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‘ amﬁﬁa& concept of threshoid cast on & deterministic Eramewirk,

' control ugasuz&s, the v&riabﬁiﬁy of wend dam:ttm the m:iabﬂity oﬁ the "

Sk p:t:‘ic:imw ‘
Y Benefits from vied caﬁcmi have & wﬂs;iga:iod dimmim dua to (&)
- the effects of cucrent level of cqntzml on future buildup of infasi;atioﬂi
(58 dwalapunt of :existamﬁm and () pesticide cartyover. Even ﬂmzh
cm::mt prufms ‘may not be adequate to recoup the current costs, gome
treatuent way be justifiable if the possible pm:m{:ion of future 1oases
is also taken into account. Crop totat.i;on decisions in many cases are
governed by such long term considerations. smilarly, if resistance to
herbicide is likely to develop, recommendations based on cuxrent periocd
affects only will be suboptimal. Despite the importance of such long term
effects, advice given to farmers is mostly ad hoc and is based on ‘gut-
feelings’ rather than on a aystematic analysis of the problem in a
stochastic multiperiod framework. The level of control currently applied,
hence, is unlikely to be optimal.

In this paper, opt*sal policy is obtained by taking inte account
the effect of current treatment on future buildup of infestation. The
dynamically optimal solution is obtained by enploying a dynanic

‘ programming model in conjunction with a bioceconomic simulation model.
Uncertainties in the performance of herbicide and crop yields are modelled
@nd optimal decision rules are derived for risk-meutral farmers. A
continuous cropping system with wheat infested by wild cats (Avena fiiktuma)

 is analysed.

2 AN ECONOMIC MODEL OF WEED MANAGEMENT
Consider a farm infested with a single species of annual weed

“sptead uniforaly over the farm. Assume the farm to represent a closed
xyst;mx in the sense that movement of weed seeds in and out of the farm is

smm mﬁsq a cnm‘i&eﬁabla burden pn the Austmiim faxmer. !L‘otal, B
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‘ma siﬂmﬁim to ﬂm ymhlau em “&a fmmd ?by wﬁng tﬁa t:mla aﬁ t:m '

e m& A as a ﬁtmctitm of the nw}m: o;E weed seeds (SD)" and herbicide
e Mﬁﬁ;}t (%). In the parlance of optimal pontrol theory, SD and X are the
- state and decxsion wriablu, xesppetzimiy. The change in seed. vunber from
;-imw ‘tine perind to the mxt: dapands on the i,nit:iut seed nqmber -which
determines the pntential ;Em: gead production du‘r:tng the current time
‘period and the ‘quantity of herbicide used which determines the actual
rumber of seeds produced. Let G(SD,.X,) be a function measuring the change.
in seed number. The function G represanta the equation of motion. Als::,'
fet S(SD } represent the terminal value of the stock of weed seeds at the
end of tha planning horizon. The objeati.ve function is to maximise present
wvalue (BV)

. -1 t T
{1] Max PV « I BU(SD,,: t)ﬁ + 6§ SZ(SDT) s
tl ‘

subject to SD_. 4 - 5D = G(SD_.X.),

t+l
whers §° is the discount factor for time period 't’, Applying Pontryagins’
Principle of Maximum, one of the first order conditions requires that

123 sSapsax, + A_,,86/0X_ = 0; t=0,1,...,T-1.
t t

t+l
The first tera in equation [2] is the marginal current profit. 1f

future effects are to be igmored, ths static sclution is obtained by
solving the condition 83/3Xt w 0. “he second term measures the marginal
benefit resulting f£rom the effects of current level of control on future

" infestation. The costate variable A, represents the marginal change in
present value caused by a marginal change in the number of seeds at the
beginning of time period 't'. An increase in number of seeds (and hence
Woeda} reduces profits; hence, A e+l < 0. A&lso, ac/ax < 0 because weed
_populavion is reduced by herbicides. The second term in equation ([2] is
- hence mnon-negative. Due to the beneficial effect of the current level of
‘control on fumte prcfits, the marginal produccivity of control inputs is

e define fmplicit profit in time :



s #a;m:q M dafimd 0 t:lw: au infumcim :x:oiwmt tﬂr fm eu:mm;' L
; &m&;ion y:obim are captured by clw ‘state virtables. This requivement of

