and the level of contamination changes according to the equations of

motion, which describe what physica processes operate on the contamination level in each period and



how it responds to changesin agriculturd effort, abatement leves, or the hydrologica contamination

present:

hy = 9, (X;,Xg, 0y g ,a;,8,)
Note that the state equation g, (¥ isindexed by i; this alows for differencesin how the level of

contamination changesin each production unit. Also, the equation of motion for cell i can depend on
activity and decisonsoutsde of cel i (@1 ). Inthisframework, therefore, it is the state equation that
describes the structure of the externdity, which in this case will be illustrated by the movement of
hydrologicad contamination among the cdlls.

In this modd, the underlying physica process of contaminant flow creates an economic
externdity because production is sengtive to leve of contamination; the production decisonsin the
contaminant source cell therefore impact the production function in the contaminant receptor cdll. A
socid optimizer who optimizes aggregate production vaue of the landscape would take into account
this contaminant flow, and the effect that upstream production has on downstream production (both in
the current and future time periods), but an individud optimizer would not. The two optimization
processes therefore produce different steady state solutions, with different levels of both the choice
variables (effort and abatement) and the state variable (contamination leve in each cdll). Under the
individua optimization, with no policy intervention, the downstream producer making optimization
decisons mugt take the incoming contaminant flow (and its effect on current and future productivity) as

given and optimize accordingly. The difference between the aggregate landscape va ue under the



socidly optima solution and the individudly optima solution represents the cost of having no policy
intervention to correct for the externdity.

The specific anaytic form of the Sate equation can vary depending on how the physica
processes underlying the externdity operate; the form of the state equation and the resulting Steady State
solution will vary, for ingance, depending on whether contaminant movement from one cell to the next
isafunction of exiging hydrologicd leves, differences in contaminant concentration, effort levels, etc.
The cogt of anon-intervention policy will dso vary, therefore, depending on the physicd structure
underlying the externdity and how it gppearsin the state equation. It isimportant to emphasize, of
course, that atruly redidtic representation of the underlying physica process would require more than a
gngle ordinary differential equation. The smplification of the modd, which dlows for andytica
tractability, is useful as an illudration of the sengtivity of both costs and policy recommendations to the
underlying physica process.

Toillugrate the effect of different forms of externdity on the steady state solutions, the socid
cost of non-intervention, and the structure of an appropriate policy, consder the following example.
Congder alandscape conssting of two cells, each of which produces according to the following

function:

f(x,,h.,a) =x - bxx?- h?- cxa’
Suppose in addition thet cdll 1 is upsiream of cdl 2, and that hydrological contamination flows
downstream. This flow entersinto the state equation for each cell asfollows:

h,=x,- a,- flowl



h, = x,- a, + flowl-flow2

Where flow1 represents the amount that flows from cdll 1 to cdll 2 in each time step, and flow2
represents the amount that flows out of cell 2, and from there out of the production system, in each time
dep. Itisthe specific form of flowl and flow2 that captures the exact nature of the physica flow and
the spatid externdity it generates. This study will examine the case of three possible scenarios:
1. flowl and flow2 are both congtants determined by some exogenous physica structure
flowl=f,
flow2=f1,
2. flow isagmple percentage of existing hydrological contamination leve:

flowl= f xh,
flow2 = f xh,
3. flow isasmple percentage of current agriculturd effort:
flowl= f xx,
flow2 = f xx,

Each of these scenarios produces different socidly and individualy optima solutions. Section Four will
compare the equilibrium values of state and control variables under the three different externdity types
to their respective sociadly optima equilibrium vaues. Section 5 will discuss policy solutions that can be

designed to correct spatidly explicit externditiesin a dynamic context.
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4. RESULTS

