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Abstzaet 

lii;~rtorically, she~poverstocking bas occurred in tbe pastoral 

ar~as of Australia. This bas caused a d~cl1tia iu raIl~e 

pr(Jouetivity. This trel;ld is likely to continue ~le$s long term 

11lsnagement strategies which facilitate' an improvenlentin t'lo.uge 

condition aredevlsed. This study use6 stoc;:hast1ie dynamic 

progt'amJIling to derive near"optimaldectsion rule for the' stocking 

rate. Stochaeticdynamio progr~ing requires the derivation ·of 

trlins!tion probabilities P~tween different states of range 

condition un :er various managelllent strategies. A pastoral 

sheep-grazing simulation. model wa$ eonstX'Ucted to derive these 

transition probabilities. This Jloclel is driven mainly by t'ainfall 

and stocking rate .. which simulates vegetation dynamicsanclsheep 

production under different management strategies. The asymptotic 

optimal decision rule shows that stQckillg rate is correlated 

positively with ralnfall season and with forage availability. The 

marginal value of perennial forage is relatively more important in 

a dry season than in other seasons. The marginal value of 

epbemeral forage can be eitber positive or negative depending on 

seaSon and available perennial and ephemeral forage. 
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Iutr.Qd1.tctl«m 
Hi$t9~ic ..4 ... 1y., a combination ofalac1tQ~knowl~dp .. no a 

myopleapproaeh to tangellUlna,el,1.nt~' t~ndeato encourage 

woolSt:ower.,tQovel;stQckdryl.ndstaz1ng prop.reles. As II xe$ult, 

6o~~nt sl1rubspecies wllichareat) l.mporta'nt .feed, ,atource .for 

snee,pwere ~E!duce4 £r()~Qense tosc;atterede.ommunltieswltl'lln .the 

ran3~1-.nda and the valuaJ;Jle perertntal species ""178 l'eplace4 by 

less desir~i})lG p.,tuteplants. In.1U.nyitlstanceiS. where stock 

tendecl to be.c;oneentr.ted around specific &-reas. gro1.m(1 Cov4tr was 
complet:ely destroyed 8pd .sQil~rQ,ionoccurrec:1,.. This 're,sulte6in a 

,i!illfteant d~gradatl()nof ratlgela:ndconaitioni.n .• nypastoral 

'woolgrowlng area. ·of Austral1 .. , 'Wbi~h in tupl·has reduced the: 
future flnancialviabl1ity Qfwoolgrowers. This decline :1n 

rang,land proauctivl~ .ana: woolgrower'.s long. ... run tlnancial 

viability is l1kelyto continue in the future unless optimal 

lJl3nagementstrategies are discovered which allo..,' woolgrowersto 

rehabilitate their financial capabilitY, as vell as the eoudition 

of their range. 

Tbepurpose of this $tudy is to identify optiJium rangeland 

management strategies to guide pastoral wool growers in the choiC& 

of stocking rate patterns over ti$e ,and ofwhetber or not to 

apply different types of treatrAents to rehabilitate rangeland 

carrying capac! ty • These treatments include reseeding and water 

ponding. in conjunction with grazing management. 

Since the rangeland environment is both dynamic and stochastic 

in nature and involves very significant intertemporal effects. a 

stochastic optimal control approach was adopted in this study to 

derive near-optimal rangeland manageilent policies. This approach 

requires the derivation of the transition probabilities between 

different states of range condition under various management 

strategies. A simulation model of rangeland regeneration was 

constructed to derive these probabilities for various stocking 

rates and treatments. This model simulates vegetation dynamics, 

animal production, and the interaction among vegetation. grazing 

and cultural treatments. The derivation of optimal stocking rates .. 

was approximately formulated as a finite state Markov decision 

process and solved by combining linear programming and Bellman's 

successive approximation method. Optimal decisions on whether to 

apply a treatment or not for a given range condition will not be 

analysed until the results derived for optimal stocking rates have 
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been cross checked using II "'811&t86 simulation lJlodel. 

the cl1aracterlstlc$ofthe decision-flaking process under 

ul'u:ertaintyin the .;range14nd envirotl1'lentare 'presented. by Figure 

1. As indicat.d by the figure. the range manag~r DUst p.r1odleally 

.alte wuuag.ment decislonD afte::';aonitotlng the !ltate .oftlle 

rangeland ecollyst.~mto aehleve. the~gement objectivcu,;.'l11e 

.vc>lution of the rangelan4ecosyste ... · i. affected by lIlanaseflellt 

dec~tsions;. and by climatIc sequences (mainly rainfall events). As 

.. consequence., the. initial state of tlle ranSelandecosyatea will 
be transformed into the next periodstatea. ,In ad41tionto the 

4ynmuic transition of the range condltio!1., there 1. an economic 

return which comeS from animal products. Again. at the beginning 

of each period. the man~ger obset'V~s the state of the rangela:1d 

ecosystem and thereby mak.s his decbcions about stocking r.tet

etc.. which together with the climatet Yi11 affect the evolution of 

the system. TheevolutioD of the ecosystem will generate economic 

returns aawell as the following period.tate. This management 

decisioneycle i5 repeat.d. 

It. Hark0'91f.n Decision Hodel 

The above management framework can be closely represented by 

a Markovian decision model. The formulation of b Markovian 

decision model involves the following components: an objective 

function; sets of state, exogenous and decision (contrel) 

variables; and a set of state transition equations. In the 

application of this decision model to rangeland management. the 

objective functIon is assumed to represent the motives of the 

decision-maker. In this study, it is assumed that the range 

manager Is risk neutral. Therefore. the objective function can be 

specified as maximization of expected present value of the stream 

of net profits received. The state va~iables must be observable, 

and capture as closely as possible those aspects of past history 

which influence the changes of the rangeland condition and 

profits; and upon which the manager bases his decision. In this 

study we assume that range condition is jointly described by 

forage biomasses and desirable perennial plant density. The most 
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1..lIIU'lrt.nt ,eXQat1l01lSvarl .. blelntb.p ... toralar ... is rJinfall 

wbich 1. bothatqcb •• ttc and.beYQft4tb.eontrpl,q£ the ;&n&
manag''''- Ttl. ,con~l:'(;l v*rlabl.. ~1\cl\1d.tb(u~. ;v~~1.bl.$.uch ,a. 