. vdmmm prug:mns is called tﬁc can&i,aion uf m:kw;:m i;ndu;;wﬂeme f

. (mem 1966). ’
o vhens pust:wm:gem: herbicide is the contxol ;g;mc, wcné density
at the apxﬁyin& tims fz one of the state variables. If sesds- nxhibi::

 dormancy, s in the case of wild oats, the number of visble sseds fn the

“-s0ll 4s another state varisble. However, weed density’ ‘¢an ba dropped out
i¥ recxuitment is assumed to be a constant proportiocn of the size of the

" geed bank. Thus, In the deterministic model in vhich all stochastic

“varisbles nzs replaced by thefr mean values, the size of the seed bank is
 the only stute varisbla. The stochastic model is properly specified as a
mwmm var sbles model. However, to save cemputation time, Taylor and
Burt’s (1984) decomposition method was uses for solving the stochastic

‘ -mdal. The decomposition procedure is explained in a later secticn.

The uncertain varisbles included in the mode)l are hexbicide

: p&:ﬁpmmw and weed free yields. All other variables such as crop price,
 weed density, spray efficlency are assumed to be known with certainty. It
 has beéen the experience of farmers and researchers that the variability in
Ferblcide performasnce is cna of the dominant sources of risk in weed

" control, Similarly, varisbility in weed free yicld as determined by




In accordance with the  dynas

‘ ;a-am. v f&&nxy 3 zia th& opr.m 'va we fm‘ﬁ;tm at m:tgu 1 it’ afmn mad =
 Twmber (SO} and wasd density (W); ’w 1ix the current profit if decisfon S is

n mzmm:uw B is ths discount fm:ax, and E is the txpmuuium operator,

LE ‘pmsrmins mt:lmd, time subscripts are
, ,memmi in reverse order. mm, the last year of the planning horizen fa
labelled as stage 1, the second last year as stage 2, and 56 on,
; The length of the glmuing horizen, T, may be £inite or infinite.
: 'An approximate solution of a fimite horizon problem can be derived by
: fi:sn solving the model for an inﬁlxlim horizon such that V e = Voq and
using the optinmgl decision rule mxomnding to V ﬁar deriving solutions
- For & finite horizon pxabm@

‘ In the deterministic model, weed density was dropped sut as a
state varlsble because weed density is sssumed to be & constant proportion
‘ ’eﬁ seed nusher. The stochastic model was solved in two steps. First, the
- optimsl value function for an infinite horizon problem was derived by
~dropping weed density 4s iIn the case of a deterministic modsl, In the
second step, the optimal value function derived in the f£irst step was
substituted for v .1 and an additional iteration solved. The recursive

squation for the sccond step is written as:

81 vt{s”’t*“ ] - H""[ ( Dy :*S} + ARV, 1[ t-lﬂ .

‘The two-state variable problem is solved in the second stage by specifying
ammtm: profit as a function of weed density and seed number. Although
el is spwifia& as & function of 5D,y only, the decision rule derived

h not myopic because the djmnlc effects of current decisions are
mflaat&d in the size of the seed bank which appears in V, 1 It iz also
~#ssumed that weed density in the current period does not have any
ﬁﬁwﬁimnt effect on weed density next period. This is a reasonable
 assumption because any such effect ig likely to be dominated by the size

~ of the geed bank,

For deriving numerical solutions, the state and decision variables

m,m represented by 63 and 17 discrete values, respectively. The decision

',?giz:smﬁmm congidered are different doses (including non-use) of

Mﬁt‘“ﬂ. E‘bz‘ waeh etartine walte ofFf +he ebatsa wardshls wvaffece serl

mic programaing modsl =



 When more tha
i ‘*’AW@ the verishles siso eeds to be considersd. To e pressnt study, a

TR ' ’m:mi@-gmfwmﬁ m aix
. covrelatfon ix bullt into the model by adjusting the sampling procedure.
. The tmmtm dats on weed free ylelds were fivat clasaified into thres -

fm ymm tn the astiasted wed KiTl m:;m,f L
s w amw on woll moisture conditfon wiich
. Tanked mmnm, & dimmw wmuitx s
fbijxm, Iﬁ m rm uis wmd i‘mu y&nmﬁ m ax-mm mim; mm mﬁ* i : fﬁ‘
w‘ randos 'mmﬂx i iucmmmﬁ uqm"m:im ;

' postrive correlation is expeored bycauss both the weed free yield and m At
tly with sotl moistuxe content, The

gmm& ném&p‘m&ing to good, average and poor wolsture conditions. Within

- category, the probahility distribution of ;mm vag ’?“Wﬁmmu ihyd o

: '?ﬁim-u“ cumulative distribution function. When the umim nolsture o

' wnditim m _goad*,«. yislds ware ssupled from the ‘probability distribution
s ading to good soil woisture mudiaim. The :m ;smm&ux#
i ’vm: mxﬁm to wﬂ moisture conditions in othex mmgoxﬁ;m.

