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The ,Eedt'lomlcs of a'$tockPoUlltant:
AlcUWb on ,~lig 'Island

Abstract

~ ~t()C~ ,poU:u:tant is a residu~ w~~te that cal) ac~u~ulate or degr~d¢

over ,time. A1di~q~l><,~~~;':~<;P~$M~i:qe:~<~~~4::QY,:~~~$:~:grOVJing fruit and

Long'Island after 1979. In thts paper we develop:a ,dynamic model of a
sto:c:k'pollutant. The mod~11sca1ibra.ted f'or aldicarb Qfi east:em,-:Long

,,:, Isiand,and, -steady~state:,s:olutlons {ol;,::static, profit::;maxiIniZatioR::aIlt}. :.the
maJQmiZatlon"of, di~~o~~t~:9 :p:et '~~~:~fl-t~> >,(we~f~¢l-::.are "estimated. "The
New YOf;k :State ,health :standard 'of' 7' ppb 'is ',asso'ciated. ,Willi a ,pestiCide

~t~:a::sot::l:~:~~~~er~i:=~t;:
c.ontamlnation at-:'about $t'-5<million~ Simulatlnrts' ih:dicate 'that' 'the
averag~ cOncentration of a1:dtcarb is not expected to d,ecline below 7
pp~ ~ntil 199'6.



The Economies of a Stock Pollutant:

Aldicarb on Long Islan~

I. Introduction and Overview

The use of agricultural chemicals offers society subSf:;?!ltiJ~J, .
~ " ", ~. ,'~>

~ >' >

beJ;leflts in te'rJns of pest control ,and hig~er crop ·yi~~ds.. ~es~cides
> " /: > > ~ .' ~ : ~ A >

V ~ -: >> : > > >, • ~ > '~> '

lUld fertilizers. however, are nO\Yre~ogniZed as a significant SO).lrce ,of
> ~. ." ~ ~ >, > >>

~ > > < >. > .-~~

groundw~ter contamination. A recent study ~pons.()re:d by the SoU

Conservation Service found that 42 of the lower 4~ states rep0J.1c9
, - ~ > ~

some regional, local or suspected groundwater contamination du~ to

pesticide use (Fairchild 1987). Thirty four states blame nonpoint
, ,/ >

agricultural pollution for .their fai}:iIre to· achieve federal wate~> ~lt1ality
, 0

0
> >-

goals, while 29 states have identifted groundwater cont~ination1?Y

chemicals as a major concern (Anderson 1987). It is estimated that

46 percent of the counUes in the contigu~us United States have ~9me

groundwater contamination caused by the use of a~ricultu.ra.J

chemicals. In these areas it is further estimated that there are l~

million people who obtain drinking water from priv~~e w'ells, ~th an

additional 34.5 million people served by public groundwater sy&tems.

The widespread extent of contamination from agricultural chemicals
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can be partially atti1buted to:Jhe 'aoo, percent increase in fertilizer and

pestiCide use in the' U~ted ~tates since 1964 ~ielsen and Lee 1987).

This rap~dgrowth tn feriitk;~':~d pesticide use. and the large extent

of agricultural groundwater contamination has focus<ed attention on

what some regard as an inherent confli£t between large-seale
• ~ ~ v " >

agnetututkl":Pt6(lrib'uon ahdthe need'for clean groundwat~r .

.•.Tb.ebitsi~ ~~e~tha:'t ri~cterlze #:mtlUndwater problems have
~ ~ ~ ~ ~ " ~> > ~ i , •

»~'>. ~>~ • ~ ~~

nild~1970s :r;<Zi:w' ~":'Serles .cit papers that ,eittended"the theory of optim,a1

economic >~6Wfu to, tbeoptimal managem~>nto:fstock pollutants ­

residu81:wastes ,t.tU!t ,:accumulate..and' d~gtade:'Qver tim,e. ,Papers by

PIGurQ~,f19?2J•. $rni$, ..(19·7~;J~:"~~~~er,, >~~~c:~::~d '~¢l$auser
, _ .' .~> A , ~ > • > , / ,'. : ~; ., ~ , ~

v_,_

, -

fI S'2l. atid':Fo~ster (1'9:71) :are" ft~qhendy cited eKam:ples of this

earUer .\\T()f:k~~>' More recently, ,'~ta.6atalte (.1gea> has fo,nnulated a more

gep.eral"mooel that coptains th~$~ ,e~li~r ~ode1s:. and som~ models of

ren<ewabl~res'ource:s, > as -speetai cases.

The ~arlier 'litei':atu:re wa~ essentially theoretical, With only

passin~ :teierenc~ t~ ~pies of stock pollutan:ts. Applied studi'es of

actual irts~ees':ofgro.untlwater contamination. on the other hand,

would'generally 'abstract '-trom dYnamic considerations and only focus

. '.

on static equilibrium. Shechter (1985) estimates economic damages
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from eontamtpation at the ,Price I~n:dfillin N:ew Jers~y. Edwards
>~. <~ ~.~'>' > ~~ .»~ ~~

(198S) lises survey 'methods to >'estimate indiVidual willingness-to-pay

to prevehf rutrir~ riit;kte: > ~oritafr.nfiatlon of groundwat~:r dtinkiIlg
<i~ >~~~ ~:>. :~v.~>"~~~~

supplies. Uchtenb:erg et 'al. '(f989)' exanline th~ ,regul~tiO~ of cancer

Iisktfom'ri.CI'coritaIninati~~in·i\;esno•C::ountY,c;illr~~ia. <Raucher

(1986) proposes a co~:ptuatlri~eI ion:ie~sure the ben~fitsof
./ . ~ ~ .