,atoe.ltl11g, :t.tean4 r.ng. regenet.t:lon 1,nv •• ~nt. (e .,Ia 'r •••• dtng. 

b~sh 'clur$..n$-. ·;f.nc;l.nl.cultl'VatlQn~pondl~getc~·) Which c-.n b. 

Qntpll1.~ed by ~h~_n.ge1:' to1J1f1\l.nce f-nS. condition .andf\lture 

proflt~r.Tb ••• tof seae. 'C:~an.ltlonequatloQ .. k'" up the model 

oft:ang.d~I¢.whleh~scr1'be.th..volutlon of 1:_6_1&l1d 

condltlon ov.~ ,tlJa, ~Inotherwora.ttlt.,DQael rel.tesfutute 

rartg$¢ondf,tlnn tPcurr~nt'tan,ec()n~1tion fora ,gly~n sequenc •• 

of 4f1u:lslonaand ~li:llatlc patttfrns. 

no formulation oftbe decIsion .proble.. i.todl.cover the 

optl.al tlllepaths of deci'lon (control) varl.ble_toQX.$.r.d.z~ the 

.e2tp.4t.t1on oftbe objective flUlf;tiotl s\1bj,ct ~Q ~.tran.ltlQn 

pt4lb.bl11ties wJd.ch ate der1ve4ftQIllitate traJiS$.tlot1 • quat lop 

and a set Qf initial, valuQsforthe .'.tatea tUld .ltage.no\.ls 

v.tiable.~,lf •. the .. tlc"lly, tll. f()rllUlation of the ({oct. ton Jlodt!l. 

canbespeclfied as follow.: 

lID 

.faxl1liiZe~ot.oQ:$n(Ut} ut-' vto) 

where EO is the expectation held at initial period; 

Q is the discount factor; 

n(xt,ut,v
t

) is the periodic net return function; 

(A.I) 

(A.2) 

(A.3" 

x, u .nd v are the vector of state variables, the vector of 

control variables and the vector of random (or exogenous) 

variables, respectively; 

f(xt,ut,w
t

) is a set of transition equations; 

i is a vector of the initial values for the state variables. 

The constraint of transition equations (A.2) can be replaced 

by the transition probability function Pij(~)' A transition 

probability is defined as the probability that the next state will 

be j given that the current state is i and control u-t;c is 

applied. It can be specified as Plj (~)-P(Xt+l .. j tXt - i , Ut-~)' 

Therefore, i~ can be calculated from the transition equations 
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b#l,caw,,..th..tate!nplxldd t+lls ,.random v.~.l .. !>l.. its 

co~dltional dl*trll:n.J.t:i,on 4ep.n4., on' th. ~u~t.nt .sta.teand con~r()l~ 

.. S~l.tlqxl Ho4'lQf"n,.1.1l~ •• ,.n.r.tiOll 1n the ~ldZonlsof 

r •• t'rDA~#r.ll. 

lnor4.r~o deri,ve 'til. ~;.Q.flt1.on ~prpb"l.ltle •• , .• !aulatlon_del 

.t>frangelandr.gcme1:.'.tlon 1n thall •• tern Au.t;al1 ... n "rl(i <~on. w •• 

COfl..t%:U¢tedto sJwl.at., r.~on.e.o£J".n,efor.ge.peci.. _d 

.lleeplntak. of fee4sunde;41ffatent .tocking rate$. t:r •• t:lI_nta 

~t.·a'Vuietyof.e •• onal p.tel\X'n$ ,l'!use •• enceof the lIOdel W'hich 

.iattlatesfoX'~s. evblutl~n an4.he.pptod~tlonatJ"14doclt 

lev.l t i. 111Uftrateq inFiguxo2.1r. fou,.r Jlonthly intel=Val,vl: ..• 

three seatsons: J.nuary.Aptf.l..~y ... Au,pt.nd Septesaber-December,. 

itas used for tbestll\1lation. fbi.divi.ion of .tll",'year corr.sp()1'l~ 

t()'tbe .period$ of 1mreliablesUSl'Aerrainfall. reli4ble winter 

r."11.:fa11 andreliabl. SUDDeX' 4~Cl~&1l~ respectively. 

The dr'ivlllg "ar1ablesfO,t thesbruIatlon Illodel. .$%'e ralnfall. 
potential e.vapo~ation artd tem:per.ture.. Thes. variabl ... s _fffllct tbe 

.oil. stQra water.. .A soil water b.:lancesu1)l104el (YATBAL) developed 

by '.1~patricket at. (1961) was used to derive the.oil moisture 

index :1n terms of growth period$ (number of wet pentads). A wet 

pe.ntad is defined as a wet \Spper soll $tore during & five day 
period. 

The 5011 lIoisture index together wi th the taan4g~flent 

decisions drive the vegetation dyn~ics. Vegetation 1s assumed to 

consist of three related components: ephemeral forage biomass, 

perennial forage biomass and desirable perennial plant density. 

The dynamics of each component are represented by a set of 

differtnc~ equation which add recruitment to the initial stock and 

subtract disappearance due to sheep consumption and othe; reasons. 

Recruitment basically is determined by the growth rate and initial 

stock level. Growtl', rate is usually affected by the stock level 

and the environmental factors such as rainfall and temperature. 

The total voluntary or actual feed intake of sheep within the 

paddock is mainly determined by liveweight. physiological state of 

the J.Jheep, stocklpg rate. forage .vailability and quality. The 

total available perennial forage biomass together with the total 

sheep intake of perennial forage determines the degree of grazing 

pressure on "the paddock. This gra:dng pressure together with 
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c:li~~~i.cf.c;tat •• nd ~\ •• l?plleatto';lot tr •. atllent$ wl111nfluence: 

the tttl,ln.l:t;lon .()~tnepO'pt\latloJj ·of tb.. de.lrablepeX'.,nrd.al 

$fie~le:"t wblchln tut'n'1I111 lnf·luenc;e tile· :forage b,lo_a$sin tlle 

.ubs.equent sea.ons. stu.tepfol'a$e- intake ~ndstoeking l.'ate affect 

sheep~J:tallt"J le~ll1' anaw;,l proc.tuc':lon which. detenalne tb. 

it\co,"to th~ '1Qc.\l&~~we4:. 

