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CUMATE CHANGE AND G.UIN PROD:UCTION IN THE

-UNIT.EO.STATES:: -;COMPAR.ING,:AGRO~C:LIMATIC':
~ " ~>~( ~>.:~~. ~', ~~ ~ ~ ,. ~ >~ .~ ~·',~i.· -, '" A ~> <' '~.> <~ N ~. '0" 'I'" ~> >~ \' _~_ A; ~ • ~~.~••_ - ~»~> ~ >~. ~ > ,. ~:~:>~ ~'.,.. , /" ~ .:.. ~ > ~ > ~ -A ~

-:~NP)l~O~QMl~~fFJtQT$ '. ,:':.

The analysis is based on an integra.ted climatic, agronomic and ,economic model of
grain:proauet10rrin: the midwestern ;r~gion'of-the:U~S.; The m~deI->repr~ents: :,ftypical
f~~ ~d tl1.e ~bj.e;qive .is to selec~ an Qptim~co~b~ati~nof~ltivars:for four·"c~op~

(ma:'. -.. ::: :g~~be:-: : .:-whe~J arid·s.o::¢ihnrti)':c: :ndlti(jriaUit&r{:":Uma:t-e ::sotrd\a'-·acf~·tf~tits·'aft{ftze, '.J' '~f -- •• -- •• - • - .ro -, - .0-, .',',--' ,--.,J, __ ,c , __ I . __ . __ . ,.r . ". -- ---., --.
the :pJ:'i~~_s: ;QJ :!h~: ~o\lr; ~~9P~~·· .rn~:lir~~ p'~r~· -~·-the Jln~l:Y§~s tJ:~~~:-:~ ~9~pJ~~,,~cr;~:~y
factonal design-to ~t:imate the etfects:of fIve 'climatic and agWnomic"vanables and'the
four: prices.,on yieltisl,:lPtal prQ9uctj,Q~1;~d::n~t};~~tth.- Wtt~ this.de$~~,:'v!i\riability ,~~.

:.be-'s.:llacaf 'd:-Urii' -uel':::::to]ndividttahex'·',larta,fo' '.' )witHtbles. As, ex ected '. ,"ti~es -hive'
iMt~~fiiiBt~K~~¢laM~",ij~t~t~1~thdtib~~~~~!;i~~tiiifuM;~4fup~i~tht¢ ·~1:ld··
PJ;~~lp~t~&9ri,'~:r~',tb~- ~q~~ l~P:Q:~t~t ~t~~1~hI~~,.l)~t p'~~~e~,~4 ~~W~y'i#t~:~~~tio~
among'}th:e:' varja~le5' ~,re also st~ti~tlcallY.: si~f~c~rit~': ·"The.r~hg~~ of' :v~u~s- ror'
t~p~i~~~~·;~4·p~~clp~~lj9~}::9~9 :~'.~~J~:~~Q~~~:;d¢#~ :~t~:-e~t¢n4~,9)n, ~~ .~c;qJ14:
part of the 'afla~ysi's:. Resp-o~:~'surfaces f,or:'yields/to;tal- ptoditctIQll-and :net ·~rn':aie
estimated from ·'these new -data. The' fitted ·surfaces are usej;kto e~alit:ate::fhe:ef:mcts.,of
~r9j~~i~m, ~i t~i:h~~~~~:-ari~ pr~t;ipf~~ti.p~(~~sril~g:;~6pl:;glol!~t~~~g~: ~,:Yieig&1.
til~arpr6dueti6h -ai1if riet't"~hirri: 'T~b :-or-'tn({thre:e prQje~tio:rl$:~mp:ly-;fuoa~st'Jhcr~~ses

i~ -yl~I4sf ~Q.t~t P1"~<d.~c-t~qp. q~~~~t t~:~:l1I: :~~4..~~~' ~t\Q~-~ ~~~~t tte~t~~:~t _p~:r:~~~birJY.
for the,'yie1i:rO:frfi,ili:e. the duf~rice's- in these results :reflect primarl,ly'difterences-·itl
th~, pt~j~c~e~;.:dlange~ ··m· p~~ipit,atio:ti:;:b~~alls~;, ~h~::ptQj~c:ted);n.¢~~~$e$:':Qf ~~~P~~<lt~~~'

a~~, ~il:Ui~ar, ~ ~n ~~ena:riC}~. ,Furtherm~re, tela~:yely ~all ~e4:u~i~l1S inprecipitatio~
ftoh'f-the:,pr6jecteefvatues :ha~e~ watively:large',advetse e-ffe~tS ·ongra:in pradttct10tt :' - ".

* Li is an econorrost at The Cadmus'Group Incot'poratecf .MOuh:~ and l<aiset ~r~:p:rofe=S50t;and associate
prof~ssor, ~~~ve~y,,~ t}le.PeR~~~~ o~·A~~~W:I::'?l,R~~:9~~<;e~ ~4l\1~A:geqc}t ~~~~cs, ~~m~l1
University. This researcn was supported 'by ·the 'Naf1oiia1 'SCience FoundaflO:fl, the' Econonuc-ResearCh
Service of the US Department of Agriculture and the College of Agriculture and Life Sciences, Cornell
University.



Clirnat,tC}l}ahge'and Grilii\?Prodtttll<tR il{the uhif~d::States:

Comparing Agro-Cliniat1c'and Etonomic Effects

Climate places important constraints on ,agriculture. Research efforts to analyze

the' jx1~~~~~ ~~~ ;~~~~~r ~~-~QP ,yi~gs:',~,~re--~ifhited ~Y- <;r~p .sciel1#~t~,:dur~g, ti:t~)~t~,

19~;O:s" (~d~pB()n ~9~9:cit~ 1969h'anti'- 1910)~ Rete~l'stud~es b,y-,econ~m~st,s' ~a~~:

exammed:lhe:ecfttl;omic"impacts,of cnmate:':change on"agr,i¢tilture at ,the intematio-n>~r

·leve'i· {i<<Ineet~1.·· ~~~~6s~~wei~eta:I.}> ..itthe··~Ati~L1e\t.~l(A:~~et··lll:···.!lrid·.··

Me;rld~l$:q@:gt' al-,)~"c;l~,_th~:r~gio~~l,1ev~l (Cro$~Ol1-, Katz ~n~ Wing~r4), arid 'afth~ f~~$

leV~(~~~r~t atl~3 and 1995);M0st6f&lse stU~.~ilnPlllftlwlin~agtlsbe~~en
• • ".~: >~ ":~.».,,.. i • ~ _ ~ ~ ~ > ~ v, < ~ A ~ > • > ~ > .' >. > > _ ~ •

... ~es¢~rchbYKaisei~t· ~l: 110 an.~eptiori;,~<'whtch is bas.efioll. &kiJitegf&ted.

computeritioclel'o(a tYt,ical irih.1westem farm"(see r..r'l,99S::fqr a mo're co~preherisive_
,- v.. :; V V _ v ~~ >~V .~ »._:' .-' ~v .,-: :~ :,..1,< ~i >.

review' <of:\ these 'studJ~s)::-- "The',<:m,odel -includes -i\ 's~0eh:astic--'weather>generator:

(Ri~h~~ii$Qn':~~ w~ght},,;th~Ge~~~~J ',P~rpps:e A~9sphericPl~£,SQ~S: M~~el, (GAPS:
Buttler and Riha) to predict yields of individual cultivars, and a farm decision. model to

sel~ct~rqpping,p~:ttertl$. ~Jl1od~~(th~,int~gr?~~~mpd~l thereafter) ~~>~ b:~n l:1sed to,
" • ,'. > ~ v V ~ • ~ < v, ". >. _ ~ v ~ ',> VV >

study how f~rmers a9-~pt to climate c~ange at se~¢cted sites in the '1nidw~sternUnited
v y _ ," • ~ ~ v > > • v' " "



sites in the miEhveatern United States, ~JfQ>.~~ _t~~: ,l~~J~]::-pr:p~~q~«;~jp~9!: :~9~J;:>:~~i~.·

crops (maize, soybean, sorghum, and wheat).

:: ~-pr~sP£~ ~jp1:~t~~9A .Qf)11~.-in~e~:a~~L~9~~~ .~~:- t4a~-:i~-:~:;~e~:~~~b~:-~~m~~-rsome

t9: u~e l?~ca~~~- the_,.~9W~\9f >~~ch> cU~9ya~_ :is_lI1:9~e:le4- 9n:a ,~~~~y k~$~$_ O:V~~. a g~owJ:ng.<

set:lsp_~_. , In: ~~~~t~qn~_>J~~,tt· ,g~9~~g ~~a~Qn& _~r~-s~~~l~~~d>!~!-_:~ _gi:v>~n ,<$~~naf:iQ tQ»

p~~Yi~:le th~<;w#o>!rn~>~~PI\ aq<?}~<~. 9'~> m~~,.~p. y<ar:i~plli~_ :~~;1~elds; n~~~4> ~~ in~~n?Pt-~t~_

u~~~~~ai~ty ¥:tto: 9~~i$iC!~ ,~p~~t -q~QPP~~»P¥l~e:ms~' E9t_ ~.~ea~q~ ~~PP~$~::'?H:r:f:~~~

f9!. Y~~~9~! »P!9g~8~!:q~>:>:~~~~t:B~t<J~~ l~tffi":9.-.~~~~>l~~~~-; ;~9.. l?-:f9~~9:~,:~· _mpP~:-.£9>WP-~~~,
~'~ ~ ~ > > A _ ~ ~ ~ > _~ ~ ~ > " ~ ~> > ,. ~,'c>~

agrQ-~Jima~c :-and, -~c.9n~n):i~ varta~~~s a~d: >the:~f -.h~t~rae:ti9ns. J.11: _e~p:l~~i~g -y:iel~s,
~ > > > < > > > • > > > > ~ ~ > • , > >

production" and net return.

