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4t•t Atmual C(>tl(()rtmc~uf lho Att$trali~n AgriculU.tral nnd Resource Ecot:~omks &>d(~ly 
Broudboach, Jut\uury 20 ... 251.997 

The Ecorutmics of Weed Conttol Strategies: A Dynatnic 
Pt·ogramtnittg Analysis of Wild Oats Control 

Coopt1ralivtt Rl1SNm .. ·h C'('ntr(' for W~\1 U· Milnug<)llwnt Sysl<m\s anJ NSW J\grkullure, 
A1~ri1-"UUurul Rt!.st·~tch ui1d Vnt!?ritiary Ctm~n,, Fortts~ l~oad, 0t(ltiUe1 NSW, 2800} Australi~ 

A.8StRAC'f 

Wild oats (Ammu.ftW~n and A. ludouidema) is a weed of cereal ctops whidt, as a consequence of Us 
impac.t upon cctcal yields and persistcnc~'t, leads to siguiflcrmt economic losses irt lite grain growing 
regions of Australia. In litis study, a dynamic t>rogramnting model is dcV!!loped to examine the 
impact of a nmgtJ of mmmgcment slrategit!s f-or tltc control qfwild oats in wlreat. This analysis draws 
upon earlier work o~t this lopfe by Pandey and Mettd .(1990, 1991) .. The stratcgfcs eualtuUml include 
cotwentianallterbicidt.~ control to reduc,• tJ.}Cftd dettsities, selective spray~tot;pittg to tcduce seed set of 
fhe weecll ttnd sunmtct rrop and ruittfctr fallow rotational options which provi'dtt n break in tTte cereal 
cycle artd allmo at·cclc•ral~ld control of wild ont po~1ttlations. Jt is ltypotlmsfscd tliat tltose st-rategies 
wlticlt imu>lve measures that directly reduce seed production and mfttimfsa ·wild oats seed battk 
populafiotts will yield the greatest economic benaftt. Tile dytmmic progmmming model provides a 
meaus of determining tlte optimal combination cifstmtegies over titm! for various initial values of tlw 
seett bank. Tire metlwdology outlirwd in litis study is f1ror.'ided as an economic framework for 
everluafing roecd control fJroblcms itt i1l1tttt:d .cropping syst(!ms. 

lNTRODUCTlON 

Background to the wild oat problem 

\Vild oats (At;enajatua and A. ludouiciana) are among the tnost important weeds of Winter 
cereal and pulse croi' production woddwide. The tnair• ef(ed of wild oats is to reduce the 
yield ofcrops through direct competition for water EJnd mttrients. Other 11eg~tive impacts 
arise from crops being contaminated With wild oat st!ed,. in~urri.ng a cost for s~d cleaning 
at1c\ h&ndling or from being downgraded with significaitt; pdce dock~ger Wild oats are 
alternate hosts to ,Cjeveral itnpcwtant cereal diseases and have also developed tesistat\Ce to 
herbicides. 

[11 Australia, Medd and Pand.ey (1990) e~timated for the t987f88 se~son that the annuftl Co$t 
of wild oats was. approximately $42 mUlion, Thi$ eonsisted .. of almost $30 million 
expendihJre orr ht.•rbici~es and herbicide application, and over $1.3 milUon due to reduced 
grain production, this was a conservative esHmaUon o£ the problem ~~d wa$ incomplete 
since it did not estimate the cost of conhun.ination, disease hosting or of managing herbicide 

• The (tuthots Wish to ~d~r.<.,Wl£~dgt~ ll1c (:ontrlbulio11 of O.r. Oscar Ocho, Untverflity p( N(!W f:ngland, hi 
ussisUng wHh th~ dtwalc>pmenl n( tha dynr.m.\11.! pi"Qgr~mn1fng frnmewurk~ 
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Tho ('(.'llnN'IliCS ~'fwood cm1Jr,,t strutenies~ A dynuml~ prunrat1li11Htg ~mlly~ls of wild. O£\h~ C:()nh'ol. 
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resistance (which at that Umo was unknown). Although the cuttent :-ost of wild ¢nts is 
unknown, thete is no indicntfon that the problem has '~b4tled and wih.t o~tts remain a$ 
arguably the n1osl imporhmt we;.~d ofw.inter grtrin production in Australia. 

The mam featurt;1s for th~! continuing We\1diness of wild oats in winter c~ret)ls ~re its 
as:;nchronous getmimltion, simihu gr·owth period to cereals $Uc:h as whelll'; the sh~dd.ing of 
st:'L~ prior to harvest nnd the t1bJlity af the s~d to rernuln dormant in the soil. It is t1ow cle~r 
from a numb(?r of unrelated studies, detail~c.i ix'low, th(t\ the key t() reducing wild. o(lt 
populations is the pteverHtotlOf seed production+ J3y regtth.Hitlg seed inputs, st~d stocks are 
raptdly depleted smce lhelr half Hfe has bt~n sh()WI1 to lxJ. about six months (Martin and 
Felton 1993), GWet1 thM suihthle technology now extsts to control seed inputs, several 
questions arise as to the economics of ~llternative control sttategfes ttnd to broader issues of 
population management in a long t~rrn context. 'fhese ure addressed in the paper using 
wlld oats as an example. 

A seledive review of the lih~r••lut~ 

Research on wild oats control has focus<~d c.m two mnhi dirccti.ons; the applkatfott of 
herbrcides and the use of fallow ~nd rotations. 

A number of studi('s have atteJ'llJJfed lo 1dentify thf1 economic c)ptimal strategies. for 
controlling wUd oats wtth herbicides. Cou{1(~J1S, Doyle/ Wl.lson ~lnd Cuss~.ms (1.986) used an 
economic s•mulatitm model to meast.ue the benefits of applyu1g the herbicide difenzoquat 
m different cultural regimes. They found th~lihe high<~st Jong·term lxmefits wete obtained 
when a herbicide was appHed every bme wild oats exceeded a d¢nsity of betw~n 2 and 3 
seedlings m·2, They conc!uded that when wild oat populations are lowered (2 to 3 seedli11g$ 
m·2) there was scope for a r~duction it1 herbicide use r~ther than spraying indiscrhninately 
at the full dose every ye~\l\ They noted, however, that such a str!llegy involves risks as there 
1s evidence that the variability of her bid de porformc:ln~e increases as dose is decreasedt 

Pandey and Medd (1990) m-1sessed the potential benefits to use herbicides to kill wild oats 
seed (seed kill sttqtegy) as a complementary tactic to ttaditionalmeasu.res which l~tget the 
current irtfesta.Uon (plant kill str·ategy). The study detetJttined thtU a seed kill technology1 

combined with an, existing plant kill tadic1 was .an economic~Uy Vfilble option whereas seed 
"'ill alone was not economic~lly attractive. At the time of their study there was no mdsting 
seed kill strat-€'gy to protnote, however, the authors concluded 'that directing research 
resources to develop seed kill technology was justifiable. 

The issue of post-emergence herbicide (didofop .. rnethyl) dose tespons¢ in wHd ~ats was 
further developed by Pandey and Medd (199l), The aim of their study was to compare a 
stochastic multiperiod sirnuJatkm ftamework to .a single period approach for deriVi11g 
optimal herbicide decision rules taki.ng into acco1.mt the multi period effects of current ~eed 
control decisions, stcx:hastic inflaences and farmers ~Uitude to dsk. Th(! study determlned 
that the optimal hetbidde dose decreased With increases m the Set;!Q bi\J1k, The authors 
concluded that " dynamically optimal solution. maintained a. loWer ste41dy Stllte weed 
population and higher ecortomi.c returna compared with a single ~riod. soluUo.n. 

Recent work by Medd, Nicol and Cook (1.995) has demonstrat~d that wild oat populah· in.? 

can be dramutically .reduced Jn the wheat pht1se of a rotation by the 'integrated -~~-~- of ~~ 
kill tactics. This involves the late itppHcatiol1 by sprAy .. toppittg of flamptop .. ti:t•:'~hyl who;tt 



wild oats have COll\n'\~tlced elongnti()fl at stowth stage 31. (Zadoks et al. t974) spedficnn~ to 
reduce wild oat seed. prtlduction. It is an addnionnt t~lat1age111ent o.pUon. and <.1oes not 
substit'ut£) for the .. need to . undertake yield cons~~tvation measures of pre or early 
postemergence flpplic~tion of herbicides. 