Thl- ui-ngle fadc:loek a!wl_tlon lIOdel"'~5construct.,d .fo; 

_k.in&:pAQdo-~~"'level decisions such •• 1,ltoeklng rate an~ whetber 

to .pply a tlCe.te(lt~ :Ho.evert ill tbe fu.ture it w1111,. 
incorporated intq _ st.atlon .. levelM04el to «Jerive opt1 •• 1 

stt:'at,gbu" tOI: the statton .. level dscls1on,suqh.. flock 

dls.t't~butlon, flock e9~osltion, tl.1ng of shearing, sheep 

purchase. and ~.le.t etc .• 
The ".in cQIIPonents of tb., .blulat;lonl\lodel are pro$ented by 

tho fol1owlJlg .$\lb'$Odels~ 

SolI lr\1\t,r helene:. .ubaaael 

the so11 WAter bal$nce sub,-odel doscrlboll ch.nge$ over t1JN 

in the pereentage of soil wlltet holding cllp.acity in tbe $oil .and 

US(!S a set of soil ,-oitsture balance e,quat!ons to eael_ate so!l 

laoisture in two stores. of soil over a f1ve",day (pent4d) period. 

Store A corresponds to the s\)11 JIOlsture aV'al1abl.-. to plants for 

evapotransp.iration.. Store 8 13 the so11 moisture he1dby the soil 

at less than the wilting point. So11 moisture is modelled 

fJeparately in these two zones. A growth per1od· (or wet pentad) 

begins whenever stoX'e A is recharged after being zero. If store B 

is also ~ero. then l'ani!all less runoff has to exceed 0.5 times 

the potential evaporation for resuming growth. In the study, the 

WATBAL model was used to estimate the frequency of wet pentads for 

a station in the arid zone of V.A .• Climatic records for over 69 

years were used. The vegetation type of the station was typical of 

a ehenQPod dominant plant community. 

Vegetation dynamic submodel 

The vegetation dynaml..: submodel is composed of three 

components: desirable perennial plants density S~t perennial 

forage biomass s~ and ephemeral forage biomass s~. Each component 

is described by a difference equation (V.l), which has a 

four-month time step to reflect the rainfall season. Each 

difference equation indicates that the Bum of initial stock level 

7 
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s! plWl. recr~d:t; .. nt R~ ,.inuathe <li.appe.~ance D~ £tQ.tI.th~ stock 

.k.eliup t;:hese.son .. enaing$tQc~ S!+l' PaddQc}(-l<,vel l;'ecruitt.ent 

;1.$ ~ss~ed tQ. be ~weJsbt~d average oftl\e 1:'e~ruitment in c:he 

t\.tea.. \1nd~t dlf,fetenttreat •• nts (afrBct;ion fJ i$ us~d tqc 

c.lculate the w~igbt) • stallari1,. , ~tc)ekdl.sappearanee 1,8 a 

weisllted .votage Q( the stock which dlsappeares in the .Ireaa under 

~tfferent tr~a~9nts. 

1 iLL 
Rt~(1-Pl·P2)Rt.O+PlRt,1+P2Rt.2 

1 l· 1 1 
Dt"'CI-Pl"P2)Dt.O+Pll\.1+P2Dt.2 

where 

S1 is initial si~e of stock i at season t; 
t 
i R
t 

1s recruit~ent to stock 1 during season· t; 

(V.l) 

(1/.2) 

(V.3) 

Dl 
t 

is disappearance from stock i during season t; where iap for 

desirable perennial plants; i-E for perertnlal forage 

biomass; 1 -h for epbeQleral fQrage biomass; 

PI 1s the proportion of paddock under treatment 1; 

P2 1s the proportion of paddock under treatment 2. 

Recruitment of desirable perennial plants R~ is defined as 

the number of \'lewly established young desirable perennial plants 

aged two years. Equation (R.1) assumes that the actual reeruitment 

is proporti.onal to the potential recruitment R~*. The potential 

recruitment is defined as the gap between the environmental 

saturation level sP and the current density sPt , This gap 1'1 max 
adjusted by the proportional rate i.e, adjustment coefficient.., to 

give the actual recruitment. Since the establishment of a 

desirable perennial plant comes from the successful germination of 

the seeds and the survival of the following seedlings, the 

adjustment coefficient is calculated by multiplication of three 

indices: replacement capacity index RCl
t

_6 , germination index 

GHl t _6 and survival index SIt' Each index ranges between 0 and 1. 

j-O,l,2; Os.., sl (R.l) 
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wbet;~ 

R~d t~th~ t:'ee~lttlent; Qf petenniftl plant un~et tt;eat;ment j .. 

where- j . ..() .forno trea~ent; j-1 for tre~~ent 1, i .. ~~ 

c~ltivatiQn; j-2 for treatment 2. ille. pondin$ and 

l'est;i~(iing: 

$.s adutltment coeffl~lent which represents the proportion of 

po.tential reQ.ruf.t~ent; that can be realized ill season t 

.... nder tJ:~at1tent j; 

R~* is the potential tecroit,.ent of desirablepetennial plants 

in s~ason t; 

S:~nc: is the desirable perennial plant deflatty at ellaaxcondltion; 

RCl
t

_6 ,is the replace~ent capacit,. index which is used as a proxy 

for seed stocks; 

GMlt .. 6 is the geminAtion index d1,lrll1gseaaont-6; 

SIt 1s the seedling survival index. fo.r recruitment. 

Replacemente. 'paci ty index is used as a proxy for the seed 

stqCK of desirl,lbleperenn:Lal plants in thEl soil and r(lp~f!sents the 

capacity of the co .. ~nity to replenish itself. It i8 II function of 

the relative density of desira.ble perennial plAnts DI't~6 and type 

of treatments Tt ... 6 • The time is lagged six seasona because it 

takes about two years for the see4lings to reach maturity. All the 

funtiona 1 forms in the study are shown in the Appendl~ A .1. The 

functional form assumed fat' replacement capacity index is a 

truncated hyperbolic in type (1.1). For the treatment involving 

reseeding. the func tian i$ specified by (1.3) and (1.4) which 

assume that the action of reseeding can immediatlZ: 1y bring the 

replacement capacity to its maximum level after which this 

capacity decline due to loss of seed reserves through germination 

and other factors. 

(R.1.2) 

n~ t ... 6 is the r..-, '.llt:1.ve density of desirable perennial plants; 

T
t

. 6 is the t~p~~ of treatment during season t·6. 