1her.e~ :~r>~- ·two obj~¢iv~8 -Qf:~~~» re~~~rch,r.epo:~t~~>-.in. tJ;1is p~pe:I~ The first

::fbj~c~i:v:e ~~ to _4e~~t:~"ln~ ~~~~ber a:g~o-clim~tjc.<Nq:ti~~le;~7 sQt;n, as r~infall .. ~f:1::~

.tempe~~t~re,<_~ ~9~~:::~m.POt:~~~~:.~~n:>~~Qn~:tlilc __Y~ri>~~l~>s:{the: .p(ites: ~f :~ops)- ~~

explaining tlw v~riabi1ity 9fpt'Od~cti\mMP .I\e~retur:n \?ver. the ra~ges ofyalues

ol;l-~~~-~4J~::t;:}h~se",yafia\)l:e~<in t~~· ·M~dw~t~-:-»T~e. >~:e~n4 < 91?-jeqti;v:~ is: to- :e~t~~fl- ~h~

esWn_~tiQr:t.<-of_ fu~_ respons.e .s~~fac.es >to >~Qy!tr a ~i~ ~apge ,~> >t~1'J.1p~ratute ap..~

pJ;'e¢ipit~~~n,<-~>~ to 11~~~fct-~e-::e,~ksts>qf.Pl'-oj¢c;~e,d;_>~~ges ~n. fli~~te aev:~l~p~ for

the b:1tergoyer:~~nt~l Pa:n~l Qn, ClimaJe-:~hange>; (~qC) o~ >~a>~ >-prod:uctiq~ _in ~:~<

Midwest.
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'A :g~rt~rat:~ppro~th'td'appr6~imating:;'a::>complex':-rrrodeI>15' to g~i1erate output

v-a:lues"for: ditre:rent<ifipttfeonfigut~tionsl and: thel1- to'use :reg'reSSiQil techniques to fit

r~spcirise<s1:.trfiices '(Morgart 'artd ·>H~hirion). ':Methods"'differ<by;: the :pr(jcedure used" to ,

defermirlEf "v;alue:~ ;"of: the ->iriptits:~ 'thtee 'aJte-rrtatlve' des'lgris: 'a:re" '1} ';Fse'Udo 'Data:':

TeChMque:tOtiffm: -1S77~' 1=97~k and 19S2;<Hertel ~t' aL}; 2rJtatte:cl:a~ tj~signs (Bb,{et: :aL;,'

of the: mputs' 'ate::mvestigated:~ '. The:::Latfu hyP>~rcub~'is 'a' samplfug:"procedit~e> in which:
inputs are selected randomly from a factorial design.. ' " '

The pseudo data tecl1rihiIl1e:giv~~:'d~ctestfu{a:tes'oflhiimargmal-'effec-ts-of each

inputl buf':it-ignores'iriter,~~#oris' ampng fuputs, :(e.g.; rugher telllliera:tUre may de~rease

Yi~ld~/but~~le:dWithhi~Ptecip'italiort;.maY~~yi~l~);F:$~toditla¢$igriS •.

and 'Latin' hypercube allow f6r estimates of maili' :~ffects: 'arid irt.teracfiO:tis. "Pa:ct6rlal

designs' 'ex¥iibit "oftho~ona1itYt:~n:d'~ ;:Jhet~fore, make: :i~ > p:osstb~e- -to: p:a~tifl~n ·the'

explained vatia.bil~ty:'of ~e<regtession ~ong input variables arid'llie:lliteraetiOl1:s~ but

the' 'num:be-r of :rtins" tequir~d '~tteases: rapidly<as:,the:':ntiriiber ~:bf faC~o>fs' 'an~t> =facloi'

leV'els'ifl:ctiease.s; '-'Therefore, a ,t~g-l~vel»d~sign 'is,'otteri l.:ised: jj{:app'licaficins, 'e=v~ri

though it is inadeql1atefo! estimating the shape of the -surface. A Latin hypercribi{

requires fewer observations, but does not automatically preserve orthogonal~ty. It

provides better information about surface shapes, but is less snitable -for assessing the

relative importance among variables. Since the first objective of this research is to

assess the relative importance of variables, a two-level factorial design was chosen for

the analysis.
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': -:' :' The,>tdiie:Al1p~q:t::·y:ariahles:,'~,sed::;'in ::th,e ~~~;l¥sis :ifl'cl~tl~, .£a:ttt" eHm~te ::\f;:arhlbles~;

(temperature, solar radiation]' 'average,precipitationr and pteitipitapon.variabiut#),·one'

agrOn(nfi~~:vati:able:":(s:oil):i:an4'Jpur:,':e~Q:riomic·var;atJ.le~lp*i~~s":n£::maize,' sQyheatt,"

sorghum/and :w~at}::_,·'Fo-r:this.design;l'a total.C)! S12>'(2~) :ohserva~on$:we:re generated)

The high, and 10w val~es fQ:f.:: the::~:agro--clbnatic ,:variab:le~' 'were:' determined ':·f~o-m"

observed ranges af values in the midwestern United States (Table 1) to ensure that the

design ertc0tJ:1pa:s~~stypical c~ndi~ionsfor .this, region~ The high :and low values forth~

,~c,(;)t1Qmi.~ v~f;t~b~~$,we~..~p~~W~~"bY.·,h:u;~~$il,ig"~:n9::4~¢t~~ingJl1~::~vet~ge,,~al~~~::~y: ,

explanaf0f)t power :ihan·&ey·would=itt~teal1t}t:wh~,they.are 'posith;:e1y.correlated. :The:

agT~cnmatjc:"and ec.on0mic·'inp:ut>val~es werEr used to' simulate:the yield :0£ cultivars]',

Th~: .dr;tt~ are generafed.,by running·,the climatic-agronomic~conomie.·m,adelsjn,

a. 'E?eqU~'llce ...,::':Ej~~:ti':f~~~~:~li$~9~:':co~l'~n~nt: g~~~~t,e~~:j~:~Iy~,:~~~es f~r miriim~ :~~~

maximum temperatute=;.::precipiration,'and: .solar ,radi~:tion:' 1Jyese.:three outpUts· :plus

soH cha:racteri~tic~ at~ :it~p-uts into .tJ;1~ agl"onq~ici:"cq~Pt?n~lJit;that:determinesgrain

yields ,and' moisture cQnt~t'f~.r 'a 'set -of ,dif£et~nt 'culthrars,' and: ,fiel~ :tbile (I.e., :th~·

Clfi\oanfof titp:.e:.permitt~~~y't~~:wea;~¢r:ror;~eld:pp~ritiQns).,lh~::var.ia~l~s'~~rn:

become inputs in -th~ econom:ic component, which'dete~s:the ,choi~e :df cultivars1

the allocation of ~q~~ge ~(jng the,~~,·,~ql~~Y~~§J,<~q"p~t ..f~WmJ9r<.~ gty~n;~~~ 9(~;:qP,
> > ~ ~ ~ > ~ > A_ ~ ~"~ ,I > A >\' ~i •• "', _,,, ~ ~A.

prices. The yields,:generated ~y:~A~S r~p:~~~~t~ i~~~! m~~~tn:.fo~;a:giv~n soil and

'set ,of meteoIologi<;a1cond:itions. Conseq~entlYF yi~l¢ls are scaled:down in applica~ons

to represent actual experience at a selected site. For this research} different scaling

1 A, Singl~ obserilation:reqUired simttlatirtg 30 gr0wirtg seasOI\$ for:27 <:ultiv:m',and too:kover,three hours
oh' ci 486 machine:. 'm 'this-study;.th~ term f1'cultivarH ,isdemed,to include iilfonnanon"abe:ul-'the., plantittg
and natVesti.ng- dates as well as tht? va:tiety '0£ a crop.
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fact~rs:):~te :$pet:~~¢thfQi:,~he·-bigh ;irt(l:lQ~~rtemp~,r:attn;~f :-:t~b.~>ttd~:~6f<r-i\:ble,1) using

the, va~u,es:"dedved ,by :~aisel',;>et. a1~>.{1995},~ot:J~~~pln, Neb~as:ka ;:and.1~.E;d;w-o.Qd F~Us; ,

:M;inn~'$9ta~<. Du~~:to:,:the"fle~bility:::provi~ed"~1,Jhe ,:integr~t~~;;::lttQdelj])oth agronQm~~:

adaptation~{~hanging ::cultivars' ,and:'pl~ntin:g alld:::-harvesf:: srnedules)..-a.nd -:econo~it· ,

adij;ptation$:{switchmg. cropS:)j~an;he £:on$idered';~~plicitly~:; _. "

• ~.> .~ ~ >

':', .the':':~~Siiw' mC~~~~$' ,:3~i:::d~ffe~ent ::$ets· ':ot _xalu:e~.:Jot :}~e :d~ve .~:~p~~iirna~i~::;

variab~s(4~ja~d16 $~fQrthef6ure~\)ri~~~y~ti~bles (~tt~~re· ~r¢W1P6s$ible •.

pai~j$~: ·ittte~Clcti~n$. :(C~), ~mQng -'~~: ..a~o;clinj~t~c., -v~~~~~leS-l:: :6 ·.:(C~} ,.a:m:OlJg,,· thee

ecOtlomlc.va:riables,.·clnd<20 :in~eractions: betwe¢rr,the·twq groups :of v:ariahl~$' .(4xS).(. In,

total, the model has 4'6,v;:\:riables' (an intercept, g;';:ro'ain:-:ef£e(!ts,..;~~nd' 36::::pairwise '

interaenons)::;:,ana;·.·512: 'obse~a:t>ions, :.(32,x:16)~ .,::,: ~ro: ·siinpltfy:-.,;t}:te -:w·ay.: ..inputs. are

~p~~~~J;i~ea;;th~::~9~ ,1~~~l:;~~~::t~~;:!higl{)ev~~~~;fbr.,~akh.:~4ip:~fi::a~r:::~9:~~~·::to··be;,1 ,.~d',.~,~,·,
..

,where,: ~(U).~ 0' >~rid.:',·Var(:uU.~) =n;r~IS.l~ .' I1;ue·to the o.rthogonal desigi.) , the ·mattix
. .

(X.txy ~S~(n~gf.1n~1;~d':Ei:qUa1s':51,2·'~;-~S17 ~, ~e:OL$ ·~&~~~~r-:~~ .

" -,.~ . == (X~X)-:lX':Y .:;, ..?')', '.> ", -:H·' .. ," ><' • '512 I' ,

, . .

ana thii total;Bum of:sq1iiires-cm,: bei:1arijitiontii 'ihto~ .' ,
, <". :,' ....' ,...... ,.~.".f.Vti.,... !'\" '. ;~,-•• j(,- .'. " .'" ,•.' •.•• !\>-, ..~ • ': ,A ";:'r "'Y'Y .::-' 'f)tX J>.:p'+ Il'U :: 512~/p4-'-U -u ,

2 Temperature is important because it sets the length of the growing se~on in the model (sp.ecifying a
,:htgh average tempetatt-Ite,conesponds tb:increasin.g the t~mperatur~s in all.mQllt:hs)~ 'Clearly th:e:r~ .are an
iniinit~: ntlIl'iher:6f ways.. of-specifying, W:ea,ther ·pa~ttems ,for a gz:e:wing s~as-on. An'advantage: of using a
stochastic weather generator is that weather patterns can be characterized.by relativ.ely few:parameters.
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where, :lJ--_=:, --¥",":," X~ . -'::- -']'his,,':~~monstra,tes. the-,:k~y::feahl~e ,.Qf:'usmg :an 'orfhq~Gnal:

design. :Since th~matrix (XIX) :js>di~gonal, ,~e :e}\;plained,variability: of the re~esp:ion -is

uniquel:y:,partitioued:;.alllong :thc' individual,:regr:eSSfufS",,:This-js,.nofJrtlE)/wit1ii)b~tved'

levels::<o:f the,variables:':because-they 'are generally, eorre~~ted together:in"sQme way.