S T mmm SIMULATION m.sx,

& hiwmmic simalstion model was developed to trace the effect

" of waed control dscisions on both the currsnt and the future profits. The

' ovérall model is comprised of submodels for weed population dynamics,

 ‘yleld response to wzed infestation, weed k{1l function, wead free yield of
erop, and climatic and economic fsctors.

A life cycle model of wild oats is used for predicting seedling
recroitment, plant survival, seed production and seed survival. The
recruitsent of wild cats is not synchronised and occurs in waves during
its life eycle (Quail and Carter 1968, Asor 1985). If a non-residual post-

 smergent hmma« is the control agent, it would be wuseful to divide
A jfv'smﬁml into thres cohorts, Plants which emerge before sowing belong to
- gohort 1. The cohoxt 2 has weeds emerging after sowlog but before the
e ;watwmwmu herbicide is applied. The third cohort has weeds emerging
' sfter the spplication of post-emergent herbicide.




sm mamrmw af;',

mm vxeama h'nmd £ be rma i;y ﬁu‘ conbive and and killed

""by m:&n burning. Also, & proportion of the »xi;wim seed bank iz lost due
_to natural mortality. Thus, the seed dymia: can b; ﬂmr:xﬂmx hy m
' uing identity: .

51 . S”m»x - s”t“ Gp - Mg + B,

- where sn g is the size of the seed bank t!: the amxe of the parimt t41,
- 8D, is thu starting stock of seed bank, G is the loss dus to recrultment,
o ia the loss due to mortality, and B is pew seed added to the seed bank.
Most of tha parassters for the model are obtained from oﬁepcﬁuntal work
 at Orange, NSW (Medd and Ridings 1988). Values of the parameters

unavailable Erox this source were obtained from experimeatal wm:k in the
United Kingdom (Cousens et al 1986).

The yield (¥) of & weedy crop is specified as

163 Y - g

where ¥ is a paramster representing the maximus attainsble yield in a
wyed free situation given the level of eonvironmental and management
fnpurs, W s the weed density, and g(-) is a function often called the
trelative ymld rqspnmu' (Lanzer and Faris 1981). By definition, g(0) = 1
and  g(w) = a . Wwhert * > 0. Thus the function g{+} provides a scaling
faetor. It is usual to ropruam: g(*) in the case of pests by a linear or

v veigrotdal -fumetion of pest.dansity (Feder. 1979, Zimglshl, 1980), However, in .

‘the case of veeds, g(+) is more sccurately representad as a hyperbola
{Cousens 1985). The specific form used is:

o g - 1-watswmh



m:»mmw_m mm usid In ‘t;hw p:%mm: amﬂv

Mn%i wiwxx ‘ @ﬁ%d'

. probit. and mm regressions sre the #sppropriats wethods for Mﬁﬁmﬂﬁﬁ :
. extimacion of duie Tespd se relstionships (Finney 1971, Hewletr and
SR Plackett 1979). The logit spacification ix used in the prasent lf:m’&x» The.
L dose mmﬁm ::nmxwm for faeaji,j 5% vm #?Mif“ﬁ s E

& | {&};‘ i I;og[?ilii !“ij} - m, * a; ’&ag x,i V»Ti. + “’Ai + ”i, :
g where P is. the proportion of qua Killed, X is the quan¢ity of herbicids
. spplied, SH and A axe measures of soil moisture and additiver which also
affect the performance of mmmm snd w is the vandos dismxbmm
 teym. ALl parsmsters except ag ara expectsd tu be positive.

P sxmm:mx trials on the centrol of wild oats hy ngrna
 conducted by Hoschst in Western Australia, Victoria and Rew South Walas
were used in this study. The data were adjusted for the sffects of natural
mortality ut'm& Abbott's Formula (Firmey 1971). Based on the description
of the season in the trial xeport as good, average and dry, the soil
solsture conditions was rated as 3, 2 and 1 respactively. The variable ‘A’

was specified av a duamy (A=1 if wetting agent added, A=Q otherwise).

VWeed free yield of wheat was predicted by using a vheat grouth
gimulation model devaloped at the West Australian Depar.semt of
Agriculture, The model uses daily climatic data as inputs. Wheat yields
for 74 years from 1912 to 1985 verse predicted for Merredin by using the
aisulation model, Since sl mansgement-specific inputs are assusesd non-
1imiting in the simulation, predicted ylelds were adjusted to reflect the
‘laval of input usage in the region.

