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Modelling Natural Resource Policy as a Hierarchical Stackelberg Game

Abstract
A unified approach o Tormulating policy is suggested for controlling water quality
deterioration froms agricultural production while reconciling the conflicting goals of primary interest
graups in the Larm policy process. This paper develops a Stackelberg game theoretic model of public
policy forimation, in an American setting, which simultaneously determines endogenous price :
supports and pollutant guotas, s well as the optimal permissible water contamination, The analysis
distinguishes betseen the private and social opportunity costs of producing agricultural erops and
using wailer as a repository Tor contanimants from agricultural sources, It is recognized that the social
benefit of nsing the resonree of water's assimilative capacity in agriculture is much below the private
benefit to producers. Private and social benefits as well as optimal production and poliution solutions
will vary ay the relative waights which policymakers attach to different social constitwents change,
The methed developed in this paper may be applicable to any policy process in which policymakers
exereise indirect influence over industrial produetion decisions through econoimic instruments,
Introduction
While the importanee of fopsoil and the problem of topsoil fuss have long been recognized, more
than fowr ecades of federal programs have done little to sty the erosion of American farmland
(MeComnell). One-third of U8, erapland topsoil has been lost in the last 200 years (Walker), and sheet

and rill erosion on ULS. cropland continues at a rate of 1.6 hillion tons annually (USDA/SCS, 1990),

Increased public awareness of these issues m’nt’imm toy put pressure on ;mlicymx\kkers to solve
environmental problems while mai n‘(aini‘nrg %a,n abundant, inexpensive food suppl‘y.‘ The federal
government has responded to pﬁblic’pmssum for remediation of this problent by launching sevei?al
watér quality management programs and policies at every Jevel of government throughout the United
Statcs; However, several ;‘:biicy cnmpmxehts bundled info the current farm fegistation havé
conflicting effects. Helmers pz;‘nl. {1992y siress (hat certain features of current farm programs result
in & resource imbalance, such s intensive use of chemieal fertilizers and ussociated x\}atcr pollution,
First, the high Lo rates and support prices for certain crops tend to promote the intensive use of Jand
and movenient of environmentally sensitive land into production. Second, Tand setirement provisions
such s the Acreage Redui:(’im 'ngmm and the Conservation Deserve Program énéoumgé farmers to

set uside their marginal land and to achieve production goals through intensive use of their prime



fand.. Thus, under the current regime of progams, the federal government is Mf‘ ing Tand feom
farmers to remove it from production while promoting production by holding commodity prices

artiiendly lugh

Such policies seen o anse mmi:ﬁmy outof A process in which different polizy mﬁl‘xleriis are |

: exanned and addressed indn wuwily. This precemeal approzash to policy farmation nherently
prmimw conflits of purpose x}x enwitiun the same l‘egisﬁla{imx, Some countries have atempted to
aggregte certan tpes of Tegndaian mio larper, more consistent policy struntents with varying
degrees of sugeess For c‘xmtpb:. New Zealand's Resource Management Act replices several smaller
pieces of emvommental legskistion with umgm um imf act gm erming the management amd use of ull

: muimu tesonrees mthe country - However, unlike the U *mkm States, New Zealand 1s not attempting

: to prov sde mdustry price or income support b its agreuliural sector This is one of the m:gmf-mﬂé |

ofvontler i U S, s legisligion

Ir rhé U5 i to comtinue s policy of mmmum% supporting agneultural prices while
instituting confl mtmg pulicies te protect the environment, an analytical system m riceded which ¢an
consider policy maker's competmg gml?; and balance ihém to t’)ptimize # pnlicry's returns to shejcty.
This paper provides an analytical framewark of public poticy formation which d&mmﬁ@x
stnmtaneowsly the endogenous price stippmf and environmental palicies as well as the optimal
~ pmmq%imc sediment eontamination o waierways. The endogenous pol iey formation is modeled as o
hierarchical, St.mkclhm'g g.ame»thmmm: decision pmws&. by Lmnbxm% a dynamic zsu!:menmnon

model mm ! nmrkm equilibrium model of pace datenmmuun.