Under nQrmality", standard F tests can:be'used:to :detertni.rte whether .sels,of:effects 'are:

zero.,

,:,' ~: ~ ../~.»> > _I .~~ 0> ~ > < ;. >; ~v >>

- ,
• ~ <..: v < >

individual- euitivatsi -the. 'acreages -fot, -cultivars -selected:; 'and· net ,retum~'<Net retum is

part of-the ·dbjectivt:tfu~~tion-iit the ,economic ,componentj :att~:js dir:e~tly, :obsetvable- ,in

. the:;solution--set:..:PrQduction: is :con1put~d:-by<:multiplying:-the'yield:·of:each,:cultivw-with

:~ the corresponding--acreage. Huwever/the:yield '~representing:a::pattieula-r :ctop): or ~,the

be~t=::Yietd;j,;:d~pen~~:::~~J:tVhi#h"¢u1tiva.!s'ar~":$:el~q~~d::m:::the;::s~ltiMp~;;:of_~h~-:~~~*pmfe
~ ~ >~> > ~ <~ \ ~ , > < ., i ,.

model.: When-:llone"of the- cultivars:Jo-r: a crop:are :selected,··the observano-n:-on'bes-t·yield

is ~;~ss~~. ''ff;)·coml'ute ':misSing obsetVatio-~i the av~t~~e acr~~g~~'df;aultiv~tSin :the

com:plete·"$~t--of:.$pluti~nsare used: as' w~ights J6~- ,ca:lcul~:ting the. best--y,ield whenever a

crgp'is:not::seJecf~d:irl:th~ :e~on0-mic:~qmpO:n~~:;9ftb¢~rn~4~L-< ,-:,;. "

. :The'Gpfim21l.solutions:£01" aa~ge (and·production}by c,rop include mapy comer

solutions.:: Most;-e:f.th~e';oc:~ur:whe.n 'one: or4nQre<c:~p.pS;~l;_e n~f:;:$e~~ctedl "btlt :m·~:.f~w,

cas:es,: :the etltire<:acre~ge'i~:anocateQ:tl? ·a-·Single::'c~op~ :-The ·e-xi~t~nee -of :eQmer soltttions

implies· that- the··'Standaird---:Ordmary ';Leas:t>SqUares;,:.(()LSJ:-J:~8:tima:toP'::0f -:the-"$la~stic~l

model is bias'ed;' Although -appwpriate two-:fail Tobit models ·have-been developed ·to

analyze these data, an associated-problem is th~t the -orthogonal structure of the· design

is lost (see Li 1995). Consequently, the explained variability of acreage and production
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by:crqp:ean not _~e:'assigneduniquely to indl¥~du~l::1!egressb!'s. lo ,circumv,ent':this

problem, :~y:er-age:pr{?duc,tiQnfor the-,four -grains,-is used-as an- altern~tive-dependent-
varia:ble;',:This 'varial;Ueis-measuredj.n:te~ :0£ voluine (bushels).; weight and -¢a~ories.- __

--', The--,Best -_Yiel~~-_ Aver:age- Production '~d_N~t ,Retum--wete analyzed::tlsing:the

model sp'e:dfie-d'--in: Section -3~-' The results ,are :shown: in Tab-les 2;--and 3.:- 'Due-to-the,

orthogonal design structure, the total variability for these variables is uniquely-'_

allocated among the'm_a:in effects fOT agro-climatic and economic variables and the two-

,w,ay ~n~eractio~-.. T9-,-simpUfy- -the, pl"es.~ntation, -three groups of. two-;way ~nter~ctions
A ~ >> < / A < >~ ~

are, -deft~~~. $-in~e -,~e -fit~ :of ~q m~~~~s;:;£Qr:::Avera~~'-Proa~e~fon>:~r~:~ela~~,el¥:p:o,or)',,

:thre~W~Y,,~te~~-cti~h$ We~-€t _~~4~~ :~ ,r~b~'e:3.'

: :' :-,: "The;:OtS:r~sutts:fOr. Biist:Yield:iIl':r;fatlle 2::show:-fuat:-tempet.a~te:i~:,thed6rrdnant

variable £Ol",-,:soybeany sorghum ,and wheat. __:€Soil- ,is -also 'impot-tant-fur wheat~,) -For:

maize,:-, how:ev:e1:/>precipitatiou,:an~ ,the water"'retenti:on:','c~patity--of the, ,soil are:

-iitl:purtan-t~:-.:ht:additidn, ,the:,m~tacti6nsam~fig::preeip:itafion~>soiland::temp.eratureare-

also: -j;mporta-n:t -f6r:::~ai~~.- -,For, Best'- 'Yield1 ,=as->:expectedi: the >'ecQrtomic::~variable:s

cOhtrib~t~:;"v~~-1i~~:~():~tbeJitat:th~':~odet~:~$c.0~{irme{fbr-:~~:stnallC9ri1p-u~@,F 

s'hltistics- 'for- testing-that' the ,6 _economic :mam-'effects -and_ the, associated:26interactibns

-are aU-zero '(see -Table ~);-

]?~r>Net: -Return, -the-_maiJi effect:,-fof temperature :is the la~ges:tb~t, ,as-=e:x:pected,

tl\e effects o~ the economic variab1eS,:a~~':mbre,~p~fant'thanthey-arEi :fQ1fJ~¢$t Yi¢lds:;

Since-so1;gnmn=is the least seilSitive of.th~ tour cJ;~ps-to;adverseweather--conditfons, it

is trPiG!c:dly:':selected 'when a:gro-'f;limate: -eooditions ate- bad; :regardless_:of -price levels.

Therefore,>Ne:t ,R~m ;dep.ends-strongly, _on :the¥ri~,e of _sorghum:. '-The'-F: :~tatisttc for,

testing:whether -the-:et:onomic'eftoots:'and::the:'-assaciated':mreractiQns-are--2eroj$'ovet','3~1

compared to a- critical value'ofl.?'-at th:e lo/ivleve1-'.ofsignificance. -In this-e~se, the null

hypothesis that the-economic effects are zero is rejected.-,
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The results f~r th~ t~ree m~~§~,r~~.of<,;\Y~;r~g~: froducti,?n, ~!,~ ~:iJ1l!hJ~\~p, ~ach
> ~ • >' ~ >: > >" " ~ ~. > > = >~ > - A ~ _ > ~ ~ ::. >~ ~

other but different from those for Net Return. While temperature is still the most

il?1p:0t:~an~ v:aria~le f9r Av~~age,<_P~o~\;lc~,ion~ othe~ e<ffe~ts a:l~o ~~~ter, sojI and
" ~ v v>, ~ _~~ _ > ~ ~ > ~ ~': ~ ~ ~ ~ ~ A ~ ,.>,' _, > > > > " ~ > ~ v v > v

precipitation am~ng :the a;gro-cliD).~tic v~ria:b~e,s a!l4,~e price C?f ~aiz~, among: the

ecpl):omic variables. In addition, ~gro climatic two-way int~a~tions and three-.way
• _ > > ~ > ~ > _ v >

interactions c~ntr~bute_to t~e fit, aI}d in g~~e,ra~,_int~ractipnsare mor~ important than
i > ~ _ ~ > :: • _ ,. ; "v ~ > ~ ,'0 ~ _ > > ~ "

t~~y l;lr~ ,in th~"o~h~r mO,del,s. In.:~pit~ 9£, i~cll:lding, thr~~way 4'~~ra~ti~n~( a.~,~~g~r
: ' > ~~ A '> ~, '~ i v > ~_ , > : >: ~ ~ A vi ~ A > V < ~ i

portio~ of the ,v~rja1:?~lity.is un~xp~ained for Avel:"age Production than fOf Ne~ Ret1:l~
> " • ~>.»»~ .,' o·>~/· > ~:.: A ~ < > •• >~, >~~ ~> .,': ~ ~ > ~< > 'v V

", .', • ,', ,. ':/ .~>: <>.~» ;":> > > > .>' :. < v", " > ',v', ~~> ~~»~ A~> '<~~<~' >.

(or >~~tXi~l~s). <~s ~ay ~ply ~at.~¢'.~94e~J~ ~e$u~~~ are more cQmple~ in s~~~J:e"
• - •• ~ ~, >~. ~,,~> ~~ ">~ • " ~ > • ~ > ~ : ~>

f9:f. Average'Pr9d~c~qn. Co~eq~ently, result$ c"Q nQ~ ~e expla~ed. simply in tetm~ pf
> > > v > - ~ > ~~ ~ > ~ ~ ~ v < ~ ~ > ~ ~ > ~ ~ ~ ~ , " "~ v > v > '> > >

~atn eff~ttS: ,~nq second~order interactions. Thirq:"order interilctions ma~tel', ~nd
> > ~ v > ~ v > ~,: v.v v > > " v ~ ,', :: ' ~ > > v> '> : f,> > v < > > ~ "

Ngh~r..orqer inte,r~ctio~may account for Pi:lrt,of,¢Ce unexplaine~ va~~bility.
~ ~ ON > V »> >. > .-:' ~~ ~

Wh~le the range o~ vall:les. sel~cted for the ~pu<~ vari~bl~ is ~~eql:late to add.res~
, v ~ ~ ~ ~ > > ~ > ~v , '

the first opjectiv~ q£ thi~ paper, scenarios used 1?Y oth~r stpd;ies Qn clhnate change
> :0 -: ~ ~ > ~" " v v ~ A ~ ~ ~ A

'/ typically involve more extreme, t~~peratures ,and precipit~tion. Furthe~ore, a

c9~par~s~n:<?:fr~sults 'with:oth~r ,S:41~ii~s.in a s~P?trate pap~r (Li ~t ,at) sb,oyvs,.that j~,
~ > _," ~ < ~ / > _ > ~ ~ > > < • " ~ ~ > > ( v

~ay be ~portan~t9 aJlow for non-~in~ar,respo~~swh~n ey-aluating conditions unde~
•"N ~ ~ • ~ A- ~ "- - ~ v ,

a warmer climate. For this reason, the analysis was extended to estimate response

surfaces over wider ranges of temperature and precipitation for a given soU (The

results in this paper imply that the effects of other agro-climatic vari~bles are relatively,

u~importqnt.).
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:' ,. ", ':thre~' wee (llit~r~~ovemm~ntafpan~l id~"cfifu~t~ -Changei;~lbat~ '~c~n:arii)$'
• • v ~_

are illU:Strat~d"'tttFigtir~'l:: Th~~~~l~~$' a:t-p6fut'Bp:~f~ freat~d as' th~'B~~, ~~p~~sen'f~g':

th~' cui-t~~t ,~liril~te' f~r fu~ ~ Mid~estj 'Th~' thre~' 'wc:e' sC~flar16s a:re based o~' GeM>
(G'ene~~i\~:irtul~ti~ri-':M6d~i{~ifuui~fiort~: a~~ttfuing >'that gi~enn~J~:~ 'g~~es will 'd~~bi~ "
b~/~265d (G:t~~tb; ':M6ks~"virt~~;~"ahd':JJrih:er-4 Pt~di~ted' 'v~lties 6iitempet~tur~' ~hd'

relatively small 'differences 'compi:ired to:Figure t.5 ":Oata 'we~~' gerteraied :f6r Best YIeld;"

A~ei~ge Prod-udU6n, tmd::N~t<R~h1i-ri-:at.l%i.ch :~f fhe'25::gri,{p&ilits fu"Pigtire 1~6 For

·th~"funsI'other a>~o~cl1fu~ti((:v~ti~bi~~' (~i(!epf' rot'sonfW~reh~ldaf the'~~~er~ge -l~vei~'

Two 's~parafe'data sets 'w~~~ prhariced, ori~ for: eacn,typ~ of soil.;- , , '

... .. ·1'1let~e;~~9j~C~bris6f~18~er temp~#ttir~~ F~r~re snrit1att~e~ch

oHi~f'~' ~ith:the" UI("cl6del 'gi~irig ~ 'the' l~t~est' hicr~~~e. the pi~jecf~d' changes' ili'

, - - - -. - • > - '~ >~ >

3- 11le' v~l~~s' at Ppmt ,up' at~ det~rnhri~d' ,~y 'avetagi#g t11~' 'vatu~$: fot 'temp'erat!iT€: and' ,predpitati0!L
6p~erye.d ~ R~_~woo9'ralJ$i~~~i: ,~i:ncoln; ~ ,(a temp~l'atur:~, of ~6,~oC ?Ul~ .precipit~~~, of. 71.71
~)• .-;:~ , ?:,,:-:,,~ ::;:" ':.::::: '::',;,', ,';; ;' ; ',' ".:-: " " ',:,< ',:'" > : -::, ~ , ,',',' , ,', .-,;", .,'

4 TheOCMp~edicti~ of the "current" docad~,are inconsiStent with the Base vaJue;; (16.44 ,~C @~ 7L'71
mm per month) used in thisstud-y. Furthermorei the variahility among d~fferent'GcMfe~:ulfi;:-i$:laiger

than the vari:a,bility through time wi~ each GCM. Coar~ grid re~Ql\1tion,~ alw,ays a problem with
GcM'.s; and'probably acc.ounts for the -differenc,es. in p.redid:iQllS~ Fox flUs tes~ch, the GeM 'restilts ate
nonnaJized SO that th~ predicted te:m-perature ~d l'redpihition for the °CUlTent'J decade are equal to the
Base vaLues. '
5 the o:rigin in F~gUre 1 corresponds ~o the mean of the origjnal 4~ign (all variables set to zero). The
uhigh" teinperature in :table 1 ~ 'onegna poirttup from tne origin itt Figure 1, 'ahd the "low" predpitation
in Table 1 is two grid points to the right o£ the Qrigin in Figure 1. In the original design, temperature and
precipitation both ranged from -1 to +1, and in the new grid, temperature ranges from 0 to +4 and
precipitation from 0 to -2.