A numl.J<.3r of studies lwwe sugg~sted thnt an ~onomkally aHtactiv~ . ~IternaUve to 
continuous winter cereal cropping and the reliance on herbicides (or the control of wih:l oals 
ts the ust~ of wH1t~r fallow and summer crops m rot~Uot.1 with Winter cerei:lls. The majority 
of thP studies ret:lorted here were s.et itl pJ'(IdOtnim~ntly surrunet rainfall n1gioos of northe.m 
NSW and/ or sou them Qu~tlslamt Phil~'oHs (1975) proposed the prevention. of wild oal 
speding by dean winter fallowing And was able to der•nmstr~h.~ from experim.ents that wild 
oat seed m1111bers were drat\\aticaUy reduc~d Mter dedl\ winter f~dlows attd summer crops. 
Uncontrolled i.U'eas resulted in seed densities of almost 6000 seeds ,w2 whiJl, aHet 2sun·m1er 
cr·ops the number of ·wild (.H\ts plants was lt?SS lhtll11 r>hn:\t ll\'2. Accordit1g hl Phil potts there 
was no evider\ce of «H\y addititmal l1t'rtefit bt tern\ of seed ntunoorB from the third year 
without wheat. 

A study by \\1Uson,. Carll~dge at1d Walkins (1977). suppotted Philpotts'. firtdings, 
determining that the density of wHd o"ts it<~ second '"'nd third winter ctops was successively 
higher than in the first winf:t'lr crt1p after sutl'\tner fallow and/ or surt\ttter <'rt.:>ps grown on 
wmter fallow. Using gross margin amllysis Wilst)n (1979) q('\~tmin~:?d that there were 
economic advantages over ccmhtutous whe~t frmt1 a rotation where sun1mer crops were 
grown after a dean wint(;'.r fallow. 'fhe typical rotatton used was two years of wheat1 lotig 
fallow (i.~ faUow thr·ough St)tlH11er and winter), lwo y~Ms ofsunH'liEH' ctl",f' (sorghum) and a 
long fallow back t:o a winter ct~)p. Wflson tlot('d that the C'ontitntO\tS wln~at systell\ becante 
more profitable in areas where sorghum was a less t·eliable crc)p (i.e. due to a lt1ck of 
summer soiJ moishu·e). 

Martin and Felton {1.993) found that the rotation of wheat· with sorghtutt was a n1ore 
effective means of controlHng wild oats and caused a decHr1e it1 the seed bank, compared 
with the use of selective herbicides in th~ wheat phas(;l. They found that atHlUal use of tfi .. 
allate or flftmprop-rnethyl for yield cat1set'Wttfon h1 whetlt did not ptevetlt a substantial 
build up of the wild: oat· seed reservoir after 4 successive crops. However, the rotaUort wnh 
sorghum, which allowed. 2 winters for cotitrol of wild oats e.ither by culUvaUon ot with 
herbicide, resulted i:n an exponential decHne it\ wilJ oat seed numbers irtlhe soilt 

Ftsher and Lee (1980) determined that an eco11t>micatly 'Optirttal policy to manage wild oa~: 
populations and the disease crown rot jnvolved a l'OhltioJ.i of wheat followed by a.n '18 
month fallow. They detern~hied that when. Jrtftial wild oiit popult,tions was greater than 
1000 plants m·:l it: ~ame profitable to forgo all cropping for 18 rnc:mths, then phmt 
sorghum, followed by a 12 n\onth fallow and then the wheat/18 month fallow rot~tion wa$ 
established. 

In a us study by Taylor and t3urt (t984) various herbicide. and fallow strat~gies ·were 
considered for wild o~ts control. They fo1.md the optim~l policy. to be heftvily de~ndar1t 
upon the density of wJld oat s~ds fn the soil and whether the landw~s previ~"~ly cropped 
or fallow. They.determined. thresholds for the application of p~~tentergent herbicide which 
ranged fron\ 6 to 1,3 plants (t-1, dep~,?nding uport soU rnoisttu·e and wheat price~ 



Tho £>t.'onomi<'s (')fW~'I\,l ('on\n~l ~lt~'lli1fiitJs; A dyrum\t(: tm>gron1niing t\Mlysl$ of wild, of" Is t':'Pntml 
- ~ }! l 

Objectives (J(thc p~per 

Prf'vJOus research oti. \he control of \\fild oats has be(m pttrtial; ~ithct• fcx:usirtg tJpon 
ht"rhlcide treah11cnts alone in wintet• cereals <>r U},o11 rotations itlvolving summer ctop$ and 
dt?an winter fallow with wi11ter ce.reals. Thel'e h~s lx~n no comprehensive ~onomf~ 
analysis which <.'Ol1Siders the· integt~hon of wild oats control options and dctt~rmines .an 
ophmal set of declston .ruJ~s under Austr~liat1 conditions. The pt.~rpose of this paper is to 
undertake such at1 at1i-.llysis. 

The pnmary OPJ(;l('t'iW:" of the papet ts lo det·(lrmine the sequE-"tlce of ·wild oat control 
strategit"'s that m"xirnist'.s net r..-lf\U"l\S ov(~r th«:l h1ng tN'Il\. 1'hE! strategi~s evr•h..tat~d include a 
range of plant kill ~tul s~>d kHt ladi<'s in wheat·, ~Ull.:\ rolatiot1S ihvolving summet crQps, 
wheat and winter faUow. Th(.l study arC:'~' is tht;' Tnmworth ref$ion of t1orthern NSW. 111e 
prunary hypothests lS' that: a l'll'ophylach~.~ nirtl'lflgtlm~nt of Wlkl oat pof:lUhHions which 
tnvolves an mtegratiOr1 of <;'otltrol opfiOJ'i.s Wtll rcsull· l.t'\ higher (lCOnomic tetums than a 
therapeutic treatment of wild oats (t.t'l. routin~ appHcahot\ t1f herbiCides u1 wh~at to uuprove 
yteld in the cutrettt y~ar). this is done by cornpi11rillg the outt:otnes of Z proJ>hyJacUc 
scenarios mvolving Sf.~~d kfll and summer crop rohttior1s Wtfh a tlwre:1J?!';luhc sclml;lrfo, A 
secondary hypotht?st:~ is thnt the strategy which lt'lmtrt1JSes lhe c;tze of the seed bank will 
r(lsult m the greatest loi'lg term l':)('Ol10t1ilC btN1l\ftts. 

Prophylactic n1anagement: stt~tegt~s whtch t~sult U1 a n1initl1al seed bank tnay "lso provide 
envtronmental and .human lwallh l~neflts from a lower long tern\ us4'1ge of herbJ(•ides. 
Although cumulative herbltid~ ~[lplkat.kms ,.\ssociat(ld with the oj1ttf'nftl strategies for each 
scenario are measuredt th(;'se lx:.nefits M't" not quanbfied in th).s study. 

A FRAME.WOIU( l:t()R WILD ()AT POPOtAtlON DYNAMl<~S 

The purpose of this section is to, first~ presen.t lht? theoretical fNHnework for ev(lluafil'\g the 
population dynamics of wild oats and, s~~ond1 to dE:~mon.strate tht' efff!ctivt:>ness of the 
vanous herbicide control options upon tht? Wjld oats Sli>ed bank. 

Seed bank dynanai<:s with herbicide control 

A simulatiot'\ modeJ was developed. to tr~ce the (lffects of the various herbicide control 
strategies upon the size of the seed ban~ during the wheat phase of p•·oducU~n.1'he work 
by Medd, Nicol and Cook (1.995} demonstrated. that seed kill straJegit's, ~ither alone cr itt 
conjunction with plant klU taC':ics, can red.uce tht:! prod.uchon of wild oats ~eed. 111e 
following control t1ptions were developed from research and their in\pacts upott the seed 
bank over a 10 year Hrt1ehotizon were assessed. 

• No anrtual control. 
• Plant kill control o11ly, applied ant1uaUy. 
• Seed kill control only, applied annually. 
• Plant kill plt1S seed kill control, applied ctnnu~Hy. 

In a single generation a proportion nf viable seeds germinate resultitlg fn IS¢edlingsf So.me 
c;eedlings survive tlnd mature, repr¢duce, die and depetsit seed. to the seed. b~nkt Thls 
prm·ess of the seed dynamics is generally described by the f6Uowh;g equation. 