Germination i Idex is a function of wet pentads NWPt_6' 
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t:r.,.ell~Jlt$ al1~ t~mperatur~bt' An~gatlve ~xpf;metlal fQrlctl('ln 

(2.1)wa'.$$flUJ1ed. The"ffeq,ts of tellperature ongt;lrptlnatlQn i~ 

i9cco\,tnt~d by l) 's~a$ou~l £ae~o~ bt in (2.l) .• 

(R.1.3) 

w.h~:re 

ffYE't . bl elblatlc driving variable in$aason t t # grdwtbp.eriod$. 

i.e. w~t pentAds; 
b

t 
lsa seaaon41 fact()l" wbleh is used to account fortempeta.ture 

effects o.n g$~lnatiQn: 

Survlv$.l index Is a. func:::tlon of wet pentads f treatPlents. 

$ra,zin& p·re$sur~ Gt t11nd density of ephemeral foragE: DUt;o Time is 

lagged through ~ero to fiv¢ periods beC8U$e a successful survival 

requires two years to complete. The functional forI assumed is a 

tl\lltiplicllt!on of thtee indices$ soil moisture Inde:t SHItt grazing 

pressure index Olt and ephem:et'al competition itldex CIt 0 So11 

moisture index is assumed to be a truncated line.~rly increasing 

funetion of wet pentads NWPt: (3 .. 2) .. (3.4). Different. treatments and 

different seedling ages have different intercepts and slope$ for 

this function. Grazing pressure index for the seedling survival is 

assumed to be a hypErrbolic function of grazing pressure 1n the 

paddock (3.5). Ephemeral competition index is asswned to be a 

truncated linear decreasing function of the density of ephemeral 

forage biomass HD
t 

(3.6). Again, there are different slopes and 

intercepts for different seedling ages. 

SIt--f3(NWPt_i,Tt_i,Gt_i,DHt_i) 

where 

i-O,l, ... 5 (R.1.4) 

Gt _! is grazing pressure fOi the survival of perennial seedlings 

at stage t-i; 

DHt~i is the existing ephemeral forage density during season t-i. 

f Recruitment of perennia~ forage biomass Rt is calculated by 
f discounting the potential growth rate PGRt by two indices: soil 

f moisture lndex SHIt and growth capacity index Gel
t

. Potential 

growth rate is defined by (R.2.l) as a gap between the 

environmental saturation level Kf and the current level of 
t 

10 
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p~t~nnl.al forage blQ1I8s$'.So11 moisture indox is a fUnction pi wet 

pentads andtreat~nts. The functional fortla.ssumed i.struncated 

11near tn typ~ (4 •. 1) • Gtowth ¢apacity inde~ is a function of 

perennial forage densltyDFt . The functional fOJ:ntass1JmeCl is 

hyperbolic itt type (5~1). The environmental carrying capacity iss 

function of relative density of desirable perennial plants. A 

negative e;x:pone.ntial funetlcmal form (6.1) was asspmsd. 

(R.2) 

where 

PGR! is potential growth rate of perennial forage biDmassj 

SMI! is soil moisture index for the perennial (orage growth; 

Celt is growth capacity index for the perennial fo~age_ 

(R.2.1) 

where 
f Kt is the carrying capacit.y of perennial forage during season t. 

GClt-fS(DFt ) 

f K
t
-f

6
(DP

t
) 

where 

(It.2.2) 

(R.2.3) 

(R.2.4) 

DF t is relative density of perennial forage biomass at the 

beginning of season t. 

h Recruitment of ephemeral forage biomass Rt is calculated by 
h discounting the potential growth rate PGR
t 

by the soil moisture 
h h index SHIt. Potential growth rate is defined by (R.3.1) where Kt 

is the environmental carrying capacity of ephemeral forage 

biomass. Soil moisture lndex is a function of wet pentads, initial 

ephemeral forage biomass, environmental ephemeral carrying 

capacity and treatments. The functional form assumed is truncated 

linear in type (1.1)-(1.4). Environmental ephemeral carrying 

capacity is a function of relative dens~:y of desirable perennial 

plants. The functional form assumed is tdgative exponential in 

11 
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typ~ (tt, 1) ." 

where 

PGR~ 1~ potennlal growthl'at$. Qfephe.etal for$ge biOnias~. 

SKl~ 1s soil moisture irtde~ for the ephe:!llerat forage growth;. 

(R.3.1) 

where 

K~ is the carrying cap_city of ephe.eral forage biomass durtng 

sesson t; 

(R.3.3) 

DIsappearance of desirable perennial plants '~~ is computed by 

lIUltiplying th$ initial level of plant k"pulation by its 

disappearance rate d
t

- The disappearance rate is disaggregated 

into two parts: natural mortality r2te 110 and the environmental 

factors induced naortality X'ate "1" the eriwirotu'lental factors 

considered are grazing pressure, wet pentads. desirable perennial 

plant density and treatments. at1 is calculated by discQunting 

potential mortality rate by a weighted average index which include 

the above environmental factors (see (9.1)-(9.1». 

j-O.l,2 (D.l) 

where 
d

t 
is seasonal disappearance rate of desirable perennial 

plants; 

(D.l.l) 

1 ... 0,1, ... 5 (D.l.2) 

where 
11iO is natural mortality rate of desirable perennial plants; 

12 
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'Quvlroll1lla:tltalfac;:tQrs induced _.rtality r.-tt,l of 

cle$:l:rab~lp~rennialpl.nt .... 

Dlsappe •. ranCf;! ofpereonial fQ~,.ge bie.ass »!con,lsts of two 

p",ol.:1ntak~b1 ,beep and other 10sCi8. d",. "to lton"con$~ptivG 

rea,ens DNer
t

" Shell'P iuta.ke 1$· calJ;ulated 1>Yll\lltiplylngstoc:king 
rateV

t 
:by the perenn~.lfo.rage. Int.k, .of',heepFIP t~ the 

non .. c()nsWlptlv~ losaesm-.ll\ly are dryln& ·of tbepl.ntmaterlal. 

'Tbotefote. it is ~calculatedby -.ltlplyinstbe el(i$tltt& forage 

bloma.s '.:,y the drying rate '1. Since the d~111g l()$ses and sheep 

U\take occur at the $Qe tll1~ aai1llltt~ec:n.la.equatiot\sy.te.wa. 

u$edto e"plaln .thesetwopool.a. The dry lng, ·r.te ofptrannial 

fc-z:age bioflllss is calculated. by di#cul\tingthelllaxlul drying rate 

by two indit;.,., density indexDIFt and .~ll _tstu;.,· ln4exSKI't' 

.r~apectively(10,,1). .o.n.ity index t. IIs,SWled t;:runeated linear 

(lO .. 2)and $oi1 moisture index ishyp~rbolic in type (10.4). 