grouridw~t~f'litotJ~itijtf an~::di~" Cf>st- 'of':~~ih~diatl~n~ '~d: ·,~smin.e~

pot~;tfaI 'riet:',b~lldits' '.~i(tltte~ su~~ifJ:~ii:"~ife$~'

Oll£l)ap~r js::fuo~felos~iy' r~I~i~Jr tb· the..·.study :by,,~:derso-n' et

• > •

conta.minatlon in Rhode Island. Using data from 85 individual wells

they estimate acont~ination fu'nction that depends ~n well depth
> > _ ~:,: >> > V A> • > ~ ~ 0, > > -

,and disttfrH~e ,from'the, pres:Ltmed::applicattoh site;': ;They then solve 'for

the' ~tatic'application rat'e":iliat' Satl~fi~.s the 'llppe~'bou,nd~tand~rd on

, .'

The obiec'ttve'of this" paper is to' ct'evelop' a dynami:e model of

pestiCide 'use and groundwat~r con-~inatio~ and to u~e the model as

a framework'> fb~ :ehrilintng gro~ndwater co~ta~>~ti~~ by the

pestiCide"aldic~b on :Long tsl3.nd~ .N~w York~ Aldicarb was registered

by th~ D.-S. EnViionmental Protection Age'ncy (EPA) in 1974. It was

used to control' a variety of pests affecting' the production of fruits and
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vegetables. Potato :growers on l.Dng Island found it effective In
o > ~ _ i - > ~ > > < ~ ~

controlling the Colorado potato beetle (Leptinotarsp decemltneatp.)
~_ ; ~ ~_ ~ : ~ :' .~i. >~ ~ ~ -:": :' - ~ : _ ~ ~. > >~ > ,',' ~ ~' : >

and the golde~ ~ematod:e (Globodera. rostoc~nsis).:,

ToXicological studies of aldlcarb have prov1~ed no. indi~~t1on
, ~ . ," - ~ .. ..

that the pesticide is carcinogenic, lI1;u~~c ~r ~ratog~Aic- .It is,.., ..
._ ~ ~ ~ N-_:_'~' -~, "

> •

.studY .~t .50 }Vomen has, sn:gge$ted a 'posslble ~ssocla:4on .between Jb~.
v > > " ~. ~> .', > ~"" " '~ ~ " > _ > > ~ .', ~ ~

c()ns~p~bn;Qf·al-dicarb..contanuna;ted~~und:water ~~ ~bnQi,tna1ttles
> / ' , " ~> ,,' _ '. _ ,,'~ " I>' ~ " A _ >~ ~'v. ,', , v,_ > >

in T-cell sUbse~~~> altho~gh no clinically apparent imm~nodeficiency

was noted (Forre et aL 1~~6).

Aldicarb is mobile in the environment and has been .found in

tn.e .~ro~qwa:t-erof;a:t, le~t 1'5 ,$~te~ ;(Niel~en and Lee l~187),. > In
A > ~ _ "

August of 1979 aldicarb residues w~re dete~ted in water frQm ,private
. ,

weDs on Long Island. In subsequent testing. appr~Xi~tely2.309,
__ ~ ,. ~A >.~> ~ ~ "

wells were found to have concentrations ,of aldi'carb and its oxides.
v ~ >~ A • ;:' ~ '> ,. > ~ > A <

sulfone and sulfoxide, in excess of the New york ~~te h,~alt4 gU:ideline
y~ ~ , ; • >

of 7 micrograms per liter {J.1g/L}; equivalent to 7 p~s >~r b~n.~Qn
> ~ ~ " " ~ ~ ~ , : -' ~ ~ -

(ppb). Aldiearb was b~ed from ~se on ~ng>,~slan~.at;~r1~79"

In this paper the dynamics of aIdicarb are tnodele~ by a ,simple

difference equation relating surface al?plication to groundwater

4



~ < ~ "

cori:eentratlon'. The equation give~ a g~Qdfit -to observ~tt~ns, on' the
., : <~:~ : = ~ '" ~

average co~centrationof aldicarb in the aquifer for eastern Long
~ ~ , : ~:: > ~ ~" ~ ~~. A> _ > ~ ~ ~ ~A:: '>1 < >~

Island. Exp~~ssi'ons for th'e optlm;n levels of pesticide application.

potato yield and aldiearb concentration are derived for the case when

the production function for potatoes and the damage function for
~ • >'. 1 > ~

aldicarb afe quadr~Jc:-By ~e~ersing the noonal flow of logic in such

equ$.tlQnsl.:we' 'Sls&" s~l.Je 'for .,th~;i~Plied 'damag~ eoem~:lent a~-'·~
~> ~~ ..: > >

rune-non -of the various u.bydtQnonnc" pararneters Cl:tl4'the .N~w YOrk:
~' ~ ~>._A." >~"_>< >~> > ~.'> ~~: ~~> >~> _ :~>A~~ '>~O~I"':": :,' .~ >--' ::~~

safe drinking water standard. An approXimately-optimat feedback
.' ~ > ~ > _ " ~ 1 > ~~ ;

control is detennined that might be us~d t? set;-tbe ,pest.!-ct~e

application rate when the aldicarb concentration is qat optimal. To

our knoW'ledg~, o~r re~~~-chJs'~e~~st -~ttempt't9 ~pply,'a;d~~ic
~ , -~ - A ~ ~» > ~ ~- ~ \ ~>: > ~ • < ~" ~ ~

model to an actual incident of con~nationby a stock _pOl~~tant.

