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Modelling Natural Resource Polic;y as a Hl~rarc:hlcat $tQckelbtlrg Game 

Abstract 

A unmcd ilppma~h tn ronmtlating.t1nlicy it\ !\ttgt-wsted for controlling wmer qtmlhy 
dctel'innttina fn:un ngl'iculnn1ll production \\ hHe teconcililig the conflicting g()als of ptilllttty hUe test 
gmup\ in Hw l~mn poli~:y prnct.t'l~. ~T'hi't paper dcvt~ft't:*(' a Stockelherg gnme ,theoretic model of public 
pnlk~~~ .fMitlatitm. in mt American setting. which ~hnuHuneousl>· detcnnines endogenous price 
~;,uppmts and pollutnm. qll('l(a-.. a~ \Hlll as tht: or\timal permissible w~tter contntllinntitm. The unnlysis 
tlisting.ui,hes berv.~.~t.•u the pri\nte und \ncial opportunity r:usts of producing ngriculmt·ul crops und 
u~htg watct· a" u l\'fln,hory thr r,:mHammnntl\ from ugricuhurnl sources. ll is t·t•cognized that. the social 
hencnt of u"hl!! the rl''our·~.·.r nf water·., a\similntive cnpncity in agdcutturc is much bel()w the private 
lwnet1t to producer."- .. Prl\ate nnd 'ocinl ht>m.•fits as well as optimal productimtmtd pullutit11l snlutions 
will vm) !\!-!the r~hth\C \\'tnght\ Vvl'kh pnlicymakcrs uttuch to different 5ocinl cmlstiments chm1ge. 
th~ meth~~tt dc,elo11~;~d in this paper may he upplkahle lonny policy process in which polic:yumker·s 
exct\~be indirect influ~ncl..' mer indu~tri~tl productinn dec1siouc; through economic instruments. 

lottoducUon 

<McCmmell ). Om~~thinJ or t '.S. cmpland topsoil has been lo~t in the lnst 200 years (\Vnlkt::r). and sheet 

and rill .erusiut\ onl ~.s, ctnpland contilU.Ie'i nt n rutc or 1.6 billion tOilS annually ( USt)NSCS* 1990). 

ettvir<mm~mtnl problems while maintaining on libttudant~ inexpensive food supply •. The federal 

wnter quality mnnugemenl program~ und Jl()Hcies at evety level urgovernment t.hroughuut th¢ Uuited 

Stntcs. However, sevc11d 11ulicy comt10.ttt.mts bundled into the currcot. fnrm legts1utioh have 

cmlflicting eff'ccts. lJehncJ.'S .t't rtl. ( 1992) stres<; thnt. certain fettture~ of ctH'tet1t ftum programs result 

r~irst~ the high lmlll nncs and support prices for ccrttth1 crops tend to promote the intensive use of lund 

such us the Acrenge Reduction 'Progrmn nnJ t.he Cottscrvutton reserve J>rogrum etl¢oumge f~rtuets to 

set tH;ide their J1mrgJnnl land ntrd t~ nchi(we production go~ls throu~h intensive ltSe of their prime 
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fanu. ·rhw~~ nnd~r tht:< ~·urnmt r<.'~imc or l'''~)g1mns~ the fcd~nd gtwcnm1ent i~ I\l~1;ing hu1d frotl\ 

t~tmll~r\ tu n.'mftH.' Jt from pmdtJCtt\lll \\hUe t1ffll11\lti.ng: produclic:.m h)' ht)hJing commodit)'.priccs 

m1Hk!all~ lu.~h 

Sudt pnlu:tt''- w~m to an"c 't"dtu.ndly nut uf ~lflt'OC'C'fi in which different. pnlit;y twobl~fits ttrt:'. 

t.'xmuuh:d and atklr~.\"(1tl utth\ uJth•ih, ·nu, plc.~c•mteal nppma\'h t(lpoUcy ihrmution inf1c.rcntty 

pmdl'"'*-l' t'nnn~ .. t' td purpn'~ t;'\cn withm the ''un .. ~ ll'~tt\laUun. Som~ countri<•s hnve n.t.emptcd to 

ap~r~·.,.mtt.•~;.·~;.•l.t..Un t)l11.'~ l\fft~!:!r'Jauun mlt\ l.-trp~t,. nttlff! n'lt~l~tl .. nt tmlh:y ms.tntnlt~nt~ with varying 

d~.~.!:U'Ct.u ... \\l ... Uut~'-' hu: t.'\i.lrttpl~.~. Nt>\\. l~.•.:il;mif,. R\*M1\m:r Mnmtp;cmcm Act r~.llhH~~' ~cvemf :smaller 

pte-\:"~' of ~'tt\trnmn<mtallt.·~r,httiun '"ith a 'mp;le UIHfft>d act: p;mc.m.it·IJ.t thl' nmnagemcr.t r.ud liSC of uH 

nntm·nl ,t~~\tHJt'l.'t.'' m tht.• ttlUntr;y HnWC'\ tn. uuhkt.• tht• t ~mrcd ,~tate~. NC\\ ZcalotHl is ttot r.ttempting 

tn Jlrmtd:t7 mdn'>tr> pnct.• tW uh:~ltll\,\ li.UJ1pNt hl n~ H!U't!!ultutttl \Cdnt Thi~ i\ nne nf the m~uor nrc~ls 

l\f'tt1tlt1H.'~ in r S. Hf!rtcnhumr k\~~t\l~tiUltl 

If tht..t t~ s. ,, h\' ..:unttnUl" n~ rmht,.') .nf \UllUftatH~tHt\l) ,,uppmting ngricultuml prices While· 

in~.ohtuling \.~nttflu;tm!l rtHbc-tc\ tn pmtv<:t the C'lt\ muu:11cm. nn nlli:\l):ti~:tl ')!stern is needed' '":hich <HU1 

cou~tider r,oftq nu1kct\ compctmg gmtl~i and balance them to l1ptifnize a. policy's rett.u·ns to H1r.ict)'~ 