‘l’lim Stae Rf:l[imrg madal slm‘cmm provides a formal model of bargafning processes among
economic Agents m e situatior: whereltt o dominant pluym, suchasa govemmenl has the nln!uy to
enforee i strategy on othet pmypra by announeing a strategy before the others (mmr and Olsder,
19823, As the policymaker is constrained by the influence of i m‘tcrast gmups in the pﬁl:cy pmcess |
~ {Rausser and Freebaim, 1974), the mlxcymukcr § 0b,1ccme ﬁmcnnn 5 wenghted 10 réprex.ent ihe

welfare of i mtcrest froups - including the farmers group - ahmugh a suitablg combinmuon ot‘ gmmy

Eo N



imsrumém such as price Snppmk. a cap on tofal erosion permitted, and econémic incentives or
disineentives o mﬂflmm.. The enforcement of such regulations will vequire‘ ‘pmducer& 1o tuke mie or
nore of the | aunwmg actions: 1) vhage theie production mhnology. J reduce production, and | ,)
adopt berter rnmmwm«rm practices. “Ihose aetions likely will aﬁu:t the economic performance ol
production activities  Profit-maximizing individual prml\wcrx will wake their production duznsmns in
response to prevailing output market conditions and water quality regulations. Policymakers will
- wonsider such pm(luemm decisions as rational responses of farmers and will formulate price support

and environmental poheies eidogenonsly

Basic Market Equilibrium Framevvork

lmilm\m& the mnpic market equibibrinm f mmmmrl\ developed by Helmers, ef al. (1 99 1y =~
’ although for shightly a different pumum the tmpacts of restricting erosion rates on me supplies and |
‘ muket prices are ilust mted: m figure I; The aalysis assumes that farmers attempt 1o nm»’;imizé
| pmlm fi rnm crop mndmmm using mmm}am« ﬂm penerate v.mublt, erosion rates with a fixed land
arei and other mputs. - Assuminig an mput inelasticity of production, thg resulting marginal cost
(!ﬂgg&ﬂ supply mp(msé‘) ewrve (5,1 is upward sloping. For ,simp!icyity. the supply function is
asswmed {0 be linear. Farmers are faced with a given downward sloping market ¢ Jc,m.md curve D,
Gix{eh @ support price G, ’l’tighn‘f thaﬁ nirket price, ethilibrium' output is detérmined at the
| intersection of G, and the supply curve .S, at O, The intersection of market demand D ;ifm the
equilibrium output ¢, yields an equilibrivm market price of P. If producers agree, voluntarily oF by
regulatory pressure, to resteict erosion arising from production sueh that the tofal supply curve shifts
hackward to S, the equilibrivm market pri@ rises to P, Suppose that farmers are rce:panﬁ%npt
mﬂy to support prices but alsé to market prices. The cost-related price increase in period 1 will have a
pasitive recursive inmact on the producers acreage (outpur) response in pmmd i+, wiﬁ“c:hiks reflected
sy a Torward shift in the supply curve Sy, This new supply curve will yield an equilibrium bm‘pu‘(: nf :

Q7+ reducing the market price to By, ‘This oscillation in market prices is represened by a



conserging cob-web in figure 1 assuming that both input anid lagged price elasticitios of supply aee
less thiai one. 1n the fong run, prices conkd diverge if the supply is more elastic with respect to
’vmxmn control costs and market price, Turs eviclent from this illustration that a change in the average
level of ié,rmmii pmﬂlm‘mi ray have unpitcts on market prices ‘a'nd? DULpL, given no cnnc’xm“wzm
technologead uh;mgﬁ: | Also. hote that for any given suppott pm:c; the government payments also

flnctnste s market prices clange.

Lhu
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O Wl Wy
Frgure 1. | Erosion-reduction impacts oo equiliboum: ougpu smd price n“f" ﬂgr’s‘cuﬂuml
cosmodines nml‘c:r PRICE SUPPOIL program.

"This analogy of market othhrmm cqn {w wendﬁd to-analyze the mmp:wm of wmmc)duy
polmm such as «uppm price ,md viHous ncreape muml;, reontrol programs. The gcwcmment has
sevml alternatives available to reduce the p'mducumt of cortain crops in order to reduce the
environmental exwmuﬁtie}; ot’agriclilltnml production. But policymakers alternatives are limited by
pressure froms agricubtural interest groups. Policymukers warit to combine these policy instmmehts in
sueh o way that the intercsts of farmers, Whes qu:ﬂ’ikty advocates, and taxpayers {in terms of mst‘# of
commodity pm,g,ramb) are balanced aceordmg to the relative importance policymakers place on the
cuneerns of the \'tlrl()il'i constituents, When muluple jpolicy instrumeants are apphed simuitancaua!y o
achieve more m.m one wal the dymmm of the market mechamsm become extremely czomr}tcated

1o viswalize, The model devcloped in the next sccuon mlc'mptq to express both regulatory and



econoimic choices exereised by the governmient and farmers in a single decision-making framework,

combined with a physical water quality mode! of sedimentation

Hierarchical Stackelberg Game-Theoretic Model for Pollution Control

'I‘Iic coneept of 4 hnerarchical dm:iaimr«timkmg problens was first introguced by von
Stm:kelbérg and was later apphed tod wnamie differential game problcms by mhurﬁs {Busar and
Olsder, 1982) “’I"hé application of ths ol to environmental problems, however, has been rare (see
Koyama, 1990, for an exception). In the Stackelberg water quality cmitm’i madel developed in this
section, the producens (ollowers") dynamic pmb!‘emz first would be dczwlu’;’i@td and all necessary
conditious be denved. These conditions then would be incladed as r:mtslrzliﬁl& in the development of
the pol ‘wy‘smker‘é. { lea‘dwr‘m'dymux’zi:: problen in which the leadet tnes to balance the income from

and environmental ¢7sts of poliution-generating production activities a5 well as program costs.