(0.2) 

wbere 

U
t 

19 stocking rate of sbeep per hectare in .eason t, 

shet!p/ha; 

FIle is the perennial forage intake of sheep. kg d.II./sheep; 

DNeFt is the losses of perennial forags due to non-consumptive 

reasons, kg dm/ha; 

(0.2.1) 

where 

&1 is the drying rate of perennial forage during season t. 

(D.2.2) 

h Dtsappearance of ephemeral forage biocass Dt is divided into 

tbree pools: intake by sheep t drying losses SL
t 

and trampling 

losses TL
t

. Sbeep intake is COlltputed by multiplying stocking rate 

by the ephemeral forage intake of sheep FIEt . Drying losses are 

calculated by (D. 3 .1) where '2 is the ephemeral forage drying 

rate. The drying rate is a function of ephemeral forage density 

DU
t 

t wet pentads and treatments. The calCUlation and functional 

13 



fQrl1 for the ephemeral drying rate are the su.as those for 

per~nnials (11,,1)-(11 .. 3)~ Trarap1ing 10s8ea are calcUl.ted by 
equation (1).30;2) wbere63 is the 'traapling losBrate of epheJleral 

forage bl(,)lIass It Trampllng 10s8 rate is afurtc~!on .of stock.ing 

rate. Tile functional font asstllled lSlUlgat!ve exponenti.l in type 

(12.1) • 'l't'anlpllng lOSSe$4nd drying los,.s artt .sblultaneou.ly 

dete~inedwith sheep intake. 

]-0,1.2 (D.3) 

where 

FIE
t 

is the ephemeral forage int~e of slleep. kg d.iOa./sheep; 

SL
t 

is th& non-coMusptive 10sse. ofepb~r;1ral forage due to 

is senescence; 

TL
t 

is the non-cons1llIptive losses of epheraeralforage d~e to 

trampling; 

(0.3.2) 

where 
6

2 
1$ tho drying rate of epheaeral forage biotl8as d.urJ,ng 

season t under treatra~nt j; 

(D.3.3) 

'3 is traapl1ng loss rate of ephemeral foraga biomass during 

season t; 

(D.3.4) 

(0.3.5) 

Sheep intake .ubmodel 

Sbeep intake is composed of two parts: ephemeral forage 

intake and perennial forage intake. Ephemeral forage intake Is 

calculated by discounting potential sheep intake by ephemeral 

forage availability index AlEt and quality index QIEt . AlEt is a 

funct'ion of relative availability of ephemeral forage 

14 



(S~+a~.DNC8t)/('.*tJt).QlStis. fun~~tt»n .. of the diseatibilltyof 

epne.-talf'orage: l>G~ ..l'erenn!alfot_selnta1ce :i$ calculatQ~ in a 
,run,"- "'4Y' a.e . .,h..,_ta1-.~¢ept :that it illclu4.a. ,.n .ddit(onal lnd.,,,,, 

ab •• p cu.etpreler€lflCfIJ il1de1t (l .. AIEt QIEe).,ln tbt. Pfefotence 

index, it :1. ..s._d-=bat: she.ep •• lectep'hQetal fora sa 
pr.f.rent:ial~y.. the. consUDptioll Qf pe~enntal f4)r.g~ fa It-lted-by 
tho 8xtentto ·which the potentt.l sheep tntakat • .catlafied'bythe 

epbemeralfc:n::,age C01UJuapt!on. Dlgt\lstibl11tlet. of epbeQl:aland 

'Perennlalfora,$e .are a fimc t ion of their drylngt.te, 

to.pect.lvely.. The funetional£orll •• $~dls hyperbQlic in type 

(17.1)& (18.1) .. 

(1.1) 

where 
s is the conversion facto~ ·of potentlalshe~p intake. 

a-180kg dJI/shtilep; 
A.lE

t 
is epbeileral for.ga availability index for sheep iut4ke~ 

QIE
t 

is ephemeral forsgequality indlilx for sh~ep intake~ 

(1.2) 

where 
AIP

t 
is perennial forage availabili~ index for sheep intake; 

QIP
t 

1s perennial forage quality index for sheep intake. 

(1.3) 

(1.4) 

where 

DG~ is digestibility of ephemeral forage. 

(1.5) 

(1.6) 

where 

DC! is digestibility of perennial forage. 
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~-f11($2) 
f 

~t-fl$('l)' 

(.t.1) 

(l.8) 

Gt41ztng :preIUIUt'fl 'lntbe;p.4do&i~ 1. deflneda.~her.tlo ~of 
the. plu.~tnul.t ~nt«~a, of .he,ep tfi, th0v.rennia! fora,. 

aval1.bl11ty.lhi*1. .n.' Index oftbedIJ8te¢ tQwhJ~b ·tll. , •• tura 

lf$gJ;ued. 

'. "t*FIft .G .,. 
t$f .. at: .. Dticr 

t t t 
.(G.~l) 

Sheep popul.tlo11 iJiinc):'4!tB.e(i by: birtn and ,~ecrea.e.d.b'y 

.cu:'ta.lt.ty. SincfJ th1. 1 •• p-.daoekaodelthf!t'e!t 180 ... 1y qqe clas • 

. ofan1_1, e.,8. b:t:~u~dlngewesor wetbtsrs, eOntrlb\1ted for -any 

siuulation. In the env11'o~entof rangeland in W.A., lubing 

occ;;urs at tbeend .of season 2 and is a. fUnction of the iplJino of 

nutritipn 'NI in current p~xiod and prevlouathree periods. The 

lagged effect. of nutrition are included to reflect the influence 

on la.bing of f.ctora such as ewe body condition at eatlng~ early 

pregn,aney nutrition and late pregnancy nutrition. The plane of 

nutrition is a function of shee.p intake. Thefunctlonal form 

as awed is linear in type (20.1). Mortality rate consists of two 

parts: natural .l'IOrtallty rate "0 and the plane of nutrition 

induced mortality rate "1' The fUnctional form assumed for HI is 

exponential in type (21..1). 

Wool clip per sheep is a function of digestible dry flatter 

intake DDMl
t

. !he functional fom assWIled is linear in type 

(22.1). Digestible dry matter intake 1s calculated by equation 

(S.7). 