{1) 

wlWI't:') SBt+l IS the SlZ~ (1( th(l St->ed bank allh(' start or th<? period t+l, S'Bt iS the starting stock 
or the st~d b~ulk, R tS the- loss due lo f(;1('rUltm.ent. A,1 is the .tosr; due to mortabty nrtd NS ts 
new ,eed ~ulded tolht~ s~~i.bMtk. I1w annual poJlUl~hon or wild oats germin..,Jiotl can be 
d1vtded mto «'· numl~:'r ~Jf cr•ht>rtst~ with (l~lch cohort "~'p(lnencjns differences in mortality 
and ff.:l\"'lutdtty gtvl't\ the div~.?rg•~t1t st,as(mal ~t.v.l t~ror comfX'btivetu:ss condl.tiot\s 
throughollt a s(.)ason. A grilphlt:al d~scrtphon t'>f lh(' pof1Ulilhon dyr\amJc$ de5rrtl~<l by 
~"qUntton (1) lS gtv(~tl ill fttg.Ur(' 'I. l)tfft1tent ~t'lh<lrts nrt~ tt~ptt'iS~nh'>d by lh~~ afr'OW streall'\S • 

.Rtpl.ldlltttOO 
tk<dimn) 

Sci'4 b.m" I'll 
(~tl!lrn'~~} 

S¢<11 tjli\ ]. 
(~"$1l)~} 

~.· 

The simpl<t seed bank dynart\ics p~ocesses d(!S<:dbed abov~ ~re clev~lotlf!d in gte~t~r detail 
and presented. in ~.uahons (2) lo (7). 

s, = BSIJ, (2) 
\.V, = (l...y)St (3} 
RSt ::: exp(« * logWi(X. + $ * log~Vi)'l) (4) 
NS, ·- eRSt (5) 
()I = (1-lp)((t.- o)sn~) (9) 
Slh•t = NS,+CYt (7) 

wh(?r<.> s is seedlings; o is the annu~l gertrunation of wild oat~ ~d; l¥' is the density of 
rr1ature planw; y is the n•ott«llity o( ~lings; RS ls reproduced. seed. tesultb .. g fre>m the 
t'ctproductton of wild oatsi U:, A. and. t ate const+'nts in the f«undlly CCJlHttiOt\ which will 

.1) 



dtffe: .. r for plant: and st~i kill tC\cUcs; NS 1s nt!W seed w'hich ent¢rs the s~ bank; a is the 
survival rate of new s~~i; CY t~l the t~rtyover of·th~ s~d b«tnk fron1 one stage: h> the next; ·'I' 
&s tlu .. dt"~ath rate of dorn·•atil st"t'd. 

Tht? values foro, y, e .. ~r a.rt' dt--tlVNl fron1 Mt:"~dd {unpublished· rcseat('h dMa) ~nd ate :given 
m T ablt? l. 111csc' art.._ tn()An \ioh•es tlnd are exp(l(tt'*d to va.ry With sc~sonal condjttons. Jt: 'is 
expt-.ct~i thilt m nny S«;'''son SO% (')f lh\? Sl\(~.d bi:tnk wdl gcl'n1inatt? Wtth the remthrtlng seed 
L1<'tng dormant lrt th~ $0.ll,.Spme lnt1rt~lity of lht-. d~'>rffi~nl Set,ds ~C'llf such thr.t ·.2.:0· pt:'r(!et1t' tS 
carrwd over· ~md bect.'H11t?S i\V,\tl!lblP fot g~tmm.,hon ln th'~ following year. Tht1 annual 
g\,rmmatJ<)n of wlld O(lts 1s ass tuned to takt1 th(' form ~1f ~l cohorls (tl:lble 1). 

T a bie 1: i'bnr;,;;,d~Uty"~~~f;~;;d't;fu:;utVf\7~fv:iJ;;'7;;t;m~d fot ('<>hom and 
ntanag~nwn!;!!_ttt1on~'.attd~~1Lct!!!:.!~,~~~!~£~.~·-tl!..!~~~~~hort:v~l~.e~-

Plartt & Wmter 
No <:~f\trot Pl~nt \.aU ~d ktll S\1(!d kill faUcrw 

1-------~--t~l-.. --~ .. - ... '~1-,_,~,.J%! (%} 
Plant morh\ltty .. cohort l (y) 85 85 85 85 100 
Plant mortti11ly .. cohort 2 (y) 15 iS lS 15 lCX1 
Plant mortaltt,y ,..cohort 3 (y) 75 75 50 75 tOO 
S. .. ..d ram surv1Val .. 1 (G) bO 50 .20 ~0 0 
Seed ratn survwaJ .. 2 (0) oO 50 20 ~0 0 
Seed ram su.rvivnl- 3 (0). bO 50 20 20 0 

Non spf.>CtfH: to control Of'1bon {%) 
C'J£~J'fllmahml (&} 50 
Dormant seed death :tate (~t} '15 
Weed popult1hott"' cohort 1 30 
Weed populabon ·• cohort l 60 
~~dpopulation .. c~,ort3 ~~~~~-~~~~~~~~~~~~ 

Equation (4) reprt?sertts the f~undHy equ~hons estimated by Medd1 Nicol.and Cook (199~) 
for determinmg the n~produdton of the wild oat popttlabon. 111e const~nts m. this equation 
wtll differ dependmg upon the control .opbon «1rtd the cohort. The coe(ftch~tlts for thi$ 
equabon for plartl kill nnd s~~d kdl i'ra gtV~h lh Table 2.~. 

1------·-........... - ..................... __ .... _____ ~- ··"'· t! 
Plant kill .. cohort 'l 8.60 0.74 · · 0.88 
Plant kill .. cohort 2 7.60 t.~O f),$0 
Plant kill • cohort.$ 6~80 2.00 0.67 
~d kiU .. all cohorts 7.42 . 2.04 . o .. -6. 6.0 ·.· '"···~"'-. 
~----.·-·-·------------------~ ·~ 

The simulation model was solved Jot the 4 tontrol option$ for initi~l $eed .b~nk densities of 
1000, 2000 Mtd 30<Xl seeds m·2 and the results repott~d in Figures ~~ 3 ~nd 4. hi· pr~ctie~ 
there is a significant rar1ge bt wild oat s~d densities not (>rtly between regio.nt; but Pl$o ~tan 

, The no con~r!ll opUot1 u94ls the pl~nl kut r.oMfil:ienla l:ln& tha tc)tnhiM4 plant ttn.d' ~~dJdU ()jiti{)l" l1$m the 
&led kill rooffJclents~. 



Thtl (X'otWn\lcs <.1f wt'lld t~nntt•ol, stralt•glc:ls: :A dyhmnt~.· f'iXlHrrtmminB armly$IS o'fwiM oatli c:t;ntl\11 
.. , ' •\-c'-

mdtv~tiual f~rm, ftnd }1Hddock level. TlwrPfote, the results of the studied. opUons must be 
reported for a range of mibal seed bi\nk densities for a complete an"'lysis. Tha initial .seed 
bank rang~ evaluated tPpres~1nta the seed densities that' can be ~xpected in whe~t crops 
mf()sted wtUl wdd oats. 

Rc-'gardless of tlu~ trHb;tlst~d. btt.t:tk density, the no co.nlrol option resulted in em irt('tease in 
the seed bank to over 4500 seeds m":! by yeat 10. the plant kill option also resulted in 
mn€?as~s m the t>eed bank, to Justover ~~000 seeds m":! by year 10. The s~d. kill optioJl 
resulted m a dt:•dme tn the s~d bnnk t~1 d<.)se to Zt"'.tO s~ds nl·~ by year 10 for all lnitial ~eed 
bank vi·dues L1k~lW.ise, th~ cntnbtnt.~d plant and sef\d kill control optwn resulted in a. zero 
~f'Pd bt:tnk by jf(.lj.'\J' b. 

ThPse results tllusttatt1 thi:t{ rt'"ltttnn ... (Hi the ttt1dJhonal plant ktU approe1ch to manage wild 
odts ts meffecttve m controUH1S setld. populahons m continuous wheal systems. On the 
otht.,r hand both tht:l seed ktll control option ~nd seed kill combined with plant kill appeilr to 
hdvP. comnderablc potenh~l asmanage111E>1lt strah;•gt~s to ronttol w1ld oat populations in the 
long term. 

ThP stgntflcnnce ._,r these results. however, ·ts lunt.t(ld as they rely on the underlymg 
assumption of a continuous wh(iat rohthon. Th1s (,,rrn t>f production .Is unsustatnable in 
most reg1ons and hence wheat 1s corrunonly~ totat(lcl wHh other crops~ pastures and fallow. 
Th1~ pr<,vtdes the oppt)rtu:ruly fot· an mlegratt~d weed management. system rather than 
rehanre solely UJ..10rt monoculture and the thE»rapti'utu: use of herb1ddes. Conseque.ntly~ the 
performance of rotttrol strat.egJ(>s su'h as s(led kdl and s<:"t?d ktll combined wHh plant kill 
must be evaluated m the ~~onttlxl of a rot~honal system tath~"f than under th(~ asst.unption of 
a whP.at monm~ulture. 