The firgt scenario, in which flow of pollutantsis a congant vaue, is an interesting illustration of a
subtle digtinction that exists within the definition of an externdity. Under this scenario, the socidly and
privately optima equilibrium values gppear as shown in Table 1. Clearly, there are no differences
between the socidly and privately optima production activities and stock contamination levels. Thisis
because the economic externdity arises not directly from the contaminant flow itsdf, but from the
impacts of upstream activities on the downstream activity decisons. In this case, where flow isa
constant, the upstream production choices themsalves do not impact in any way downstream
production choices, therefore no externdity exists, no wedge is driven between the socidly and
privaely optima decisions, and there is no difference between the solutions.*

This observation highlights the fact that there may not be socia cost associated with the flow
itsdlf; acog only exigtsif thisflow acts as a conduit through which upstream activity can impact
downstream productivity. The purpose of intervening policy in the case of a downstream pollutant flow
is therefore not to correct for the presence of the flow; the presence of the flow isa naturd physica
process thet is taken into account in determining the socidly optimd levels of the state and control
variables. Thefact that the downstream cdll has to abate an additional amount to compensate for the f;

arriving from upsiream is not inherently inefficient. The inefficiency arises from the externdity, or the

The only aspect of the upstream production decision that affects the downstream cell isthe
decison to produce at dl; no wedge is driven as long as the socidly optima solution is not a corner
solution. If it were socidly optimd for the upstream cdll not to engage in agriculture & dl, then the
socid optima could diverge from the private optimal as aresult of the presence of afixed contaminant
flow. That scenario is not addressed in this paper.
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Vaidble | Socidly Optimd Eq. Levd | Privaidy Optimd Eq. Leve
X, 1+ 2cf, 1+ 2cf,
2(b +¢) 2(b + )
h, c@d- 2bf )r c(1- 2bf ) =cra,
T20+0) it Sl WAl
2(b+c)
& 1- 2bf1 1- 2Dbf, =x,-f;
2(b+c) 2(b+ ©)
Xo 1- 2c(f, -f,) 1- 2off, - f,) =Xi-20(2f, - ;)
2(b+c) 2b+0)
h, o(1+ 2b(f, - f,))r o1+ 20(f, - £,))r =cra,
2(b+c) 2(bt )
27 1+ 2b(f, - f,) 1+ 20(F, - f,) =x, +f, - f,
2(b+c) 2(b+©)

Table 1. Socidly and privately optima levels when flow is a congtant

impact of upstream decisions on downstream productivity. In this case, beyond the decision to

produce at a non-zero level, the upstream decisions do not directly affect the flow, and therefore do not

affect downstream choices. There is therefore no economic inefficiency in this system that would

require policy intervention.

Condder in contrast the case where the magnitude of flow is afunction of the accumulated

contamination level inacdl. Inthis case, upstream production decisons, and the level of upstream

choice varigbles, will impact on downstream productivity through their effect on hy; differencesin h, are
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transported to the downstream cell through the flow parameter. The results under this scenario are

shown in Table 22,

Socidly optimd eq. levels

Privately optimal eg. levels

Xy C(L+Cfr) + b(1+C2F 2 (f +1)2 + cf(3f +2r)) - +1b+1°i(ff+2 . f
2 +bo(2 + (3 + 20)) + b7 (14 2T 2 (F +1)2 +ci(3f +2ny)) | 2CTPE+er +en)

hy c(er +b(r +ci(f +1)2)) C(f”z =of +1)a,
2(C2 +bo(2+ cf(3F +2r)) + b2 (L+C2F 2 (f +1)2 +Ci(3f +2n))) 2c+b(l+d” +cfr))

& c+b(1+cf(3f +r) 1 —x - fh
2(C? + be(2+ cf(3f +21)) + b2 (1+ T2 (F +1)2 + F(3F +2))) | 2c+bL+cf? +cfr)) ~+ '

Xo c(d+cf?) +b(1+c?f2(f +r)? +cf(3f +2r)) c+ b(1+cf(f +1))?
2(c® +bc(2 +cf(3f +2r)) + b? (1+c?f *(f +r1)? +cf (3f +2r))) 2(c+ b(1+cf 2 +cfr))