In the next section we develop a fairly generaJ:.mpdel "of

the stock pollutant is suggested as farmers proceed from levels of

pesticide application that maxiinize static profit to levels regulated by

an environmental ag~n.ey._-, In ,the third- 'section thtf model IS calibrated

for the c~se of aldicarb 9n Long Island. Parameter estimates -permit us

to calculate what the average concentration would have been had the

ban on aldicarb not been imposed. We also calculate the damage

5



, ,

. ,.

coefficient and .the level ,of pe$'ij¢lde application w~eQ. Jhe N~w York
" ,::,', , "',:, '" ;,:', ,:,': ;':: :>:},.) ::' ,', ~"::: ::: ;' .-: ",: ,:.' " " '. "',,-"',, ,,:' :

State safe drlhking $tandard 1S regarded ·as Qptimal. TQ'~ final se~tion
~ ~ ~ ,.~ ~ ~ ~ ~ ~ ~ > _ >: :-:',' ~ ~~ • ~~:~ > Ai ~ , >:.<~ A

$U~S, -oUt resUlts and calculates the' 'implied marginal
.;', " ' , .: . ' ':: ::' -' . >:'~ :-' .', ': ,-:: : -;,:,,' : :", ':, ;':,: ',' ,':.:: ::';; ',,' ;':, ".::',,' ::,', "

opportunity cost of the current standard.
" ~ • > ,-. > ~ ~ A : >

B. A Mbclel of Pesticide ~pHc8:tJoa aIldGroUDdwatet 9On~tlon
, :;:' ; ,': .' " . ,; --', ': ,-- : , ,:';;. -: ",:.: ':, ;',,',::- ".-' "::,:, .',-: .. ' " ,,,:,';' :;',;--> -, .--;

.'l11ege~~~~f$d~~.st;~(Ifi~~~ebf~eth1l?wt~

,IlOtiltlOtl:. ':':Let

.·~t=~Pfod6ctl~n oi~e~ID1c~~f1l co:rniltodfty in year t.

""st'·,:' the ~~Unt of pesti~idet per hectare t ~pplied in year tt
, ,

• • 0 ~ , > • ( ,-

,~ =;:,the>p~sticide eoncentratton",1n, the:;'gt:oundwater.,in year t.

Yt/ha =:FtSil ': a, per hectare concave"produetiG-h function.

.!N•..~.•.tb€ htiirtb~ 6rij€6~~~un~i'~ultt"tiori .
•', _ < : > , "A

P ~ tbe'·per'tm.t£ (f~gatl:~) piic:e fot the co~odityt Yt ,

'c :',the CO$(- per- :urrl;t~:' t()r",~e--Pe'sU~ldet St.

':, :,wt~ y~) <·~,·,a:-:e6n~~ve :w~are ,or net beriefit f~ction for sbciety.

y =' the degradatiQn rate of the pesticide in groundwatert

a = a scaling ,parametert also .reflecting degradation in the
.' > "unsatur:~ted,>~o~e4a'QQv:e :;tl';te water'taQlel." ,"

~ ~~ > > "~ > •• • - : ~ ~ ~" ,.

p =.1/fl +, ,6} ::;; a·:dtscoun.t factot.·where B is :fhe annual disc(}oot
rate.

t =the residence time. in years, for the pesticide in the
unsaturated zone.

6



..
, -

We will begin by conSldering the likely time path for the

pollution stock when the pesticide is applied to N hectares by farnlers

who se:ek, to m~mize static p:rofit. Weas$~e initially ,t;hat 'tQese
> • ~ ~ > > : ~ ~

farmers have no co~cem or .legal respo~Sibility for groundwater

pollution,~d mat ~e ,pestiC'ide ;a~cm;n:ulate$, uQIlp:tf¢ed py :lIe~Itb
~. ~ , ~ ~ " > > > > ~

~. •• > > > >~ >> - ~ ~

,suop" a' f~er \WWd ,:select. a level :'of P~S«~ide ,s;pp':llC,atl6n:: .'
~ > • ~~ ~

which maximizes profit, 1t = pF{S} - eS. The first-order condition

, "

dx/dS =0 implies pFt{S) = c. where F'{.Sl > 0 is ~e first derivative of

the per hectare production (response) function. If the production
~ ~ >'

functJCt~_is q~a~ratleWith, y l~a =. ,a, ·~·<b~h,· dS2:, where a ~"b> d >, .()~
~ •• ; ~" • > > . >' ~

then the profitmCUdmiZing level of pesticide application is given by

With 'N hectares~ -each receiving S~.'ld1ograms per year, the

total annual application rate for the region wo.uld be NSn. If this rate

were applied for a long time, the conc~ntrationof th,e pesticide in the

groundwater might appro-ach an equilibrium where the bIological and

chemical processes affecting degradation and oxidation precisely

offset the rate of accumulation from surface application. As an

7



approximatiDn. suppose that the p,estlCide moves through the

unsaturated zone to the aquifer where it accumulates or degrades

according to

, "

zt~l = (1 -: l)i~+'aNSt-'t (1)

, , -, ~ i - ~ ,

1f the PestiCide ~s app~ed at rate ~1t per he~t~e for 'all t. the $teady-

Starring from an unpolluted condition (Zo = 0)' the stock pollutant will

accumulate. asymptoti:cally approaching Zn (see Figure 1). Next,

suppose that the, contamination is discovered Just ,before t2 and that

health officials or 'environmental r~gu1ator~ imp,ose~restrictions on ,the

application rate' to redu,ee the' cal1centration below Zn. Perhaps there

,is a health target. Z·. whi:ch I,S regarded as an acceptable

concentrati(}n. ~gure 1 s.~ows this target being reached at t ~ 13-

If Zx exceeds the optimal concentration. Z· f S0me fonn of

regulation or economic incentives may 1;>e required to induce farmers

to apply the pesticide at the optimal rate. How are we to determine Z·

and the optimal approach from ':Lrt?