(S.l) 

where 

At is the area2SXsuitable for grazing In the paddock; 
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F'LS
t
+1 ,_ ~beep flo¢k.\..~,e.t,th"~l.1doe •• 1i8on ,t, H-sb •• pipaddQck;, 

'~ 1. l"l~&r.te •• _ ;Pe.tc:.nt.,. of Whole ewe :pop~l.tlon; 
He 1, .eaJol\al .h,ep'lIOl'.'talJ.t.y rat ••. 

whit!:'. 
Nttl.tbe n",tritlonal lndex,fo~.ht.p ,tjurills_e«SQut:. 

Nlt"i","f20(FIB,t,·"XP~) 

Kt-.HO+M1 

wb~t1:. 

80 1.tUit1,lr.l •• QolUllde&th~at.of .beep; 

($.4) 

HI i.t:h~~;b.ep ~tt.lity r.te induct\dbythet>lal\G'"Of ll~trltion .. 

(S.5) 

WCSt:-f22. U)DMlt ) (8.6) 

h f 
DDHIt-FIEtDGt+FIPtDGt (S.7) 

where 

WeSt 1s the avorage wool productionpe.r aheep pet sea$on.kg/sh~ep; 

DMI
t 

1. the digestible dry utter Int.ake per sheep" 

Seasonal net profit function 

The net profit is calculated by selling the sheep and wool 

dinus the marketing coats, sbearing costs. other variable 

costs. initial expenditure for purchasing the sheep and treatment 

costs. 

(P.I) 

where 

PSt 1s sale price of a ~heept dollars/sheep; 

MS
t 

is marketing costs for selling a sheep, dollars/sheep; 

Pt~t is price of wool, dollars/kg: 

11 



llWts:utketl""Jco#$t:. !QJ: •• Ullii ~ol,(lo11.~a/k, wool; t. 
Set ,i •• h.attng,co,t. :p~r .h".,.d~llaJ:'''I.b.~p; 
vo: t ·l8'othe;ov,tl,,,bl. coat. ,pe't!lhee~tI,.mut,~&l ... a.. ·~.t;.J:'lna.· 

uln,t.Jl8ltCCh. :tll.sl an!! labQur '.tQ,4o~l.rs/.h~f;ip; 

rl ••• a.()t1.11tltt'n:.,~ x.to .. ~a .• 61'; 
fIt ia p\ircl'.".eptlee o.f'she • .."dotla;ra/ah.,p; 

cj \ls tQtalcoat$·.,f applyJ.1.1$ .tr~abHntj.. d.qll.a~.lha. 

Defin. V(.,I.) •• the .. axlmua e~p.ct~a,v.lue ·of, -tbadl..Qo\ln~ed 

.tre.. of return. In(A.lll'Qi: .glVen, initial. .tate "Q-l,.'the: 
fqr.ulfAtlQttPf tb$ r,.nge ... n*,eJ.'lf!nt:problelll c.~ ,be· solved by 

followinsHolf.ard! $ d~icpro$t:_ .... lnl ~DP) •• thQ.d; 

N 
V(l)~ax li(l.u)~>: .P4 .. j(U)V(j») 

" j .. 1 ,.,. 
(H.l) 

-whfJre 1r i. expecte", net; profits: Plj is tr4nsitionprobabtllty 

\Uldet a given (leclalonu. -and 1, j are the beginntng $.t.te and 

endingstate_respectl"~ly.the time $ubscript$were <b:opped 

because the solution 1. stationary. Ther~ aro thteetaethods for 

sQlving the above functional equation: Bucce.siva 4pprox.i$ation. 

polIcy itet'ativ~ process and linea:t progr~lng ('LP) (see Derman 

1970, Bertsekas1976. Tahs. 1982) ..Su·:1!es$iveapproxll1ation is 

essentially the DP algorithm. which stat't$ by assigning an 

arbitrary value to V(j) and solving (M.l» for V(i), V(j) is then 

tep14ced by V(i) and the process Is repeated until the value of 

V(1) converges. 

The two other methods, ~olicy iteration and LP, determine the 

optimal policy in 4 fInite nU1'lber of iterations. they require 

solution of linear systems of equations or of a linear program of 

dimension a.s 1arbe as the number of points in the state space. 

The policy iterative process starts with an arbitrary policy r 

and consists of two basic contponents t called the value detemination 

step and the policy improvement step. An improved policy is 

generated at every iteration. The iterative process ends when two 

successive policies are identical and the associated policy and 

value functIon are the optimal solutions. LP method transforms 

(K.l) into a LP format which is a minimization problem. The 
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QP·~1.1 'solution 'CI&1\ b$ ,det~X1Ilne4 by the deg.nerato c;:on$ttaint$ 

(1",~ •• laekeqQa.l.~ zero)~ 

The '.Qpt ..... l •. o\utl.Orlsforatoeklngrate andtreabaents in 

thl. «tudl can be detoPlJ.n~d by. twost:.pprpc::edur". First, by 

t:Q't1JUl~.tll\& (he proble. vitb only ona co:nttol var:labl~, 

e'.g .. stoc1clng rat. t BUd applylnsOt.l) to solve It., S$cc,;nd.,after 

tlte optl.-l .• tockingra.te 1. ejerived a •• tof :si-.alationruns c.n 

be proee •• edt~, obtain the ~pti • .al treAtt:tent decisions. The 
r.a",ced fomsof the :t.-ngel,sn6 aeosyst.,. wltbout apply Ins 
tr.,.t_nts ate as follows: 

fp I;!f b 
S t+l-f (S t:''''' t; St' U;t ,NYP t'! t ' • t) (K.2) 

(K.3) 

p . V f b 
St+l-f (St.l,St""l ,St"'j _Ut ... j ,NWPt • 1 tBt""j ,St) (K.4) 

1-0,1, ...• 6; j-0.1 •.•.• S 

inwhlch 

&t is thtt effects of otner exogeneous variables (mainly the 

parameters); 

St, is seasonal dependant index. 8-1 for sea$on 1, s-2 for season 2 

and 5.3 for season 3; 

other variables have thesam~ notation as before. 