=b(1+cf(f +r1))x, +ca,

h, off +r)(c+b(1+2cf(f +1))) of(c+ b1+ 2o +1) _ (o
2(c? + be(2+ cf(3f +2r)) + b? (1+ S 2 (f +1)? + cf(3f +2r))) 2(c+b(1+cf ? +cfr)) 2

3 c+ b(L+ 2cf(f +1)) c+ b(L+ 2¢f(f +1))

2(c? + bo(2+ A (3f +2r)) + b? (1+ G 2 (f +1)% + cf(3f +2r)))

2(c+b(1+ o ? +cfr))

=x, +f(h,- h,)

Table 2: Socidly and privately optimal levels when flow is afunction of the accumulated contaminetion

levd inacdl

2For smplicity, the results presented in the following graph assume that r=0.
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Under this scenario, an externdity does exi<. In the upstream cdll, a private optimization produces a
higher equilibrium leve of x, and hy, and alower equilibrium abatement level.®> The downstream cell,
whose private optimization process is senstive to the upstream contaminant level, dso carries a higher
contaminant level (h,), and in addition suffersfrom higher abatement costs, and alower optimal
agriculturd effort leve (x,). Under asocid optimum, the upstream decisions contributing to
contamination should take into account not only the discounted future cogts that will accrueto the
upstream cdll itsdlf, but the discounted future costs that accrue to the downsiream cell aswell. Under a
private optimum, the upstream cdll only consders the discounted future cogts to itsdlf in the optimization
procedure, and therefore carries a higher contamination level. The result of the externdlity is therefore
not only alossin overal landscape productivity, but an increase in landscape contamination. It isthis
increase in landscape contamination that produces the decline in productivity; other possible impacts of
increased contaminant runoff from cdll 2, unrelated to productivity, are not taken into congderation in
this gpproach. Such impacts would create an even wider wedge between the socid and privatdy
optima steady States, for when taken into account in the socid optimization they would result in a
decline of equilibrium contamingtion levels, though the private optimization results would remain
unchanged.

Different results are obtained under the third scenario, in which flow is afunction of current
effort rather than current contamination levels. The results are reported in Table 3. Again, an xterndity

exigs that is driving the difference between socidly and privatdy optima equilibrium solutions. Asin the

3Assuming nonnegdtivity congtraints on b, ¢, and f
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Socidly optimd equilibrium vaues Privately optimd equilibrium vaues
Xy b+c- 3cf +2cf ? 1 !
2(0% +c2(f - 1)* +bc(2- 4f +3t2)) | ZOTADY)
hy or(1- f)(b+c- 3cf +2cf %) o@d-f)  _ cra,
200° +*(f- 1)* +bo(2- 4f +3f?)) 2+ df-1)?)
Y (1-f)(b+c- 3cf +2cf ?) @D —@a-16yx
2(b? +c3(f - 1)* +bc(2- 4f +3f 2)) 2b+e(f-1)%)
X b+c- 3cf +3cf 2 b+c- 3cf +2cf 2
2(b? +c?(f - 1)* +bc(2 - 4f +3f ?)) 2(b +c(f -1)?)2
hy cr(b- of - 1)%) ab-of- D% _
2\2 T 2
2(b% +c?(f- 1)* +bc(2- 4f +3f?)) [ 2brel- DY)
3
% b- C(f-1)3 > C(f-l)z 2 :Xz'f(xz'xl)
2(b? +c?(f - 1)* +bo(2- 4f +3f2)) | Abrf-DY)

Table 3: Socidly and privatdy optima levels when flow is afunction of current agriculturd effort

scenario above, the private optimization produces a higher h, and x;, and lower &, and a higher h, and
& and lower x,, than the socia optimization. There are a couple of interesting things to note about both
the socid and private equilibriain this case. Most noticeably, only the optimal state variable levelsh,”
and h," are senditive to the discount rate. This is because when the externdity arises from flow rlated
to the control variable rather than to the date variable, then its downstream effect can be compensated
for inasngletime period. The downstream cell prevents future repercussions of this period's

increased upstream activity Smply by abating more in the current time period. Therefore optimad levels
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of the control variables do not depend on the discount rate, which would indicate how heavily future
costs should be taken into account now, because no future costs are generated.