Conceptually we might proceed by defming the social net

benefit function Wt = 4>(Yt.21J = W{St,Ztl. where the production

8



Wz <:' a,are the partial derivatives of'W(~l:With respect to :St and Zt,

respectively;" MaximiZation,"ofthe,:present val:ue:'Cifnet 'social benefits"

may be stated mathematically as

OC>

Maximize L pt W(St,Zt)
.t=o

Subj'ect t~ ·Zt+l~ (1 -1)~ + aNSt_t

The Lagrangian for this problem may be written as

-
L,,= Lpt{W(St-,,~) + PA~+l~(l - y)Zt +,aNSt-t - ~+lJ}

t=O .

In the Appendix we derive the 'first order conditions and evaluate

them in steady state. They can b:e reduced to two equations

Z =(a/y)NS

9
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(3)

(4)



whi~ :cl;l~~~~:: ij1~ ~PUfnaJ:J~t~l1l~y~~~t~ values; ;0:( S~ ,-and:Z·.
~ > ~ - ., ~

cost (or damage). where tbe increm:entJn"pesticide 'application is

applied to all N hectares. transformed by at lagged by 't periods and

evaluated at the augmented discount rate of .(Q t 1).

'C9n~tder·the"fono~g farm for tJte:'ObJec;tive functional.
( ,l A l

. ,

(5)

The expression'in the,square brackets is net revenue per, hectare.

The: 'cost :ofcon~at~dgro~dwater'is','as$ur)led' to be -p~~,portional

to' the squ-are -of the cb-neentratlon. Because of the uncertainty in

dose-response relationships it is probably imPossfbl~ to obtain a direct
A.A> ,A i

esttrn~te of m. If the regulatory stat)dar<l ,is treated' as the optimal
~ _~. < > ~~. ~ > A ~ A A

level of contamination. Z· ~ it is possible to -solve for the associated

value .of mand the marginal social cost of groundw~~ereonpunination.

For the quadratlc form in equation (5) we can use the st~ady-state

equations to solve for two related expressions

10



(6)

function of an the parameters, including m. Note. that as

m ~ 0, s· ~ S7t::: [pb - c)/(2dp). ~us, if th~re w~re n:o cost to-
" ~ ~ ,. ~ _ y ~ ~ - A _ ~ -

groundwater contamination the static profit-maximizing application
,. :

rate,'i$' ~pttniat,:tn>:the"ipI1gJ'tln~ . .'fuquation (Vl deflfies-,~~, ~pUed '~8Jue
~ r > ~ / >. > ,'~ • > ~ _ v> _ ••~ _ ~ ~

<.> ~~>

- "
, -

of m associated with the hydron-omic parameters and the prevailing
.> ~ ~ • ~

health 'standard, z·.

. -

ID. Aldlearb on Eastern Long Island

To calibrate the model for mdicarb ponution on Long lsI-and we
~ ~ > > ~ : =

begin by attempting to reconstruct the -pesticide application rate (or

loading) from 1975 through 1979. Table 1 contains information on

the number of hectares (ha) planted in potatoes, total production {Vt.

11



in hundred weight. cwLtthe yield p.er ~;e·~tar~ (Yt/ha) and an estimate

of the kilograms (kg) of aldicarb appUed fr6ttl 1970 thro~gh 1979.

The recommended applicatlon rate was three pounds per acre which

converts to 3.362 kg p~r hectare (where 2.471 acres = 1 hectare and

1 kilogram: 2 ..205 pounds). The estimated aldicarb application in

at~tcarb at, the recofntnend'ed d:osage:~ '.Frant 197& ,thtaugh 1.91~,it Is
~ > ~ A >~

'"The'soils ob eastern tong Island are sandy~ with ~caPid

percolation from the unsaturated zone to the water table. It seems

likely tIi~t ail or ~6st of the aldicarb applied ht. the spring or summer

would pass: thr9ugl1 the un:~tUf~tedzone"Witl1in·a,year.Th,lS would
> >~ " ~ ~ ~ " , ~ ,

'. ' ~ - > ~ ~ ~

tmply:tha{"f='O. 1his assutnption was stlbsequentl~'bome'outby

prelimkiary nu~wpa1 analYSis where we emp~oyed a ~~dsear:cb 'for

cO~binations of "t, 1$~d a thatmi~d the mean S\l;tn. of sq~ares of

simulated from observed concentrations. With ~ =0 it is possible to

estimate y and then calculate a..

