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PREVENTION VERSUSTREATMENT UNDER PRECAUTIONARY
REGULATION: A CASE STUDY OF GROUNDWATER CONTAMINATION
UNDER UNCERTAINTY
Introduction
Policy discussons of agricultura nonpoint source pollution problems have focused
amost exclusvely on prevention. There gppear to be severd distinct motivations for this
emphasis. Firgt, materials balance consderations suggest that such an gpproach makes sense:
In principle, pollutants exist becauise raw materids are not converted completely into finished
products, so that there exists a potentia for improvementsin productive efficiency that would
samultaneoudy reduce pollutant emissons. In other words, preventive measures may provide
“win-win” opportunities for smultaneoudy increasing farm prafitability and environmental
quaity. Second, afocuson prevention is often justified on the grounds of cost effectiveness. In
the case of groundwater contamination, for example, the per-acre cogts of many leaching
reduction measures appear to be low compared to water trestment costs. Third, in the case of
groundwater, at least, preventive measures may appear preferable for precautionary reasons,
that is, reducing the risk of environmenta degradation that could prove irreversble or
excessvely codtly to remedy. Cost effectiveness and precaution are the main reasons the U.S.
Environmentd Protection Agency cites for expanding ground water protection programs under
the Federd Insecticide, Fungicide, and Rodenticide Act and under the 1996 Amendmentsto
the Safe Drinking Water Act during the 1990s. “ Given the importance of ground water as a
source of drinking water for o many communities and individuas and the cost and difficulty of
cleaning it up, common sense tells us that the best way to guarantee continued supplies of clean

ground water isto prevent contamination” (U.S. Environmental Protection Agency).!



Empirica economic andyses have followed broader policy discussonsin focusng
amog exdusvey on prevention. Virtudly dl of the sudies cited in Leg sreview of the
agriculturd economics groundwater contamination literature examined only pollution prevention
viachangesin crop choice and/or agriculturd practices. (Rare exceptions include Ready and
Henken's anadlyss of wdll testing and remediation decisions, which focuses exclusvely on
trestment of contaminated well water; Innes and Cory’s andyss of well testing, customer
notification, and trestment in cases where consumers may switch to drinking bottled water; and
Lichtenberg, Zilberman, and Bogen's analyss of aStuation in which prevention was infeasible.)

But preventive Strategies may not dways be either cost-effective or precautionary in
gtuationsinvolving agriculturd nonpoint source pollution. This paper develops a theoretica
andysis of the conditions under which treating pollution ex post may have alower expected
cost than preventing pollution in the first place. The andysis dso indicates that a grester
emphasis on precaution may, paradoxicaly, lead to increased reliance on treatment rather than
prevention. We illugtrate the theoreticad andysis using a case sudy of nitrate contamination of
drinking water wdlsin Maryland.

The principles of determining the efficient division of pollution control effort between
prevention and treatment were explored under certainty by Olson and Zeckhauser, Oates,
Shibata and Winrich, and Butler and Maher. Polinsky and Shavell and Barrett and Segerson
study the roles of prevention and trestment in dealing with randomly occurring discrete
contamination events, such as accidentd spills. Innes and Cory study the roles of prevention
and trestment under dternative forms of polluter liability in cases where consumers can switch to

bottled drinking water.



This paper extends the literature in severd ways. First, we modd pallutionin a
continuous stochastic framework rather than in terms of a single discrete event (an accidenta
spill) that occurs with a given probability. Second, we modd stuations with multiple sources of
pollution that differ in amounts emitted and codts of reducing emissons. Third, we model
Stuations characterized by multiple Stes subject to contamination that differ in their vulnerability
to pollution. Fourth, we andyze what is arguably the most widdy used form of precautionary
regulation, the engineering approach that involves setting an upper bound on the frequency with
which anominal standard isviolated. This gpproach corresponds to a safety fixed approach to
dedling with uncertainty (see for example Beavis and Waker; Lichtenberg and Zilberman;
Lichtenberg, Zilberman, and Bogen; and Harper and Zilberman).

Prevention, Treatment, and Pollution

We consder the case of an industry composed of heterogeneous firms that emit a
pollutant causing an uncertain level of damage a multiple, heterogeneous Sites.

Let gl [d, d] index the types of firmin theindustry and g(g) denote the number of
firmsof typeg. Let c(x,g) denote expenditures associated with agiven leve of pollution
prevention effort x by firms of type g. We assume that ¢(x,Q) is convex in prevention effort x for
dl firmtypes. Pollution from the industry affects different Stes differentidly. For smplicity,
assume that the reduction in emissions from each type of steisw(g)x(g), i.e., proportiond to

pollution prevention effort. Thetotal reduction emissons from preventive effort in the industry is

thus X = (juw(g)x(g)g(g)dg . Without loss of generdity, assume that the effective margind



cost of pollution prevention e(X,g) © c«(X,g)/w(g)isdecreasingin g, i.e, ahigher vaueof g
indicates grester efficiency in pollution prevention.

Letql [q, '] denote the vulnerability of each type of site to pallution, with higher
vauesof g indicating greater vulnerability. Let h(g) denote the number of sites of vulnerability g
in the region affected by the pollutant. Let I(q) denote effort expended on treating pollution a a
gte of type g and K(I) denote treatment expenditures. We assume that K(I) is convex in
treatment effort for dl . We assume that pollution prevention affects pollutant levels a dl Stes
but that treatment affects only the Site tregated.

Mogt agriculturd pollution is subject to substantid uncertainty due to the influence of
Sochadtic factors such as weather conditions or due to lack of information about difficult-to-
observe physcd factors such as subsoil and hydrologic conditions. For example, leaching of
nutrients and pesticides depends on stochastic factors such arainfdl, surface and ol
temperatures, and other factors that vary randomly as well as seasondly (Jury and Nielsen).
Trangport, volatilization, degradation, and chemica transformation of nitrate and pesticides are
influenced by subsurface soil conditions, microbid activity, and underground geochemica
factors that are difficult to observe and thet dso vary stochasticaly over time (see for example
Jury and Nidsen; Office of Technology Assessment). The effects of pollution prevention
measures are Smilarly subject to uncertainty. For example, runoff and leaching under
conservation tillage depends on rangorm size and timing and the route of infiltrating water in
addition to organic matter in the fidld and other soil conditions (Baker).