Noncooperative interaction between the feader mid, the fnl‘lmﬂters‘ is ussumed. The model
explicitly assiimes cooperative behavior is not possible and charuterizes the interactive open-loop
strategies of pc:l’icynmk,e;f itn:d the farmers. As Negri (1952 points out, é;ve;q nancooperative behavior
can msiﬂx: Tm; wsocinlly efficient decision strategy if antagonistic behavior triggers threat strategies.
Such threat esuatcgics are guite possible in a hierarchical dccisimr~;nakix»g problem like this one,
wherein the leader of \lhégame (po’l‘if:ymakef) possesses statutory power to enforce désimd behavioral

action by followers, It also is possible that noncnopérxuive‘ gume umygd repcxuwdly»ecu!d evolve

it eooperative game behaviour, which generally is accepled us a Pareto efficient f:quiiibrium

solution,
The Producer Modo/
Tt is assumed that farmers have no incentive Lo consider the water poliution externulity of

~sedimentation in their ¢rop production decisions, Their objective is to maximize net revenue (market s
retum plus government payment less production cost) from agricultural production, subject to

pollution restrictions and support price levels imposed by the policymaker. Producers, who are



followers in ihis hi‘emrcl‘iuml decision game, are ;nssumed to luck the ability to influence their leader's
decision onee it is made. Alernatively, they attempt to make optimal decisions mgarding input use,
production pragtices ind Lotal awreage wnder dif Terent crops in response 10 the government decision
viiriahle. | |

~Tn order to keep the analysis manageable, twa erop commaodities are considered in this model.
Ay i‘ndwnml earlior. endogenous market prices have n key role in both Farmers' und policymaker's
decision niaking. The dy_n;xmivs, of the two commaodity market is modeled as a recursive system of
outpuL Cor erops teredge s and pri;:,e equations (Waugh, 1962). Adopting 1 simple purtial adjustment |
model of nereage cspmm iNerlove, 19581, farmers’ pcshcy«n,spmmve planting decisions aye

assumed to mlu.: the munwmg fhrm
{ [ 1 ) fl,, & u,g A (Id i}",’ ”{‘(“3(1‘“ ""'{/‘,1[)3,, [T ([,4(}3, ""”lgA“ 4 i% 'iz

; whm: A Poand O, are planted acres, market price ($/1hy ind government prim ($/1b), mpemxvc,ly,
lt:mp fin period 1. and u, are mmial p.tmmctm, Each crop's pereage zlapcmlx on its own market
’and‘ support nncem Ingged c:mp acres, and cross 'rmsrkel and support prices,
The model sacrifices smm: realism in the ease of inverse price ulu wions in order to keep the
nnnlym tractable. ‘The model assumes the :mrkgt equslxbrium commodity pncas are influenced only

hy the cusrent yuar s production, ignoring the effeets of residual stocks from previous pmductmn

periods. The referis paribus price equittions for two commodities are given by;
) Po=hy~bliye)A, i=12

where i, is the ratio of harvested acres to planted acreé; ¥,(&) is the erop yieid (Ibs/acy and js &
function of the erosion control (echnblqu used &, P‘nsi’live' but diminishing mmg'in’al _rctu‘r,né to hig!x ,
erosion ]wcmsomms At ﬁssumr:d.‘; thererare ¥/(£,)> 0 and y/{ £,) <0, The product h,.‘y,«(ra, A,
gives the total erop production in period . |

By substi toting '(é) into (1) and simpﬁfyi}ﬁg( the fol’.loMng equatiohs of’nﬁmagé ﬁumméqst mm ‘

| be obtained,



BN A, - g if,n + Q;A.; 1+ CaG, Fead, b e Gy = filA, l‘iAJr»l 'Gméjr)
where i= L2 andi= J.
Let R, mpxﬁ:mm penodic unit et erop retanis ($/uc) which is ni&nsumd asthe sum-of ﬁmrkct
renens and sapport payments less per pere production costs. Formally,

W R, s hPRE AN 0D, G, PAELAND, ~ CulE,).