In 1980 tile Suffolk County Department of Health Services

began an extensive mon,itoring program of wells 'Within tile county. In

the second column of Table 2, under the heading ~, we report the

average aldicarb concentration for wells that tested positive from 1980

12



throu:gh 1989. The observation in 1981 (ll.~ ~:pPl>J is regard~ed as an
:- > > ~

outlier by public health officials. With,~ ~qu:akt~,,:z~r~ we' ran two
~ 0 ~ v' < •

regressions to estimate the de,gradation rate, 1. In the rkst we

replaced the outlier by the average of the 1980 and 1982 observations.

In the:, -second ,'we tliscatded lhf{ '1'980 and '198t ~6bs'~~at.i'~ri~:' I~ both

......... > ~:',~ ~., ~," :A ~.,i .': ~' </ > >~> ~ :,,': :::~:, ,,~~:'

we used O,LS. regressing Zt+1 on Zt t while suppreSSing the intercept.

TheregI:¢ssr(IDt:~l;j;1tsare<~U~~fjfu:Ta6le~..•...·

'Thee~~mlltesbf {I ~'l~~el"e ~Ign~t·at.~;eql;ie~~eent

'level in both,regresSions. 'AcUu'st~d 'R2:, 'fuoogli in~PP~bpflkte ~hen the

interc~pthas 'b:ee:n suppressed: 'ate also 'rep:drt~d~: :Pbsiti;e,"senat:

correlation is 'ptesent in: boftf,iegresstons 'but :dbes Jiot:blas': ou:r

estimate oft. Irt::l1te)1!'st tc'gtession, the e~tl~&ted value ~)X.y)~:,i}~07i~3t

eorr~$ponding.t0ahalf.1ire~·8;3;8 yem:s: ···b1thesec~~~reWessio~ ·
th:e: 'estimated, value- 'ofy is 0,;0684;' corresp~pdfug to'; ~~<h~lf~iife' ,O("9.!:~':83

years.

With t =0, equation (I) will imply':that th:e obs~rved':>-:'

concentratiOI:l'm ,19S@",depends 'ot{the' :atdicarb' applic~tions f~~m

1975 through :1979. ~Altern~tlvelYt 'given' th~ 'bb~:eAred co~~'ent~ation'

in=,l:980, (from Table'2). :th~:annual' 'tot~fio~dings:'tfiori1 fabl~' 'I).: and: ': <

an estimate of'Y we can cal,cUlate a 'according' to

13



, .
,,;'~l~f·: :

a = ');9?9.... 1: (l:':::i'jHm..~St .....
t:i1915

'calculate a'=:= 1.$7)"~O~.
: ~ >:1 _'," A ~ ~~ ~ ~ >

(8)

.aS~g.zt~~~~g.~~ ~~t#~te~a.ti~~·U}~~~p~e Ute

'~~U1aie'(f VallleS·lQ 'the ob$e~ed.values. 'this was done f~r the two'
,_ - " -- ~ ~~ >~A :~ ~>~ >~ ~ ~ ~ = ~A" > ~ • ~ - ~ ~ v v - ~ >

" <

est1Jn~tes of y (ang., their.:a~s-9~i~t~:d ,(X'·v~u~~). .~~.:-tb~ .. results li$ted in
,.•', i" '.'.;. : v A 4 ~ A ; v l ~ : ~~ -, ~ -, - -