Figure 2: Set!d bank dynamics over 10 years for 1000 seeds trt4 
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Tha t~tmontk'8 of wood ~ontn)l stnth.tgluR: A dyrntn*' progmmnHI)B ~~nl\l}'sia t~f wU(\ ()f\l$ coJ1lr!Jl 
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Although tht' fort~goms tHH1Iysw dat11onstrnt~;~s th{~ impn~t upon the s~d bnnk from the 
vnnous control optior1sf the tllt1del, is unnble to detortrHne the ec:onomicnUy opUrrml control 
optton for nttu·ulgtne; wHd o~Hs. Tlw stmulatkm ll\OU(H Wfts solved under £\' ffxecl unnuat 
polu.:y of npplymg aithc~r (lf lhe control option::; wherens in rmllity n ia po$slble UHH tlw 
margmnl bendHs of ~~on trot Mt~ tlXCe{1d<~d by tht~ mnrgh1c1l costa ns seed denr~iUes decline to tt 
t'ertatn level. Such a sctUHU',io rmty help exphun why there ts a degte(;' of tolerance by farmars 
for some level of w~ed utf~~stnti<)n. v~u·J<lus combmahons of the control optiC>ns over the 
tmw horizon m~lY ~:~ llpplled by t\. d~~tslorl mal<Cf' e.g. seed kill foUow~d by plant kUl, {n 
additton to lh<) hcrbicido trt~ntmt~nts pr<;~scnh.)d there ore n range ')f non .. chem.ic:ttl control 
options, such ns the surrun(~r croppmr; ond winttl.t ft1Uow optHms. For these r~"sons a 
comprehenstvt) ~contunic artnlys•s Is fl1t}Uired wh1ch htk~1s tnto m:t"otU\l the .11ut.rginnl costs 
tlnd mC\rgmttl bf;'~nefits thr()t,tgh bnu) nnd t(mstdt~rs tt. btmlder rnngt' of chamicnlt'tnd non-. 
chemscal conttol opti(ms. 

A,n econom1c t\t'll;1lysjs of controllmg tl weed populntmn must ttt'ke mto ~tccount the 
mtertemporaJ nspt~ts of tJ(1pulntton dynnmu:s und th~ control ophons. Methodologies 
suited to this tnsk mdud~ dytH:\mJt' progNHntlllhl), lhUJhperiod hnaur pto~rammmg and 
stmulahon. 

The stmulnhotl tnodol YSt~d ttl Uw prrwJous st~dtot1 '~ould bt-1 Jld~'J=Hed to a. monttM!arlo 
model~ whereby ~ lorgt\ number c>f wild 9at' control s~~qu.encos a.rfi.~ .ti~ndomly selected, 
l1 Vtdw1ted and rank-.~d accordmt~ t(l ~~eonottuc pt~rforrmmce. However, thts is un h1oWctent 
proc:edure for this problem as an oxtn~mely lurge number of plans woold need to be 
r.onstdured and there is no guMantefi! Umt a globrtlly OtJtitnal solution was re~ched. 
Consequently, tU1 optn11ist\Uon tmmework 1s }'teft~tre?d. 

Of the ophmisutton techniques .con;;ldert~d, multtpertod tmettr programming ~nd dyruunic 
programn:ung, the latter was chmmn bec~num n is an efficient solution techni91.ul for 
mtertemporill ptobl~tna (l\ennedy 1986) tlnd tht~ frlltn~work 1tllows for the J1PssibiUty of" 
stochastic speciftcnUon with,>ut adclmg c:omHdernbly to the cornpuh\Uonal burden¥ There 
has not been t1.n extensfv<~ use of dyrmmic progrnmmsng m w~ds rasanrch, however,. 
applications ot' dyrmmic programrrling upllrt from thf.l wJld, out studies di$ct.tssed et1dfer 
mclude the identWcauon M optmmlr.esishHlce strnteg(eS in situoUons of .ryegratui· re!Jrsh.u1ce 
to didofop•methyt in Western .AustrahA (Oorddtltd 1991), Mld Pphmal herbicide tales for 
the control of hardhettds (Acraptilrm rctJcn·•) m Vlctorfn (Kennedy 1987). 

Model deactiption 

Fit1tte stage dyn~mic progtL.tmming fa a tnathematic~ll opth·ni$nUcm technique for aolvir'lg 
multistAge decision probl~.ms (f3¢llm~n 1957)~ Such d~ci$iOn problems Involve a sequence of 
dectswns extending over a given petiod.of Ume, cmUed.the plAnning hodzont!he gonl.of a 
dynamic progrliutuning c~n.odgllti to m~XiJ!lf$e (ot mfnimise)·f\·· specified obJective futtcUon, 
such as tht1 ptes~nt· Vi11Ue of net, rever1ue!h 'fhe pl~nning horizon is divld.~d into a ftutnber of 
time interwds, called sbges. The dymunic progrttmttting problem consiilts of n $equer)ce of 
dectsaons. to be .Juade itt eAch ~t~ge ol. the phmrdng hot,i~on, ~ny deci~ion mnd~ in. fl Dblge 
will result in a chunge ln thl1ohtte of the dedtlfot'l system llt the nextstqge, cxp.ressed by t.he 
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stf.\te transforn1atkm f1J\1cUont ~irtd. results ht a t~tvrn tH: f.Mch decisiOil at!lgc, ~iven by the 
stage:.· .~tum function. Tho .state W\riublc is pe\rUcularly fmport~nt; to dynaa11ic ptogramrrHng· 
problPms tlnd is nt'(!ded to qtumtffy the corlc:HUon ~)f the system at dl(l time the decision ia 
mad•\ 

111~ succt'ssful Applkntion tlt' dyrh1tl1ic ptogrnmtnh"'g rt:i~luircs the apt?topriate sp~:lfication 
of stttgcs, dllCislon ulterttnHves, stnte VArlfthlllS, sh,tn ~tanaforrrultfot1 functions and ~lilge 
r.;•turn hm(:t1ons. These nre d(~scribed h1 dt~tail for the~ wild o~lt.s problem a$ f(lllows. 

Stagt.• 
fhe stng~.:1 for Uw t11odel is qeftnecl to bt3 'l yanr, sh1c:.(~ pl~HHin{~ decisions rnust be h1{ldo 
annually. Tho planning hortzon con,gJstr; t)f15 shlg()a, or years. 

Dt'dsion altt't'ntltft.lt'£i 
The relevant· d~Ci$\011$ for wild tH1lS t,;t)J"'ti'()l In U1t) 5tudy ~lr(H\ ~\fl'+ ~() (~1) erow wh~t1l: Without 
applytng a hetbictdt:J (no ccmtrol); (b) grow wht'-~tll: w.Hh a pre,.~mergenc(~ or poat.-emerg~nce 
herbictdt' (plnnt ~.OJ); (c) gn1w wh,1nl with a lat(~ n~1phc~'hon ()( herbfci~i~ to prevent wtld O\',tS 
Reed set (set'd kHI)i (d) grow wh~'~lt with both plt'tnt kill and seed kill herbield~ strategies; (o) 
grow a summer·<- top sut'h ~c; sorghum; nnd (d) dClitn winter fnUow thl~ li\nd . 

.- Winter fallow ts J'(;-5h'lded to 4l mnxtmum of 1 yt"ar duration. n is possible to allow land 
to remain f$1How fot· periods tont~(1 r thnn this Mid ~chi<W(! gro~:HlW reductions in wHcl of\t 
st~d populaU<Jns, ho.wovt~r~ th1t1 pmcUce can letld to gt.·e~\ter susceptibUity of the lund to 
soil erosion and is .tlt)t recommtmdt"~d • 

., Wheat· is rcstri<~tod to~ mn~imum of$ Yt"Ms (lf.conhnu~n•s crops In a rotAtion due t<l the 
effects of Moil borne disef\tms such ~1s (~town rot: (f'tumrium grmttltmrcf~rum Group t) tlnd 
take·cdl (Gw:ntmtartmuyrc.~ gmmfttis wtr. lritit'l). The e.ffect <l! lheat1 disease$ is to reduce 
ytelds In wh(!ttl arter tho ftrs~ ctop followin8 fallow, With successive wheat crops fungul 
spores butld up In the soli and cnn only be stgmft(:tmUy n1dttced by including n mm .. host 
crop in the rohHion, such as ~~<nglnm11 ot by wlnter ftdlowh1g. 

• Successive sorghum cr(1ps ~1ro rest.rich:~d in the model ''s there ar•~ herbicide residue and 
possible resistnnc:e problem~; as~ochlh!d wtth fPpmHed npplic1Hions of AtrtlZinc®. The 
effect of Atr~zine® resJdues in the soil Is to sigttiftc~tltly reduce the yield of sensitive 
winter crops, 

• Due to sowihg and ha.rvm}hng tlrtw~ conflt,·ts, sorghum m~•st follow " wlnter fallow when 
grown aft(~f wheiitt 

• If wheat follows sorghtmt H' c£tn only lx~ gr<)Wn ~ft'er a winter fallow. The .tenson for this 
restriction fs that there Is rtuely fldequate soU moisture Mter hnrvesUnn sot8hu.rn to grow 
t• winter cereah 

• Rotatlc.)tn1l .t~st:rlcUons ensure thllt first year whent ca.n only foU<lW h•Uow, second ye,u 
wheat c~n (mly follow ffrst: year wtmat1 ancl third ye~t whel1t CtU1 only fdllow s¢~ond ye(H' 
wheat~ r~~uow ctUt follow any previous dedsiont A more deh\iled description t>( ct\ch of 
the discrete deci!iiOfl alternfttivcs Is given' in 'ttJble it 

Apart from the betlf~rns from wild ol:lta control l\nd ptovfdb1g tt· bte~k h1 the di.5ease cyel¢, 
winter fallow CMl provide lncreas~~s h1 wheal: y.teld ;n the fl~at yeAr due fo higher. level~ of 
soil moi,tute and nutrients (~ccumuJMed through inlneraHAntfon)t Ther~ ar~ yiaJd perttdUt)S 
o( 20% and 40% from the weed free whtml yield f<:>Uowbig fe1Uow for ~~~ond f\nd third 
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whPnt ('rops r~specUvely (l. Collen, pers. ('0Jll01.) due \'c) the Cotnbh1ed em.~ts t>f diseatte and 
the yield btmeftts ,ft·,u:n f(\llow. 