6 Due to its tolerance to heat and drought, sorghum dominated production throughout the grid when the
prices were set at the average values, making the analysis uninteresting. - Therefore, a modified set of
prices was specified to ensure a realistic mix of crops at the Base point.
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p:reci~itati()h are: ~lLrela,tiwl¥ sinaU.7- ::Por::this reason/anpther,'mo~'extreme. sc~nal:tQ is:;.

defined (Worst C~se;, ,Y'JC) in: ,w:hich the: clim~te:gets ~ubstantially drier' as ,w~l ·as·

warmer. The results for this latter scena~io aremuch"more:ominQus·than.the:y·:are for

the other. three scenarios:.:

6;':R~sponse Stitfaces·.for:Clbn~te Change: :'.. :

.,
• ~ > >

~e 25 o:b~nr.~H6ils':ib1"··-th~:.grid. itl~~~·~e;Jw~re l:lsed, to.:fil>a ,r-es'ponse:.s~rfae~: .
. .'

£ot<B~.s~' :Yieldsi :: ,!\ve~age'-:;~ro~~~ti9n: ..:~nJl: ..N~t,:Retu~.< in: t~:rm:$:::~Qf temperature ·and·

pteclpH~~~n~singa.tlUtd~;d¢ip~l;omialmod~tll;1he fitt&dpolynoriUalsw~e_
used to genet:ate ·3-dimensional .sur:fac~'S· ..(Ei~re:.2)..The.·vertical axes in·.·Pigure:2.

measure: the' Frercentage::differences: froin..th,e .·valueAlt, :the:Base.,' (The range is front·

. -1000/0. to +500/0' for aU::plots:.) ·Sinre·:the surfaces>£dr both.types.of soH exhibit-similar,:

,.·.behavior, only those for the good soil (Ves) are presented.9 ... ,

,> the .~i::4lm~:a$i'Qnal':pl~~::reve~:l:tf:i~t·:tl1a>·.yield::Qf m~i2e is:;:~:ensttiv.e.'to both
~ > > > > ~ > > > > v v • < ~ >~ ,A, A ~

temperature and:precipitation. The<yield increases. initially··With· tempe.ratute but·.then.

decr~~ses". '.< 'rhe":ma~mum yi~ld: is .380/0' above' :the :Base:; .The ':advers-e ;.effects·';<?f. :less.:.

precipitation ·zni~.ihitiallysmalLbutbecome.1nore'.severe as it.gets:'drier.. FOE.example,.

7· Th~'·di~cti6~:.&f;th~ ~~s fo(pteqpitaflolini Fi~~·j; i~ r~y~t~d 'fidfrt 'tKe intplied diiecti~ fu 'Table 1.
T1:l~' re:a$~I~J9r-~.~:.~atJh~ eo~y#p~~;r:t ~.:W·.f~s¥r~J(rn~Ying.-to ~ right.~pJres les,is p~p~t~qoI.V
makes It'easler tomterpref thetfuee..diil1ensional sUrfaces showrdit FIgure 2. . . :'. .. -," ;,
8 . H,. t ..aftd .R..d~l;1:(?-t~. ~~mpe~~ture;,)~nd. >pr~cjp~taij.Q~I..,.th~.~i.;~:,-~r~er po:1Yl}.omiq~. ~odeI is

• " • .:'. ~< .: ,.', ,. ':" ~'" '-2 '.' ,'~, '-:z _.- >1"'; . ~'< ••• ':2 .'. :', ".0,3:-';' ,:. 3 ," ':,:,>.. .. : . '.< . < .' : .;,.: •• '. :-.: :.' .'.

yt =~fr +J!it +JJ-2Pt f33tp +Pit +PsI' .+ ~6f P+ (l7'tp +flst- +JJ~p. The fit of the model 18 quite gotJd for
tbe ~Qwt.~~t Y~~~~:~d f9r ·N¢t~f;~,:(tno~::~~:~5:Y6-):~~t~~~et~~::£'?t~v;~J;~g~~~~~u~~iQ~-($.~j((}for
the had soil and '$9% 'for the good soil). For an 25 obseryafions, the'-scaling ractors for high temperature
(~:·I~b.~'~.}.;~~~:~4:..J~ffq~:t9:~m¢'~~;'~.~:~~~,:~~~~~9~~.W~~:~~:~~~:.9~::o~~tv:~~Q~:.~.~~~
unsuccessful (tIle nun hypothesis Of, identical mod~!s was rejedect'~g a' sf:an_d~d Ii test): 'ThiS'resuit
W'~ ~ttrip:l;l;ted t.~-~e·effeqs:of·~~jngtwo ~~·Qfsc~g:·~CtQJts::in,th~ Q~gin~.<l~igp.: .

9 T6 provide additional infonn~tionabout the role of agronottlic adaptation to cli:tnate changeJ one set of
rU:ns' wa~H:dndu:e-ted with all·cultiv,·ars ~ pusSfble. Ch6k~s~ w:hi:le·.:ai:\otner.included ~y.:the: dQIttinant
cultivar for each crop at the Base for all grid points. However, as the clima:te becomes warmer and drier,
the cropping patterns qUickly switch to one cultivar of sorghum, and the differences between the two sets
of-mns ate-small: Therefore, ooly the- results·for multiple cultivars are presented.
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;;);$..pre~ipitation:·:deer:~~ses;>b:r,:'4~l.. mr:fl ·Jr:Om· ·:th;e: .left. a:xis~::::in:>:':R~:gure. t ·.::(hig~est ';'

pre¢ipitationl,·the '(iecrea~e ·m;.y~eld .is<30P/o~ .However, as it .drops by. an addltidnaLZ€f

The' yield of soybe,an is sensitive to temperature, but relatively;. msehsifjve to,

precipitation. Like maize, the yield initially goes up and then goes down as

temperature increases. Unlike maize, howeve.r, the yield of soybean is relatively

insensitive- to ch~ge-s of precipitation. .In f~~t/.th~'maximum;yield:'(210/6 ;ab:q;ye;; the;.;

B~$e)occ~rs ..>under. dt:ie:I:.~:onqi:tiotlS ..t~..~he .6a~e~. A~. exp~~:t~d.f" ~he .mjJ1it!tum y~eld.

:~~i~iil~;i::s=~~!a::~~=:i:
Wheat,.. like· maize, 1s :sensitiw:to ptecip;~tatj()nl:especially:under. the:.driest :cQnclltions.. ;.

The: yield::4:oes notvary:·muc1twhen. :precip:itationis':more:tha:n Sp;.mm. below· the·base,

but ·'derreases,';:dl':astically:·below: that:-:ltiveL·;- Wheat:· is, :Jl~;)\N:eV:ef., :Je:ss' sensitiv:e:. to

temperatU1'~than maize. .. . , ..

.. ...... .... 1}teJ:f~~MAv~rag~PJ:04M~tl~ ~~~are.m~~~~plexp~

it: reflects :the;..inte:~ac.tions;;b~tween:agro~cliffiati.e::and' economic. forc~s.<:'.Variability in.:

prQ¢l~ctidn. dm 'h~::ca:u~~d:by ~it~er ~~g~jn, yield. (agro;,climan~ .effect) :or ~t9PP~g
> ~~ ~ / ~ ~

pattern lecortomic. >effe~:t).' :To>:~d:er$:t~nd:this" behaVioI!;I ·it· is :nelpful. to divide: the

SlJ~fi;t.~~.:p\Ql$..4ttQ...tt)~ge ,$~~~~AAS' by :Pt~~p~t~~pn; 'n9rrnatp:r~~ipit:~ti~#: (~q. ~:rn..~b~ye,

th~ i3asefu 1{)tlun b~lQ~th¢ ~~!l~),Io~pr~~pi~at~~n(l~ 1WIt t9jO~~~i~vit~e
B.~se)j'~;~l1P .4rQUght (SO'~ni ..~et~w.:t~~': .$~$e t~r 'l~~s)'. ;':l!ri:der' '~()rm~l' p~~cjpi~~tiol1J
~ ~ ~~ : > : >~ >. . :: ~ ( ~> ~ > > ~ - : ~ ~'~: :" ,~ : ~', ~ ,. ~ /: ~ <~ ~ ~ '~ '" : '~~ ~~., / ~ '~,: i ~ > ~ > ~ <,

prodUction "cQ:.rlSfsts 'of' m'Qstly::-~afZe;·:and:.AV~jrag~; :Prodclction.is·sit:riilar to <that: of
/ : ~ A" ,," "A: ~ ~ ~ _ ~' / ~ : ~, ~~A~ =, , ~ ~ '~' ~," ~~' :.~ < ~ ~'~ ;>':'~: , " = _ " ~': ~ > ~~~ ~ ~ '~ ~ A ' ~ ~ " - , l

m~~~ft; ":'Unde~/!ow}~~~ipitiltion, t't~~m~~:;~s<a:.miXtute<0f.whea~:~~ s:(jrghum~.·.Smce.··
~ , ~ =.' '.. , _ ','" ~ < ~~ A ._~~' > ,~ " ~ _ ~ < ~ ~~ ,.' _> ~ , ; < ~ ~ ~ ~ •

wheat and sorghum :have'·low~t·-yield:tlt=an'ma:i=ze~ Average'·-ProGuctlon. decreases,>

Unde~ d~~tlght, :Averag~ Prod~~ti~n de~~~~s~;;-furth~r:becaus~·.~i the ~d~~,i:se:eff~ci$':~f

10 These differences appear to-.OO- small in Figure 2 because th~ vertical scale is the same as it is £~r ~aize.
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incr~~,s~.d, ~hl'nes~: Pl1 wh~at~ ~o"V~v~rl It t~~n increas¢s ~u~ to, a crop--shift ft:om vv:J::tfat
~ • ~ ~ _ > ~ ~ ~ > ~ v , v ~~~ ~ >, / ~ ,. ,

to sorghu~~,which has higher :yie~d~ ~anwheat.