The first term o the rght hand «;detkﬂﬁx of (41 is gross markef rcm‘m per planied aere ($/ac),
adjusted by m'u harvested-tosplanted acreage raio, which yiehlsg the acteal per aere market return.
The second term represents the per acre government paynmn’t‘wlﬁcl‘t is meastred as a ﬁmdum of rate
of deficiency payment Iif,!CE,;, Pie, 4 1} (813 and the constant uénﬁ program yield @, (blac),
adpsted by the rt of agreape planted under the gmcmniem. program (o total crop acres planted
D, Thus, the négrswrid term, when multiphed by the total planted acres A, gives the total deficiency

payments -ma_adc to (e ‘xsm,grizm participants. 1), by delﬁxx;t:gv:‘s, meets the folfowing restrictjon:
kt;‘i‘;t [)i;l’(r‘mlf,t‘eﬁy,x&g l} G, ~ PAg Ay | G,>P,
={) ; it ol G, &P,
7 'I"h;: term C,m, ) represents eost ;;i‘ ﬁmduc‘ﬁbn $fac) and is méumetd (o be the sum of crosiaﬁ |

control dependent unit variable cosis and unit fixed costs of all other production inputs. # linear
inverse relationship is assumed between . . produetion cost and erosion rates.
* The aggregate producers’ problem is to maximize the present vafue of the siream of net retuirns

“overthe inersal 0 €7 T, That is,

(61 Milx Jf =3 zpi[ﬂ;,(/\;”ﬁi,'fn }A" + R};(Aﬁ'kc;ﬁ;i ﬁ";; )A’“J

FER .

subject to equations of acreage movement (3), given initial acrenge fevels A, = Al and Ay = A,

and total erosion restriction



) £ Ay 4 By, S L,

where L, 15 the polieymaker's restriction onthe maximum crosion in the region. 'l he mnquuhiy in
h pm\‘idex fexitulity to prodducers in ierms of optimalle nds’ustmg erosion mmss z«?,, (pmgluccm
contral vieighles) amoug two model erops 1 order o meet th’c: total erosion production restriction.
The 1 1 (0) sepresets a discount factor me: ;wu,d as 14 83 ' owhere  is reab unnual discount eate.
n ;men{ aupph respoe Iucmlum feresige is gc:nemm considered o pmdmu degision
variable, In t}m mmlet dorenge 1x s.,mmac,urd il uw.xmm state variable tn thg wmml thcomtsc sense,
amd rlm variuble s drven dirgetly by endogenous lgged mm&el prices andd current period
: guvczmmmﬂ prices gaven by (% The lagged market price 15 d’emmm;ed by kigged output as poverned
by 12): and the Jatter 1 dmcrmmvd‘ hy the prmmce ' j;.aggexi control variable g, iy "I*hila. uim
recursive injerachion nmkws the maodel umqm: 1 thatt the periodic state variable of the mmlee! [
influenced mwr(mpnmlly hy the previous period's dmsmn vahue but not the current pumd“’s vmm,,
The ub;wé p‘rndm*rs’ problem ean he mfwd hy aemng up o diserete-time eurrent valie
Hamiltoman, | |
(5 ”: t AW A‘:‘ L] rt@‘ "zw&aw ’Lzmx [IF; C”iv*sz [‘; I
= Rl A, Gy by, 1’1’1; * Rtvl Ay *G% € Ay ;thu
e Ao, fo  PAEL A, + B Ay = I, )
‘where A, is the rostate vatiable measuring the margingl pnvnm benefit (3ac) from plantmg an
additional cre of land to crop i and 1y is the mul.tiplic:r tum:tion measuring thie margingl costs 1o
agncnltumts from reducing the allownble erosion pmductmn limit by an extra tnit.

The Hamijtonian function (8) can be solved by upplying thi Pontryagin M aximum Prnwsple,s,

which yield the following necessary conditions:

(9} Ri;(gat )AM +ﬂtAu ::() . i“"‘:LZ



(o l?)i,,; -4, m*[R + Ry(ADA, p)l,«,,,,../}:,,(/i,,)+pﬁ,*.“,, f&?ar’(/‘i;)f*‘ll,ﬁ',',]r = (2
(D A=A, = LA, LA, ‘.(,,,.Cy,l), A,,,m,t;ﬁ i=1,2

and mequality cotstraints.
UD 0 s A e, - B =0

The funetions A, and £, when solving the above optimal system, represent the optimal staie
atd conseal deersion responises of followers ta given set of values of the leader's decision variables

¥
G, 1.