Tht,rmpt'r pro\idclt un ~muhth:al fmmcw~lrk ofpt~hlic policy t<mnn.tion \Vhieh dc1~rmincs 

'!linndtummu'l)' the '~ndngcmml\ r•1..:c "UP11ort und environmental pnlicics UY\ welt us the optimnl 

Pt~ntlli.~\ible \Cdhmmt ..:nntaminmion to wa.terways. The cndt1gennus r>oticy fornltttion iii mode fed ns a 

hicntrclw:ill .. Stackclhcrg ganu: .. thcoretic decision prn~Z"css •. h~' combining a dytmmic s~dimcntntion 

model with a ntMkct equilil,rium rtlmlet ~,r pfrl~e detcnninttUl~n. 

'l'he Staclelherg modf.~,J structure provides u fm1nul model ofbnrgu.i.ning processes nmong 

econmllic 4tgcnt!t rn. u ~itu~ttior, whetJ!h1 n dominunl pluyet. such as ;~ govenu1tent~ hus the nbUity tti 

enforce n strntegy on othc:t pJnyct't by mmounctr'~ tt "ittntcg>· bctbte the others (Bnsttr tlnd Olsder, 

l982} •. A~ the' 11oHcymakcr is const.ruincd by the influence <1f intcr<:st sraup.~ huhe policy proc~ss 

(Ruusst;!r· tmd l'i"Ccbttirn. 1974>.the ~oliC)'nHtkerts objective fimcUon h;. weighted to rcpre!tent: t.he 

w~Jture or int¢rest. groups .... including the frumcts g.rOUl1..., through a .suitable cornbhmUon or poUey 



in,tntmt:nt'~ 'I..Uch ns ptk~ Mtfll1nt:ts. n c1'l' on l<.1tt\l en)shm JlCtmitt~d, nnd eeommdc incentives o•· 

dt'>nlc~ntin~s tt' pt~llut\!t~. The cnf<,t(;~met\t nfli;uch rcguh\Hons will •·equire })roducers to take one (W 

n\')rt• tlf the h'llm\·tnP. action\: llt•hnngc tltcir producti<)ll tccbtH)Iogy, 2) /l'cduce 11mduction. and!~) 

ndnt'tlWHt't nKmapl'lllfnt t"r••ctw~·'< 1'h<.·~~c nctious U~.cly will nffect the ccmmmic perfomlancc ot' 

prndu~ltnn a~ti\HIC\ Prnftt-maximilJI\1! imlt\~<hn\1 prnducers will make thch' production (feci~h.1rts h1 

rt!spntht." to prc\aiHn!! output: markt~f. ~:lltldiUtlJ\10\ nnd wntcr qnnlity t•egufntiuns., Policymakers will 

"t'll'tdl!r '-Udl prudut~tnm iiWI"tnn' a' raunnal r~*l'lf10il't'~ nf' fatm\.trs nnd wHl form\ltatc p1·J<:e suppmt 

and t't\Vtroml1~Jntnl t'nlw\~' ctld,)penou~l} 

Sash; Market Equilibrium Framework 

l••lllO\\in~ th!." \itnpll• markd t.tquthhrinm frnmcwnrk develtlpcd by Heitner;;. t:'t al. < 199 0 ... 

although t;w ~hghll) n dtm~tcm l't.rrp~,,,~,. the unp<u.:t\ of re\tncting t•to\i<lll t·ntel\ mt cro11 SUPf>li(~s nod 

ll1al'kct price~ m-e ilht\U'ilh.stJ in fitnm~ I. Tfw anid)·'i' O\~mnes that f1trm\!ts: mumtpt to mn~hnlze 

prnfit~ frnm ,·t·op pmductimt U<tttl!:t .tedmnlop;tt1 !-. t.hnt genc.t~\tt' v~1riahlc crm.hm rnt.es with a fixed hmd 

an:a und t1tlwr mplll\ A''uming. an mput m~'hl'\tl~.ity of production~ the resulting tmwgimd cost 

( lnggcd sUf~ply n~sp<m'e l curve ( S, J '' upward sloping. For simplicity. the supply function is 

1ls~umcd to he Hneur. Fnmlcl's nre raced with n gtven downward sloping t\latket !h:mmnd curve D. 

CHvttn n MIJ)f}(~rt price 0:~ highcrthnn rmtrkct price, r-quUibrhuu oufput· is detcm1ined tn the 

itnct}.~ction or (}. and .the ~upply curve S1 nt Qt. The intetsectitm t)f nlnrket: dt!mnnd D and tht! 

t!quilibrium output Q.
1 

yields ;.m cquUibrimn mark~t J)rJCe of f,. lfprodm:crs ngree, V(,lU.otnrUy Or by 

res,ulntory j>r<.•ssure, to tcsfti~t erosion orisingfrom pt<)duction such dun the total supply curve ~hifts 

h~t~kwurd tt) Sz• the equilibrium market J1J'i(!\! rises ttl Jf". Suppose thnt tnrmers are ~SJ)Oosive not 

<lnly tt) Mtpport prices but al~o hJ mnrket prices. The cost· related J;ric~· increase h1t>eriod twill hnve n 

pusitive recursive impuet m1 the producers ucrcngt;!: (output} response in period t+l. whidl is reflected 

b}' n forward ~hift in the supply curve s'P 11liS new .supply ClU'V(~ wUl yield nn equi.libriumoutput c>f 

Q;,1, reducing the mnrket pric~ t.o ~:t· this oscUlAtion in mnrket prices 1·s rcpresen;ed by u 