We formaize this uncertainty asfollows. Let F(N; X, I, g) be the probability that the

level of the pollutant at a Site of type q is no greater than N, conditiona on aggregate pollution



prevention X and trestment at that Ste 1(qg). Both pollution prevention and trestment reduce
pollution and thus increase the probability that pollution at a given Ste does not exceed N, that
is, (letting subscripts denote derivatives) Fx > 0, F, > 0. Greater vulnerability to pollution
corresponds to alower probability that pollution at a given Site does not exceed N, thet is, Fy <
0.
Cost Effective Precautionary Regulation
Legidation governing environmentd qudity typicaly adopts the public hedth
professon’s point of view regarding uncertainty by requiring that water providers make
provison to meet stlandards for contaminant concentrations with an adequate margin of safety.
This gpproach is precautionary in that it concentrates on unacceptably bad outcomes,
specificaly, limiting the frequency with which such outcomes occur.  Lichtenberg and Zilberman
have argued that this corresponds to imposing a safety-rule condraint of the form
D FN; X, 1,902 P" ¢
where N is the maximum alowable concentration of the pollutant, and O£ P £ 1listhe
probability that the pollutant concentration does not exceed the maximum alowable leve.
Lichtenberg and Zilberman characterize P as the margin of safety mandated by such legidation.
The cogt effective combination of prevention and treatment under such an gpproach can
be found by choosing vectors x(g) and 1(qg) to minimize the sum of prevention and trestment
expenditures,

Kh

() Q C(X(g),g)g(g)dg+c‘3u K(I'@))h(@)dg

subject to the congraint (1). The necessary conditions for aminimum are



3 ¢.(x8)- W@ | @F(N:X,1.a)h@)dq 2 0

(4) K(1)-1@)F 0
(5) P- F(N;X,1,q)£0.

Under our assumptions there should exist minimum types of firms engaging in pollution
prevention and Stes engaging in treetment. Let g* denote the least efficient (highest effective
margind cogt) type of firm engaging in pollution prevention and g* denote the least vulnerable
type of dterecaiving treetment. If regulators are indifferent between having firms of type g*
engaging in pollution prevention and not doing o and between having Stes of type g* treating

and not treating, then g* and g* are defined by the equations

6 0,99 Q. @F(N; Q) Wo)x@)9@)g.!.a)h@)dg =0

M P- F(N:Q W@)X(@)9(0)dg.09%) = O.

Subdtitution of condition (4) into condition (3) for any dte with vulnerability g2 g* gives
the sandard condition that the optimal combination of prevention and treatment involves

equating the margind cost of prevention with the totd margind cost of trestment at al Stes,
®) e(x9) = ) K&)Ihia)dg
) Q* ﬂx .

where T2 Fu(N:X,1,0)

isthe margind rate of subgtitution between prevention and
X F(N;X1.9)

trestment at a given Ste of type q under anominal standard N.



The cogtate variable | (g) givesthe change in totd cost due to a change in the margin of

safety P a adte of agiven type g and can be thusinterpreted as the margina cost of precaution

a Stesof that type. The overal margind cost of precaution isthus (‘SI (@)h(g)dqg .

Conditions (3)-(5) will aso be sufficient if margind reductionsin F are decreasing in
both prevention and treatment (Fxx, F < 0) and if there are no economies of scale in treatment
(as we have assumed). If the objective function is not globaly convex, however, the most cost
efficient form of regulation may involve ether prevention or trestment done. Trestment aone

will be cogt efficient whenever condition (3) holds as adtrict inequdlity for al firms,
©) €0.9)- Q.| @F(N:0.1,9)h@)dd >0 " g.

One can envisage a number of situationsin which this might occur. Firg, prevention may be
quite cogtly ether because it requires large expenditures (c«(0,9) largefor dl g) or becauseitis
not very effective (w(g) smdl for dl g or Fx(N; 0,1,q) samdl for dl g). Second, the number of
sites affected by pollution may be smdl (H(g")-H(g*) is small) so that the avoided cost of
treatment issmal. Third, the margind cogt of treatment (I (q) = K&1)/F(N; 0,1,q)) may below
for dl stes affected by pollution.

The degree of precaution (as indicated by the margin of safety P) will influence the
degree to which prevention isdesirable. Intuitively, one might expect a greater degree of
precaution (a higher margin of safety) to lead to greater emphasis on prevention. But the
opposite may occur. Conditions (3)-(7) suggest that changesin the margin of safety P will have
both intensve and extensve margin effects on tota preventive effort X. The former consist of

changes in prevention by inframargind firms (typesg > g*). The latter consist of changesin the



leadt efficient firm engaging in pollution prevention (type g*).  One would expect the extensive
margin effect on tota preventive effort to be pogtive: Increasesin the margin of safety should
increase the number of firms engaging in pollution prevention by lowering g*. One would aso
expect the direct effects of increasing the margin of safety on preventive effort by inframargind
firmsto be postive: Grester precaution implies a higher margina cost of precaution | , which
crestes an incentive for greater preventive effort by inframargina firms. Moreover, greater
precaution means that more Steswill be out of compliance with the regulatory congraint (g*
decreases), which increases the returns to preventive effort (i.e., avoided treatment costs). But
increases in the margin of safety can dso have negative effects on preventive effort by
inframargind firms. Gregter precaution means that more firms will engage in preventive effort
(g* decreases), reducing the margind productivity of preventive effort by inframargind firms
(and thereby creating an incentive to reduce that effort). Greater precaution dso means more
treatment at inframargind gtes (1 increases a dteswith vulnerability g > g*). If the margind
productivity of prevention is decreasing in treatment (Fx < 0), then the increase in treatment
creates an incentive for decreased preventive effort by inframargind firms. If these negetive
effects of greater precaution on preventive effort by inframargind firms are large relive to the
positive effects of greater precaution, increasing the margin of safety could result in less, rather
than more pollution prevention. Thus, it is not necessarily the case that greater precaution
implies more prevention.
A Case Study of Nitratein Maryland Drinking Water Wells