The Policymaker Problem

For the purpose of this analysis, um» sedimentation of surface water from sheet and i1l crosion
iy ammdered, altlmugh the pmhimu vim be extended to n(h;:r types-of surface witer Lﬂl‘ltmt\nlﬂtl(}lh
sueh s nutrient Imdmp This unmdmtmn is bitsed g the £t that acdmwuxt is the | lrgest nultutér‘
of ponds, strearms, rivirs and feservoirs i the United 0. Resourees mecn!, 19783
Sediment trapped in diwlm and Takes reduces water, oo dcily s increnses the Tikelihood of
flooding. 1t i’ncr@:am dredging costs of rivers and harimurs, L.his resc‘m"m. I:mmgm w'iMIifa hz’lﬁimls
gl dmmw.he-; rmm.umn.;l mwymcnmt muer resaurees. The mmwl umuu cost of erosion in the

Unsted States is estimated to he [1550.2 2 lul lmn (Chark el il 1984)

Denote §, ok uf sedinient me}. "The physical dysmics of sedimentation aie governed
hy the following differenee equation:

(13y S, -8, = a(z',,‘ A e A, )w /S, 1
where £, ; is the erosion rate (tons/acre) resulting from production of erop i, A, is the acreage i

production of crop i, & Is the sediment growth coefficient (the proportion &:f‘cmsiun that envers the

 waterway as sediment), tind /3 is the sediment decay coefTicient (the propontion of erosion stock



whieh is carried away throvgh mtural action of water). ‘The ferm §, = 8,., measures the perindic net
growth-in sediment siock,

Numerous hydrofogical and agronomie factars, inglding soil type and profile, land surface
conditions serop residues) and tillage practices affect the both the erosion of topsoil wnd the transport
of eroded soil into witerwvays is sediment. "These factors vary widely across a given region and

between regions. Consideraton of all the loeation-specifie hydrological and ngronamic factors

makes the mudel less tractable and therefore is ignored. Thus, the constant values of @ and [ across

the region imply thist the stoek of sediment is wnafferied by, and s no value for, the spatial variation

in the hydrological eliaracteristics which have potential to influense the erosion and sediment

{TAHSPOTL ProCUshes.

The pnli«:yriiu‘kcr has muttiple objeetives of maximi’zing net ngr%ultuml returns, minimising
environmental damage from erosion, and minimising the burden on taxpayers of agricultural |
sibsidies, 'TIWS(:» ohjectives compete in that a contribution (o one objective always =osts the reduced
attainment of another, Tu aecommosiate sacjety’s éJai ffing altitudes, the policymaker's objectives
utilize n weighting system, indicating the relative impurtance (o sogiety of the polieymaker's

“competing gouls,

~ The level of net ugrivultural return is the same as in the producers’ problem, Estimating the

envirominental costs of sediment is a difficult task hut has been attempied in several pst studies

(©lark et al., 1986; Alexander mnd English, 1996). Unit sediment damage costs ($/ton) are assumed (o

increase at an increasing rate, reprzsented by the quadeatic function:

(4 CH8,)=(0508}),

where © is the unit cost function parameter. The component of policymaker objectives which reitect

taxpayer interests s represented simply by the amount of deficienicy paysents mude to program
participants,

Tiy . present value of the stream of nek social benefits to the society over interval 0SS 7 is



, ;7?1‘ B . iy el
(5 Max J¥=Y p fu(z Ry A,,)w h05057)- o 37, 00,4, )]
: . #R‘ v . I o B '

where a, b, and ¢ are the vieights atiributed w the ngricmtnml revenue, environmiental cost, und
Program cost components of pnlix:ynwkcr ohjectives, respectively, such ma_t a+htes] o hmin‘min
the mmcxity of the objective funetion, A vilue of @ & b = ¢ = 0,33 indicates that the policymaker
nssigins equal weight or virlue t all e fnterest groups, | ‘ |

Sinee ugris:ulmru'( revente is one of the goals in tlw policymakes's decisi an provess, lhe
pul;uynmku st unmder ~ 1t urder to achieve 1 Pareto uptmwi solution « the expuk.d rational
producer reaction Lo his annw-ced policy strategy s an nuegml part of th’ policy desu,,m Therefore,
the policyimker's problem iy to wlm policy functions €, und l:,k whict naximise (1.5) subjeet to
(139, s piven initial whdayum S, = 8" and all the necessary conditions of the producers' problem .(9)’
to (125, Note that the producers’ eostate variables become stite varihles in the pbliz:ymnker’s

preblen,
"I’Im‘cmmu vislue Hamiltonian Iir)r» this gmb{m j5 wrilten s
(1) 1Ay, A 2, TRRTN WD MU TRY ¢ B 08 O
= (1[2” [i,,;ﬁ,,]’*»« b[i).ﬁ@!fjw c[Ef i(t),‘l),,l’),,/h,’] -
‘““;u/u‘f S’e:/}r“’ Culy + 6y ’u“*"gh[z;