Note that thete are a total of 31 st&te variables In the 

system. Equation (H.2) & (M.3) require that current perennial 

plant density (S~), perennial forage biomass (s!>. epbe",eral 

forage bie.ass (S~) be ent~red as $tate variables. Equation (H.4) 

requires that first- through sixth-order lagged perennial plant 

densities. first- through fifth-order lagged perennial forage 

biomass. first- through fifth .. order lagged ephemeral forage 

biomass, first- through fifth .. order lagged sheep stocking rates 

and first- through sixth-order lagged number of wet pentads be 

entered as extra state variables. Moreover, since the model has 

three decision stages within the year we need to include seasonal 

index s as another state variable. Thus, the total number of state 

variables is 31. Stocking rate U
t 

is the only control variable and 

NWPt Is the random variable. Hence. In order to apply DP to the 

above rangeland simulation model, there is a total of 31 state 

variables. Since it is impractical to solve a model containing 31 

19 



It.to: "var'~ble ••. aolle sott of apptoni~4tl()nh4s to, be dev~loped. 

tn. procedu~e of 411Pt()xl1tation (uloptedinth~ atuc,ly is b.8~d 

on Burt ,et a1 (1980). The idea of appto~d.OI~tl(m 1s to use en 

apvrox~ ... t.1on to V(j) in (,K .. 1) and solve the one~st:a.ge 

JlaXl11izAti.on probl-e. since t:h$funct:ional equat.J,onwould bea 

.tatleoptbtlzatlon problem 1f the functlon V(j) were kttClwn. Tl1ere 

are various waya to artive at an '"pproxillatl,on to Vej). The better 

approximation to the original probl.. would give the solution 

closer to the opiJlWl. tn this ~tuay the 'Proposed approxillat:ion 

ethod is to uao a aillpU,{ied model cont.iningonly three state 

variables to estimate V(j) . All other state variables are 

suppressed. Three stat~ varl.t\blea are. perennial forage bl0m$ss, 

ephe~r.al forage blomas$ and seasonal index.. Th lsapproxil1ation 

can greatly simplify the calculations, although ideally desirable 

perennial plant density should als() be included. The above 

approxiMation Is based on the proposition, that the three state 

variables carry the most Inforraation in the range management 

decision process and the Amount of independent variation between 

perennial forage blomas$ and desirable perennial plant density are 

relatively small. In the simulation run of the reduced model. the 

suppressed state variables are kept at their long .. run expected 

values or their average values. The approximation is to replace 

* V(j) in (M.l) by an estimate of the solutinn V of the following 

three-state variable DP problem, 

(N.S) 

where seasonal index s will follow the following transition 

equations; 

for season 1 and season 2 

for season J 

(M.6) 

Equation (M.5) is solved using the LP method, which is a 

minimization problem with the number of activity equal 

thedimension 1n the state space and the number of constraints 

equal th.e dimensions of the state spac~ mUltiplying the control 

space. The optimal solution occurs where the slack variable equals 

zero (1. e. the constraint is degenerate). 
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The "qtb,~ ,Stl1t$ vatiAbl~.. in' the ·$lnlt~lat:lon .i1Qd~l are 

&1:.adual1ypha~n'-d ltd:(¥' ·theexp~t:ted :pre.eut valu.e f~nction Qve~sl~ 

a€1cU.ti9nalsta.ges bf)ea~se ';h~ long~$t titl'el,..l_S. iS$i~p~riods. 

Bacb .$t4ge thEln~w. l~gSE!d state v4rl-.bl"s will belllttoduc;ed into 

the r.ecuraive eqU,at!on'(lf.l) and adcllt!onal J.~et'«tlQn contatn~d an 

lnere,.entto the ~uab:et of $tl\1;e var!a1>les "Wl11 be dcme to ptovld~ 
an I.liproved appro~1.atat1onto ·V(j) :1nOt.l). thE! fJ.ntll ieetation 

i¥lpll40ttly contaln~d 31 eState var!.a'blea 8l\dgenetaeed •• olution 

fQt' • given in1.tial state of the Jl04,1. 

The deQ,ifll90 about wh.,tb.r to apply atl:ft..tttent under a. gi"len 

r(;lllge condition cau be detetmtl,'lcd ~ftel;' th. detlv-A,tioU()fopt:i.al 

stoeldflg rates ·:~nd their eortospondlJlg net present v"lUtUf. Ifth~ 

e£feet~ of a treAtment on l ... p~ovl11~ the range c9nclition can last 

for 20 yeaTS. • s;i:l'lulatit1n~tl of tht!! reg~n~ration .. ()delfor 20 

y~ats can be aone to calcUll:{te the potential lncreme.nt to the 

profU:s rEtsulted frota illptQved .r.ng~ cond~tion, Slnc~ aft~r 20 

years thetran~J1tion of ranse condition will folloW" the .am., way 
as notteatment the treatment costs can he qsedto compare with 

the the el(p~ct$;tionC)f net pX'es~nt value of potential augume.nted 

profits for a twenty-year perio~ due to the tJ;eatments. 

Data and i1l1pl~mentatlon 

The implementation of the sinlt,ll~ltlon model requires 

biological and economic data to estimate the parameters and II 

compute package to solve the simultaneous nonlinear equations. Due 

to lack of data. SOl!le of the paramater values in the functions are 

informed guess.es based onrfi!sults reported in the literature at' in 

unpublished material from communication with research workers, so 

the model presented herein is preliminary. Validation of the model 

using rangeland monitorinn data is still in progress. 

l'he state space for flphemeral forage snrl perennial forage was 

partitioned in 200 kg dry matter (kg dm)/na intervals from 0-1200 

kg dm/ha and 0·1400 kg dmlha, respectively. The control space for 

stocking rates was partit~oned into three rates, 0.1, 0.3 and 0.5 

sh~!p/ha, respectively. These partitlors are made to include 

posl·;lble ranges for the variables in tl-e rangeland. It 1s also 

necessary to define the lnltial states and climatic patterns of 

the rangeland ecosystem The initial vaiues for the state 

variables used in the study a.re given by Table I, which correspond 
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TABLE 1.INITtALSTATE OF THE RANGElANrECOSYSTEM. 1982 

.. !II . 

SfASCN S, Sr Sk u NWP 

planls/ha kg dm/ha kg dm/ha sheep/ha # pentads 

1980 1 5300 850 40 0.14 1 1 

2 5500 880 30 0.14 22 

3 5700 950 390 0.14 11 
J1 1 5850 830 30 0.12 8 

2 5150 680 45 0.12 1 6 

3 4940 630 15 0.12 2 -- .. 



'to, th~ i9$Q:1"198t4ata fot:t.h., station, The al,.tr1bution of we\. 

p~nt"ds det'lvedfroDl~ 'climatic records .(-ite prE!sent~d by 'I'$ble 2. 