Dectsior\ D.,..,l~s_c_rf~J?,...._Uc~H-1 --------~F~(....,.)l~lo..._w_d_e~c.-is_io~n....,v'""":t• ....... ri.-nb..,..l_e _ _......,._.........,........,..,._;.o.~ 
1 Winl;er f~llow 2,3,415,6,7,8,9,1Q,tl,'l2,l3,1.4 
2 Sorghum 1 
3 Wlwttt year 1 .. t'<,' contr·ol 1 
4 Wh('M yenr 1 "plMlt kill '1 
s Wht~f' t· y~n t•1 ,. seed knl :1 
6 \\'heiilt YE!nt ·r ,.. plnnt: and seed kill ~~ 
7 \A/heat· y-. ... a.t 2 ... no conlt(ll 3A,5,6 
8 Whent Y'~"r 2 .. plant kill 3,4,5,6 
9 WheaJ ye"'r 2 .. tK><.·H.:t kill 3,415,6 
10 \t\'heat yenr 2 ... 11lant C\nd s~ed kill 3A,5,6 
11 Wheat: year !111' tlt.l control 7,8,9,t0 
12 Whttat yeM 3 .. phml: kill 7,8,9,1() 
13 Wheat. yf;lat• 3 .. 5eed klll 7,8,9,1 0 
14 WheM eat£; .. f!.l-!1_n_t a_n_d_s ....... ·ee_·d_ .. _k,_H __ 7.~,..8.,9...,.~1-0 _______ .. ___ .............. ......,...,. 

State ·oarial1h's 
Two state voriables are included U1 th<~ model; SC'!ed bank, d(msny nnd htnd use. The seed 
bank state vari~lhle describes the wild onts ,populahon dyn~m•cs with the stock or seed$ in 
the soil (seeds l1Yi1) lhE.~ primary vntf~ble. Th!s slate Vftl'Jable ts repref?entacl by 5001 (Hscte{(~ 
values from 0 lo 5000 seeds: rtt~. 1'he land use state vartable reflects whethtw the li:Uld was 
prevtousJy fallow, Hopped to sorghum or cropped to whe"t. This $hlte Vlitrtable Js a 
necessary ind~,ts.lon tt> ac~"ount: for the .rotational constraints discussed nbovth The land qae 
variable a$sume~ fl. discrete Vi:11U~ betw<~(ln 1. ~md 14 to represent: pt·eviouslMtd u!,;e, 

Stag£' return function 
The stage retutn is mEmsured aa the gross ttHH'gin tlf the decision (or the $efi!d bttnk ~nd land 
use state value combination Arid is given by 

1t = PRt y, .. C(kt) (8) 

where n is the st~ga t~turn, PR~ Is the commodity pt~ic:el Yt is yield, C(lh) is the cost of 
producing the deciaion kin the current shlge. C(k1J is 1.1 f~mdfon of both the vatUt'ble co~t of 
production ~nd the cost· oflhe weed c.onfftll. 

Wheat yield loss from wild oats is '' fun('tion of tho density of m~t~tr.e wild oat: pl~nbl, the 
yteld (Y) of a weedy crop {Cousena et alt986) is given by equutic:m (9)~ 

{9) 

where Ymill! is the yield blthc absence of weeds, W i$ the weed density (plants rn·~) ancl. x(JtV) 
lS a yield loas function. w ,is determh1ed rro.m equation (~); lt has ~tm Msued 'by CQUfietUi 
0 985) that: the yi¢ld loa.s .function is a hyperbol~ of the followingJorm, 

(1.0) 

u 
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where~ ts the propm·tional yi~1ld reduetion per unn. We(!d densny M low level~ ofinfeab\tlon 
.md p is n consttlnt: which detetlr\h1~S th~ WflY hi which proporUonnl yield h)$$ chtuiges wnh 
weed densHy. Pot this at·udy the v~'lues of the$e p~lra..met~r$ nre ~~ ~ 101..4 ancl il ~· 1..22 
(Mtu·Un, "'-~ullis tlrtd McN~mMA 1.987). 

l'he rates ftnd cost· of fhe herbich:te h'eMUlfmte, ~lchve in&tedif?IH$ pll1$ ~pplfc~1tion ~o$ts, i\t'a 
g•ven tn Tahte 4. VVhent nnd sorghum ptlcea were c4llculnted ns ft.v'~ ye~,r ~w~~rtlge5 t1Ver th~ 
pel'tod HJ9() .. 9l to '1994-95 (ABAlU~ 1995). Vtwinble coats fnr wh(:H\t: fttld aot•gh\Jtn f4nd 
sorghum yteld were derived from Pah'i,~k (1996) nnd Sct)tl (l996) whila whetlt yields were 
obtatnad ff(Hll l. C<)llt~H (pers. t.'OI11t1l.)., 

r-----·~~~""'*'~~ Wt.~~~'$~~"":tf.\~~~>l·~~:~~~~~~~~~. 

Ta bh• 4: J?~htJ.!!i.!.~.hlt!l~~f.!\aU!!c J>rggrilJ~ltU!•~•!lllill!~J,._ ..... .,, .... -· . -----
\"/heat price($ t: •) · · • ·iffiroo 
5Mghum pri(~t~ ($ t. t) t~9.00 
Weed free whetlt yield • first' ye~w following ftlllow (tlm·t) 3.5 
Weed free wheat yield .. S<;->cond yeM foUowmg fllliOW (\' hn l) 2.8 
Wl;)ed free wh~rtt yieltl.., third yt,tW following ffdlow (~ h11 l) 2.1 
Sorghum yh~ld {t:h;r1) 3.75 
Phytotoxicity~ plant' k.Hl (%) ·t.OO 
Phytotoxicity .. plAnl kilt(%) 2.00 
Whent varUtble cost($ hn-•) ·t t8.38 
Sorghum v~rhlble cost($ h~ll) l54.04 
Vvmter falll)W v~wiable cost{$ hn 1) 31.08 
Ht~l'btcide rnte phmt. kJIJ .. tri .. allate (L ha·l) 2.00 
Herbicide rftt~1 S(led J<iJi .. fl~mlptopl"m(lthyl (L hi\ l) 2.25 
H·,.t'btctda cost:.- plant kill($ h(\ 1) .~5.40 
Het'bic;ide cost .. sef~dkJU, ~$ h!,t!;L ___ ....... ,_._., .. _ .. ___ '!9.3'1 

Phytotoxicity3 of balW~fm () cmd Hl percent: c·~1n cH~cur wflh tht1 !:lpplkclUon of he.rbicides fn 
wutter cereals. For the purporM of thrs amllysts~ phytotmddty t:lf'l pm·,·~mt i'nd2 p~t·cent are 
dssunwd for phmt: kill ~H1d seed kill treatments respectively (t»blt~ 4). The •·nmbine.d pltWtt 
tmd seed kill treatnumt Is thus 3 tmrc~m~. These ~lf('! rm.um values cmd can .·aty de,pending 
upon the season and whe~t· culllvHr sc>wn. 

State trrmsfot'ltmtitm[uncUan 
The beecl hnnk state vatiQbJe is d(~nned by the lrnnsfot'tll"Htm function given Jn equauon (7) 
which te; HseJ( deriv~1r:{ from eqwdfons (2) to (6). 

Tlw land use ts '' dclet'minisUc $hHe wu·fobll$ ~ssu.mfng a vnJue of '1.,~,3, ... ,14 H1dicnting 
fallow, sorghum; wheat yefir l wHh no con trot, ... , whe~t year 3 with phmt and a~~d kUI 
(Table 3). Its tr~nsiUPn from stAge t() at·age fs dcpendntH upon the ,h,-:,1:isioh fn lht.l pteVJ(HH1 
stage and 1a given by the follt>Wing trnn$fommuon fUt1cUon. 

Lt•l = kt (lJ) 

1 Phytut<:)XJdty Jli Jl sldtH,(/fJ('( (t(IJll tim fl}iJ1lir.uUon nf ~llmtblclda Wht\t~by UWI'M l!f nnm<~ y!oJd UOUlllgtl impmw.d 
upun the t~rc>p. 
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Rttt•ursit'e t!quation 
The obj"~Hve of the model Js to tt\a>dmist~ the net' present vtllue {NPV) of m~t reh:n'h$ frout a 
hectare t>f h1•1d, subje(.~t to the constraints impos~d by the sta.t~ Vllriables~ The re<!Ur$iVe 
equation of the wJlt.l o.:H' dyt1{\ll\k progtamming model is given by the foilowing equation. 