"”UMU ({‘“)(\,, 4 /J Alt] u)trR.!lu'zt)Ai« + /l A2ll

UJ“[I’ o4 V,;,,II,(I,,A,, + t:t[hl i ,J‘)

wf)c:m Fo=d, - /1,,”,2,, =() is the modified form of producers’ adjoin: Lqurmon (10), &, is the
~coslale vurinbh: mensuring the n’mr’ginal‘ present net social benefit ($/ac) from allowing an additionul
acre of land 1o be planted to the given crop; &, is the costate variable mmmuﬁrig the margi nal soeinl
m;él fram allowing an extra unit of séditﬁem o contaminate the water; é;',,’ T the costare varisble

~assaciuted with producers’ costate variable A3 v, and v, ure the shadow g;ﬁ;mzzé.};issncimm with

11



producer optimality equations governing erosion rates, and meusure the marginal social cosis to the
policymaker us a result of producers deviation from optimal behavior by allowing an additional unit
of sedinment 1o be produced: and - v, and vy, are the multipliers associated with the producers’
cptimality conditions and constraint gualifications,

Following Basar and Olsder (1982) and after some simplitication, max)mwmm of ( 16)

requicas thit the followng Pontryagin necessary conditions be met:

Optimale Conditions:

{ l7] {Ile:;((;ﬂ )l‘ +b“ /]][CJ” )“" h&.‘/‘i‘.((’")““ (IJ d) Alll),((',ll Jg i:""‘ lg?c ‘ :

(18) “R; ( 2‘",, )Aer + p‘;%tahfl:vl (F:r ) + Uu' Rtﬁaﬂ )An = "'(UI(DIAH‘ ,)a: ('&‘n) 4 i= l72

Palicymaker's Adjoint Equaticas:
Y
/)E:r‘uﬂ‘ T “{Q[*Ru + Ro;{’dat )An ]“ e, b, {Dn (A )+ DytA, )Aﬂ] + p‘:lmfx:w (A;)

"'/7‘::;«:/,.,m(Au)“*‘Pﬁﬂmlam(*”n H' U,,” (l;‘u}-i“[l } gﬂ ’"0 [“‘“12‘

. (20) ' /7"?%;;‘5 ’““Gt; wh@sz wl’g‘m!,j:tﬂfsf)’ Q'n‘ = ”

- Pohcvmaker’s Other Static COnstralnls'

(21) R,f((.',,}l’i“ + 4, A” uO 1w 1,2
(22) ﬁu Atr + E'*tAZr = [,

23 u,,A,,%uz, » =0

Policy Maker‘s smte Equattons*

24) 85 =~5, "a“n 1Au 1+ € Ay 1) PS4 So =5
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(25) f\,,““A i = ,,(A(, )sA), p( ,,CI"), Am ;:'*A:); i"-—-‘l.2

(2(‘) }L" ol 11”” = f (A"i{‘,tp(l"b/‘anQJH’M y,ll ); : Aﬂ ﬁ()( i:‘: Lg

Economic In!erpretatipn of optimahry System

The essential feature of the above t)ptummmm procedure i that the solution to conditions (17)
to (20) \\vil‘l simultancously achieve polieymaker and producers maximization goals, Unlike the
producers® optymil mhltiém. the pu[icyn‘nu};eb‘s optimal solutions. ‘«:xplicilly consider water quality in
terms of sedinmumim\ and the associated damage potential. Condition ( 1,’7k) requires the policymaker
set the targs price of each crop such that the weighted marginal program costs with respeet to target
- price equal the ,s‘um‘ur the weighted marginal return to producers and the marginal net sacial henef its :
aceruiig: from aereage chapges wsuum;, from 1t unit ulmnge in the t target price. Sumlurly, (*onditnou
- (18) requires that palicwnnker‘sc[micc nf ermn'cnmml teehnology be established such that the
wmgh(cd ma, yn'll program ¢osts with u.spu.t to the erosion rate equ.ﬂ the stm of thc wugh(ed
'mrgmal returi o prndunm and hu marginal social lwmﬁﬂs nf allowing water quality to br:
contaminated by un incrcmcnml inerease in the erosion rate, net of nmrguwl costs to the po!icymnku

resulting from produccm deviation from ihcnr rational stmteg,y

The policymaker's adjoint equatiyons (19) for‘acmagc costate (shadow mhm) variables i‘u‘rthbr
demonstrate the policymaket's consideration of various groups® interests in deciding the optimal
steady state solutions of aereage and acreage costate variables. Equation (19) ensures thi the time
rate of charge in the héreuge costate varjables i balanced with the suni of the weighted marginal
returms 1o the producers, the weightcd marginal saviﬁgs fo the taxpayers, the marginal ﬁ:turic
’nppc)r’tun‘ily eca(& of iwo crop acreage vnfinble's and water quality and a m:krgin;d "premium" on
producers' rational response = all resulting from im incremental change in the given crop acreage,
Comparing (19) with the pfdd:‘;cen-é’ adjoint equations in (1'0) demonstrates the d’ist‘iﬁcﬁon between
the social zmd private ahadow v:lllléb of crop land, Ahhough (10) and {19) are difficult fo solveg ohe