Ne,t ;R~~up.1 ,is, pr,imarily det~r:m:i~,~d:py, the, 'yi~~J4 <?f :rn>~i~~, f<?r the norm?L,l
~ ~ ~ ~ '> •• ~ > ~ • > > > ~ > ~ > > • > '~~. ~ ~ > > ',' > ,

precip~tatio~\ region. Like majze, the peak :leve~ (450/0 above,,~he ~:ase) happens ~t

arou1,1d +1.5 °C a~d +25 m~. H9w~,y~r, ~~ the yi~ld ,of ,maiz~ 4eclin~s, :witll ,dr~er

c9nditions, t~:~, cropping pat~~rn ch~g~~" first ;to wheat an~ t~en to sorghum. "This

ch~ng~~ IJ.loti~~~~Q. by PXQfit ).~i:l:xj1+lj,z~t~pn, g~n~r~~~~ ~ ,hjgheJ;' N~t R~,turn than

~,ol1tin~~~~!~: ~~~"s~~~",~!9P:",,~~" ,i~,,~~i~~n~,by ~~~r~_~~~ ,t~~, r~l~~~~~r:,~~~~,~,~:

d~cljne in ~he N~tl}~:~m~~p~r~,Qto the ,~te.~p~r 4et;Un~ -t9t Bes~ ,Yield qf, ,m~~~.,
~ ~ ~ >••~. > > > ~ ~~'" v V , V • > ~> A ~ ~

7. A Comparison with Other Studies

A common, it'llpUcatio-n of other stp.dies of. .global warming is 't4at-, overall

agricpltural proQuctivity will :decrease in middle-latitude countri~,~ (such as the United

Sti1ltesl::a~d,,~~ease,in-,h~ghe,-t-latitude:~()yntries:(su~ as Canada and RU~~~jl) 'U:nder ,the

climate w8;J;'mmg induceq by a dpu1;>ling of,greenhouse gases. For ex~ple,accO,rding

to, ;Kane et al.j a 3..71 :~C,~crease in the ~ed<i:~,temperature in the summer months will

reduceqverage, yields in the United States for ,maize" soybean, and winter wheat by

23.80/0, 34;6%l,~416.0%, Iespe~tively.

At- the, nationq:l level, : Rosensweig et al. and Ada~~ et al., estimated the yield

eff~cts of cHt;nqJe,,~hapge for 4iffe.ren~ regi9~ qf Ul1it~d St~~es Ulr9ugh s~ulations,of

crop models. In another study,: Kqiser et ali .(19~p)"e~amin~4, f~r~ers! ",daph~l?:Ui:ty

under three scenarios of climate change :,fQr a -sout~em ~inne~ot(l,Ja,rqt,:using ~l1e,sam~

basic model as, the, one used for this < researc:h. The different ~pec.ifications (ox climate

change in these three studi~s are summarized in Table 4~ The l,eyels of temperature and

precipitation are well within the ranges of the grid in Figure 1 'except for the increase of
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prectpttaHbn-specified fu Ros~n~w~I8 I~: th~':-~~tirti~ted'- r~sporise: s-(itfaces 'de:scilbM\ri

Section 6 can be used to predict Best Yi~ids~ 'Net Ret-~m, an,fA~eragel:>rodU:ctio~> ttsl.rlg

th~\~h~k~>' of t~riip~t~~teMtd:'pr~ipit~ti6ftspf&i:fi~dm-th~:-:tltr~e: sfud:i~t' In ~iI cases,

the Wtiaile~eis 0=£ t~rhp:er~t1i~e' and pr~2ipftafi6n~te set"at:p6lAt BP. Consequently, fh~
p'redicted ch~ges":~f the dep~den:t'valiabtes :,i:r~d~fined cortsistentlyand represertt: the
effe~ts 'of ~littla-te'-change'1ft th~-'specf£i~d' scertaii()s'- ~~iti~:: the: stime mhdel (~sp'onse

s1irf~ce) a:t1d ·:the' samEf :ififtial '~in4iUH&tls~ :'-fWheh: cdriipatfug >th-e-origtn~l stttdies~: -fhe

,P~dict~d-::cliange$,;p~~,-d~ii~e~-:it~~:d~{f~tent,models' iQr,a <vati~W: Ot,;d-fft~~ni< 1~da:ft0rt$-

in tlieMidWi$L)61";~ritheiln~~~t~Iies6lth~t~p~Sut£a#~,ifisl.mP6~t'to

"n~t~ ~~t, diff~ences .m ,th~:<ptfl~icted e:ff~ct's of '~: scen~rio betw:~e~ the response ,~~r£~ce

and the origllla:l study m:ay be caused-'by dHferences in the initial'conditions as well as

by differences in the characteristics of the models.

The results are consistent with those of Kaiser et al. (1993) for the yield of

soybear{{Table 5).:' The- 'dlseiepartty-.fot the yield :-0-1 ·sorgnum-is- 'due-:to > u}'datfng the

-v~rs:ion-of the- sorghtlin tnodel:used-fu :GAPS. :However, the'-preitictitnls :ror:the y~eld :6£
"~ ~ <

maize, -~pp~a:~~:'t:dhEf~omalous'heea'~tLon;~w6uld :eip:Eii¢t, that 'thEfeftetts,:oi:a:w:arm~r

cltma,te wonld<bEf'less sel~jous in a-coole-r: region- (he.: Minneso-taf c.6mp'ared -to- the

'Avera:ge'Midw:est' The'eXpJ:anation relates·:to, the: specifitatiotis made-about the length

of the growing -season. Itt ,this: study',--a longer growing season is speci#ed ,and this in
- ,

turn implies th~t a wider arr~y of bite maturirtg 'cultivats: of maize:::ean be grown

suecessfulIy. -The' predicted'iricreases in:Net Return a:te-small'fu all scenarios compared

'to :Kais~r' et "aI..' -Itt-this stUdy, ,ftowever, prices 'are 'held :oonstant,.: and .iit Kidset et/al.:s

shirl}" -it' StIppl;fTespOri$~ 'is -meorpcih\ted: In general, -the -tankings -of the va:riables for

f:h:e'wee soonarifjs::arfle6nsfStent:in :ihe>tWo stUdies:;" " ,,

The results from-this study are quite diff~rentft'otnwith thos~-:in Adams et al:s

and Rosensweig et al!s'studies (Table 6 and Table 7). A,fundamental difference,ig the

way that yield responds to precipitation in :a wanner clilnate.'· In Adams et at" yield is
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much lower under Scenario n (warmer ,an~"qg~r) .tha:n.,\tl·H~~f S~enarlc;), l (warmer,:and
~ ';~>~ »'< >:<~:>- :<' ,~~ :~: > - >~A<> ~~ <>~ «> «':> <', >', :' .';' ~;:~<. -;>~~::.~~:':; ~~ ..<:;:~~: »~ _:>

wetter). The implication is that yi¢ld is very sensitive to moisture levels under a

w~rm~~>·~l@a~~..~ ~~I1n-~S~l.~~>r:~~~~t.~,:9f~.,~~:4y>~hQ~.~~~ yiel4s:(Et~~pt t91Hnaize)
~> >. ; ~ ~~ '.'/v' 'v',,> /v > • > • _,. .' v ,', ~~ ~ _ A> .:>. > ~ 0 ~, A .>. ~ >,.~> •• ~ • >'~~>.,. ~ > • • >~' ~> ~ v v~>~.~ '" > _.>'~~>~" " ,', " '_'y lV < ,/ v •• / v >' v ;<~:< ., -

ar~, .~e~~tiy~ly ~~tl~i~~~ .to pr~~ipJt~~~Qn >dif£~ren<;e$ ~Y~J' Jh.e. rm1g~ > 9b~:¢:ry~g. :m .the
~ ~ >A. > >', < _ ~ ~ / > ~ ~ v >~ _,' ~< _~ ~>.~', ~ -'~~ ;. _v ~ ','<_ y. »~ > > v v v v :' v: _ V

V > ~ > v ~ v ': ,,'v,< -:- _ ~ > ",,_ / >: v ~» ' _,V', _ :

t?;l~~~e,~t. ~vr:th~~,~r~~,,:the 4i~f,e~~~~~)P_P~~.£~P~~~:~Q11>u§~d~. py .A4~ms ,et~L j~ q~jte
_ '~l'" ~ , " '.~~'~', =,.. _( ~~/A~<~=~ -, ~ v ~' _ ~ __ v'~, NO'~_,A"~'A ~~,~ i~ .~ ~~' ~~/ ~ 0 _ ".y.' ~ ~ , '~-~, i<

~all.. con;tpar~ t~ tl;\~J:)b~~ryed, .r~g~ fpr th~J4i~w~~t-<~Q'mpar~ ,ra1?te ~ "e:m4 r~ble 4).
," _. ': ~~ ~ ~ ~ ~ ~ , ~_ ~ I~~:- ~ ',/0 " , , ' ", ~l" •• : ,'" '~ ••' : v ~.: ~~, ~;/o ~>,~ >' i ~ ,. '~"'~ " ~ A ~ , ,~, ~< ~ \: > ~~~, ~ _ A ~: ~ : :',~ .>:- ~,~ v ".>< ,,>

:fiS :trP~:>?f :.~~~~,i~Y~~,.~tX·i~l?~. :t9J~~~~~~:~~~H~;·.~~;tt~9:J::~J~~~~t:~~~-: ~r th~: ,~~~~g~~

$urf~c~s .for.mqlze, and .wh~~tlf .the inifial ronditions .tlJ the-Base Up, were much drier
~ :A:A ::«~A~~::::<~ :,:;>,)<: i~:>:l':' v,. ~ -,:,.,,' ;" '>"",~,~·-vi ~ ~,-(-,:,~" .:> «=>; /:~,::=::>~<~~:<:>~:;, ,: <-: »-~, '", v:;~:::::::; ,~:>:'<~:~:-,'v ~<'=i:A ~~ '."~/~i<;:O,:,<:::: ~~~~ <i;·'~ / ~,o:., :-/,:::'~ <:·_;,,~o:·,· ,:~:~:,~,:.::<,.

:(~~~ ~~~~:e::~~~. ','" '" ..

~~ ..*;.~:.:::::r:l~~~~~:~~i~:;=:~:=~:::i:;;·:~:::!'.
~vet;l:wh~.>P!e,c~p~t~~iqn. ~~?se~ (~~en~~ios,~. ~,d ~)~.'. :.~ _~9~tr~~tL, .~e. Yiel~>. oJ ma~~~

, v _, ~, ~, ~ ~, ,. ~ _ ~,' _ " , ~~ ~ '., ~ ~ ~ ~,A' "_ ~ ~ _'" • ~ ',',"v'." A"~ ",~,,'/

inc,~~~se~.~ thi~,;s~,~y, m»$~~nCl;n(;)sJ..~~4 JJlqn~l ~~f~~:$~~. in Sc~:nadp ~~ Th~ Y~~~4..pf
',' I~' " 'i~ ~ ~ , ,", " , ~~ ~ ~ ,_ A' _ v", " _ '_-.. ,. ~ __' ~~ ~ ,,~ , ~_ ,~~' ~ I ~>' ~ , ", . " - -:' A _~, ~ ~ :

1?OY:Q~an Inc~ases ~" ~11 t~~e ,~;c~JJ:~ri()${ ~n.d ,the.yjelg 9f wnea~>irtcr~~~<~$ i.I1 S:¢eI1~ri9 I
,', ~ , _'. , > ,. _ ~' ~~ I _;. _,0 '~' l"w~, , : " , _ . ~ v ~ >~ , ~ : ~ , , , , ~o , -, ~. , , ~ .", __

'.' and decreases in the other~o scen~~p~~> .,..< • " ' <

~~a:eh:c~::::$!e~::;~:i:~rg;;~;~::-~;-;r::i~::;:~::;;
mp~~~~. »'fh~> QppQ~i~eJs ~e.:"t;~s~>~,A~:~ms}~t q!:.,.I~tt9i'~~~4y (~ti:,~i ~tal.)~,,~ ~O~~$t.