Ermlllll' rcdu!:tmn unJJil<;t\\ nn ctjutllhnum nul{1ut u;\t.l t1ru.c nr ugri~Uhttr~ll 
conmlnthll~~ und.et pnc~ \Ufi(.\ull prugmm. 

sevcrul nlh!I1Utli ves nvttilnble ttl reduce the prmJuctimt of certain crops in order to reduce the 

cnvirOJ11llcntnl f;!Xturtudities uf ttgricultuml production. But policymuker&t uhernnUves ure limited by 

prl.!ssure from ngricuHur:d int~rest groups. l1ctlicymukt~rs wtmt to cmtlbinQ, these puHcy htsUtunents in 

h'Uch n wny that the interests of farmers. WMt.~r .qmllity iUJvocrdes. u11d taxpuy~rs Un tcmts of costs of 

~ommodity pr()grumsl ore hatnnced ttccmding to the relntJve impbrtiltlC~ policynu•kers phtcc· on the 

cw,··:~rus tll"the vnrious c~1nstUu~nts. When muiUl>lc policy iusttumcnts are applied shnuttaocoust.y to 

achieve more than om: goal, the dyn1lnlics of the rnurket mechftnis;n b¢c;orne, extrenlt!'Y comp}lcuted 

tn vi,l~ulizc. The. n1odel d~v¢lo~d inlhc. next section. nur..tnpts to ¢xpres~ both t¢gulatory nnd 
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economh: choices cxcrcisud hy the gmlenull<.!lit ~md nwmers in n single dccisi(m .. mnkin$ fmntework, 

combiued with n ph}'s1col wntcr qunmy t1mde1 ofsedimcntntion 

Hierarchical Steckelberg G•me·:fht<»'etic MC»del for Pollution Control 

The· conct~ptof a htcr,m.:hicul de~:i~"tiuu .. tunkm.tt pmblem wns first Introduce~ by von 

Stackclhl'rlt \'nd wa!:!lntcr nt,phed to dl!mmuc diffcrenliut g~m.le pmblcms by others Ulusnr ond 

Ol~der. 19~:2) ~rhc apptk~ttlon nf tin~ tunl tu ~:nvtmtttU<mt.nl pwb:cm~. howevc,·. hus been ntl'e tsee 

1\.nyunm. 1990. for mt ~~xe~pUtHH. ttl the Stackelberg wntcr qua\ity couttol model develotled ht thi~ 

~14ctmn. the pruduccr~: t thlluwcr~· ). dynamic problem nr~t would be dt!W'topcd und ull neccssnry 

conditil.m~ be det:l\1:'~1. Thc~c- ~t1ndiHons then would h~ .. included ns constrnints in the developm¢nt or 
th~ pohcytmtket~ llcndet\"'* dynamic: pmblenl itt which the lender tt1es t(t bulunce the htC(Htle from 

nnd cnvirunmetJtttl \t·')st~ or poUtHitm .. g~ncmtins produc:tionnt~bvttie::t ns wen ns ptogrum Cf)sts. 

Ntmc,mp~rnUvi! hHerm.:tto.n between the Jcuder tmd tht: followers Js usS\Irned. 'fhe model 

cXt)Hcitly nssnmcl-t ct>np~~rutive bchnviur is not t,t,sslble nnd chnmcterizcs the internctive Op!!U .. Joop 

stmtcgies of 'POh<.:ymuker und t,he fnrmer!\. A!-t N'~gri < l9h.'•)) ~oints out, even noncooperntive bcluwior 

cnn te5ult in n su~~mlly efncicnt deci8ion, stmtegy ir nntngonistie hchavic)J' tri~gers thrf!tit strtttcgies. 

S~rch threm sti"Utegie:-~ nrc qu.Jte possible in u hiernrchicttl decision .. mukiug problem like ~his one, 

wherein the leudcr oflhe game (poHcymake,o) posscss~s stu tutory power to enforce de::;ired bchuviornl 

uctimt byfollmvers. H ~~I so ~~11ossible thnt tt noncuoperutive gume plnycd rcpc,ucdlycould tWt11vc 

into COOJ1ertttive gnmc beh~wiour. which genertdfy is nccepted ns ~ PareJ() eft1ci¢ot equilibrium 

~;oludon. 

The PrqdUCftf~l 

lt is nssumed ihnt rurmers hnve no incentive Hl con$lder the water pollution ext~nutlity of 

st~dimcmution in thelrcrop prod~mtiotrdccisious. Their objective ls to rrUtximize net t'¢iYenue (market 

return l1lus government pnyment less production cost) from ngth:ult.urnl pmd•~«::tf(ln; subJect tP 

pollUtion r·estticUom; nnd Kuppott pnc~ Jev~ls hnt>Qsed by the pPJi(:YntukQt~ Producets. wh<> a~ 



ft,Uowt~r'~ in this hi~nu·chtctll decision gamci nr~ ussumed to luck the 4tbitity to hHlucnce their leader's 

d~,chion once H h mndc. Ahcrnnovcly. lhcy nHI.'mpt to ttHtke oplimul decisions rc~ardhlg ioput. use, 

prnducwm pt.·nctkt•s nml totnl tll.'re,•f~C under difn~r~nl crops in rct)pons~~ to the g<Wettunent dechdotl 

vnriahlc. 

ln nrd~r to k!!CJ1 the! onuly.i\.JS mumtgcnhfe, t:wo crop comrnodiUe.s ntc consideted in this model. 