can intuitively find that the socuﬂ henmﬁt of plammg an gere to eich crop is much lcss than thc
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, , &
private benefit. Equation (191 accounts for the dollar value of future direet environmental damage ‘

costs [ ¢ uaf e A, 1 and the indirect damage to the environment through fusure acreage growth
resultng from the éurrcm period aereage increase | pg,,mt‘,f“(}g, V Penafuatd, ) in addition to
nmrgimﬂ bcn:cl”its’m prodocers. B |

The adjoint xuriah‘le: &y, represents xhé implicit value of water resources, measuring the social
OppoRunity mst\m ‘léxs;ri,g water as i sink for sediment géncramd from agricultural sources. Equation
1203 mandates that the time rate of change in this apportunify cost { value of capitul déprccimmn) be.
batanced with the weaghted marginal direet costs of .sedﬁnent abatement { Z:GS, ) minus the marginal
ch:ﬂn ge ixi mé futwre valne of Sed‘;me‘m stoeh [ 25,0 f v (8, ) Tasa ’muit of incremental inerease in
erosion.

[.ll(ldtmn‘a (21 and (22), whivi represent the producers” optimality zind srosion production
constraints, hecome the part of the mlrcymakcr‘s solution pmccﬁs. “These conditions reinforce the
‘ ,x’idticsh thitt the pmducm m&tul mcir ;\:mfix‘-nmximizmg stmtegies. {o pmlicy instruments. Then the
gpmccss assn‘mes away any pnssthimy that farmers will consider strategic 'in(eructfnn by counter-
reacting to thc policy maker's xtmtch (McBr} dc, wm) (;’ondumn 23 has a spwml meaning in unt
the two ere acres valued at thcm social costs occurring s a result of pmducm deviating from the
rational strategy must be equal and opposite. In other words, the social costs incurred by the
policymaker as a result of pmduwm kdevizuing from 2h‘éir optimal solution of one erop acreage must
be equally offset from the social gains through an adjustment in the other crop acre. Equations (24)
tkhrough {26) are the migitml state equations for the p(».licymaker"g problem,

The model wssumes ih'u the societal weights attached to each of the cc)ns;imcm& inthe pohcy
process are Ixxed during the finite pl:mmng horizon of the problem, If these wugms cimnge dumtg

the planm% horizon, social Qppnnumly couts of agricultural productions and wme; qunluy w;ll -

change, Accordingly, the optimal paths of crop acreage, sediment stocks and government policy
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variables will have to be reexamined by resolving the model, ‘l:x_king into account the appropriate state

aid costate houndary conditions prevaiting at that time.

Numerical Applléatian , ;

T mnleld desv@:lnpud in the sndy is currently bewg uppl ied to com ;m& soybean crops. A
“zomputer algorithm i the Maple mathemaucal gmgmmmmg language is developed for solving the
systent of npmnumj £quations. Preliminary runs of the model with ad hoe model parameter cstimnt&s
, ;em that the model cuhwrgm to Teastble solutions, but 1s particularly sensitive to the functional
form of the production cost equations. The latter 1ssue is being addressed and valid} empirical data

currently are bemg developed o apply the madel to the Midwestern agriculmmt region,

A difficult eharacteristic of this mndcl is that sume of the dynamic varibles move in time from |
Known mitial conditions o unkmﬁm‘ el mnﬁinonm while others move from unknown initiul
vonditions o known terminal c«mdit’tmm Because of tﬁmmbt ?m’ly st the model provide solutions
over muliple t‘?m;: pertods. (e entire system must be solved repeatedly to determine the fitting initial

conditions 1 the eptimal solution.

Limitations of the Study
 The follower's opportunity of responding o the leader's strategy is omitted in the hierarchical
decision game, In farm cimnmudity programs, it is stsi‘blefthzii farmers may nci;parﬁc‘ipate in -
government pr@miﬂs at afl and produce only for the market, U.S, farm programs are voluntary, and
the government has no control over farmier participation. Under this situation, (arget price

instruments (o affect erosion may not impact water quality to the degree expected.

Also, in order to ensure producers are compliant and do not exceed their permitted erosion
quotas, policymakers must expend resources for enforcement activities, Such enforcement could take
the form of random audits and fines levied for noncompliunce, The cost of enforcement would

become 1 component of the policymuker's objective function, while the expeeted fpeusalty'ﬁ:ir ‘
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noncomplinnee would be subtracted from the producers® objective function. The current model does

not include thm conts bt o i b modified to mmqmmtc theny, given the availability of pmper data.