A I ~ _ A' ~ ~ ~ '., , , •••• ,./ • ~ ~ , ~ ~' " -" ~ , N ~~ ,', / ~~ _N Y .'.', _ • ~ ~~~, , ~ / ~ ~ A" ,-,' ~ / ~,~ '~'

incr~ase in ~~~raturei~ g~nel'aUybenefi~ialun1~ it is.assqcia~ed with a ~ub~tanti.~l
_:' A~~ A' ,A A" _- / _ _ ~ , , / 0 A' < I ( , ~0I, ~ _ _ ,~ , ~,>' ~'. ~v_

4¢¢~ea:~e~m:>p~~c~:p~ta~~~J at:L:d ,m ~~~J~tte.r ~itq~ti~~ll ~~ ~cr~~$~:~> ~~~~vifY.:Q(yi~19$·.tP
,A • ': ,.': ' , ,. ~, , , ~ ,~ ',_ N ~,~ , • ~', ~ ',_ ,~ :: ~', ,': ~ , " ~ ~ ~ ~~ ~ _~ ",

pte~ip.ita~o~woul~,,~~,cpmpa~fb~~,wJth Ad~~;:et .al. hut np~ wjth,~o~~~'wJ~~g~t .~l.>, , ~' , _ v _ ~, , AA ~ ~ ~ , , , ~A , ~ /' ,~ ',."' , ~_ ,. : ' I _~ _ ' ~ ~ ~ ~ _ ~ '_, ~ , ~ ~ ~ ~ ~ ~ ,',: '. :'
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U~hlg; thfl ;foUr diff~tenf scenarios "of 'cliiri~te' cha.nge' d~'scribed til'Figure' '1, the

overall effe,cts' on:'B~st Yi~ld,' Ave,rage"Producti'dri' and 'Net RetUtn 'ate summ~riied"in
Table 8. For CP,' th~'yield' of m~lie>ihc~eases 'for 'the:riext'eighty yeats: '; The increa~e;ts

large 'fo~ th~ first ~thirty: years but: :levels off from that' potut hn«'ard~ tiUtlally 'the 'rise 'in
t~fup~r~'llir~ and:- ~triaI( d~c~~se"ln pt~ipitafi6i\ ai'E{ben~fitf~i' =for: inaiz~,. 'but' a:s
,t~p~~tUre 'contifilies:t~~ iri~tea:s~;; the~,,~neficiai effects.'dl~-iniSh:, ,The UI(s¢ert~ti6'j~

b~nt!fiicial for ,m~~:~ut:ing th~ tltst decade 'du(?,t()' ~treaSEis in temper~tut~~ '::Howey:et;
~s >t~frip~t.atttre 'iii~t:eases:furthet and p:rec;iPitation '£~ns~, ~~'yield :5:tarfs to de~ease. It

ih~rEi~~EiS agilli~~2ti30~efipr~cipifiitiort b~ttlriil~. FtJi:' MP~ th~yi~ld~
Uriaffecte:d 'for the;fitst ten :'yea~s, :-probabl)/'becau:se::tlle 'positive effects' of' higher

femp~ratUre are 6ffs~t'bi the"rte~ative effects ;6£ lower pr~Cipitati6n. However, 'it 'goes
dowrt'aftet ''200t)':as' rairitt'ill confutlies it> decrease: 'Urlder we,,'the 'yfeld 'of 'maize' go:~s

down substantially after 2010 and is reduced by 50% by'2046~ "

.," ::The':,yiild'6£ 'soybeClri::fut~ea~s:::thi~ghQt:ttthe 'eight g:~c'ades' Uncle:!' 'both' th~ 'GF "

and MP cilrhate ch~ st~natios: The'~reasi4 are large initiany and get smaller
toward the:en~t :'Under the'tJI("~Cehatio, soybeaft'Yield';1ncr~ases even mote -in the first

three d~ades,but then decreases. nus is not surprisilig, 'smce the terilperaWte increase

£~r UK'is 'trtttCh latge'r:than 'if i~ 'for GF Or M:P~' 'tirid~r:the:WC scenario,' sO-yb¢ari:yierds

inere'ase for the 'first three"decade~,but decrea~e theteafter.' The reaticHon' from the Base
is over 150/0 by 2060.

Sorghum yields for the GF and MP scenarios show little change over the entire

eight decades. The increases in temperature implied in the two models are too small to

have a large impact on sorghum. In addition, sorghum yields at the end of the

simulation period for the GF and MP scenarios are similar, even though the

precipitation levels are different. This is due to sorghum being relatively insensitive to
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p:r~~~~~f~:ijP"1;t:, <;rb~:)~~¢~4 ;~Ar:.~~ IJ~ -~q~~~:!~:,~.~~~S)~. -l~n~et; _q;~~~~.~e}~~ :*~:-yiel~ for

~~,G~:,a-nq~::~~e~a~ios-~u~-~~ ,~~e relatiy~~y>la~~jnsr~~,~~~_,t~~per~tur~ for;-1)K, a~d

~qr:~ '~:~Jn~>~!~,~9f;l~ :~~~,.'~~l ,yi~~<t!~t,VV~ ,sVq~s_ ..a~.-,~v~~:larg~r :~:ect~~s~ ~an. ;t~. 9ge~

The pred~c.~~~~~f~~tS:~~.~~.~~~lg,qt \f~eat:~u:~, $~~l~r. ~d :l:"elattv:ely s~a:~l JQJ;::~~l

thr~:e, OG:~~~t-:. ,:~l1. th.e:s~. :C~~~I, ,~h~_ r;~e~9 ~i,rstJ~<;t;~~~~,~:.-~nq, then d~q~e~~.~s:~, While the

J.:ll:~~~~~-¥~~~4j~-:9lt~~~~m~q~o: !?f::G? ()A~, MfLJt:~Qm~s S09~~~J~J; VK~:.J~:-~Qn~~~~1

yield decreases.substantiallyunderWC':beeause..of .the reduced ,nrecipitation.. .
~~.• ~ ". I.'." ~ >__._~< ~~:«_ ..>.» ~>. > ~.~~.~» ~ A«_>.~ < A<.'.', _>" ,»~~ ' ".~>.~~'~» >~,~ ~>~A~ _».~>,. ~»»> «,,' i, •• , .~> >,: ~,> > :"~~< ,~.,..~: ~~ .'~ ~ ir::~~ ~~~ «", >,. >., <',.» ,'~~~""~ .~.~.

::,~¢'-t9~~1l?~~~~i,9l1:: 5ff::~p~<?~ti:~~q~::a(th~:,!3W~~\ i~,__8g~::J)":t~i:~e~- ~~(o,,~~y~e~~}~~9: J~9~a

Wh~~~, A$~IllF.*raJ~reitjC~!l~~~~ttJ~r.~1?it!l~9l)t~~i~W st~~l~ .~.OF,th~s.t~\V~g
F<?*d~j~~I1~::~~9~~::m9t~:~~':~~~:I~Y~~~~~~J9~:'~~~( 9,"U~:~g :~~ ;qt:QPp~g'p~~~~ .tt?

~N1t,_e~~ ~6t~_tQW~~d~>~a:h!e .. $~,~~ tn-~Z;¢.i~:~Qre PJ;~)(~~~~~V:~ :~an:wh~a~, ..~~~-::~h:ift

tr:ans-l~tes into in~r.eas.ed 4't:~r.~ge~t"~.~~~tionJo:~ .GF::(2,5o/i? ,.~bQve :$e B~~e ,ky, 20~qin

<'
,.'

~~ in~re,as.f;t jn te~p~ratu~~:,.%nUKj wh~~~ .be~~#t~ m~~e ~it>iallY/' ~au~~s.the

': ¢~ppirtir :pat~~rh .~~ .$1li#::to~~F~: 'm:a~~,w.· :lf6w:~~~¢r;:'·~h~:, ~~g~~~~j~f~c$~;.:9f. :4~i;reased:
.pr~iPitat10n ~oon b~~~eniQreimP()r~nt( ;ll\d the~produ~ti~fa1ts.As.precipitation

~~.t;re~~~~ :fu~~f,::~Q:r~ ,~~~~~ge: 1& ,a~l9~~~~9: W::W~~~t .. ~s a_,r~~u-lt,- A:~~r:age- P~fld~~~Qn
~~ ~ , "-',-'~ ~ /~ ' ,

faJls,' ~9W~Y~l\, w~en:,preclpi~a~ion in p:~ :sbtrts t~ mc~e-~se, trl-aiz~, .b~co~~s,:;~h~

4~~~~n~'~Gr~p ~C:)~, .~<:i Av:~~age. fro~?t;r~9~ ~~r~ ·g9:~$ ~~~k ~P '~t?' over.15~/~~l?-ove

.~e Base·:in>4P60:{s~e,Fi~e>~}~,_
, " , - ,

-:: .-MPd?:r~~~c;~. t.~~ lQ~~s~: Pte~~pjt~tjp~ ~~o~g .. the.~r~·IPC~:s:C~1f~~i~s:. nte:¢lri~r
, ~ ~ ~ ~~ ~ '.. ~~ - ~, ~ ~ , ~A' ~:' i >

c~~te imp:l~~~..by::~ ~, twq P:~~f~~~nt.~~g9~ivtg::~~~~.:~JiJ:pt.t?:q~~~t?fl.,o~~rJ~;me::','Firs~,

it;~a~~~.tb~·J';if#d~,'9~,·~~i~::~~l;¥h~~t ~9:4.~~~.a~~;.. "~cq~.d, .~Q:~~,J.~4.~ :d¥v:ert~4,.frQ~
.,' ' , _ " , , , i· " •• ,

m~~~ to, wheat.. As: ~ c;:onseqti1ence" AYer~g~.P~q~J+~tion :l;#lder the~SC~I:\l;iriQ in .+.o~O

is almost 15% below the Base (see Figure 3).
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, '

:::-:Average',PrOductiah tinaer we::detreas~s::fo~ th~ fitgfsiX'd;~6id~::~ttfj:ti~~~iiis~s:irt

the"l~{st decade. 'While"the'same'patfflhi 'is 'at~6'predicted'by UK;llie'und~tl}dng 're~sorts

ate:quUe'di'ff~re:tlt '::Sihc~:WC:is- the::warm~si and::;dtl~st::scehati6/th-e::sWlti2HJt~ttl:-:triaii~

to wheat occurs quickly,causing large initial reductions of Average Production. Iri the
l~fsf-:decade, Fl sWitclt"td>·s(j~ghurn:resulfs :m: mcrea~tM Aver~ge- prOdu~tion. ,',

-: -, ,While'fh~fdit~c6ori: df 'tharlg~s:"iii 'A:V~rag~:::Proaudidfi 'ar~;' afffe~ent,>Cl:~pendmg

off tfl~fscenano,used/l~-Jet·R~fu£il'is:';~h(>,Wri,fu-:Pt8:uni':3 to 'be 'less::,s:ensiti~~f6:::clii$a~e

,ch~~~,Jh~*' 4~#~a8e::,P$o4\;l~~~::fbr ~th~(:~~~::~~¢¢:::st~a~Qs.~, ,',~ll~~;:t~~~~;;~~~~tio~1 '
'Net:;;'R~«t:tn::~;:g>~~:~fahy::' iernitfu:s':':'~b:oy~·::i!tlj~~~;:t~a~e:~':4ue :'to :':~ro:p:':;~wtt~hii{g:~ ,,::i(~ei:age:

Pto..~.••. : .•~.,;.i..Ot.i.s~itu.••..·.•..e7c.~~~:~.:. !i~U.·~:.'.T~~~~~f.•i&.\~~:f~.:"~dt~f:f:l.L:t€~...:.a.~r.~e.·•••~t..•~~
SW1L.~~Img- IanU:'lrom"rn~e',,:{l'W];lea~ ror:'lv~\::'.lXe:t~m;"Bwl:"CH,tllg"~;I:Qm:'J;n~~::1;Q wne-a ,/a:

highei:pri:cedcrop,(provides'a cush16n:-:f6fNet R~fuin that eompertsfltes' 'for :~he"lower

:yi~Id' :0f:iU~ize:' under' --drier'coiiditiolis.;',' Ho~ever; ·'th(f,effect t>f"we is' 'catastrophic.