.t.bird. and' f~,::eol~mnS'of~~pl~',~ .anq-;:p~ottedirt :Rigu~e 2. It15
v v v • ( • ~ ~ ~ : ~" ' ~ v ~ > > v

~~~~~~~g.t~ :l~~~~:.in ,~~atj~~: ·l~, \;V:~Jp:,~:*e:::l~g¢:r:··l;:~Q $p;s: spprter
v , ?' 'v' »::~>".~::::> ).vv ~ /:>~ /. v :=>:V>v > _,•• ,.; ~ v"., > - ~ A v, > >': _ ~

v,v v 'v
~ ~ > ~./ • > A >

"'·baff4ife~ --~t.:~e ~Y~~~~ aIdie~1?> ~J:lC~~ttatt0~"1$ ~ot prQj:eeted .to

l~:)}lg~ b.al(,:",~lfe, the.. average aldie:arb, conceritratinn 1:8 not proJected to
~ ~ "., ' ~ A A " ,. _ ~ A ~ ~ /

declln:e b~o~' 7 .PP9 until...199~..
~ _ _' , ~ ,> '~, , i , •

calibrated tn the fO~Q\Ving~~y. :lp:;the: .p;el1od .prior to a);di~b 'use
> > ': - .' ~,' ~ " "~~ ':'.", ~~ ~ : > ~ ~~ ." < - ..: - , ~, <

1979, when all fanners :we~e .applyipg.; al9ip~b,·. t:lJ.e aver~ge yielcl.
> ' > ,- ~ ~ > ' ,

increased to 726.5 cwt/ha. We assume that the recommended

14



application' 'rate of S:g:62-:'kg!ha<waS ',tu~tr'llie pr6fii:fu~iinuzing' 'rat~.

This result~ in twci :equiuot);s~ '12ft'S ~: :577:8 +"bt3.:36~} ~ >d:(3~362)2 ': >

and 3.362=: (pb - c)!{2pd). Th,e first equation is the quadratic
~ ~ ~ ~

production :function evaiuated at' the profit maximizing application rate
: ~ ,v., i '" i "

and the secbtid'defines the 's~tic,' prorit~maxiIntzing ~ppliCatiOn rate.

T!le: ,p~eters ,p' 'an~ ,C ,are ~e:, prl~e' per ,h~nQte~, '~igbt .for
~ - ~ ~ > >

avetag~">plj~e:'::rrir- ~tlg'lsl~d',<p()ta{toes fot· >~e~'::p~()d> 19:7>6;-197~ uras p
~ A > > ~ ~ <,< " ~ A~, '"./~,' > />~ '., ~ ~ ~" ~ ,. ., .~

::: $3.78/cwt (New York Agricultural Statistics, 198,3,. p',: 16) w~il-~ th~

"

cost for alcUcarb In 1976 was $5.51/kg. Given these parameter values

the two equ,ations imply b =87.00159 and d = 12.72218 and the per

(9)

v <',>

where the average yield for the period 1970-1974 serves as the
/ ,- >0

intercept. This curve is drawn in Figure 3.

In the numerieal analysts that follows we win use the estimates

of y and a when the outlier was replaced by the average of the 1980

and 1982 observations. The discount rate is set at five percent fB =

15



0.05) and we, a~~~~~,~,,~Ot:l~~11t:pr~~pcttDn :~~~ ~f .:ti: =. 9~3pO
~ ~ >~ >.' _,> ~~: .,Y ., < ~ > ~v • > '_ > • A~< ~ ~ _.~ .v- ~.~ > > ,- >

(X =2.01xlO-4 0 =0.05 (p =O.9?~4) '"( =0.0793.
. .

t=O a = 577..8 b =87..90.1"59
:~~ -~~ ~/: > ~

d =12.72218 N = 9.350

-As abe~chm~~. cQosider. the cas,e,~htt~ :th~., d~age
~ v A > A < ~ >,

accumulation tn' the groundwater. In -this case static profit...

. ,

,maximization solves ·the welfarecmaximizat1on, problem and we obtain

estimate'of th,e :average concentration 'that' wou1d'have"~sted in the

remaine,Q ~t the profit-:maxinUzing r~te on N :: 9.350 hectares.

If the New York State health standard of 7 ppb is adopted as

..

the optimal concentration. Z·. then we can calculate the implied

damage coefficient according to equation (1) as m = 13.550 ($/ppb2).

~ > > ~

Given the values of (1, 1, and N. the New York State standard of 7 ppb

could only be maintained with a pesticide application rate of S· =

0.295 kg/ha. It is unlikely that such a low application rate would be

16



effective in controlling the Colorado potato beetle.
< .~. ,. ~>

~ - > - ~

The current ban on using aldicarb -implies that health officials
, ~> > ~ • ~"~ - ~ ': >

, -

are seeking to reduce the groundwater ,concentration of aJdicarb as

rapidly as possible. This polley is sometimes referred to as the "most

~.~> N~~.. ~

rapid approach path" (MRAP). and would be optimal in a dis.crete-time

control problem where the objective 'function can be -expressed as a
> ~ > ~

qUaSi~>Coneave function "of tl1e 'state,>~an~blf;l$pe~ce,< and S~ett
< A > ~ > ••~ ~ ~. ~ ~~ > ~ >.

~,<. ~,. I'A ~

viCinity of (Z· ,S*), should be adopted.

With 't =0, the first-orde.r necessary concUtlons can be shown

to imply a system of t\vo first order difference equations given by
- .

v~ ".> >

space (se~, Figure 4).. > ,The- optipaal feedback <con-~ol polity (a1st> called

the stable manifold) is shown as Ci:l > line segement through :(Z·~S~l :whtch

directionals indicate to be a saddle-point equilibrium. For the

17



parameter estimates ttl otlrplode:} the eigenValues (or characteristic

roots) are 0.72:14 and 1.45S5.,

It 'is wen known '(Sargent 1979) that the optimal feedback

" ,

control is 1ine~ in a problem 'With a quadratic objective function and
, ,
,~ ~ >-

linear ~yn:amiCs. In Zt-Zt+l space (or policy space). the optimal policy
: > ~, v~ > -

__~ / ~< A ~~ A- - ~ > >

role will take the form Zt+l = E + 11 Zt. where,n~ in th~ c~se, pf,:;i ,~addle-
~ ~ ~ .< ,-' -- , > ~ ,. < > , -' ~' >

p()lnt:,eqtl;1t~fjrtu~. is~ tli:e$maIl~i 'l'QP1, ' lying'~thin tb~ :Unit citcle. In
- - ~ • ~ >. ~ "" / ~

ste,ady-state optimum £ =(1 -l1)Z·. For Z· ::: 7 ppb we calculate £ =

1.9502. This yie:lds the optimal ,policy Zt+l =1..9502 + 0.7214 Zt.
~ • > ~

We can"obtain the optimal feedback control by ,substituting
.,

~~~tion.l]]:~tl;~. ;"~.()U'1O~·\y=P;O'igt3. N =@5!)and t'" O. filT

Zt+l in the optim~ poli~. and ~en ~olve for St- When ,~s is done we
~ ~ . ~

, • ~. ~~ v > > l

obtiun:;£)t =, 1.-03-7~5' ",' 0.1060 ·zt. This lihe eorre:spbnds' ·to 'the stable

~$lifold tn ~igure;4 and :can be us~d to gUide the system to{Z· .5*) in
, .

an optimal fashion. It is interesf;ing to note :that the intercept of the

optimal feedback control on the Zt axis occurs at apprOXimately 9.79

declines·beIQw9~79ppb. With the average.concentration at 12.1 ppb

in 1989, 'continuation :of'the ban. in our ,model. is optimal.