We agpplied this framework to the case of nitrate contamination of drinking water wells

in Maryland by combining agtatistical model linking nitrate concentrations in drinking well water



to agriculture with estimates of the cost and effectiveness of prevention and water trestment
technologies. We begin by andyzing the cost efficient combinations of preventive agriculturd
best management practices and water treatment to meet the current nomind nitrate standard in
community water system wells a a 95 percent margin of safety. We then investigate changing
the margin of safety on the cost efficient combination of prevention and trestment and in the totd
cost of complying with the current nomina standard. Next, we investigate the sengtivity of the
cogt efficient combination of prevention and trestment to assumptions about nitrate leaching
from agriculturd activity, focusng on the case where nitrate leaching from agricultureis
subgtantialy higher than the best estimate of the Satisticd modd. Finaly, we test the sengtivity
of the cost efficient combination of prevention and trestment to the number of wells affected by
leaching from agriculture by extrgpolating the community water syssem modd to incorporate
individua household wells.
Agriculture and Nitrate in Maryland Drinking Water Wells

Lichtenberg and Shapiro estimated a statistical modd relating nitrate concentrationsin
finished water from community water syssem wels during the period 1976-1992 to hydrological
characteristics of the wells used by each system (e.g., depth and aguifer characteristics),
acreage of mgjor crops in the county in which the system was located, livestock inventoriesin
the county in which the system was located, and rurd residentid land use, as measured by the
number of septic systems in the county in which the syssem was located. The water qudity data
contained 810 observations on nitrate taken from 213 community water systems. Lichtenberg
and Shapiro used tobit to correct for biasintroduced by the fact that nitrate cannot be detected

at concentrations below 0.1 mg/l. They compared linear and exponentia specifications, norn+



nested hypothesis tests unambiguoudy favored the exponentid specification. Crop acreage and
livestock numbers were measured as averages for the 10 years preceding each well test, s0
their results are most gppropriately interpreted as indicative of long-run effects. Corn wasthe
only crop, and broilers were the only kind of livestock, associated with elevated nitrate
concentrations in both models. The exponentid model indicated that each 1,000 acres of corn
was associated with a 3.05 percent increase in long-run nitrate concentrations, while each 1,000
broilers was associated with a 0.02 percent increase in nitrate concentrations. Our andyd's of
pollution prevention thus concentrates on leaching reduction practices suitable for corn and
broiler production.

We focus on wells not in compliance with the drinking water standard for nitrate, 10
mg/l. Let Z; denote the (column) vector of regressors excluding corn and broilers associated
with system | in county i with detectable nitrate. Let b be the (row) vector of coefficients
associated with these regressors. Let b be the coefficient of county corn acreage Ay and bg
be the coefficient of the number of broilersin the county B;. The predicted mean log nitrate
concentration in system j in county i with detecteble nitrateisbZ+b AAi+bgB;. Let

é/1 V2 V3 l;'

_é U
W—éV2¢S M S 2B (]

EVES a5 S es
denote the partitioned covariance matrix of the vector of estimated coefficients[b b bg],
where V; isthe covariance matrix of b, V, isthe column vector of covariances between the
dementsof b and ba, V3isthe column vector of covariances between the dements of b and

bg, Saa isthevaianceof ba, Sgg isthevariance of bg, and s g iSthe covariance between by



and bg. Thevariance of the predicted log nitrate concentration in system j in county i with
detectable nitrate is
V( l\]ij ) = Z;01Z; + 2Z; 0 A + 2Z;0/3B; + A’San + BPSp + 2ABiS s + S,

where s 2 isthe variance of the residua error. The nitrate concentration in the drinking water
provided by a system exceeded with probability P in the absence of either prevention or
trestment is thus
(10) N, (P)=bZ, +b,A +b B +F Y(P)V(N,)]* ,
where F *(P) isthe inverse (zscore) of astandard normal cumulative distribution at probability
P. Table 1 gives descriptive statistics for community water systems predicted to be out of
compliance with the current nominal standard of 10 mg/l at a 95 percent safety margin in the
absence of ether prevention or trestment. These systems are located in five counties on the
Eastern Shore and ten countiesin Centra and Southern Maryland.
Pollution Prevention in Corn and Broiler Production

The agronomic literature suggested three dterndtives for reducing leaching from corn:
Planting a cered cover crop, reducing fertilizer use, and removing land from production. Cered
cover crops appear to be the least codtly of these three.? Mogt leaching occursin the late fall
after the corn harvest: During the growing season, the corn crop holds nitrate in the soil solution.
Cered cover cropstake up resdua nitrogen beforeit can leach. A review of agronomic studies
using shdlow wells to measure nitrate concentrations leaching out of the root zone indicates that

cereds like rye reduce nitrate leaching on the order of 50 percent (Melsinger et d.). The cost



of acered cover crop is $28 per acre for seed, no-till drilling, and application of aknockdown
herbicide.

Reducing leaching from broiler production requires storage of poultry litter and
subsequent use of litter as crop fertilizer. Experience with such nutrient management systems for
poultry has been limited. Poultry litter has a higher nutrient content than cow manure, making
cdibration of application rates more difficult. 1t isaso high in phosphorus, and land gpplication
of poultry litter (including use asfertilizer under a nitrogen based management drategy) has
resulted in excess phosphorus levelsin soils. This excess phosphorus runs off into surface water
but has not leached into groundwater.