Under 'extremely dry conditio~,--so~ghum b~eo:mes the dominant erop~ This>keeps

,A"erag€fPraductian'-uP:" 'bec:atise,sorghum',has high 'yields/but-'aetreases'::N,ef-Return

,beca~~::~~q~g~~!:Tf~~:S:~~'*#~~j~~~fp~~<=:e:>' =;:;::-''- ,-:; ,,:,,' ,

'-:, :"At(import~ht-conclusion 'bl:tliis:an:alysis is thiit :decrease~;l:'p~clpttati(}ri-'pdses 'it

:fuud1:bigger"p't9:Pl~m' th~ "iricre~~~:~' ~eI;iipera~t~.::' ,For:::the<'tPi~'J;PC~,5C~njlF~fj.s~ "Net

'R~hfrti"o~y -ralls _"elow 'the'Base {202f} :t,~:<204(}'for UK~'and' 2040':ld:2060 ftir ~) in: the
- ., .

~ ~ ~> ~ ~ A .<

d:rle~t';perl6dS::'-: ':ffi :fact~ :~e"=atla~Y$i:s, sh~w:s' :thafa:' tnoderafe mcrea~e' 111 'temper~tti:re,',is '
genera11y beneficial (as in GF), as long as it is not acbitnpaniecl ,:by<decre~:s~s: in
ptecipi~~tion ~tas' m<M;P)., 'Nev~theles~,. the: i:rib4~s:t changes mpreciPjt~tioh:'ptedicted

by': the ::fhr~~"wec- :seeltttrros 'niar';hjJi€(ffi:e",:t~al :d~ge'r. :'A r(iia:tltrely', slnalVadditional

decrease'::1ri' ,:p.te<tilp1fation ,has :majpr>adver~ ,;eIf~tS> :':Even':with '-:s6fghttm,' as:' th,e

'doiilirtartt:erop,iR::WC; 'Aver,age'}i.ro:ductlbri-in:2060 is 'only tW&fuirds of',tn¢>leve}-atthe

Base, and Net Return is reduced by almost one half.
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y ,:

.Th~~':Eap~f~~$Cr-~R~~*~.p.~t:tp~a~~~9f.~~Aptegr~te4,C;J~~~~F·ag.r,Ono~ic~~,t

ecpu9mic mo~el:of-~a~producij~ll.¢,t4e.1yUd~est,Wflicl1:,h~sbee~>use~ ~t~I)$iy~ly_
v > / ~ > ~ > > ~ _ • ~ ',' > • _ > >~ < _ ,". ~ ~ > • •

to sh;tdy .the ~ff;~~ts: pf ,~a4;u:alg,19b~I ,waI~~g ~~ _th~::pI:9.~uction: an9 yields,of;~~ize,,

soybean, sorghum and wheat (e.g. Ka:i~e~.et ~L, lQ~3: ~nd ,19~5).' The,~Qde~ <;qptains .
• ~ _> »> >~>A ";.. _ ~~ y .~<,'

c~~i4~ra,91~,-;'9~~~i1 :~poq,t. ;~he ,gr~w,;~ 9£ in.gi.Yi:du~l ,CW~~Y;':lrs :U11;4er.::~p~~~.ied c~irnate

C<?l)q~t~pn~,:aJ}4",~~q,ytJ!'r: ph9~~~,9~ :~:-~p.~F:pp:~~:~~~};r911l?:~~l E~~~W ,~q m,~:~t~F~~gmJ~ .

,~1t~)~1~~~~~t:~#f~:~· ., _" ',' '.'", _'.,. ".',',

... ....1"e iirMP~~i)fthe.analY$~su~e$~e}{pe:r~~~ij.14~i.$rt:~p.p~l¢h tQ.~e~re
4a~~:::fdr::~va~~~~mg: the, :re~~ive ,c9nt,t1~4;~~~s,JJf.,c~i~~ti(;, _~gro~~~ic -(ffi~ ..e:C:0~u~~ic-,

v<¢~b~e~ to:-:exp}air9ng the _v~r:iab~o/-, of the outputs .(~.g. ri:e1ds ax\~ n:etr:e~m): ..'Gt~~n:

the orthogonal design, total va-ri~pi,l*ty,-c~~ 1?~ -pa~tit~9~~9,uniq~~~y ::~~q~g .t~e,

~qi~~d:ual~eg~~~o~§-. J;+or yiel9-S1~l.s:,~xp~ct~4" e,c0f:l0mic ,~a~ia~-~~s. ()re nRt ,.bpportant.

.:;:T~per;atut'.t1.is ,th~ dQmin~n~ y:~i~~l~ f~ th~:yie14s of soyb~~T,s9rg~~m,and~peat.

soif:~rt~rpr:~c~p~:~tio~-,~re,J~Qth_$PQ~ap;~'·~r-..t~e.yi~lc;i,:of '~~~~:' .. for ne~ .tceW1;1l:~n<:i :
> ~ ~ > A»> />' A > • ~ > ~ ~ ~ ~ ~ A ,. > .'

a~etage P:~Q~v~ti~n~ tempe~~~.y.r~ ,is ~h~ ,rIl;O~t_ important, yartab1eJ b~t -J~cQ.n9~ic

v~~:able~ :and .i~t~~~~~~l1&,~also:·~ontri~~lt~..,J!o~J,ro4:tI~ti~!~e,p~~~ of ~~?,e is the
> - ," / > > > ," ~

mo~~ ,:i,mpor.t~:l).t ~c:q~~~ic, ~ar~a;bie' beca~$e th~ ,yh;14 9~ tnai~e i~ ,,gene~al1y )lig~._

c.o~p~J;~d:: ~9::':~~' ,y~e~~$;:-:():f 9~~t. ~;~9p_S.,: :J:+.~r ~e~ .r~~~:n, :the-p~ice ~£ s~~l~~~_Js, the:

dg~in.~Il:t ~.onQtn~C v,aIiab~~, J~e:cause sQrglf¥Jim is ~~e,_0f:1~Y,crop..th~~ can ~<)le~~te the

most.adverse climatic. conditions.. , .
~ '" A~ ,"._'<~ __•• >._>••• ,~," _"fv _""_ > _>"~/A

11;l~:,s~oq~.:par~;of ~~;~~~~Y$~ ~x:~~~4e~:i: ~~~ rans~s; :Q~ :~~mp~a~f~.~d_,

PteCipit~tiQn:cQvs:~~er~~,;H1Ql~~g, QtP~~::y~;i(d·1l~s,;~Q~~,~t) .al}q_,fi~~~.,r~~po~~_~11::r~~e~:

for- ,yie~ds, average, production and net ,return. ',These results. show .tha~,the y~elc:t~ of

maize-and to a lesser~xtent wheat are a4v~rse~y~~!~c~ by lower precipitati9n. ]b~,

yield:s of soybean and sorghw;n are.r~latively insensitive to pr~ipitation over ~e range
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spe<;ified. With high. precipitation, maize domhlates the cropp:ing,'pattern. Under: drier:
conditions, wheat substitutes for maize, and finally, under the driest conditions,

so:rghum:'is ',the 'dbmin;arif;'dtip~'" :fucteb:sirtg'lefup~rafute' ~~n~r:ii:l1ymcf,eases 'yields
iriitially' ~ria ;·th~n "decr~a!s:es::yiclds'~" ';rhiS "ph~ncin1:~ri6ri is 'also; e~ibited l~y average:
prddti~tldn: ~hd"net >refutn:/and:':for:-lhese 'variables; '-1owerfug 'precipitat1:6ri:'has m:uch
latiet--~dvers~~f£ects than':increiisfug terrtpera!fure:

:'.,: Acomparlson:'()f;;fuEtpiedi~t~d;efretts\,{sPecified. changes':in climate :Was--inade';:

.with,-the ,sitU:4ies by .~a~et,:~t,il~/~dams.et· al:~~d Rb$ensW~ig ;Lft:at ::Sirice:l4emodels

::~~::E~2::::~~~:~;~irE::::::~:;~r:
piecfpftatlon::th3i{they' a~'in: Achims' et al] ~d 'yield~'are'le:ss adversely 'affected 'by·

hi:gher:~mperafures' than they: are in Ros'en,sweig~'et .al.... "

The: effects:hftMe~ -lFCC>scenarios for' climate'are' ~valua:ted·<t6gethe.r with 'an'

extrem<e1y :>d-rY:and hot scenario'.' ·Tw'o of 'the:::;tfu~e':!pet:--:s:cenarios show 'gerie:iaUy:

postti:V;~lifftiCts.on··$T~piQdi1ctjQll {¥2!5%. atid+~€io/ri),·· iii\a~partieUlari i)uthe·Jieid.

of rila:iZe (+17% and +12%l~' 'The btherlPCC scenario:snows.moderate negative effects'

on>ptodutnon' (-~~%:»,due:to' a 1o~r yield:ofma:lZe (-So/i).). "m 'corttta$f,'<~~':Wotst-Case'

snows a 34o/~;"reduction' tn' pr~duition (and an' 88oi> 'reduction in' the yield of'lliaiie).