18



nt COibJusfariS,:'

A stock pollution l11;odef'~a$d~vclb};~d:':ttrid "t;ailb~~ted 'for '-ih~'

problem ,rit-gt:&rindwater 'cotitatrllli:1itiort':'by' att:ilc~b> on";~~terri:"Long

Island. A dYIiatn1~: op~aft:oh- prbbieth wit§ ::p6~'~d> ~d eq~aiibhs:"

identtfytng'the steady-state c;>pumum were Qbtatn¢d,for'the case where
, > '

~ > • .,.v.~~. ~ ,', >l' >

yi~jd!per\~~e~e~~<Pti~l1~i1~6:S'W~~q~~di~~~:wlthJ;' .

:z:r.~::••;::=~~:!f!:::¢r;~Si:.:~t:~··
our:'estlmates 'of, and (i.' p:re:dtct that- ili~"av~fi=J.ge:'~onc:~nttatlori>' of <>

aldiC~b>:W6uld"have equtltbrii:ted' ~i: :~b6ut' ~' ~ ,; 80 :ppt):.::: :> --'

>, .' -:rh~ ,>~ye~~ge: 'co~~~rirrautiri :he~~r.':t~~~ij~~><,~~> ::~e> pre~:~~~e >Qf

ro~CMbtneJf~t~S clfthciNewv6tkStadh~a1lli~tand&ddf1pph<

prompte(j,·~ b~ on tts use in 1~1~whi¢hi~~~til~a-ectto~~..•Hthe ..

-New, YQ~f>, ~t~:te ,~d~Q~s, ,re:g~~~cLa~, 'tbe ,$:te~_~Y~;~4tte:op~~um.
< > ~ ~

then the itnplied damage "c()effiei~nt:fn our quadratic objective

function is m,:= 13,550 ($./ppb2)" Th¢ associated optimal apPlication

rate is only 0;2:95 kg/hat less than one-tenth 01 the recommended

dosage. It is unlikely that such a low applicatiOn rate woUld be

effective in controlling the Colorado potato beetle and golden

nematode. and other methods of pest management Will remain

19



necessary even when the concentration level d.eclines below 7 ppb.

For our estimates of 't, "(, and B, the concentration of aldi,c¥b dq~s' not

The s~~ady~s~t~_.4igr~ge _Pl~lUpper l,1as at?-. in~er~:st4lg .
"> /:._ > • ~ > ..: J < ~ ~ =: ," > ,.' ,~> • ~ •• ' - ~ -

interp~etatio~. ~athema~~~ll,y it~s .giyen.b:r t1)~. ~q~~tiC:ln
~_ ~ - 0 _, > A ~ < ". ~ ~ • > A -A~ ~ ~ N

For ·o~ .p~~t~r 'e~t4n~~es,: :~c:r :5" =O,~9S kg/hat the value of A. i~
• ~' ~ ~~': : ~ > ~ y • > < /\ • / o' > A "

approximate~y ~ $1,~10,~.~ ..T9i~· m~y: be··ipterpr~~ed a~ .tbe-~u;al
~~ " • , ,. > l' ~ , ~ ~. -: / > .' ~ > ,>.. ~ > ~

margh:taI· Gpportun~13' 'co~t of.the, heal~.~t~~~'tpf '7 ppb• ...In. pur
> ~ • •• ~ / > ~ ~~ r > A > " >

model, if the 8n1'l;ual J.le~t,h rl$k~ .of.~ ·a)dic;~b C~:)l~ceIl:tra:ti:Qn ,in-·excess
~ • ,,~ : >. ,.:' 0 ._ ~:' _,' > _~~._ • > ., ,. N

A
• ~

of 7 ppbar~ -thQ.uglit.t~; exc~ed- $:~:.-~' nuliign, the~- New ;Yo~~ .5t~te ma-y-
, A .~ ~,' ,,~ , ~. > • ~ > A ~ , ; _ ~ ~, A

be justified :jn the c~q-en~.J~tandard.
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,. -» . -

The .first order neces.sary con9iuqD$·.associated With the Lagr~gian

given as equation (2) in the text ·Ette~"follpWs..

~L t· t+-r+l .
aS

t
= PWs + P A.t+'t+laN = 0

W ...L ';--","Y 't+l~.. '0, -:8 T U;,['Vp. . "'t+-r+l =,

At the steady-state"opWnuril

,pAHl - y) - (1 + 0)] =: -Wz

z= (a/y)NS

Substituting the expre.ssion for pit. into the second equ~tion yields

't 'J.:n'tT- p a,["n~z

Ws = (b+)')

which is numbered as equation (3) in the text.

25



I
I
f
I...­
I
I
I
•
'.If
J
I
I
I

Z"J,.,

Figure 1. ,A Possible Time Path for the $tock 'Pollutant Zt*

l•: I
t,
•I

, I'
t'

'.,LI "
"

J
t'
t
•I'
••I• •-.-....----~ ..,---.._--~ ......~--_ ...._---- ...-I--_..._..._•.__ ......_._-......-....---
• •I I

• I• •
• I
• II I
, I

• •, .
: {· :.
'. 'tI "I

• I
• I

t·

o t+l ts

26



Observed
Simulation I
Simulation U
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Figure 2. Observe'd and Simulated Aldicarb Concentrations
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Figure 3. The Per Heetare Production Function for Long Island
Potatoes
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,Figure ,4. IsoeUnes>f,blteC:~Dn.ts',:lmd'the 'Stable Manifold

for theSa~4)~::~f)~~~Wbb~~J~"'Ji·) ,> ' ,> ,,'
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Table l:~~aJbu'ti~:lt~(;~e~.'fi~itf,pe~H~c~ 81Id A;ldicarb
Appllcatlon on Eastern LOng bland. 1976-1919.