V~(.S'l3trLt) t;l lnnx [n,:(SG.,L.•) + j1Vwt (SBtt J,l.Att)) 
.A 

whete 

('12) 

Yt(.) ::: the tn~lXtn1t.tm pt~s(:lnt' valu(,) of m)l' returns from year t to the end of the planning 
hortzon (T~15) 

Slh ~ tl1<l size <lf Um t><:led hmtk. (5(1t\)ds m Z) 
l.t .... th~ previous lcmd. US(~ 
k ..... Uw decision Vtll'iable 
rt(.) ,;::: the in\mediatf> rel·urns as~odal1;1d wtth tlu~ k .. th d<~dsiort u)t<Ynative 
P ~ the dtst:ount factor (0.909 .~ 1/'l+O.l) 

H js &ssutrted that the lel'minal value equals :t~ro, i.e. at 1=15, Vltt(.) = 0. 

rhl., solution of the recurs.ive '~quatton providl;ls th(l or>Umal policy and NPV of .t«?lUrt'IS for 
tdl combinatiot1S of sh1t~s t1nd st·ag(,ss, The tesults of the model were dl~term.J.ned for ir1iUI.'\J 
seed b~nk dens.itif;'S of 1.00(), 2000 nnd 3000 S(~ds trtZ to n_;(tc;ct the rang~s ofwc;~r~d invasion. 

Three separate t:ontrol stral~gjes w1ue thrm evaluated, referred to as 6cenarl<lt1 '1, 2 and 3 
respectively. The first is t\ thetap(;lutic: s~ent1do, where weed control is by the :routine 
opplication of herbicides in whei:\t to improve yield in the current YfJM, wbi.le the latter 
sf7et•arios ure the prophylactic control options (i.e .. integrated weed cotH&'ol strategies to 
reduc•~ t:~eed populations) f These are tHscussed as follows: 

.e Scena.rio l! No access to either s~d kill. ~ontrol or sotghum. This confines U1e control o£ 
wild. oats in. whe~H lo the tr@diUonal practices of pre .. emergence and post--emergence 
herbiddes i'Uld fallow. · 

• Scenario 2: Access to both seed kill control and sotglltrh1. 
• Seen~ rio 3: No access to sotghum. Het·e the decision milker ls confined to a wheat .. faHow 

rotational system bt•t· with uccess to both pfat1t kill and seed ki11 control opU~ms. This 
scen~rio is b1cluded to refled the fact tha~ not all farms ln. the .study regiort can, or wi~h 
to, p~rticipate in summer cropping. Reasons for this ittdude uns ... ~tilble soU types, Jacko£ 
tmmagement skills, !lnd the highly variable net: returns from $otghunt being a det~tr~nt 
to its producUcm by risk averse farmers. 

'"· The starting point of the r~cursivE! e<]Uatfon as$utnes that' the p.tevious l~t1d us~ (year 0) w~s~~~" 
wheat, hence the first decision that can be c;h(>sen ts winter fallow~ This is ii te~Hstic; 
~ondition given the s•~d densiH~s bQb1g evatuatedt 
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Net present t.>nlue 
The. NPVs fot scenarios 2 and 3 were tonsistently greater than for scenario 1 for alllnitinl 
seed bank sizes consider~d (Figure 5). The difference in NPV between s~entltio 1 and the 
latter 2 scenarios Vtlried betw~~.n 16 and 74 per~ent, depending upon the initial seed bM1k: 
and the scenatio. This result suggests lhat the two prophylactic scett~J'itJs are econotoically 
superior to a tharftpeutic cor.~ttol of wild ot\lst lhus leading to t\1.1 acceptnrl('~ o( the primary 
null hypothesis. 

1 he NPV ofsct?nMio 2 WklS consistenU}r gn,r:ttt.~t (between 4 Emd 12 percent depending upc.m 
m1hal seed bank) than scenar·io 3. The prmct1.~1l r~.aso11 for this difference Wits th~ higher 
returns associated wilh ~' sorghum roh1lion Wh~r · con1pared t(> wheat. whkh was infesh~d 
with wild oats early in the phmning hc>rizon. 

Figure 5: NPV of optirnal policies for various co~tlrol stcnarios attd. inithll seed hanks 
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For the 3 initial seed. hank densi.ties considered, scenario 1 had a consistently gt•eatet seed 
population over the planning hori.zon thart $Certarios 2 and 3 (Figures 6, 1 and 8), Scemtdo 3 
had a marginally lower seed battk size that1 scen.arios 2. Given th~t this scenario was 
determitted to have a lower Nl'V than scenario 2 the secondary hypothesis was rej~ted. 

For scenario t the optimal policy was. a fallow .. wheat·wheat robdidtt, with a plant l<iU 
treatment in U1e wheat phtlse of the rotation for all seed densities (fable 5). The exception to 
this rule was in yeat$ 12, 1.4 and. 1$ of the 1000 seeds nt:2 tase where the s~d bL\rlk was tow 
enough rtot to Wattant weed cc.mtrot There was tt gradual decline in the seed bank over lhe 
planning horiJ!:ort which was predonlirt~ntly attributable to the cleatt winter fallow~ 
Increases. in the seed bctnk ()t.::tirted dudrtg the years when wild oat$ in wheat were 
controlled by. pl~nt kill; . Despite the. d~Une h1. U1e. seed . hank, seed ~\ensitie$ remained 
unacceptably high in most cases (except for the 1000 ~®cbnn·a scenario fJ'Qnt year 8) which 
would lead to a significant yield impact front wild oat mfest~tioh~h 

14 



Tho tx·onomil'S ofW\~d c<:mtrol slrtllt'Uil1~: A dymu1li(:.(')fo{ll'ttn\n1h1{~ i.'_,tdystli of wUd oilla control 

1 
2 
1 
4 
5 
b 
..,. 
I 

8 
9 
10 
11 
12 
13 
14 

o; ' '"' .... 

lnithd ~d bm'tk (s~ds .,,·1) 
lOOO 20(Xl 
falloW fallow·· 
wheat (plant kill) wheat {plant l<ilt) 
wheat (pla.nt k•ll) whef't (phmt kill) 
fallow follow 
whe,lt (plant kill) Wh(Mt (phmt kilt) 
whf!i.lt (pli.lt'lt kill) whe~d~ (piM1l kill) 
fil Uow · fallow 
wheat (plnnt kill) wheat (plant kdl) 
wheat (phlnt' kdl) \Vhent (pi~HH kHl) 
fallow fallo\v 
wh~at (phlnt ki.ll) wh~!;\t (plant: ktll) 
wh<?at (110. t•ontrol) wlw~t (phlnt ktll) 
faUt1W f\\Uuw 
wht'at: (r.lo control) wlwat (plant t~Hl) 

fallow 
wheat (l1lant kill) 
whe~t (plant kill) 
fallow 
whelH {pl;lt1t kilt) 
wheat' (phtni kill) 
f,ttlow 
whei\t (plflnt kill) 
wheat (plunt kilt) 
fallow 
wheat: (plnnt kiH} 
wh~al (plant kirl) 
(~lk!W 

'--1 s __ ,_v_he_a_tw...t_lo_c_·o_rt.....,tr_oo,~~-1 ___ ,).rll~a.t {phml hall) 
wh~al (ph,nt kiU) 
whc;Jl(plnnt kill) . 

For scenario 2. th~ optimal rotation poh('Y difft'r .... d d('pcmdmg on tho stze of th~ fniW'l s~d 
bank (rable 6). At a denslty of 1000 SN\ds 1ll a thf.i optHna1 t~ohcy WltS futloW .. $Otghul1l 
followt"d by fnllow .. whent•Whl''<H w.th '' plimt kiH t.tt';thl1etll lh tht., ftrst wheat ctop. Afte.r 
tht3 the s~d bi\hk was lm\' (?ftP.ugh that \1() J\nth(1t Wl?...,d conh'ol was econ<H11i.C. At· irliUC\l 
denstties of 2000 c.H1d 3000 5(-'(,)ds nt' the t1~1htl1t1l pc,hcy wets fL,lk1w .. sorghun1·fall(.wv .. 
sorghum followed by tlu, fnllm"'"'\'~h<:,at:-.wheat rotation W1thnul weed control. 'fhr;; seed bank 
d',·namics for t.he optimal pohcj~s rruJ.tcate lhat, .regnrdle.ss or the. size of the inihal ~~l 
b.mk, seed density Cilll bt" reduced to rtos,_, to Zt';il'O by ye'rr 6. At: tht1 higher ~x~d denstties 
tne use of St:!tlUertces (>f f~Utnv JUld sorghum hi n rolatit1rt is effectiV('I in reductng: the 
?opulahon of wild o~ts. 