For the purposes of this study, we assumed a nutrient management system congsting of
storage of poultry litter followed by gpplication to a corn crop as a substitute for chemical
fertilizers. This system was assumed to eliminate completdly leaching associated with broilers.
Therate of nitrate leaching from poultry litter was assumed to equa the rate from chemica
fertilizer (Sdlade and Sims); thus, nutrient management not combined with cover crops was
assumed to leave nitrate leaching from corn unchanged. The net nutrient management cost was
$0.02825 per bird.® 1t was assumed that poultry litter was applied at a nitrogen-based
application rate of 0.2530 tons (506 pounds) per acre recommended by Maryland Cooperative
Extenson during the mid-1990s, an amount sufficient to supply 150 pounds of nitrogen per
acre. We ignore limits on the use of poultry litter on land thet currently has excess phosphorus
that are currently being phased in. This assumption results in an underestimate of the cogts of

nutrient management, a least in the short run while excess phosphorus leves persst.



Nutrient management can be used done or in conjunction with cover crops to take up
resdua soil nitrogen a the end of the corn growing season. The cost and effectiveness of cover
crops was assumed to be the same with poultry litter as with chemical fertilizer.

Treatment of Nitrate in Drinking Water

Filtration was assumed to be the most cost-effective means of trestment. For
community water systems, EPA estimates indicate that ion exchange is the least costly method
of removing nitrate from drinking water. 1on exchange removes between 75 and 99 percent of
nitrate. Capita and operating and maintenance costs depend on the Size of the system due to
economies of scae. Initsanayss of the costs of complying with the Safe Drinking Water Act,
EPA has published estimated costs per household of ion exchange with a 95 percent remova
capacity for a dozen sizes of water systems ranging from populations of 25 to over 1 million
(Federd Regigter). To ensure that total trestment costs increased monotonically with system
Sze (population served), we fit acubic function giving totd trestment cost as afunction of
sysem sze. The midpoints of the population ranges for each system size reported by EPA
were used as the independent variable. The product of this midpoint and per-household costs
was the dependent variable. The following curve fit the data exactly:

(12) K(L;) = 37.870L, - 0.0000245L;* + 1.86x10™L,

where K(L;) isthe annudized total cost of ion exchange for system j and L is the population
sarved. This estimated curve was used to caculate treestment costs for each community water
system.

Computation of the Efficient Combination of Prevention and Treatment



The coefficients of corn and broilersin the Lichtenberg- Shapiro model can be
interpreted as the impacts of these agriculturd activities on the long-run concentrations of nitrate
in community water sysem wdls. Reductionsin these impacts due to agricultura pollution
prevention can be modeled as reductions in these coefficients. The effects of trestment can be
modeled as a reduction in the mean of the predicted nitrate concentration for sysemswith
detectable nitrate. We assumed that cover crops and poultry nutrient management exhibited
congtant returnsto scale. The EPA estimates indicate that filtration by community water
systems exhibited increasing returns to scale.

The efficdent ex ante combination of prevention and treatment was derived by
minimizing the county-level cost of meeting the congiraint on the predicted concentration of
nitrate in each water system through the choices of (1) the share of corn acreage in each county
on which to plant cover crops, (2) the share of the total number of broilersin each county
recaiving nutrient management, and (3) the share of drinking water in each system in each
county receiving filtration. The broiler industry is concentrated on the Eastern Shore of the
Chesapeake Bay and is negligible in Centrd and Southern Maryland. We therefore ignored
nutrient management as an option in the latter.

The rdlevant non-linear programming problem in each county i in Central and Southern
Maryland was:

min ct A, +é Kd,L,)
j
stin(1- d;M)+bZz +(1-at;)b,A +

F _1(P)[ZiWIZij +2(1' ati)ziWZAj +(1' ati)ZAZS m TS 5]5 £|I’( N) " J
OEt;E1"i



O£d;£1 "],

where t ; isthe share of corn acres planted to cover cropsin county i, d; is the proportion of the
water from system | treated by filtration (which is assumed to equd the share of the population
served recelving treated water), ¢ isthe per-acre cost of acover crop, A; isthe county’scorn
acreage, and K(djL;;) isthe cost of filtration in system j as specified in equation (11). Inthe
congraint, In(1-d;M) represents the reduction in the natural log of nitrate from trestment where
M isthe nitrate remova proportion from water trestment, 96.5 percent and Z;; is the vector of
characteristics associated with system j in county i having detectable nitrate. The maximum
alowable nitrate concentration N was set equd to the current EPA standard for nitrate in
drinking water, 10 mg/l.

The rdevant non-linear programming problem for each county i on the Eastern Shore

was.

min c(t, +t ,)A +ay B +§ K(d,L,)
j

st.In(1- d;M)+bZ; +(t; +t ;)1- a)b, A +(ty +t,)b, A +(Q-y)bgB +

FAPNZMZ; + 2ty +t,)(1-a) + (g +t,))ZN,A +2(1-y | )ZW;B, +
2((t]j + 2i)(1' a) +(t g+l 4i))(1' y i)s AB +((t it 2i)(1' a)+(t a tt 4i))2$ at
(1-y,)’S g +s ST £IN(N) " .
OE£t;i£1"i
OL£dE£1 "]
g.tki =1

fyiBi=(tu +ts)A
The choice variables are the proportion of corn acresin county i in acover crop with and

without nutrient management, t ; and t ,; repectively, the proportion of corn acresnot in a



cover crop both with and without nutrient management,t 5 and t 4, respectively, y ;, the
proportion of the total number of broilersin the county receiving nutrient management, and d;,
the proportion of water from each system receiving trestment. The cost of nutrient management
equasw, the cost of nutrient management per unit of inventory, times the proportion of broilers
recaiving nutrient management, y ;, times the number of broilersin the county, B.. Thefind
congtraint states that the corn acreage needed to absorb the litter generated by the birdsin
nutrient management, f v ;B;, must equa the corn acreage used for nutrient management, (t ; +
t3)Ai. Here, f =0.00435 (cdculated by dividing 2.2 pounds of litter generated per bird by
506 pounds of litter applied per acre) is the corn acreage needed to absorb the litter from a
gngle bird at the recommended application rate.
Empirical Results