YeJl;1*,(t)
19'70
1971
1972
1973
1974
1975
1976
i:~tl,t

. :' ;1:9:78
l:9:7:9'

PrOduetion
8.293
7.245
5.585
5~375

6,750
6.058
7.,409
7:l82,

.', ',,", '

:6.],75
'0:43-1" -" ,',

Hectares
12.545
12,747
10926", ,

10,117
10,9:2;6

9.$1-0

,~~~1,2
:'h301
"9:,:51:0>, ...

8,.QQa

Yteldfflectare
6£:>1
568
511
531
618
637

?t'.~
1:12,
"6:49,
1~2

AlcUcam
o
o
o
o
o

15986, "

3~.6p,1

31 2~ib
~"." :' " '.

_3lf!7l~2

29.931

where
Production is measured in hundred weight (ewt.) x 103

,

He~tares,_,are c~nverted from ~c:re~ge:f1gures in New York
Agricultural StatistIcs., 1979"p. 16. where 2.471 acres:: 1
hectare (hal.

r~~"AI~i¢$rb,eqt1~s -N~'~,. w~¢re ~t, _:~e ~'e' 'Iluriiber of
h~tares:plamt~dil1 year {:and'we ~silin;e that St .= 3.362 kg/ha
was applied to haJjtlle"'heetares>planted tn'potatoes in 1975
anq to a~~ hectares:_plan;,~ed in ,,~~'76' th.touga 197~.

~ ~ , ~ / -, v :

The me~ 'yield-per' hectare 'frO-Pl 1970 through 1974 was
57,7.8. While fJ:le mean yie:Jd fr~tfi' 1:976 through· 19'79 was
726.5. -
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Table 2. Sim~tlo~,ofZt+l =,{l ,~ ,VZ:t,+ aNtSt ftt):m,Z1975 ~;<O:.

Ald.icUb fr(ml Table 1. estimates of '1 and cal~ulateda.

(1) Zt are the average Cfincentration (ppb) ofald~arb in wells
that tested pos-iUve. taken from Bureau of DI1nk.tng Water (1990).
(2) In Sunulation I the value for y te$ults frQID an OLS
tegte5S16n, mtercept sup:pressed, ofZt~1 on~ Wheh'ZUl81 was
replaced by 22.35. the average of the observed values'in 1980
and 1982. and
(3) In Simulation II the value for 'Y results from an OLS
regression. intercept suppressed. of zt+1 on~ omitttng the
observed values in 1980 and 1981.

Year
1975
1976
197'7
1978
1$7,9
198()
,l~~l'
lSJ82'

'.~ '> > >

1:9;~3

'1:984,
1~:8;5

1986
1987
1988
198,9

1990
1991
-l~:~2

'l-~~S

1994
1995
1~96

1997
19~}:S

1999
2000

where

Obsereved
Concentrations

Zt

24.7
rlJ;>
,2Q~P

19:.:9

l~~~
18.7
15.3
14.3
12.6
12.1

Simulation I
,,:,~{::= O~0793'" "

a=2.01xlO-4

O:~P9,,:

3.~:~::

,', ~.~2::: :
15.06 "
'2:0.29 "
,24~:70 ,,'
,~;$~jZ4, , "
,-:2Q~:~~" ,
19:~28

"J?:.}(:~'
It:t$4
15.05
13~:~~,
12.75'
If.74
10.81
9.95

,< ':9~:1:f$:}

1~71

7.15
6.:58"
6~06

5.58
5.14
4.73

Simulation 11
, JV, :~/o'~,b4:' :

" ~ > ' .> '. vuo ~ ~ ~,

«=1.971x:10-4

,~.~,Q

3~15

,9·~7
14.89,

"<:~9:·;'i:~'
':,. __ ~:~·,7'9,

,2:3JJ1',
, ;:'~ii'~:44::. ··;;;i·

16,,15
15~04

l~.'O.l
" ".',," ":"i3 '05'

,l'2.'tti
li;3~

:,' "J,o~,~J~
","9~:83

,,'. 9)fEr
,8~53

7'~::95

7.41
:6:90­
'6~43

5.9'9

~ <:-'
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, >
, --

......... <.<-

1. OqtU~,Replacedby the 4~t$g~ of;;the 1980,and,1982
Concentrations

....... > .-.. •• <. '......

~+1>':= (1 - ylZt = O.9207',Zt.
• > (0 ~ ()2~tl)

Niuriber of Obsevations:': Ii = 9
t~~til1iStlc ::: $6.0218 .
AdjU~~ed R2\:: (t$'395 ,:' < ><

]jUrbjb~Wa~on,StatisUc ;: :$~4120

.. ~:~~t:~~~~r] ;'3~11~

_.. ',' - .-.
Zt+l'~ (1 - yJZt = 0.9316 ~
». '.. (0.0358·)

Number of ObseYatit>ns, '= ·n = 7
t<~~t~ttStlC =2S.9917
44Ju's;ted R2 = O~1066

Durbin~watson 'StatJstic ='3.3339

'l~pgeCl:V~~e/tbt't'~'o;:06a.
Impij'e,d Half-life::: 9.783

, .
, .
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