As in<Hcmtnl t~arlicr. cndng:cnou.,. marker pric,~s haven, key role in both ntnm~rs' umJ pnlicymnker1s 

Jt.!cbtnn nmkill!t 'f'h1." dyUiHUk~ nf the Jwo cmnmndfty market is modt~lcd us rt recursive system or 

nuttnit em· ~;ror1 ucn.•.tpet und price cquutiuns cWnuglh tCJ02>. Adot>tiug n ~imple. purt!nl ndjusunem 

model nr u~:rcugt• re~pon\~\ rN~rlovr~ l95~H. farmers! pulicy ... reiiponsive [1hmting decisi()!lS nre 

nssumed tn tukc the nllJowmg form: 

where A11 • 1~. and a,1 ar.: planted ucrus. market price C$/lbJ nnd govurtH1teJ1t pdce {$/lb). respectively, 

ofcrop i in period .t~ und lf11 ur~ mndcl pnmmct~r~. Hm~h crop•s m:reage de(>c!rtds on its mvn mntket 

nud support rmces. lngpcd crop ncres. und cro5s mnrket und snpport prices. 

~n1e model <tucdficcs 'iome nmUsm in the cnse of inverse pric'~ C(JuuHons In otdt:r to ke.ep the 

tmnly!'ii~ trncruhl~. The model us,~Httcs the nmrket e<juillhrium commodity prices urc influettced only 

by the CUftCilt ycnr·~ prudUclinn. ignoring the effect.~ nt f<~Siduulstocks ft'Onl previous f)roductioJl 

periods. 'fhe t•i!ft'ri.s paribu.\ pnc<.~ CCJUiltions fm· two conunoditfes are given by; 

t2J ~~~ =bdl ·-b/t1 )'1(e,>All fr;:; l.2 

where h, is lhc ratio nf .fmrvesrcd u~!ti!S to planted acres~ ~\?1 (e, l is the crop >'it!ld (lbs/nc) i!Ud is a 

llmcfimt.of the erosion control technology used 1!1 • Positive but dhninishhlS mnrginnl .rctutns fo high 

erosion technoh)gies nre ussum~th thcreH.J.re )':ce,) > 0 nnd y:te() < (}. the pnxhtet hry,(e1)Ait 

gives lh~ total cwp production ill period r. 

By substitUting (2) into Cl) ut1d shnpHfying\ th~ following equnJlohs (JftlCttttge movem¢tU C(m: 

be obtnined, 



where i ~ l •. ? ami i !# J. 

if 

1 

C61 !\1+tx J 1 =I,p'(R1,!A1,0u,l'ulA11 t R)1 lAlrtrG~r·e~,>A.u] 
lli.f 
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\vh~re 1~·, I\ tlt<r pnltc_•ynmk~r·b rcstrlctum on the nmximum erosion itt tht:! region. 1'hc hn~qtu•lity in 

f1lJH'nvklc~ flt:!'xilulity t<, protht~Crk in lenw .. of optimull:· tldJttstmg c.msion rMc::s tt11 (producers• 

cmttrol 'iUrlnhlt.'"l nrnoug tvm mmk•l crops m ord(1r to m~ct ttm tmnJ erosion prnduction reslricti<>tl. 

Tht\ p m f<l) rcpn.-~l'lll\ •• d•"cmmt fal.!tnr tn(t.iiMm:d il\ < 1 + 81 1
• whcr~ J t\ renl ntmmtl di~eount rate. 

rn ~hJs'li('at supt11} rt'\(lnrN .. • hlcrmur·~, mm.mp,t.' t\ g(~ncraUy con~ttdcrcd n t1todUC(H d~ctslt)fl 

vm·iablc. In thb model. H~r~.•oglt '·' C(mstdan?d it<Jymmnc stat~ .. vnnnblc m the couttoJ~thcorcUc sense, 

nnd thh varinhfc •~ drtv~m dncctl!" b~ t.•ndugcnou~.o lagged murket pticch ntul current penod 

govenuncm prlc"·~ ~•vcn h~ l '\; 'TI~t• fu,gged nmrhet pncc r~o, detcrnunec.J h}' ht~~g(~d uwpm us ,rovemed 

by L:!); and the latter '"' d~tcrntlncd hy Uw prmhJ(;(it,• .laggN.t ~omml varwhl~! r,H ~ ·f"hu~. thts 

recursJl.:l~ mtt!rnctum m~lkt•' th .. • model umqm~ m llu.n the flt!t'mdtc \Httc ~arlnhlc of the model .ts 

influenced Hlterh!lllfmraU} h)· the pr;.~vit1lr•i permd·~ de~ I, inn vnlue hut nut the eummt periodtk vnJm~. 

The uhovc ttmdtt(;L~r~· pruhlrm cm1 he 'nhed h}· M!ttmg up «t dJscr~fe .. ttnlttcurrt'IU Vtllm.~ 

Hamil toniun* 

= l~1$f Al,. Ciu .t-*., lAj, + !?!~« Al, .0~, ,e3, >A~, ., A~rl~, 

+ A:~f2, + Jt,U~hAh + ft1 A~,.- B,} 

where ;t~, J(, the: t\ostute vrtrlable f.1lt!it'lut'i.Ug tht! mnrginnJ privute benefit ($/ttcl from planting un 

ltdditiomd ucre of lnnd to crop~~ ~md f.lt I~ the muiUpHorfuncho•t mfJtsuri•'S lh~ mtttgimd costs .to 

agriculturists' from reducing the ~•Howab.le erosion production limit by tn1 cxtm unit. 