The levels of the state variables remain sensitive to the discount rate, however, because the
accumulating contamination levels dways have future costs through the reduction of future productivity.
Note that if r=0, so that future impacts count as much as current impacts, then the optima
contamination level a any point on the landscapeis 0. The optimum drategy is dways to Smply
maintain minimum contamination and maximum productivity. Asr increases, al of the decison variables
remain the same, but the level of the State variable contamination increases. Increasing r meansthat it
may be optima to maintain a certain level of contamination if the codts of abeting it in the present time
period are not justified by the discounted stream of future avoided codts.

Thisis not the case when flow is afunction of the Sate variable (scenario 2). Inthiscase,
increased upstream production effort x, will continue to be felt downstream in periods t+1, t+2, etc.,
due to the effect on h, which flows downstream over time. Thelevels of dl of the choice varidbles are
therefore sengtive to how heavily those future costs “count” in today’ s decisons, which isreflected in
the discount rate r. Also in contrast to scenario3, even with r=0, the optima leved of hydrologica
contamination is aways nonzero. This difference arises because when flow is a function of
contamination levels, the only way for each cell to take advantage of the naturd cleansing vaue derived
from the flow isto maintain a postive contamination levd. Maintaining azero leve for the upstream
cdl, for ingtance, would require abating everything entering the system, a,=x - fhy=x; if h=0. At this

abatement levd, the landowners would lose the abatement cost benefits of the natura flow. Therefore
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it is both privately and socidly optimad to maintain some level of background contamination when the
flow mechanism takes this form.
5. POLICY SOLUTIONS
Taxes or subsdiesthat dter production costs are commonly suggested as a means of changing
the level a which production, dong with its externd sde effects, is engaged in. Taxes or subsdies may
be placed on any of the variables in a production optimization problem. In the scenario described here,

they could change the farm’ s production function as shown:

f(x,,h,a)=x - bx’- h?- ca” - tax1x,

or

f(x,,h,,a) =x, - bx?- h?- 0@’ - tax2*h,

or

f(x,,h,,a) =X, - bxx?- h? - (c-subsl)>a’

where tax1 isatax on acdl’sagriculturd effort, tax2 isatax on acell’s contamination level, and subsl
isasubsdy on the cost of abatement. Isit possible to use taxes or subsidies such as these to correct
the externalities described in scenarios 1,2, and 3 above?

As explained above, scenario 1 does not represent a true externdity, and therefore requires no
policy intervention to correct. For the remaining scenarios, Table 4 shows the taxes or subsdies that

would need to be gpplied in order to induce the entire system to operate a socidly optimd levels.
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scenario 2 scenario 3

tax1 None cf(b- c(f - 1)%)
b* +c?(f - 1)* +bc(2- 4f +3f %)

tax2 of (C+b(L1+ 2cf (f +1)) None
c?+bc(2+cf (3f +2r))+b?(1+c*f2(f +r1)% +cf (3f +2r))

=-f 2,

subsl | None None

Table 4: Taxes and subsidies to correct three types of externdities

Note that when the flow is afunction of effort, the only effective tax is atax on effort, and when flow is
afunction of contaminant leve, the only effective tax is atax on contaminant level. Under scenario 3,
when flow isafunction of effort, taxing upstream hydrology does not affect the upstream landowner’s
decison about effort level at dl; effort and abatement levels remain congtant regardless of contaminant
tax, only the pooled stock of contamination changes. The downstream landowner therefore continues
to receive an excessive contaminant flow from the higher-than-optima upstream effort level. Under
both scenarios, a subsidy on abatement provides a production incentive in the wrong direction; anon-
negative subsidy isin fact alowering of production costs that encourages production effort to rise rather
than fal. The only way to lower effort levelsto the socidly optimd levd isto tax abatement; this
returns effort to socidly optimal levels, but skews the other incentives, so that abatement is lower and

hydrologica contamination is higher.
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Note that it isthe upstream cell’ s behavior that the policy isintended to dter; the downstream
cdl’ s private optimization process produces the socid optimum if the upstream cell behaves optimaly.
This result arises because there are no externd effects considered for the downstream cell’ s activities,
the presence of downstream cogts for flow2 would change that result. In the present modd, an efficient
policy requires the asymmetric gpplication of atax or subsidy—i.e. the tax or subsidy would apply only
to the upstream cdll.