------~--------------~~------------·- ---·-----~------~~ Table 6: Optimal decisions for scenatiu 2 . . . -·------.... ----............. .._........,.""'"'f 
Jnitial ~d bank (s(~ds m·t) 

~Y~e_a_r~l-~~··~~---- ------.2~ 3~ 
t fallow ·. f::tUow fallow 
2 sorghum sorghum $Orghum 
3 fallow (1;1Uow fallow 
4 whel:lt (phu1t kill) sorghum sorshtun 
5 wheat (no control) fallow .f~Uow 
6 
7 
8 
9 
10 
11 
12 
13 
14 

fallow whe@t (no control) wheat· (no cot1trol} 
wheflt (rto control) wheAt (no control) wheat (no ("()t'lttol) 
wheat (no control) fallow fallow 
fallow wheat ('.10 con h-ot) wheat (no CPntrol) 
whe~t· (no control) wh~at~ (tio control) wheat (no control) 
wheat (no control) (allow fallow 
fallow wheat {no cotltrcl) wheat (no control) 
wheat (tlo control) wheat (no ton trot) wheat' (no control) 
wheat (110 c¢ntro1) fallow fallow 

1 !' _ _.:;..w;..;;.h~e.:;.;.;at;;..;l, (~t\o._· ·· .,_co...,n.,...t.,.,ro'"""l)...,.. ,_. ___ so...,t.wg,....hu..,.. r_n ___ ........,..........., .................... so ..... r~g!t,..,.u . ..,.n .... t~...........,..........,.,...................,............, 
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The use of sorghum as llWild oah· t:ontrol measure Wa$ gent1rally te:ptr.ced by wheat with a 
c."ombined plant ar1d seed kill jn si:~nario 3 (Tl\hle 7). At ~n ml.tial seed density of l()(X) s~d$: 
m"7, wheat with combirted plant: L\nd. seed kill followed the first· f~How and Was then 
succeeded by wheat' with pl~nt, kill. The fallow..,whe~t-wheat tottttfon with no w¢¢d <"ontrol 
was then established. For lhe 2000 at1d 3000 seeds tn:~ cases, lh~ .first 2 whei.\t c:rops 
following fallow Were b·et~ted With a tOrnhined plt~nt Ltnd seecl kilt Control. rhe fall(lW• 
wheat-wheat r<.1tatior1 with no we<.,d control was th~n adopted. The wild oats population 
was stgmficantly reduced over the ttm(:\ horizon 1,md~r this $l~eni\rio, with the sef?d bank 
close to zero by year 5. 

Table 7: Optimal deds\ort~ for i(;nado 3 . .... . . 
lnHial ~d hank {seeds rn l) 

)·ear '1000 2(XK) 3000 
r--------~------~~--~~--------------~~--~~----~~~~ 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

fallow f~llo\~ faUow 
wheat {phttlt and s~~.1 ktll} whettt {l'>ltlnt. and Sl~d kill) wheat {plant and St~d.kiU) 
wheat (plant kdl) wlwat {plant and s~d ktll} wheat (ph~nl and seed kUJ) 
fallow fallow f1:1Uow 
wheat (rto control) whea.t (no control) wheat (no contl'ol) 
wheat {no control) wheat (n~) control) wheat (no contr~)l) 
fallow fallow fallow 
wheat (no corttrl)\) whecH (no (:'On trot) wheat (no control) 
whetlt (no control) wheat (no control) whet\!: (no control) 
fallow fallow fallow 
\·vheat (no <:ontrol) 'Whe4ll (no control) wheat: (nc1 con troll 
wheat (no control) wheal (no cotittol) wheat (no conts:ol) 
fallow fallow fallow 
wheat·(no conttol) wheat- (no control) wht:at .(no control) 
wheat {no control) wheat. (no control) .wheat (nel, cq,ntrol) 

Herbicide appUcaticms 
The cum.ulative '*PPlic:ation of herbicides (acbve tngredi~nt L httl) are presented tn rtgure·9. 
Under scenat•o 1., quite high apphcaUons of tri•allate are made over the planning horizon 
(14 to 20 L ha·t). The cumulahve applicatiot1 of herbicides is drart1a.tfcally reduced, under 
both scenario 2 ($.6 to 7.2 L ha.l of Atrazme® and frf .. allate) and sr.en~m~ $ (6,25 to. s.S t..ha·1 
of trt .. allate an.d. flampr.op-rnethyl). 1'hE?tefote, a ra.nge of unquantifi~~ $~Ji:ial benefits t!:ln ·t:;,e 
attributed to the optimal weed control poltcies ·wh1ch are additional !o those measur~c:l Jrt 
th1s study. 
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'Xms1ttv•ty ''nutys1s was ~•pr>h('d lo a number <)f p~ramet~rs wh•cl~ wet~ coo$idered J\ priori 
to havt~ an unpn<~t upon th(• .results. Tht:~se Wt'reth~ dtSt'OUtH r~te; the Wt'E!d Jrt"C whe~t yltt~(d, 
rommodtt~' pt•Kes. tmd ·wtld o~Hphu:lt ftlOthlhty and se~d tcdn sutvJvtll rcttt~$. The f.:.'l(:'undtty 
t~quatlons eshm.~lE:~d by Mt:'ddl Nu.'ol and t~t,ok (1995) were an importnnt. -.iet(~rmlrt6n\ of the 
sf?t>d bank dynuntl~$1 h<1W(Wf:if, ther~ W~$ fl() mt'ormabon to 8Ulrlt~ how lhe.$e P~\r~n,eters 
may c:ha.nge. Thus no s.:~nslhvlty af1t1.lysts w~w applied to tht: .. s~~ (tuwticms. The semrihVtlY 
,malysts JS repo.rt<~d ror Uw 2(X;""' Set'd$. m·2 Ulthnl S(~d bank df:mstty for the 3 ~cet1J~rtos. For 
brt,vtty m rt'porting or1ly th(:. om~ HHba.l set'«.l denst\y was t~tmsh.ien~d. H is th~1 authot6\ 
optmon that. th~s providt?s lHl ndt.>tluat..;\ reflf.R~hon .. of th~~ ~llr1SlbV.Ily of tlw 3 seed bt\nk 
dPnsthE:'S to the ('himged J11lft.ltm:ters. 

Dr!icount ralt'S 
If the ec(.momy conbnues wtth tfw curr<;r:H tr«md of J(>W mfhthon and lowermt~ intet(~st rat.es 
at ts probabl~" that. the uppropr1ate d1srount r·ut~;J wdl fx.- ~~~ss thc1t used In the tmaJystst 
Consequently, th~' discoQnt: rat(~ was reduced frtu:n tO tel 5 ptltc~t~nt to test the sens•Uvtt)' of 
tlw r~ults to this p~ltilmeter. There wm~ 11<> dnmgt1 lt> th~) optun.um .rotatton pc)ll,;Y .or set~d 
bank for any of th(~ 3 sni'natios, The NPV trtct-e,tsed, ttS (1XJK~:ted, to $t181 hft l for scet1~lno :11 

$1819 ha·t for scenario 2 ~nd $171.4 ha 1 for sc:t?n~1rro 3. 

~Veed fret• wJmat yzeld 
The weed free wht?at yn~ld us~d m the MUIJys.1s ts ~l me!im v~lue., howevE'r, lht1 ~lrob~lbH•JY 
dtstr&buhon tlssoclaled With thts p~ntmt?Wt for tln~ study t(?t}l.Oi1 H1 t~Xf>tlt:tt~d to be npn ... 
normal arld skewed to Lh(Y tight for a r«u'lgt:. of dunahc and tntmag~7rnent r~asons. A weed 
fr~ yteld of 4 t ha t w~'s ~sed to test the sensrbv1.ty of tht~ tc~ults to highE'r wht~iU y1~lcls •. Fo.r 
sC'enanos 1 and 3 th~r~ was .no t·hangt? to t~Jlh(lr the ophmum rotation poltcy or the seed 
bank. For scenano 2. th*J sorghum and fallow m Jt11H'S 3 .utd 4 of th~ bas~ results were 
substituted for 2. yE-ars of wht'at wtth f.,lant kilL This was thEHt followed by the .CtlUow~wJ.wu~t .. 
wheat sequence wtth no wee~ ':on trot !h~re wtts no change to the $eed bank (ot this 
scenarto. 11la NPVs W•?re $10.54, h~l t, $1499 hrt l and $1461 hal ror ~t'ennrios 'l, :l and s 
respect.Jv~ly. 

Wlteat and sors1mm price 
Ftve year ~vertlge commodHy prices wer~ u~ed 111 the study, h<)WOVE.•r, current wheat: aJ1d 
sorghurn p.nc~s are cot.\siderably h•glus.r Uutn the nverages used. the model. w~s resolved 
usmg the current prices of $175 .t'• for wheat· a.nd $160 t·t gwtm. in f>~ttick (1996) and Scott 
(1996) to tc~$l: Uu .. robustn~ss of the results to altern~hvc prices. lhe out.colne of thi$ 
stnsrUvtty testu:+g wa$ th~ same os .for higher- wheat yield. There w~re no changes to thiJ 
rotat.wn and st~(,d bank for scen~rtos l iUld 2~ and the changed ophm\lth rotation Jot 
st:enarlO 3 was the: same us for lh~ wheill yield of 4 t ha·t $tm$ftivfty test. 'fht! N.PVs Wet(! 
$1332 ha·•; $.1833 ha t~;tnd $179'2ha·J for the 3sr:e:m\rios. 