The Humihc:mion funcUon (8) cnn be solved by applying the Pnutry~tght M·:lximum .Principle:,.!;. 

which yield the ft)llowing nece!)sury co!iditious: 

(9) .Rt ( E11 lAu + Jt,A11 = 0 .i = 1,2 



'Th!.'! fun~tmn' A,~ and 1:''. 1 \~tum "nl\illlt lh~ nhn\>c r~ptimnl \~Mem. r~·prcscnt the .oplhmd state 

uud cumrnJ U~!CJ\HIU rc~poll\t.'\ ot tnlhm~l'"* to u !Hwn ~t·t uf \'UitW\ of the Jcndcr•1-t d~cision vnrioblcN 

(it, illtd l~~' 

thft PollcymiJI<er Problf'm 

Furth~\ ;>urp~1~1:: of tlu~o~ mHlf~·\t\. unb• "cdlnu~nl!ttjnn of \lH'f,lCt" \'tiller· fmm flhcet muJ rill erosion 

i11 con"ld~rcd. nlthn.ugh Ute J1ruht~mll.'Wl h~' t·~~~"jntk'd.ln nthcr t}·p~' of ~urnH:e wnter cumammutiml. 

·such ns nutrient Jnadin~:t\. ··nw, l..tHl\Jd~rntum i~ h;twd un the.• r. .• ~1. Hmt scdunent 1s the Jurgcst polluter 

of pone.~\, str~mn'lt riv~n~ nnd n~"~·rvoin• in the l ~nucd .· "'UeMlUfWs Council. J97IU. 

Sediment lrnpj~d in ditcbcsmHlJake!\ rcdUCt!fj WUlt!r: ..• '· I'~- ·~ <lcity ond itu~rensc" the JJheJifumd or 

f1unding. h inctca.!'lt'~ drcdgin~~ cn~t' ur rjvers nnd hatlmut·s. ~ .. Hs res~tHlJf;r,, dmnnge~ wHdHfe h4biutts 

and dunini,hes re~r~atium,r (.'Jljnym.cnt ur water rc.,.nurceh. The nnnunt off,ifc coM uf e.rosinn in the 

Onucd State.·~ ilS c~timm,~d In hf.l l ~S~lt~ hill jon l'Cliu·k cr nl •• l985J. 

J>~mote S1 U.\ Mni."k nf 1';t~dlfl1Cflt [fun~J. 'ri)'' physical dyWUlliC~ Of scdiJt1CJllatitUl rtl~ !};OVCI'ftcd 

by 1hc foJI\)Wtng diffct~tft:c cquution; 

03) SJ ... ~ s, i ~ a(t~, .AI« 4 + t,r .A,,. ,J ..... tl~t p 

where t·,, 1 ~~ the crmiitm rnte ( tonstucrc) .rcsurting fmnt production c>f c.ro11 I, An 1 Js t.he .ocrcng~ h1 

prm.fuctinn of crop f, r.x i& the scdilm!tlt growth coefliclem Uhe pr('J~Ortlon or erosion thm cm~rs th~ 

wnter\.\ay us. ncdlmr!nU~ tH1d {J is the st~dim~m d~cny cuMJlcient Uhe proportlou nt urosion stock 



hctwc~n rca.inl)\. Cunsldr.m.tU<m of nH th~ locution .. ~~pectfic .hydrulogicnl nud ugronomic f~tctot•s 

mnke~ t.hc mudcl le~' ttnct.tthlc und tlwrd<m: is tgnnred. 1'lms, Um con~lnnt vulues of rx und {J across 

snh~idlcs. rh~!;c, obJect hell cmnpclc In that n contribution to one objective nJwuys ·~mas the reducf!d 

cmnpeting gcmJJt, 

The level or net. U£ficulmral .rctum is the &amc: l!b in the producers• problem., Estimnt.ing lh~ 

cmvinmmetwd co~t!i of FJedimetu ih n diffkult task but Jtu.s been attempted in several past studies 

CCiark et ul., J9g6: Al~xnuder nmf Hngli~>h. 1996). linH sediment damage costs ($/tmi) :u·e assumed to 

r 14> t.~~ fS,) = (0.5fJS/ J ~ 

where 0 is the unit cost function parameter. The component. of poHcymakcr '>bjectivf!s which ~)~ec~ . ' , 

wxpnyer Jnlerests is represented simply by the nmount of dcf'iciency pu>~ments made to prosr~m 

participnJJts, 
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pmgmm t:t)"t ~,.mtr.mnent11 uf policynmb~r ohj4:L·tives. r~spccl ivcly~ buch that a+ b + c = t to nmimuin 

th~ L'Ull\CXily or the t)bJCcUvc function, A vufuc ufu ""h J::;: c t::: 0.33 indicntcs Hmf th~ policymuker 

cu&tule ·/uriubh~ mcmsmtng thl~ 1nnrghml present not socinl benefit C$/nc) from tlllow.ing. ;m uddfHonnl 

acre or fund to be t>lnntcd to the given crom ¢.11 is Jhe cosuue vuthtble Jncnsurlug the mnrginnl socJuJ 



produc""r optimality equutions governing erosion. rnl<!S, and meusute the mtn-ginul soclnl costs w fhe 

pl)licymak~.~r ns u r\!suh of producers dt!viution frotn <>Ptimul b~huv.ior by ullnwing nn additional unit 

nf \l'dinwnt tn be lll'odu~.·cd; mtd u,, nml V4, ure the multipliers n~sochlted with the producers• 

ct)\itnality •.:nnditinns and .J:Ol1!-ttntint q1.nlificutions. 

Fnllm'ring B:Ntr ~Uld ()l!)dcr c I 98:!) ~md after s~~me simplificmiml, nmximizothm of ( 16) 

rcqmrJs tlml th<.' fol!ov~ m~ Pdntryap,ill .Ht!<.'t.'!)~ltry cnnditions be met: 

Optimality CondlUoM: 

t l7l aR~~ ( (J~1 lAa + ~~J~:t (]1, t + r;.~,t~ { G,1 ) !'= caJ, ci>,AuD,~ ( G,1 ). i = 1,2 

Potlcymaker'a Adjplnt Equt~tlt:-ii$~ 

( l9l 

p;,ul - ~~~ ~-{a[ Rd + /?~ ( A11 JA11 ] •w ftO/I}t [D, ( AJt }-t /),~ (A,, JA,, ]+P,IHIJ't~~·l {A,,) 

+ p~~,....t·~'n·t < !\,, J + pr;,,.. 1 ./'~~. 1 c A11 l+ utt IR~ Ct'u J + JJ1 J}t "1 = <t i = 1,2. 