"5 RESULTS AND DISCUSSTON

. For deriving a deterministic solution, the veed free yleld and the

 proportion eof weeds killed were set at the respective average values. The
Lo optimal decision rule derived by solving the infinite horizon problem is
 pressnted in Figurs 1. Although the number of seeds in the soil is the

m quantity of . MKM%& ugplim;:
the doge m&v«mn mmmmhip w0
: WW%&% scale and Thas the
operties & probsbility ststribusion Fuerion (Finney. mms;j
ffm:mxg m&wmqm ﬁiﬁ;@ Mmﬂ,tﬁq «..:Wgag to mgme, ides i & B L
. binowiel mtam (with the. 'gimm being cousidered 28 dead or uliw\ o
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Figure 2: Optimal Trajectory of Weed Density
{initial sesd number 100)

state variable, results are presented in terms of weed density. The
decision rule illus~tated is quite simple and can be a useful decision
tool. The optimel ¢ose of herbicide depends on weed density and is updated
&¢ weed density changes over time.

The tima traces of weed rawmber when the optimal decision rule is
sapplied repsatedly are shown in Figures 2 and 3. These traces were derived



Year

Figwzo 3: Optimal ijwmry of Weed Density
(inttial seed nusber 5000)

for 1dtisl seed mmbers 100 and 5000, representing vespectivaly low and
high infestacions. Shown in the diagrams are also the resulting time trace

when policies which maximise profits in each time period ars applied (ie,

time trace corzesponding to the static xolution). The weed density
corrasponding to the approximate stesdy-state 1s lower in the case of

dynasic optimisazion. Hence, at the steady-state, profits are higher under
dynamic optimisation. The present value of profits is also higher under
dynumic optimisation and the gain over the stativ soluticn increases over
time, The results show that, in the cese of wild ocats, significant gains

can be reslised in future periods by reducing the wecd burden early in the

planning horizon even if current gains from such actions might be

negative. It is also observed that weeds are not eradicated at the optimal

stexdy -state,

In ths stochastic version, ths solution procedure is conceptually
similar except that transitions are probabilistic. Th. stochastic
golutions wexs derived using the two-step method deseribed earlier.
Parmers werse assumed to maximis. expected profits. The results are
presonted in Figure 4.

The optimal decision depends on weed do‘micy as well as on the
size of the seed bank. For & given weed density, the optimal herbicide
doa. decreases with an increase in the size of the sead bank. This is
sxpacted because the size of the seed bank can be manipulatad by varying



Herbiclde rate {tha) '

e se 100 15¢ 200
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Figure 4: Optimal Herbicide Rate According to Seed Bank
and Weed Dengity

the herbicide quantity only when there are a few sseds in the soil to
start with, On the other hand, whan the initial sesd bank is loce,
varying the addition to the seed bank by killing more waeds is unlikely to
affect the seed bank substantially. If the seed bank is vexry large, the
dynamic solution will approach the static solution.

The economic threshold at which herbicide is app.ied decreases
with & dacrease in the seed bank. When the seed bank consists of sbout 500
seeds, the dynamic economic threshold is approximately 10 weeds/m?, The
static economic threshold is approximately 30 weeds/m?.

If farmers arve assumed to be risk averse, then both the mean and
variability 1in profits enter the objective funmction. If herbicide
perforsance is assumed to be stochastic but the weed f£free yield 1ia
deterministic, an increase in herbicide will reduce the variance., Thus a
risk averse farmer would tend to apply more herbicide compared to a risk
veutral farmer. If herbicide performance is assumed to be deterministic
but the weed free yield is stochastic, the opposite result will hold
because the variability of profits increases with an increase in herbicide
rvate. The expected direction of change is ambiguous if both the weed free
yleld and herbicide performance are assumed to be stochastic
simultanacusly.




& SWOIARY AND CORCLIUSIONS -

S -In this papsr dynssically optimsl dose of =& post-emergent
m:cbicmp wag derived nsing the method of stochastic dynamic programaing.
A bioeconomic sisulation model was used to generates xetwrn matriz and

 transition probsbilities. Tha vesults indicate that the dynamically

optimal solution iz to maintain a lower steady-state weed population in
comparisen to tas stetic solytion. The dynamic economic uhmxhum iz also
lower than the static sconcuic threshwld.
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