From alocal perspective, however, there are problemsinvolved with the gpplication of atax to
the upstiream cdll. In particular, if the amount collected for the tax leaves the system dtogether (i.e. is
transferred to neither the upstream or the downstream cdll), then the presence of the tax itsdlf changes
the landscape’ s socid optimum. I upstream agriculturd effort results in aloss to the systemn through the
tax mechaniam, for instance, then aloca socid planner would prefer to redistribute agriculturd effort,
with alower amount upstream and larger amount downstream. The reditribution of effort and
contamination across the entire system would moderate the total 1oss generated by the tax mechanism.
This tenson between scales of optimization may result in complex and counter-intuitive policy measures
a different levels of authority.

If, on the other hand, the tax revenue stays within the closed landscape system, then the policy
can be used to achieve a socid optimum that remains undistorted. Suppose, for ingtance, that the tax
proceeds were transferred to the downstream cell in alump sum payment. The tax and the payment
would cancel one another out in the socid planner’ s objective function, and the socid optimum would

remain unchanged. Such asystem, however, sl requires the governing authority to establish in
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advance the price that must be charged as atax in order for the upstream cell to arrive at the socialy
optimd activity level.

Suppose ingead that the policy were set up as a permit system rather than atax. The Structure
of an gppropriate permit system would have to depend on the structure of the physical flow. Asinthe
tax system described above, the permit system would be asymmetricaly applied in that only the
upstream cell would be required to have permits for their production activity. When flow isafunction
of effort, then permits would apply to effort, and when flow is afunction of contamination, then permits
would apply to contamination. The upstream cell would be required to purchase from the downstream
cdl the right to either engage in upsiream effort or to accumul ate contamination, depending on the
dructure of the physcd flow. The downstream cdll maintains the right to either sdl or not el the
permits, depending on the price that is agreed upon.

The advantage to this system, from a policy-maker’ s perspective, is that the price of permits,
and the quantity transferred, are jointly determined by the parties themselves, and therefore do no need
to be established in advance. The governing authority is responsible only for determining the
gopropriate number of permitsto issue. Surprisngly, the downstream cell can be issued an unlimited

number of permits, and the number transferred will still settie to the socidly optimd level x; or h;,

depending on which leve requires permits. Through the negotiation process, the price of the permits
will dso arrive at equilibrium levels equivadent to the tax levels shown above. Intuitively, thisresult

makes sense; the taxes are imposed to represent the interests of the lower cell in terms of the margina
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cost imposed by upstream activity. When the lower cdll represents its own interest through the
negotiating process, the same result will be arrived at.

Aswith other permit schemes, it turns out that the initial distribution of permits does not affect

the efficiency of the permitting policy if the proper number of permits (i.e. h; or x;) are alocated and as

long as amarket for those permits exists. The upstream cdll would Smply purchase the remaining

permits from the downstream cdll. Buit this permit scheme, like others, is vulnerable to the critique that

if the policymaker knew h, , and therefore knew the optimal number of permits to issue, then why not

smply impose a pollution flow standard on the upstream cell and be done with it? How could a

permitting scheme be used to accommodate the fact that the permitting agency may not have enough

information on the production systemsin each cell to determine h; or X ?