Policymaker'!l Oth~r $t~tlc C9o$b'alnts~ 

(21) N,~ (!l,t JAil + p,AIJ :::: 0, i :~ .l~,2 

Policy Mak~r'$ Stat~ J:q~ati()tl$: 

(24) st - s, .• r::#. a( /;'It lAir ' + E!2H A,,,,)- fJSt~l' So :::so 

1.2 



Ecanomlc lnt~tpretiJtfs:m of Optimality .Sy$tem 

·nw l'\~Ciltinllcutun.: of the abo\'C (JptiUlilntiOil procedure it-~ that th(! solution lo t;OtlditiOJ1S ( 17) 

to (:!6.) will ;;;imttltnnt.~nusly achi!.!vc policymaker and producers maximilatiotJ .goal~. lJnli.ke the 

prodnct~t'\ 1 npt.mHtf ~olmions. the policynwker·~ optimal solution~ cxpHciUy cousidcr wmcr quaHty ill 

tcnn\ ofsl•dimL'ntnttnil and tlw U\\ociatcd dnmugc potentiaL Condition Cl7> requires the policy maker 

sN the tm·w::t price of l1adl crnp such that the weighted marginul rwogtalll costs with respect to tnrget 

ptice cqunl the sum of the weighted n1nrginnl return to producers nnd tho rmu·ginal net ,-,()cial bcncfi.ts 

al'.!cming from ucrt·ugc dHtnLiC\ J'l~"ulting frl>lll u unit clmnge in the target price. Similarly. (:ondition 

c t SJ requires that pnJiC)'nmkcr·~ chnicc of ct·o~ion control tcdmology be established such that the 

weighted nwrg:inal program costs with t'espect to the cto~ion rnte equnllhe sum of' Ute weighted 

mnrghml r~1.un1 tn producct·~ nud lh~J llHtr·ginnl social bcnefi.t~ nf ullmvir\g WiUc.r quality to be 

contnmlnntcd by ml incremental increase in the erosiou mtc, net. (1f murginul costs to lhe policymnkcr 

rt.!sulting (roni p.toduccrs' deviation from their r,ttiotml lltnHegy. 

The policyn1akcr's adjoint equations ( 19) for acreage costute {slmdow vnfue} vuthtbles further 

demonstrate the poticynmkcr's conc;idcrntion of V!H'it1U!; groups; interests in deciding the optimtd 

stcntly Mnte solutions of ucrcugc ond ncrcage c()state variables. E!lUHtiou ( l9) ensures t~;n the time 

rnte <)fclmngc h1 th~ nctengc costate Vill'iabJes jt; balonccd with the sum of the weighted marginal 

returns to the producers* the weighted murginal stwiugs to the taxpnyl~rs. the margiMtl future 

opportunity cost!\ or tw(> crop ucrcnge vnrinbles tmd water quality nrtd a nmrginal 11t1remhiil1n on 

producers' tationnl response .... nll n~sulting from UJ1 incremental cbtUtge: in the given crop acreage. 

Comparing< 19) with the producers· udjoint equ(tlions in ( lO) demonstrntcs the dislinction between 

the tmciul nnd private shadow values of cwp hmd, Although (10} aud { l9) are <.lifficult to sot vet une 

ca11 intuitively find that the socit,tl beucfit. ofphmUng un ncre to ench crop is mu¢h less dum the 
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prinltc hen~~fit. Hquath1n ( l9l nccnunts 1\1r dt¢ dol.htr value offutttrt:! direct envirotn11cot~l d;t~nnge 

~o~(\ {p;~ud\:. 1 ( t\,1 l J and th~ indirect dnnuttc to the crwimnment through t\uure ncreUg\~ gtawr.h 

r"-.ultmg fnml tht.! current pt.mml n~rcag~~ in<:rca~e I P'11 , rlr: .• 1 ( i\lt) + pr;~,. 1 f.:,,. 1 {A,,) 'h in tu.Idition to 

marginal hell!? fit" to prmhwcr~. 

Th~.' udjnint htriable ; 11 rcpn!,cnt' the implicit vnluc nf wnccr resources, mcnsuring the socitil 

~'Prntt.Uillt)· ~\'"'' ol .,~,mg '"mer n' a !-imk fot \c<.Hmcnt gencmted from ngricuituml ~ourcc&. Eqtmllon 

t20l rlhtJldaic~ that the time ruh! nf change in tl.u~ upf1ortunily co~t Cv~lhte nf cupitbl Jcprcdatfon) be 

h~tlanccd '' ith the w~,.•ightcd m;u·gin.tl dnect co\ts of hcdimcnt tlbatcmcnt { b0S, l mintts the marginal 

~hange in the nuur~ \aht!!' l\f 'c<htncut 'lt)l.'~ l p.;:1: •• flt,, 1 <S:) I tl' n n~.)Uh. of incremenmll.ncrcusc in 

Equation~ l ~ ltund tZ2l. \\hidt rcpt·eMmt. the Jlroduccr~ • nptnnnllt}' nnd ~~m"ion production 

construint~. bccmnc: ttw part nf tfw ll(thc~makl·r'~ solution proc~':!tJ. 'fhc!ie conditinns. reiJ1force the 

noHo11 th+tt th,~ 11rndut:ct~ rf!\cal their proftt. .. ma.ximizing Mrategies to tmlicy instnnnents. "fhcn th~ 

fJ\'llic)makcr respond' h>· enforcing the ~octall} bcr,t po~sibfe policy· mix. This hternr~chkol decision 

process nssunw~ ~nvny an}' po~\thility lhnt fnrmcr~ wm consider strntegic interactio11 by counter:.. 