We began by comparing the optima divison of effort to meet the current nitrate
dandard a a safety margin of 95 percent with current policy, which rdies on filtration done.
We then investigated the effects of adjusting for uncertainty by comparing the optima divison of
effort under margins of safety ranging from 50 percent to 95 percent. Findly, we examined the
sengtivity of the results to changes in the estimated effectiveness of prevention and in the number
of wells affected by nitrate contamination

Optimal versus Current Policy

AsTable 2 indicates, agriculturd pollution control accounts for a remarkably small share
of the optimd divison of effort. In Centra and Southern Maryland, the 10 mg/l gandard with a
95 percent margin of safety isachieved at least cost by filtration done. Filtration doneisadso

the least-cost method of achieving compliance in three (Caroline, Dorchester, and Kent) of the



five Eastern Shore counties having community water systems with predicted nitrate
concentrations in excess of the current standard with a 95 percent safety margin. Nutrient
management does play an important role in meeting the sandard in the remaining two Eastern
Shore counties, which, incidentally, congtitute the center of the poultry industry in the sate. In
Worcester County, the cost efficient level of prevention involves applying litter from 36 percent
of the broiler flock to 65 percent of the county’s corn acreage. In Wicomico County, the cost
efficient level of prevention involves goplying litter from 73 percent of the broiler flock. Cover
crops are not used at all in meseting the current standard on the Eastern Shore.

The cogt-€fficient dlocation of prevention and trestment in Wicomico County requires
applying poultry litter to over three times the amournt of land availablein that county alone.”
Such a plan seems reasonable. About 32,000 acres outside of Wicomico County would be
needed to absorb the poultry litter generated under the unconstrained cost efficient level of
nutrient management in Wicomico County. There are dmost 52,000 acres of corn on which
nutrient management would not be used in the three Maryland counties adjacent to Wicomico
(Dorchester, Somerset, and Worcester). Additional corn acreage would likely aso be available
in adjacent Sussex County in Delaware.

Current policy places the burden of complying with drinking water sandards solely on
water providers. In Centrad and Southern Maryland, current policy appearsto coincide largely
with the efficient of combination of prevention and trestment. On the Eastern Shore, however,
ignoring prevention increases the cost of meeting the nitrate standard in Maryland drinking water
wells subgtantidly, despite the apparently limited role these prevention measures play. Meeting

the current nitrate standard with a 95 percent safety margin through filtration done on the



Eagtern Shore costs $1.47 million for community water systems (Table 2). Meeting this
gandard on the Eastern Shore using poultry nutrient management in addition to filtration costs
only $0.64 millionfor community water sysems. Thus, the cost of meeting the current nomina
gtandard through treatment aone on the Eastern Shore is 131 percent higher than the cost of
meeting the standard through a combination of prevention and treatment measures.

Impact of Increases in Precaution

Figure 1 shows the total cost of meeting the current drinking water sandard for nitrate
of 10 mg/l with margins of safety ranging from 0.5 (which corresponds to meeting the sandard
on average) to 0.95. All community water sysemsin Centrd and Southern Maryland have
predicted nitrate concentrations below the nominad standard of 10 mg/l & amargin of safety as
high as 0.55, while dl community water systems on the Eastern Shore have predicted nitrate
concerntrations below the nomind standard a margins of safety below 0.8. Thus, measuresto
reduce nitrate in drinking water are needed only because of aversion to uncertainty, that is, only
due to precautionary desires. Asthe margin of safety rises, the cost of compliance rises rapidly.
Regressons of the naturd log of compliance cost on the margin of safety (with no intercept)
indicate that each one percentage point increase in the margin of safety increases compliance
cost by 13 percent in Central and Southern Maryland and 17 percent on the Eastern Shore. As
in the case of pesticide contamination of well water in Cdifornia sudied by Lichtenberg,
Zilberman, and Bogen, aversion to uncertainty imposes a substantia cost.

Asthe margin of safety increases, more sysemsfdl out of compliance with the nomind
gandard. Both trestment and the use of nutrient management rise monotonicaly with the margin

of safety asareault (see Figure 2). Changing the margin of safety does not have a monotonic



effect on the use of cover crops, however. Cover crops are not used at al on the Eastern
Shore. They are used only in asingle county (Harford County in Centrd Maryland) and then
only at amargin of safety of 85 percent. Thisresult is due to the presence of economies of
scdein trestment. One community water system in that county serves alarge population
(63,000). Theremaining community water systemsin that county are quite smdl, serving 2,300
or fewer. At amargin of safety of 85 percent, alow level of treatment would be needed to
maintain compliance. The avoided cost of treatment K& 11/9X] is quite high due to the sze of
the population served, making leaching prevention via the use of cover crops cost efficient. As
the margin of safety rises above 85 percent, the use of cover cropsis no longer sufficient to
prevent the need for trestment to maintain compliance with the nomina standard in this system.
Astheleve of treetment in this system rises, the avoided cost of trestment fals and prevention
becomes excessvely codtly relative to treatment (i.e., inequdity (9) holds).