As seen above, if a greater-than-necessary number of permitsisissued to the downstream cell

(i.e, h,> h )* thereisno efficiency loss because the remaining permits would smply remain unsold;

the upstream cdll is not willing to pay enough for each permit to induce the downstream cdll to sdll them.
Does the same result hold if a greater-than-necessary number of permits are dlocated to the upstream
cdl? When the permits are issued upstream, then the downstream cell has the option of purchasing any

permitsto prevent h, contamination, however the margind anayss breaks down if the number of

“A barred variable represents the number of permits issued, while the subscript on barred
variables denotes the cdll to which the permits are issued.
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permits exceeds h, or X, , the privately optimal upstream hydrology or effort levels. Suppose ho>h

permits areissued. Even in the absence of amarket, the upstream cell would not use more thanh,

permits, but in order to ater the upstream cell’ s production decisions, the downstream cell would have

to purchasedl h, - h, excess permits. If the additiona cost incurred to begin abatement, which totals

price* (h,- h,), is grester than the potential net benefits of permit trading that accrue to the

downstream cdll, then the downstream cell will opt not to participate in the market and will instead
ettle for the results of the upstream cdll’ s private optimization process. Such aresult would represent

an inefficient policy outcome. This problem could be addressed by smply issuing the upstream cdll

A

enough permits to cover its current contaminant level, h,. Permit trading from this point should resuit

in an efficient leve of hy, with the downstream cdll finding it worthwhile, in terms of avoided codts, to

purchase ( ﬁl - h;) permits.
What would happen if too few permits were offered (h, < h,)? Regardiess of initid

distribution, the same outcome would be achieved- the upstream cdll would purchase, or retain, dl of

the permits available, and would operate a h; .

6. CONCLUSIONS
Designing appropriate policies for pollution control in agpatia context requires an
understanding of the biophysical processes underlying the externdity, both to determine the socidly
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desred leve of pollution flow and pollution control aswell as to determine which types of policies will
be effective a generating them. The Sze and shape of the wedge between socid and private optima
production levels generated by an agriculturd externdity will depend, for instance, on whether the
externd effect is due to the magnitude of current upstream agricultura effort or the magnitude of the
contaminant accumulation that results from that effort. The structure of the externd flow will lso
determine the extent to which current activity trandates into future costs downstream.

When the externd flow increases with increasing upstream hydrologica contamination leve, the
gopropriate policy dternativeis atax applied to upstream hydrology. Such apolicy would induce the
upstream landowner to take into account the effect that the accumulating contamination is having
downstream. The objective of the tax is not necessarily to drive the upstream contamination to zero.
Thereisacertain socid vaue generated by the natura flow of the contaminant out of the system
without expenditure on abatement; dthough it is unfortunate thet the contaminant must first flow through
the downstream cell, even asocid planner would choose to take advantage of this free cleaning service,
which can only be done if contaminant levels are non-zero.

When the contaminant flow between cdlls increases with upsiream agricultura effort, then the
gopropriate policy response to correct the externdity isatax applied to upstream effort levels. Inthis
case, the upstream landowner can maximize the private benefit derived from the naturd cleansing flow
of the landscape by increasing effort levels, but he has the appropriate incentives to keep contaminant
levelslow. Thisisaccomplished by increasing both effort and abatement levels, at the expense of

downgtream cdlls. The imposed tax on effort corrects thisincentive.
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It is possible to design permit schemes to correct for the market failure aswell. These schemes
are dte-gpecific in that only parties whose activities generate externdities (in this case the upstream
cdls) are required to have permits, and process-specific in that the permits, like the taxes, must be

goplied to the gppropriate flow process- either the effort leve or the contaminant leve. At the

extreme, in atwo-party modd, issuing éther h, = ¥ or h, = ﬁzmimicsaCoasian scenario, and

negotiation (or trading) resultsin asocidly efficient outcome. When permits are split between the

parties, whether the outcome of the negotiation process is socidly efficient depends on whether an
efficient number of permits (h, + h,, = h}) areissued.

An undergtanding of the nature of spatia flow rdaionshipsis therefore critica in the search for
ways to correct for market failure aswell asin characterizing what the socidly desirable objectives are.

Thismodd presents highly smplified examples of such flow processes, and the diverging results

produced in terms of landscape hydrology, producer incentives, and policy measures.
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