The rn-~nfr~gSdti for :fhese d~if£ereI\t res1iHs' is the:'asstmipti6n nUld~"~ibotit:p~~j:pifation:'

Th~ telaHvely:';'poSlt1ve "cb-richisiotl 'for the'lPCC"'s~eri~rios ar~' co'ti-diuonaI ·dn ;the

assumption that higher ,temperatures are not associated";Wffh--16wer"ptecipita:ti6ti: -:In'

particular~';ili(tnon~tin~aiHy &tthe'::rosp-orise'$urfaces for thtfyiel:ag·of:matze and wheat

~'::frrtp~o¥tant>;tr;the'ciwate condlfioriS~:ate :exfended,:beyol1d<the ,range 'obsetVeG':m,;rhtf

Midw~~t tesutts' arevetysertsltiVe to: 'the assumptioJ:\S aboiit 'pre<:'ipltauon. Uri(b~r dry:

conditions] relatively small changes in precipitation have substantial effects on the'

yields of maize and' wheat, and 'therefore; on grain production 'compared to ·the
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corresponding effects under current>p~~9~~g~:~~Although there is general agr~ment

among different climate models about temperature increases, even the direction of

change of precipitation for a specific location is uncertain. This uncertainty ~bout

changes of precipitation presents a major limitation in our ability to understand the

pote~t~~i<~ffec~s_'of f'h;t:1ate ~~~e on _~am-:prod-utrl~n.
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-'Te$pera~t;l¢ (Celsius)
->$9~;ty:~-.:;" .-
::~~e~im~t~Qn,y~ap~tYl,
::::P~ipi~~~~::(~:>per::mbnth):>;'>

i:>~91~:cMj:im2
:*:4~Y)

'»PnceQf:tn'mi~:'($!bu~tie:l)

:»~~ge> 6f~~r~~n>($~#$~el)
,:~tic~ Qf's,~~ghUm> ($Jib~$hel) :. >
"Pri~ 'or-wneat'($Jbiisl1el)

17.69
Yes

Large
13'3~99' ,',

, . t9~~g:

3,;01
:1:08
:4~86

<'2L1'S

. 92/f86
3:0/52

,100/122
55/83

1~~:79:' :',
Dicknian

Small,"
'6lf$4, ',:
·utoo

".1',-::o-,t" :
> >"Q:l

»:4~~t'
" ~".:A;",.,
>_z_.~~

> ""··i5:1,

f2ijti:~: >

36.'1148
60.2/10a

35/8tf2

1 Defined Jointly by Pol, the probability of a wet d~y following a dry,' day. and :Pll, the probahility of a wet day
foUowing a wet day. The values of POI and PI1 are 0.22 and 0.48 for the large variability, and 0.20 and 0,36 for the
small variability. The two probabilities for the large variability always imply a larger variance of precipitation than
those for the sm-all variability for any given average level of precipitation.

2 High corresponds to the high temperature (Lincoln, NE) and Low to the low temperature (Redwood Falls, MN).
Each scaling factoI: co~spon~s to a>ratio of yields in b~helsper acre.
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Table· 2~ ,Analysis"oflilVariance",for Best-Yield and, Net"Return
",~~n<?,ca~Qn ~fV~,ia~i1i~¥: ~~u~d the '~~~~" in ~er~e~~) ,"

Maize Soybean Sorghutil Wheat Return
Main Effe¢l~;"

r~!JlP~ta~~~
SOIl' -,' -," '
~~~p~~~~~~~,y~~bUjty,
P~~~~p~tati~ ,

> ';$:qlat, ,:): , ,
,~rtce' ~f:~aiie
;~'~~C~,'6~:~9~b~an
Pit¢e>'()(:~qi:iliUJal
Pttce dt:~bttlt '

~~ •• >.>~~ • >~"

~, »~ > 'i· ~ .~:: > >

2~A2 7l:::4i;'-,= :~4-i4$ :,,';:~1:'5,9

37.61 O~06 _0:02 1~;~~
,,Q.~$ "':O~16;: ,,;' " ,0...08' ,f);Q6

·.·Sl;~i·· /~;~~ ..•• ~:~..g;~: .
'~~01' ',,'€)i:@',' ,'Q:Pt> ,:,Q~Q4
O~OO ' ,", :O~42 ,: Jl(Ql, ,,-:Q~:QP '.
O~~' ;" ,; 'Q~Qr "'" j);OO "oiti "
0:00 (;l~()?::: ';, ,,::;oli!.: '" Q;QO

53.9~

0.:67
0.19
O~$4
Oi13'
1:02
O~03

21~1J

'0.>14

Two..Way'Interactions
Agro...c~~~tic (10)
Econrimi~':(6):

Cieiss (~Q)(;""

Unexplain~~

12.72
",,0.23

,", O~33

'8.6-1

0.78
1490'
0.39

22.92

J)-.:?:~ 4,:3,5-
()~08 :; "Qj'6 '
Jj:~ot ;', "Q;,Q6

'li6S :_,!.~5

3.35
0.34

10.73

6.36

Tq~~t
_> ~ >_~~ > ~ > • >> ~ A >

,J~~:rn(: :'lQP~Qo ' ,'.' l~~Qo' '1:00iM 10~tQ9
!" . » ' • ] :~i":=; . "i~44 ,,; , i.oo' ;;,;'" :lf96 , 31.24

3 Test statistics are obtained under the null hypothesfs that Prices have z6ro impact: The critical F-values at 5%'and
at 1% significance level are 1.46 and 1.70. respectively.
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Tabl~,3. Analy:sis-or..Varian~e r()~Averag~ Pro~uetion

(Allo'cation of Variability around the Mean in ~rC'en.t)
•• ~ > > i >_ > ~ > >~•• ~ > > • > > 0 .~i ~ >.~ >.. i ~>~ >~~ ~>~>.~~ ~ > > ~~ >~.~. ~ ~.~ ~>.~o _.',>~~~~~~~,- ~ ••~>~>~. ~i. > ~

',. ,. '",.; Y:9l~me'. ? W~~gt.tt C~oties
MainEffects"- '.:',:-:',":' . ,:., ...

26.33 25.9:8 26.33
»'7}J7' 1~&2""'''' . 1.57'·.. ·
.' O~08 0.07 0..08·'"., '"

-- " :-3'.-10 ~.7~ 3'~.1G; ::: '.
.1 •.61. , 1..:54. . .. , '1:~§1' :"'3.A4» "., 3~4f' , " ,3.44,;':.,
0.($0 " O~$~ O~6(ik:

'. ':, ~ ;Q,-:'.-.:~.'~,"'" "--:: .6j:j:·"·' ':'. ':-' :--(j~8if::
, ,O~:51 ..",:. :.-o~()~: .. ",': :-Q~$'

Te~~~~':l:~~
SQrt '
pr~ipitatiQn variability

":: ~~~iP~~:~9P;" ",
,,'Solar '.:,,,', 'price ofm~e--' ,

,Price nf,-s6Ybean;.'

~~:¥~~!cit ..\:-: ,,:,,» :' "",:.', :
tWQ~W:aY)A~~~~~~~~.
".', .-, ·4~~::¢~i~ti~:{t:~):~;··,:, .',

~on6fuicl~)- .'
Cress(20) .

··,,::t7-J)6
E22'
6,.91

~.. .
" l!t4tt ,','."".' ;.:·:l1~9:&:·' .,

'''i1~2' .' -1/t4 :'.
:'{),.9=$ , 7~lO'"

22.93

+7.30 "
-7.30'

, -14.(50
~ .~ ~~~

.- '.-',+1>:20
-2.40

4i35J~6" :..
':-15:10:

" +8~6:t'

8.06

21.7621.93

8.13

'100.00

, +2.~O
+-2.50

,+5J~t
,.......,·*~~Z::.'·,' ",

+5.09

+3j·
+3.8:':'"
+4.8

~ , • >

t~Per8:~ur&·tC) .

JJ .•••••....•.•. ,_., .. ','.:-:-:;';-:-_ ; -::-" .• -:,,-:;> :;'-;'"
(,

.:Table:~t·:'!S~;nt:rs··t1~ ib'Thr~e ·OtherStudies,·
:- (Ch~g~~J~9m ~~.,(.;~en~ GI~ma~)

~ ~~ > > ~ A >'~~ _/ ~ ~ >' ~ > ~ ~

. :

Three-way interactions (84)

{jnexpl&ned

,AdamS,l,·
II

RosensweIg I (01$$)
II (GFf','
m{UK)

» .. 'Total' .. ",',

$~narios'
.: '.' Kaiser·

GISS is Goddard Institute for Space Sciences;
GF and UK defined in Figure 1.
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_"Ta~_¢ ~~ 4J;;~1pparis~: W.~tK,a:,iS~r ,et,at
(percentage Change from the Base)

Studi~$-:::::

Regi:bllS:
Sc~-nari.C?~

Kaiser et al.
;:;Minnesota
;:, : II In

- , This;:S~,tldy

A;v-erag~ ;Midwest

Yi~ld:~:-: ,:'
Maize I' -- 0

'"$~Y~~~''' ", '::""", 14
-- ';§~tg~ufu, ,; , ,,',:- 1S:
';-Wh¢at I':' ":,N/A

'PtodtictIan 'NIA
,RetUfli;::::::,',:' ", ' ,.' -: l3~i "

>_~, >.>A">~_>.i>'~~» :~~_> .,~:'>:;' i': .~< >

',' ": -4:,: r~:'

16
.1

MIA
N/A

,::·:J11,:

-11
1;:2
'7"

,N/A;",'
N1A
tiJ'

',_I " : :

-.l5 15 --15 -15 ~5 19 .12
.5 25 ~5: 25 ·5 15 ;" ,14:

N/A N/A NlA' I. N/A N/A -5 -6
-25 5 -25 -5 -25 -3 -2
N/A N/A Nil: : N/A Nt-A--

:
32 14

N:1:/\ N/A MiA N/A N/A ~61 13

Studies

RegiO:~$ ,
Sp~~~#os-

,,' '~.~1~'6~' "A'-~Qrnp~r:is~~;:~:~';A~~,:~t'al',

", ,@~;~ent*g¢::C~~g~J·~{}~.:~~Jl~~),,' :::-'
, '. ,'! ' ; _, ';,_,' < ' I,,: .

" ",',' ,--" ',", ','

AdamS etaJ. (tWd~PQint'viun~sr" ,
" :,,'t;Ip~r 'central- 'Lower

.':, :-rm(lwe:~t '~~~$~" _, ' midwest,,;

This Study
"Ayerage,
Midwe~~ ,

, ,

NtA - vi:Ques' not reported;
Upper iiiidw,~t: ;~nnes6ta,. Wiscon$f~, Micmganj :,:
Central midwestt, ,Iowa, nUnois, Indiana, Ohici.; ~d Missouri; ,
Lower mid~e$t: ,'Kentucky.
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Table 7. ,A CQmparlson with Ro~nsweiget al
": "-" '(P"ercentage;Change from"theBase)"-

I n ill

t~sSt~dy
Ayerage, Midwest

..19
14
~6'

"~4

3:3
_ ,':~S:

-2'2
19

1\,..:,("

-3
: -31
_~l5 .. _'

24
,~1 '
11
'3

-',28

m

, -31

" ~~,
:' ~lA
~ 'wp:;",

> > > > > _ i ,~,

RosensY'eig et ala :
Iowa N~braska:

Studies
Regi:Q~s
S£;~parios

,-:.::;" -.; ",' ;- -:

}~rtt\~; v~Qe~ ~of~ported/'

- - ': " '>,

Table',8~- Predic-tionsfQr ,2060:under ,Dilfere6t,Climate S£enarios: B!
, (PercentageCl)~ge;:ftom 1990)

B:est Yield
->M~'

Soybean
Softhupt
Wheat

'A\lerag¢: 'Prod~ctjon
Net Retutft,

17-.,27,
~6;~~
'~2~55',

--:Q~~$-
=»>~;~ >~!:> >,.,

~,J'.·V4

:t2.3(}

12~OS;

'l2r45
-7.:12
-3J4

,"16.J2:' ''','
13:91

., -4,,61
19.:17
~l:S~-

,,' 2.~9
">-:-14.10

-L~7,

we

..88.50
-16.13
-12.04
-54·94
-34.25
-46.59

, -

B! The four scenarios are definedJt;l:-,fi~r~ 1.
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Figure 1. Alternative Scenarios for Temperature and
Precipitation
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Figure 2. 'Estimated Response Surfaces
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