Sengtivity to Assumptions about L eaching from Agriculture

The greater the amount of nitrate leached from agriculture, the more cost effective one
would expect prevention to be. If the Lichtenberg- Shapiro modd underestimates leaching from
corn and broilers, using the estimated parameters of that model could result in underestimates of
the cost efficient use of leaching reducing agricultura best management practices. We explored
the sengitivity of the cost efficient divison of effort between prevention and trestment to the
possihility of underestimatesin leaching from agriculture by increasing the parameters rdating to
leaching potential from corn and broilers and Imultaneoudly reducing the constant term in eech
county sufficiently to keep the initid nitrate contamination level constant. In other words, we

increased b, and bg by the respective amounts Db 4 and Db and then subtracted



Db AAi+DbgB; from b Z;; for each system with detectable nitrate in each county, a procedure
that increases the share of nitrate attributable to corn and broilers without increasing the initid
nitrate contamination level. We used the upper limits of individua one-tailed 99 percent
confidence intervas for the estimates of leaching from corn and broilers as plausible upper end
estimates. Wethus set Db = 0.026749 and Db = .00014, resulting in estimates that were
respectively 88 and 70 percent higher than the best estimates. This assumption implies thet
cover crops and nutrient management effect greater absolute reductions in nitrate leaching,
making prevention relaively more cogt effective.

Asin the base case, trestment done remained the most cost efficient means of meeting
the nomind standard at a 95 percent margin of safety in al countiesin Central and Southern
Maryland and three counties on the Eastern Shore (Table 3). In Wicomico and Worcester
Counties nutrient management was used on asmaller share of the broiler flock, so that assuming
that nutrient management was more effective led to less, rather than more extensve use of it. In
Wicomico County, the share of water treated fell as well—more effective prevention resulted in
areduction in treatment. In Worcester County, however, the share of water treated remained
the same asin the base case. Overdl, the results suggest that the margina cost of trestment is
S0 much lower than that of prevention in most of Maryland that reliance on treatment is likely to
remain the most cogt efficient Srategy for managing nitrate in groundwater even if agriculturd
best management practices could be made substantialy more effective in reducing nitrate

leeching.



Sensgtivity to the Number of Affected Wels

The theoreticd andysis indicates that prevention tends to be more cost efficient when
the number of affected Sites (i.e., Steswith vulnerability no lessthan g*) islarger. The
preceding empiricd anadyss has consdered only community water systems, ignoring the far
more numerous individua household wells. We investigated the sensitivity of the resultsto
changesin the number of affected wdls usng data on the numbers and depths of individud
household wells. Since tests of private well water quality were not avaladle, we extrapolated
the Lichtenberg-Shapiro parameter estimates on the basis of well depth. We assumed
treatment of drinking water by reverse osmos's, which reduces concentrations by an average of
95 percent at an estimated annualized cost of $151 per household.®

Incorporating individua household wells in this manner increased the number of wells
out of compliance with the nomind standard but caused little change quditatively in the cogt-
efficient divison of effort between prevention and trestment. In Centrd and Southern
Maryland, the nomina standard was met with a 95 percent margin of safety at least cost through
filtration donein al counties but one; in the latter, meeting the sandard proved infeesible
through filtration done. On the Eagtern Shore, the nomina standard was met at a 95 percent
margin of safety entirdy through trestment in four counties of the eght having wdlswith
predicted nitrate concentrations in excess of the current standard at a 95 percent margin of
safety. Asin the base case, nutrient management played an important role in meeting the
gandard in the remaining four counties, al of which are located in the principa poultry
producing area.

Conclusion



Discussions of agriculturd pollution problemsin policy circles and in the economics
literature have tended to focus on preventive measures such as changes in farming practices. In
some cases, exclusive interest in prevention may be warranted; for example, technologies for
treating large bodies of water like the Great Lakes or the Chesapeake Bay are not generally
avaladle at present. But in other cases (e.g., contamination of drinking water wells by
agricultural chemicds), treetment is both technically feasible and, sometimes &t leadt, rddively
inexpengve. This paper consders the cost minimizing mix of prevention and trestment for the
latter class of environmental problems. We develop atheoretical mode that incorporates key
features of agriculturd pollution problems, notably (1) heterogeneous firms (and thus pollution
control costs), (2) heterogeneous Stes subject to pollution, and (3) uncertainty about the extent
of pollution at each site. We analyze precautionary regulation that seeks to keep violations of a
maximum alowable pollution level below an acceptable frequency of occurrence. The andysis
indicates that under some plausible conditions greeter precaution or more stringent regulation
may make it desirable to reduce overdl preventive effort and rely more on trestment. We
illugrate the theory using an empirica example involving contamingtion of drinking water wellsin
Maryland due to leaching of nitrate from corn and broiler production. The empirica andysis
indicates that treatment of well water is more cost effective than the use of agriculturd best
management practices to prevent nitrate leaching everywhere in Maryland except for the center
of the poultry industry, where nutrient management plays an important role in managing nitrate in
drinking water wells.

While we attempted to be consarvative in estimating the costs of prevention, severd

aspects of our approach may have underestimated the attractiveness of prevention. First, we



assumed that nutrient management and cover crops affected nitrate leaching only in the counties
inwhich they were used. This assumption accurately characterizes Centrd Maryland, where
groundwater occurs in unconfined rock fractures, and Southern Maryland, where aquifer
recharge zones are located mainly in the same counties as wells drawing on those aquifers. Itis
less accurate for the Eastern Shore, where the recharge zones of confined aguifers are located
in neighboring counties. Ignoring cross-county reductions in leaching results in underestimates of
the cost- effectiveness of prevention. However, the results of the private household well andyss
that tested the sengitivity of the results to the number of wells affected suggest that including such
cross-county effects would likely not change the cost-efficient divison of effort much, if a al.
Second, the safety-fixed decision criterion used here assumes there is no benefit from
inframarginad reductions in nitrate leaching; in other words, reductionsin nitrate concentrations at
levels above or below the nomina standard have a shadow vaue of zero. Such an assumption
isplausbleinthe case a hand. EPA has set the nomind standard for nitrate a afraction of the
lowest concentration at which adverse effects have been observed. It isthuslikdy that
reductionsin nitrate concentrations have little, if any, margind effect on drinking water sefety.
Third, preventive measures in agriculture may provide more than one kind of environmental
benefit. In Maryland, for example, agriculturd best management practices that prevent leaching
into groundwater aso reduce runoff of nutrients (notably nitrogen and phosphorus) into surface
waters, including the Chesapeake Bay. It is possible that more extensve use of these practices
isjudtifiable on the basis of reductions in surface water pollution even if it is not on the basis of
groundwater contamination. In the case of the Chesapeake Bay, however, reducing surface

water pollution requires shifting from nitrogenbased to phosphorus-based nutrient management



drategies. The latter feature lower litter gpplication rates per acre of cropland than the former.
Asareault, litter must be trangported a longer distance on average, so that nutrient management
is more costly than assumed here.