- Finally, tlw sedhimentation wbs.umpnncnt Ofth model is b,asad on simplistic assamptions, The
hydrologieal parmeters are fmmed fo be deterministic and mmpomny and spatially invariant.
Sedimentticn 1s & tme-based p‘rxwm and corvective regutitions which do not account for the time-

delayed en ronmental impacts could Tead to a socially suboptimal erosion level,

Conclusions |

The United States poyernment b responded to the need for control of erosion from
agrreuliual ponpomt sources. ’in{mx"wwr. mcml policy eompanents of the eurrent f‘arm pmgr:im have
conflicting efiects. Whsle pofies instruments sueh as price supports tend to promote the intensive use
aof !imd; wertan Q»tlaazr prmimvh«. of the Farm program attempi to fEmove éﬁvimnmcnmlly sensitive
Jandl from pmdue,m’m Sueh policies seem o acise natur ﬂty out ol a prowsr; in which different policy
problueiy are mammed and addressed indis uiuali,y. zmd smh a piecemenl apy )ma;h to policy
formation inherently | mduwn conflits of pnrpvssu even within the same kgtslalmn. Little ,uwnuon
has been fatich b dm-ﬁlmﬂmz a unified approach te mrmutating ngricult‘unﬂ palicy which considers a

broader view nf ulnwtl and mnmum;, pahf.y xmlck

This paper dwemm a St:sckelberg mmmhemm;:: fmmewnrk of public pahuy f()rmatmn whlch
sunnlmnmmly duermmc:\ the mdagmmw prxm suppm und erosion production quota, ag well as the
optimal per missible water contamination (wdmwm stock). The mndel is based on the prcmuse that
pmmmmximizing ina‘ividumi pmduccrs mike production degisions in response to prevailing uutput ‘
market conditions and water guality regnfations. Crop market dynamics are represented by a
recursive system of output and erop price equations. Policymakers may consider ;j:irédtic:éﬂs*
production decisions to e rational resp(‘zrﬁt.b and will formulate price wppom, xmd ceilmgs on

srosion output, in order to maximize wexghled social objective funcuon répreswtmg the vmll‘are of '

the pnmmy mten.m. groups, which include agnculmmts. w'mar ngers; and laxpayers,
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The anatysis distinguishes between the private and soclal opportunity costs m‘ pfodnfziug model
crops amd zu#ing xx;:m:rwnmm A dump site for erosion from agricultural sotirées, it is-k'mmiti vely
recognized that the <ocial benefit of erasion-producing activities in ilgﬁmx’ltnre is mucly béluw’l‘lw;
‘prﬁivaiu henefit (o producers. T light of this mmlysis. the configuration of pr?vau‘, and socinl béuaﬁts
s well s optinal production and jmlhninn ‘p;il‘hs will vary as the weights which policymakers attach

1o different sociad constiluents chiange.

While this model iy am;mx in @ seiting of agricultoral price smpjmrts versus water guality,
the hierarchical framework of the model could apply to any case of interaction between government
and industry in which the government nst Xialancc compeling objectives in selecting a level of
regulation wihile the inddustry has o a prior interest in the object of regulation ouiside of the

regulation itself.
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Appendix
Key to Variable Definitions (exrluding Figure 1 discussion)

A= planted acres in commodity 7 in time 7

I?T = marhet price of commodity Eintime ¢

(7, = government targel prive of wmmndny: in time 7

I = raniey of harsest actes to planted aeres of commodity ¢

voe viehd per acre of commadny ¢

£, = per aere erosion tate for commndity ¢

R, = net retupns per sere of compodity £ in Hime £

= ol program yield for commuodity @

D), = defiviency pay ment for eommodity 1 in time 7

Ay, = government participation rate for commadity £ in 1ine ¢

€, = unit produehion cost of wmmouuv 1 dime

J2e= discount factor

L= i allowed erosion i time ¢

S, = sediment stock o time £

o = sediment growth eoelficient

A= sediment decay coelficent

¢ &= gt sediment damage cost
i by ¢ = roaetal objective weights

4, =eostate variable - marginal povate henefit of plammg imcrop iin time 1
H, == mudtipher fancton < miarginal cost to producer i mxlfe tof mdm.mg groxjon fimit by one unit
p # LOSGItY variable -+ 1y argimal net socral benefit of p;Lmun;w ferop i fime ¢
u,, = costate variable o marginal social <08t of sedimentation

&, = policymakers’ costate vanable associated with producers® costate variable, Ay
Y, = parginal w*ml vast of sediment ’nndu\,mm above optinal level
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