reacting to the pnH<:>nmkefs ~tnucg}· cMcf3tydc. I 993). Conditi<m cl~l has u speci~Jl meaning in thot 

the two C.tf' ncrc~ vnlued at their soci1d cc.1st.s occurring as a resuh of producers devinting from the 

rmionnl !'oltrareg.y must he eqlml nnu uppusHc. to othet· words. th(! mcial costs incurred by tht! 

poHcymaker as u result of producers devint ing from their optimal solution of one crop ucre:.ge must 

be eqw1Hy offset fmmthc St)cilll g:~lns through an adjustment in the other crot.) ncn~. Eqtunions (2.4) 

through (26) ure the original Mate equutions f1..1t the poUcym;\ker~s problem. 

The model nssumes that the societal weights uunched lo eucb of th(} consJituents ht thu. poli¢Y 

process nre fixed during the t1nHe J)lttntting horizon. of the problem~ If these weights chitnge during 

the plannhlg horizon, social opp(>rtunity coMs oft~griculhmtl.productions nnd wnter qunlity wHl 

change. Accordingly, the optimal paths orcrop ~crengc. scdhnern. stocks nod.gQv¢mitk:!.rlt PQUcy 



vnriublc~ \\ iU ha\c tn b~ rccMunincd by resolving the model, Ulkiug into uccount the appropriate slnte 

Ulld (•oshltC houndnry cnn<Jitions (mlvnitiug tlt tlmt time. 

Numerical Applicatlr:m 

'l'lu.t model tlf~\:dnpctl in the !'!tUd)' b currently being upplicd to corn nnd soybe;m cmps. A 

-:.:·umputel' al~.:tunthm iu the Maple matbcmattc~ll p.mgt·utrmting lung\tnge h. developed fot· .'lolving the 

~)·)tt.•m or nt1timaht) ~quutmn .... Prchmimli)' run~ uf the model with nd hoc nmdcl p~wumeter estirnat.e~ 

~(lUW th~lt the model CUtl\\;'rgc~ .to fClNhle ~uiUtiOUh, but ~~ p~;u·ticuJurJy :,cn~itiVC (0 the functionuJ 

form of the prmlu<:U<m t:n~t .;:qm~tion,. .. The Jatt"r ~~~ue b bewg. addre!)~cd nnd \'tllid empirical datn 

c.:urr~~ntly nre hemEt de\chlp,:cJ to ~Apply tl't.~ mod~lto the Midwestern ugticulnmd region. 

A diiTkult ciMracteri\fiC of th.1s Jl1(ldclt~ that Mnnc of the d)'nnmic vunnblcs nmv~ in time from 

known miual cunditi•Jtl\ to unkr\1,1\\ll lt~rmmttl ~~undiuon.,, while others mmt! from unknown initial 

~Qndition\ to kumn1 tt!nnmal cnnditllm!'t. Hc\.·uus~ of tht~. not onl.y mu~t the mudel prov.lde solution~ 

ovet multiple time penod~. l.hc t-nhre syMcm must be ~oJvcd repeatedly to detennine the fitting· inhhd 

cundit1m1s in r.hc optimal i\Olutiun. 

Lhrdtatlons of lhe St~dy 

'rhe follower·~ opportun.ity orrespou.ding to the lendet·•t, strategy is omitted in th<. hiertu·~hictll 

decision game. 111 farm commodity progtanls~ it is possible that farmers nmy not J)articipa(e itl 

government progrums at ~til and' rroduce only forth~ market. lJ~S. furm pro~rnms ure volUtlt(lryf nod 

the government has no control ove1· rnrmer participntion. Under this situntion, Uttget pri.cl} 

instruments to affect eroskm tm~y nol Jmp~tct water quality to the degree expected. 

Also~ in order to ensure ptoduccrs nrc complittrH und do<not exceed their J>erruittcd erosion 

qU<)tas. policymukers must ex.pcnd resources for enforceJnent octivitics. Such e.nforcemeut could tnke 

the form ofrundom audits uud fines levied for no!,compHance. 'rhe ~ost of eofotc:emetu would 

bt1conie n cornponeru of the poUcymnket; s objective function, whil~ the expect~d ~nnlty for 
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notWtlmrli•m~(: wm\ld he subtrnctcd from the ~rt)(ht,·ers· objective function. The current model dtk,!S 

tH1t mdude tlW\C '~o,t\. hut <!an he mmJificd t<'l incoq>oratc them. given the. nv(llJnhility of pr~1per dnta. 

r.:inaliy~ tlh.l wthmc.-nt~¥tH'n ~uhcmtrp<1ncnt orth~ tll()dells br1scd on simplistic nssmnptions. the 

h~tfnlhlp.h:alJl•lmtnct..·r~ nrt" a'"umcd tt1 h~ d'~tcrmini'itic and templWUll)~ nnd Sl)tltiuHy invariant~ 

Sl~duncnWHt.•J11' u tmlt! h•\'~t.)d prn~c~~. ;md cnrtt'~·tive rcgu}ntinn~ which U() not. uccoum. tbr the .tlmc"' 

~.lt'la}t~d ~:tn 1rmu1wnwl nnpilC'I"· \!'flUid kml to a '!n~,.·laH.> liUb<lplimal etw'iinnlevcl. 