At the sametime, severd factors make it likely that the margind cods of preventive
measures are likely to be higher than assumed in our andyss. Firdt, preventive activities
probably exhibit increasing rather than constant margind costs. Even if the rdlevant agriculturd
technologies are characterized by constant expenditures per acre, the effectiveness of leaching
reduction and/or the effect of leaching reduction on nitrate concentrations in well water vary
from Steto Ste, giving rise to increasing margind cogts of reductionsin well water nitrate
concentrations. Second, informetiona congraints may make prevention sgnificantly more
costly than assumed here. The modd s presented here assume that least cost preventionis
feasble, that is, that regulators can identify the cost and effectiveness of on-farm pollution
reduction measures at each type of farm enterprise (differentiated by type of crop, type of
livestock, topographic and geologicd features, etc.). In redlity, regulaors rarely have such
abilities. Much of the time, regulators do not know the true cost and effectiveness of on-farm
pollution reduction measures are not known. Even when they have such information, they may
be legdly unableto utilize it. Asaresult, they may be forced to employ second-best policies
that involve payment of information rent. (For example, second-best mechanisms are likely to
be unenforceable for agricultural chemicals due to the ease with which secondary “black
markets’ can arise and the difficulty of suppressing them.) In such Stuations prevention will be
even more cogtly than modeled here and treatment, where feasible, will be correspondingly

more desirable.



Findly, it should be noted that our empirica results arise from acase involving
groundwater contamination by nitrate. The cost-effectiveness of prevention relative to trestment
islikely to differ in cases of contaminetion by other agriculturd chemicas. Treatment islikely to
be more costly for more complex chemicds, for example, organic compounds like pesticides.
Of course, prevention may be more costly, too. The main lesson to be drawn is that thereis no
sound justification for basing policy on a presumption that prevention is more codt- effective

than treatment; rather, the least-cost mix of prevention and treatment is an empirica question



Footnotes

1 In broader policy discussions the notion that those responsible for creating a problem should
aso beresponsble for fixing it is often cited as a motivation for emphasizing prevention over
trestment. Asiswdl known among economidts, however, the “polluter pays’ and amilar
principles can be implemented viafinancing (i.e., having polluters defray the costs incurred by
those using a polluted resource) regardless of the division of effort between prevention and
treatment.

2 Theimplidit cost of diminating leaching using cover cropsis $56 per acre. The available data
suggested that both land retirement and reducing fertilizer use were more expensive than using
cover crops. The average rental rate for crop land in Maryland is about $50 per acre. With
adjusments for quality and returns to labor and management, it ssemslikely that the per-acre
cost of land retirement exceeds $56 per acre. The cost of reducing leaching by reducing
fertilizer application equds the logt revenue from reduced corn yields divided by the reduction in
leaching. Information on the former can be obtained from estimated nutrient response curves,
unfortunately, there islittle information on the latter. The only published sudy we could find
indicated an implicit cost of diminating leeching of $154 per acre; details of the caculations can
be found in Penn.

% The cost of nutrient management was calculated as follows. Fixed costs were assumed to
equa $16,608 for a storage shed adequate for litter from 50,000 birds plus $12,500 for a
spinner spreader capable of spreading litter from 175,000 birds. Both were annualized at an
interest rate of 4.96 percent over lifetimes of 20 and 5 years, respectively. Insurance for both

items was estimated to be 1 percent of the totdl fixed cost. Maintenance for the storage shed



and spreader were estimated to be 1 and 5 percent, respectively, of the tota fixed cogt.
Average cods per broiler were obtained by dividing by the number of birds served. Savings
from reduced chemica fertilizer purchases were deducted from these costs. Each 1,000 birds
were assumed to produce 1.1 tons of litter (2.2 pounds per bird). Litter was assumed to have a
composition of 2.88 percent nitrogen, 3.17 percent phosphorus, and 2.05 percent potassium
(Car etd.). Thirty percent of the nitrogen and all of the phosphorus and potassum was
assumed to be available immediatdy (Sms and Walf). Nitrogen, phosphorus, and potassum
were assumed to cost $.30, $.19, and $.15 per pound respectively.
* The constraint on corn acreage proved binding in Wicomico County. We therefore
recaculated the optimd levels of treetment and prevention using the dternative condraint
ti+ts=vy;,
which corresponds to an assumption that sufficient land is avallable in neighboring counties to
absorb al of the poultry litter needed for the optima use of nutrient management in Wicomico
County.
> Additiona details of the empirical methodology used in the individua household well

sengtivity andyss are available on request.
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Tablel. Estimated Number of Community Water Systems Not in Compliance with
Nitrate Standard at a 95% Margin of Safety

County Number of Percent of Upper Tail of One-Tailed 95%
Systems Systems Confidence Interval for Nitrate (mg/l)
Tested Noncompliant Minimum | Maximum Mean
Central and Southern Maryland
Allegany 7 43 10.25 12.25 11.25
Anne Arundel 34 9 10.85 48.24 33.21
Baltimore 4 100 78.60 219.12 169.80
Carrall 18 100 82.24 166.97 121.88
Cecil 40 80 10.47 39.90 24.80
Frederick 18 100 4291 264.45 107.42
Garrett 4 25 10.68 10.68 10.68
Harford 15 100 25.75 106.34 70.92
Montgomery 3 100 37.60 52.57 44.17
Washington 10 100 46.48 166.29 91.42
Eastern Shore
Caroline 20 20 13.64 109.28 46.26
Dorchester 8 25 12.89 14.02 13.46
Kent 7 29 22.86 32.06 27.46
Wicomico 17 76 13.66 110.78 68.94
Worcester 15 47 24.45 42.98 29.00