Plant mortality 
The plant .mortality of wfld oat swifihgs :is heflVily dependt1rlt upon $(?~$0h~J .:ondiUOrt$1 
There w~$ little informAtion, however, to provide. tt. U!:te.ful 84id~ a$ to how pta.nt mortl\lity 
may vary so A 10 percent reduc:Uon m the mc>tbdity rut~ for e~ch tohod ~tnd <:ontrol cpuon 
was imposed. For &cenariot the effect of this ~lumge Wil5 signific"nt~ 1'he optirt\um rotation 
pohry tem~ined the same1 however, the ffmd ~eed bank ln y~fJt l5lt1Cf~!t$E!d ftotn 42S ~c.i~ 
1111 m the btise resUlt$ to 2370 seed~ m·Z, 1'he NPV for scenndo l wa& ~tmost ha.lved :to $467 
ha l due to the high~r mature weed dens lUes and the result~nl' negative imp.~~ct upon yi~ld 
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For scenario 2. the Jmp~ct o.f tht5 changed paramctr.r was negligible given. the $el«:Uon of 
sorghum m lht~ rotation as cl W~"C~i ~ontrol measure. For scenario 3, the nnly chang~ to the 
optmt\.lm rotation was tl) subshtute wheat wtth r1o c~nlrot in year 4· for whe~t with plant 
kaU. The seed bnnk was .n1argmal1y higher for th•s change and thP NPV was ·red uc<..td to. 
$112Q has. 

Set'd rmn M4rt~tt'tll 
St~d ram surviv~'t ts ~\lso dep~ndant upon st~t,so.t1t\l condH1on~ n.nd, os wtth plant rnoth'dity, 
duP to'' lack t~f mforrrmtmn lo provldt? ru1 ,-.H~·n;atwe gu1d(l the sur~lival r~tes of $~d tain 
wen.1 mc~as(ld by 10 pt't<:f!nt. As wHh the St:'\hSth\:'Hy analysis of plant. mortabty1 th~ n1ajor 
tmpact of lhts fH\rit.mell?r ~·hftnge was t?""f't~rtericed by sc~nJ!$rto ·1, Th(' Set'd bank Jn y~(\r 15 
was 1<101 s~ds nt~ and tht' NJ'V wns t~du.n~d {(> $679 h~ t. Th~~~ was no unp~d 'Upon 
snmano 2 as wht'&t produdtcm dtd nut hll-.~ phu:~ m the r<iht.Uotl ~mlil thtt, wUd oM seed 
bank was dnvl'in to zero. ror srentlrlo 3 lii.,;\ " •mum rohHIC.lt\ W4\s unchangltd but the Sf~ed 
bdnk WI.\S margtr'la Uy hlgh(lr than f<H' th~ b"!:H.l tt"SU Us,. Th(' NPV wus tcducffSd to $1'176 ha t. 

SllMMARY AND CONCLt.JSIONS 

The prtmary ObJE.)(:hVe of th1s pnr.wr was to (lsturu,te Uw ecotiom•'~ be.neflts ~ssociatecl. w1th 
an mtegrated w~lf."d mnnagi."ll'e-nt approa('h f(1t wlld 0t1ts 1n northt"rtl NS\AJ involvmg 
chemtcal and non-chemacaJ nmtrols. The ptlfl\?r pres~~nted a ft~mt;twork for rlSSessmg the 
populatton dyru:u:rucs of wtld oats and used a snnul~lhon n1odet to trace through hme the 
tmpact upon the seed bat1k of vatmus control ophons. Thts ·mdtcah~d that ophan.~ ln.volvlng 
a seed kdl technology genE:SrAHy r~suJted tn raptd deeHnes tn the se~d bank. The results of 
the stmulahon model for th~ tr~dthonal t~hance of plant kill technology show#Xl ·4:l 
rontmued tncr\?as~ tn th~'t s~d bank denst~\~ m a contmuous whetil system. Thjs 
demc,nsttttted the ineffeeti\'ent'SS of t.hl5 approttch ~!ont"' to m~na~e see:d poputati~1rts. 

A dynamu: programmmg n\<:Klel was devclopl."d to (lCOt1ontrcaUy nss~:¥s a range of (;cmtrol 
optmns over a 15 year ttm£~ hcmzon. Th~.. optu:n1s 'll1tludecl .it number of herbicide 
technologies along wJth rot.aUonal options t>f wmter f~ltow ~nd sorghum. The tesuHs -of the 
dynan·uc ptogramrnrng model suggest tt is t'»(·onorn.tc to reduce wdd oaJ' infeshltions by 
adopttng an tntegtated management, appro"rh b!~ utdtsmg fallow an<.l summer cropping 
where possible. ln farming .sysf~m.s whert-1 summer <.'roppmg is not' considered an opbon, 
seed bank popul;Jttans can be reduced wuh fallow and combined phmt. and seed kill 
herbJcJdtl treatments., however, the returns from tbJs system were slightly Jess lhrm 
rotattons mvotving sorghutn. The results of U1e .study support the findings of Pam:l¢y At''d 
Medd (1990), that seed kill aJot1e 1s not a viable tad!c,. ~s ·•h~ clynaniiC programmblg model 
never selected seed kill by itsulf. 

The pnmary hypothesis, that ~ prol,hyla.ctic n:umagem~nt of populaUoris will result b1 
htgher econt>mfc returns thtin a therapeuUc tre~tm~nt or weecl problems w~s ~ccepted~ 
Control options tha.t target\id seed production {seenarios 2. and 3) gave higher economic 
returns over the 1$ year. ti.m.e hortZvn. than the tradltiotud thera~utic c:ontrc>l system of 
fallC>w and plant kHl (sc:en~do l)t The $cc¢ndary hyp.othesis, thal the tteidment whic:h 
results in the lowest· ~eedbartk yields the greates~ t~onotliiC benefits, w~s nqt ac:er.pted. For 
each Initial seed b"rtk density tha wheat onlyrotation!l in scer\atio :i resulted Jn: both lower, 
seed bank v~\1 ues and N PV s thnn for scenario 2. 
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Two general conclusion.s th~1t cnn be drawn from this analysis. Firat, winter fnllowlng l'md 
summer crops S\lch as sorshum t\re econon1ic itnd effective w~d control .ml.nlSUtes wh~n 
wild oat seed bank de~isit\t:!s ftre high. Secondt in farminS systems where sUti1mer cr<>pping 
is not possible the t'se of seed kill with traditionHl weecl eontrol me~sures such as pl~tit Kill 
and wtnter fallow can dt'l\ll1~\HCfllly reduce the wild oats seed bilnk nnd hft' econo.mic return~ 
over the long term. 

Sensttivity analysis was applit;!d to the discount: rnte, weed free .. ,vhe"t yield, commodity 
pnc~:•S1 wild ont plant tnOJ'tnlity and Seed trtfn tmrVJVal. the t'e~ndts 0( thase tests inditnte 
that the general results and conclusl<.ms drtlWOt pa.rticttlarly with resp<!d to the performancf~ 
of the prophylactic controls, ltre robust to the:,e pnrameter changes. 

TillS paper is £Hi. ~dVclncement: On eatliet WOt'k in that U odopts atl integrated Wood 
manugement fnHnework and considers both herhtc,de and. non .. heJ'bicide stn\tegies aimed 
at killing wild oat seed. The wotk by Pandey ''nd Medcl (1990) cUd not consjger non .. 
herb1cide options for conltt1lling wild cHit seed produr.uo.,, while the fallow /rotaUon stuc.h~$ 
only comudered plant hill herbicid~,:"' sb·ateg1es for comfHtrison. Mclteover, this study was 
able to mclude the tesult.c; of m<.lt(! recent: resecuch whach gives the effic"cy of the aeed kill 
technology (Medd, Nicol and Cook 1995) wh1ch. was not cWf1iJable to Pandey nnd Madd 
(1990, 1991). 

Areas for further work include comnder,ltion of addJttonnl ~k>c~sion alternatives; such as 
lucerne and pastureSt l;\Pcl adaphnton of the model fot SOU thetn croppmg syste.rrts Whete 
4)ummer croppn1g is not: a Vtt\hle alWrnt~ttve. An lmporbmt extenston of the :model is the 
mcluston of stochastic state varH1hles~ partlculal'ly clirnate4 and comntodity prices. The latter 
extenston ts a priority a ret~ for appUcatmn to g~nend weed control pr(lplems fn the cropping 
regtons of southern Australta. 
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