¢onc1Ut!ilom~ 

1.'hc t: nut.~ll SHHt•" po\ t.lfllnll~nt ha\ rc~ponul'd tu the twcd for cnntrol nf ctn"iicm rmm 

ng.ncuUur~lt ntntp\'Hnt "nurcc' lhY~t.·\N'. \!!Vc.ralp<'llc: cmnpom"'Ult!) nfthc current fmtn progn•m have 

conflt~l.in~ t{,~\.'t\. \VInk 11uh~:i .in,trument.'l 'iW:h il\ flrtce ~.;uppor't' tend tu prmnot~ the inh~nsive use 

(lf hmdt C\.1fhun nthcr pr•~\ i\Wll'- ill. th~ farm prugmrn nttei11J'lt hl •·~~rmwc cnvlr<Jnmcntally sensitive 

land fmm tWt1dtHJn"~lt Su~;•tl {'lithci~' sc,tm hl m~t"e rutUII>;lll~ nut of,. procus~t in which different rmlicy 

prt1hlt!m~ ,m:~ t-.xumincd ,md m:ldre. •.l.~~d indt\ tdmdly. nnd ~uch n pk~cemenl uppronch m policy 

fotmntton mlummll~ iWndmt~.t' ~:nntlt~,;t' t1f pur.f:l<'IStl even within the !ttttne Jcgislation. Little mt(~JiliOil 

has hcen paid ht dt~vcloping; u unin~.~d 0(7prouch to formulating ngttcultuml potic)1 which cnnsiders n 

bmadcr: vlt;'W nr rclat(fd and .:nnt1icting: J)<1Jic)1 ts!'!UC'ii. 

1'ht' raper devt:"lnpl\ n Stal-'kelbetg gnm~Ahtt(1retic framework of t7ublic poHc~ fonnaHon which 

simultun~;"mJsly dctermtn~'t the e.nd<lg,~nou~ prict~ s.upp(lrt: nnd etosion production quotn. ns well ns the 

opUmpJ pcrmi"'\iblc wnt.cr contnmJnatiotl (~edtrnent stnc.k>. The n:mdel i~ based on lhe premise thn~ 

proftt·rn~•ximizing individual prt,dttccrs mnke production de~~isions in response t.o 'J>revttiling otltput 

rtmrkct. 'mnclitions mut water qu;11ity rcgnlotions. Cr11p tnMket dynamics nre r¢prcsented by n 

recursive system ()f outl'lllt nnd crop price e~wntimts. Pt-.HC~irHtkers mt•Y (10nsider prcxtuccrs1 

production decisinns to b(! rnU<mt\l re';J~Ori.St;!s nod wiH rormuhlfe price supports und ceilings oJl 

(:tosion output, in ~lrder U1 maxi rnize tt wcighl¢d social objective fuoctio•t repres.,nting the welfMe ot~ 

the primruy interest gr(lUpst which in~lude .tagricultutists, wttter u~«:rs, ar.d taxpayers~ 
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Append he 
key to V,_thtbie Definitions (exr,IQding FlgUr~t 1 dhacu••lon) 

AJ ~ platH~·d ncrc\ lit conmtodity i in timet 
n ::: markt~t pric(: of ctmm.ll1dity i in titm~ , 
G,1 "!\: guH1ntnle,11lt tmgt~t: pri\:l"fr of commmlity i in. timet 
fl, ::.~ r,tlJn of h;\rH~\t UI..TCS, ttl (lfalll.t\1 tll.:l'Ct;; nf ~·onuundit}' ( 
r ~ ·~ t!!ld pt.•r tl~..r .. ~ nl nuumtldny 1 

t·, ~::: pc,'r u\.:'n" t'rH'hm. nu~ lor e;:~rmmndtt~l t 
R. ~'..','; lll~( ll'tUrll\ rwr H~rc IJft'<Hlll.llUthl)' l in lime f 

m, ~ nlfKutl. pro~r\un ~ u.\Jd Iut ~mnmodlty t 
/)<~ .;.~ ~h.'l'il:it:'l1(} pa~ nwnt htr cnimnmht)!r in tunc 1 

d> n ::"': g:t .,·~·tnr.tWill parUt.'IPilliUtllilW ftlr ~·umHwdit]' i IU HtllC t 

( 'f#::.:: utUt pWdlh:flnn ~n\{ nf tJH\Hl\Otllt)' I m tmu,\ t 
p ~ dJS!.tlUnt fiH;(Ut 

1£,:: ma~t:imum al.lmwd tml'-IWU' m hme t 
S,::::. I.!CdittWtH \(0\.l Ill (HHI.• I 

a;:.'# 'cdinwm !mm:t.h ~nefTi~ ~~~m 
/1@ ~cduncnt d~,~:~t} ~n~."tfh.INH 
( .. J ~ wut \t'dtment d1tmage cn't 
tl, h. r:::: ~n~JClnlnhw~.:tiH."' \\tttght~~ 
A-rl = ~u,ttHc Hutnhlf' matf!mal prnatc hem•ht nf planlinp; m crop i m luue t 
Jl, t'l:' multipllt!r fnnct1nn nmr!!uHtl t:n'\t to prnduccr· m hmc 1 nf redtu.:ing cm~iun limit hy m1(" uuit 
~~~ ,.., t•oqiH'-~ vunahl~' '"'· marginal twt \Ill.' tal. hcm.~t it uF pi noting ilt \:rnp i in little t 
~ ,, = costal<.~ vnrinhk marp.uml '-ncial .. ;t1~t nf ~l'lhm(!ntnlinn 
~~ =- pufh.:~mnkt'r'~ (.tl"'tntc \annhk H't\H!..'iiltL~d with pmdu«:cr.~~ \.'Ustat~ vurhthlc. "ltr 
vf ·t:. mutg1nal r,m:ml ctlst nf ~cduncnt pHJdm:Uon ahuve opuruul fc\·cl 
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