Source: Calculated from data and estimated coefficients reported in Lichtenberg and
Shapiro. See text for methodol ogy.
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Table 2. Roles of Prevention and Treatment in Meeting Drinking Water Nitrate Standard with a 95% Margin of Safety in Community
Water Systems

Central and Southern Maryland

County Prevention Treatment Cost
Share of Corn Acreswith Cover Crops Number of Mean
Systems Share of
Treated Water
Filtered
Allegany 0.00 2 0.108 $366
Anne Arundel 0.00 3 0.567 $4,881
Baltimore 0.00 4 0.964 $38,401
Carroll 0.00 17 0.947 $652,120
Cecil 0.00 28 0.533 $182,460
Frederick 0.00 17 0.909 $695,040
Garrett 0.00 1 0.066 $751
Harford 0.00 13 0.867 | $2,321,100
Montgomery 0.00 3 0.797 $120,300
Washington 0.00 10 0.889 $158,940
Regional Total 98 $4,174,359
Eastern Shore
Prevention Treatment Cost
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Share of Corn Acreage with: Share of Number of Mean
Broilerswith Systems Share of
County Cover Cro Cover Crop, No Cover No Cover Nutrient Treated Water
P | No Nutrient Crop, Crop, No Management Filtered
Nutrient Management Nutrient Nutrient
Management Management | Management
Caroline 0.00 0.00 0.00 1.00 0.00 3 0534 $3,088
Dorchester 0.00 0.00 0.00 1.00 0.00 2 0.265 $18,097
Kent 0.00 0.00 0.00 1.00 0.00 2 0.648 $96,273
Wicomico* 0.00 0.00 3.05 0.00 0.732 12 0.080 $331,220
Worcester 0.00 0.00 0.645 0.355 0.363 5 0.141 $187,460
Regional Total 24 $636,138
Eastern Shore—Treatment Only
Caroline 0.00 0.00 0.00 1.00 0.00 3 0534 $3,088
Dorchester 0.00 0.00 0.00 1.00 0.00 2 0.265 $18,097
Kent 0.00 0.00 0.00 1.00 0.00 2 0.648 $96,273
Wicomico 0.00 0.00 0.00 1.00 0.00 12 0.831| $1,036,800
Worcester 0.00 0.00 0.00 1.00 0.00 5 0.662 $314,900
Regional Total 24 $1,469,158

* Nutrient management is assumed to be unconstrained by corn acreage available in Wicomico County alone. The share of county corn acreage with nutrient
management and no cover crop has been rescaled to represent the ratio of the corn acreage on which nutrient management is used to the total corn acreage
available in Wicomico County alone. |If nutrient management could be used only on corn acreage in Wicomico County alone, the share of the broiler flock under
nutrient management would equal 0.240, the share of Wicomico County corn acreage under nutrient management would equal 1.00, the mean share of water
treated would equal 0.672, and the total cost would be $953,860.
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Table 3. Roles of Prevention and Treatment in Meeting Drinking Water Nitrate Standard with a 95% Margin of Safety in
Community Water Systemswith Plausible Upper End Estimates of Nitrate Contributionsfrom Corn and Broilers.

Central and Southern Maryland

County Prevention Treatment Cost
Share of Corn Acreswith Cover Crops Number of Mean
Systems Share of
Treated Water
Filtered
Allegany 0.00 2 0.108 $366
Anne Arundel 0.00 3 0.567 $4,881
Bdtimore 0.00 4 0.964 $38,401
Carroll 0.00 17 0.947 $652,120
Cecil 0.00 28 0.533 $182,460
Frederick 0.00 17 0.909 $695,040
Garrett 0.00 1 0.066 $751
Harford 0.00 13 0867 | $2,321,100
Montgomery 0.00 3 0.797 $120,300
Washington 0.00 10 0.889 $158,940
Regional Total 93 $4,174,359




Eastern Shore

Prevention Treatment Cost
Share of Corn Acreage with: Share of Number of Mean
Broilerswith Systems Share of
County Cover Cro Cover Crop, No Cover | No Cover Nutrient Treated Water
_ P No Nutrient Crop, Crop, No M anagement Filtered
Nutrient Management Nutrient Nutrient
Management Management | Management
Caroline 0.00 0.00 0.00 1.00 0.00 3 0.534 $3,088
Dorchester 0.00 0.00 0.00 1.00 0.00 2 0.265 $18,097
Kent 0.00 0.00 0.00 1.00 0.00 2 0.648 $96,273
Wicomico* 0.00 0.00 1.85 0.00 0.444 12 0.042 $190,190
Worcester 0.00 0.00 0.374 0.626 0.211 5 0.141 $132,980
Regional Total 24 $440,628

* Nutrient management is assumed to be unconstrained by corn acreage available in Wicomico County alone. The share of county corn acreage with nutrient
management and no cover crop has been rescaled to represent the ratio of the corn acreage on which nutrient management is used to the total corn acreage
available in Wicomico County alone. If nutrient management could be used only on corn acreage in Wicomico County alone, the share of the broiler flock under
nutrient management would equal would equal 0.240, the share of Wicomico County corn acreage under nutrient management would equal 1.00, the mean share
of water treated would equal 0.507, and the total cost would be $753,700.

35




$4,500,000

$4,000,000

$3,500,000

$3,000,000

=—w—Central/Southern
—f@—Eastern Shore

$2,500,000

$2,000,000

Total Cost of Compliance

$1,500,000

$1,000,000

$500,000

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
Margin of Safety

Figure 1. Impact of Precaution on the Cost of Compliance with the Nitrate Standard in Community Water System Wells
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Figure 2. Impact of Precaution on Cost Efficient Prevention and Treatment in Community Water Systems
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