A list oftbe "lir!able,s,funetlonal forms andparamete):' 

v$l\1~S u$~4 in. thtt $i~l«tlon are 'pxesented in ApPf;lndiees • The. 

$olutions of the nonlJ.ne&r eq1,lations in th~ .. odel wete solved by 

thesoftwarepl.ic~llg:etTKtSolver ot\slt.NEe Ai'ctv per$o~al compUtet'. 

The optimalsol1,ltf.ons were calculated by using LPmetnod llhleb 

is ,to solve a minimization problem with 126 activities and 378 

contralnts. 

Empirical re,ults 

The optimal decision rules £or stoeking rates derived fron\ 

the simplified model containing only three state variables are 

useful in showlngthe generc:tl structure of the decision rule for 

grazing management. Since the stochastic process of rangeland 

dynamics is formulated as a periodically stationary system. 1. e. 

three seasonal rainfall patterns per year, the optimal decision 

rules are also periodic over time and can be shown in the 

following three two·dimensional tables (Tables 3 to 5). These 

tables illustrate the optimal stocking rules and their 

corresponding net present values under three seasons. 

As indicated by Table 3 f the optimal stocking rates for 

season one are increasing with both ephemeral and perennial forage 

bi(~asses. For the lowest forage availability i.e. less than 200 

kg dry matter (dm)/ha for both ephemeral and perennial forage at 

the beginning of season 1, the optimal stocking rate is 0.1 

sheep/ha. The medium stocking rate 0.3 sheep/ha is optimal for 

most of the forage availability ranging from 0 to 400 kg dm/ha for 

perennials combined with 0-1200 kg dm/ha for ephemerals, although 

thete are some exceptions to this pattern. The higher stocking 

rate of 0.5 sheep/ha appears optimal for higher levels of 

perennial availability (approximately 400-1400 kg dm/ha). 

Generally. the optimal stocking rate seems to vary with increasing 

perennial vegetation more so than with increasing available 

ephemeral forage, which is ~onsistent with the long term nature of 

the range regeneration problem. The net present value also 

increases with a rise in the availability of perennials. However, 

this trend does not apply to the ephemerals. The lowest net 

present value of $80. 92Jha occurs when both ephemeral and 

22 



TAale'2~ PROBABIUTV OlSTRI8UTtONOF Wei peNTAOSOERIVEO~'ROM 
WATBAL MODEL FOR THE STATION 

- ,NWP ~y CUMULATIVE Pl$TAtBUTfON 
FU\1C11ON 

# PENTADS SEASON·, SEASON 2 SEASON 3 CPR ODF2 COF3 
~ iii! 

0 2 0 9 O~O3 0 O~13 

1 3 0 10 0.01 0 tl .. 28 
2 5 0 11 0.14 0 0.43 
3 4 0 9 O~2 0 0.56 
4 9 0 9 0.33 0 0.69 
5 3 1 1 0.38 O.~O1 O~7'1 

6 11 .0 0 0.54 0 .. 01 0.71 
7 4 2 4 0.59 0.04 0 .. 76 
8 4 0 5 0.65 0.04 0.84 
9 5 2 6 0.72 0.07 01/9$ 

10 3 0 1 0.77 0.07 O.9~ 
11 4 0 2 0.83 0.01 0.91 
12 1 2 1 0.84 0.1 0.99 
13 2 3 0 0.87 0.15 0.99 
14 2' 3 0 0.9 0.19 0.99 
15 2 2 1 0.93 0.22 1 
16 1 3 0 0.94 0.26 1 
17 3 4 0 0.99 0.32 1 
18 {) 6 () 0.99 0.41 1 
19 0 1 () 0.99 0.51 1 
20 1 6 0 1 0.6 1 
21 0 5 0 1 0.68 1 
22 0 8 0 1 0.79 1 
23 0 4 0 1 0.85 1 
24 0 11 0 1 1 1 - • 

TOTAL 69 69 69 -



TABt.e 3 OPTlt1ALSToCtuNGRArES't, TlE .cORRESPONOINjiNET PRESENT 
VALUE FOR SEASON J 

~"T j. ail T. t ' ••• ' a. __ f .... 

EPHEMERAL PERENNIAL Ff'RAGE 
fORAGE. . '00 ,KG' IHlIHA 
, .00 t<G' DH/HA __ ..... _ ... _ ... _ ... ______ ... _ ... _ ......... ------... .,.---.... - ....... --..... ---_----..... - ........ ____ .... 

0-22-4 4,..6 6""8 '8-IOI0-,}2l2-14, 
........ - - ... --sh~ep/ha~~-- -

,---,.,.--s/ffA ... - ... ·,;,.--
0-2 .) .3 -.3 .5 .5 .5 .s 

,60.92 81.16 81.2.4 8l"~6 8"42 lU ;46 81.48 
~-4 .3 .3 .S .5 .5 .5 .5 

80.93- 81.20 lU.21J tH.37 81·42 tU .41 8J.48 
4-6 .3 .3 .5 .5 .5 .5 ,5 

80.96 81-21 61-29 81.36 81.43 81.41 ,at. 48 
6-8 '.3 .3 .s .5 .5 .5 .s 

80.91 81.20 81,.30 81 •. 39 81.41 SI·45 8 •• 47 
8-.10 .3 ,3 .:5 .5 .5 .5 i5 

SOf91 8h19· 8h30 '8l.38 81.40 81.44 61.46 
to-12 . :3 .3 .s .5 .5 .s .5 

ao.96 81dS lU,,29 8.1.36 81.39 8,.43 81.45 ... ..... 
TABLE 4 OPTIHAL STOCKING RATES & THE CORRt::SPONDING~TPRESENT 

VALUE FOR SEASON 2 
ss::: 11,0: 

EPHEUERAL PERENNIAL fORAGE 
FORAG.E: '00 KGOM/HA 
"00 f<G ON/HA .... .-., .. ___ ........... ____ ... __ ~ ... .,._ ...... _" ____ ... ____ __r ....... - ....... -'P-........ ,..-... -.. _'!I"I' ... _ .... _ .... __ 1'-.. 

0-2 . 2··4 4-6 6-8 8-10 10-12 12 .. 14 
• 0 .... 2 .5 .5 .5 .5 -5 ·5 .5 

82.92 83·~O 83.16 83.20 83.21 83.21 83 •. 24 
2-4 .. 5 .. "\ .5 .5 .5 .5 .5 .... 

82.92 83.07 83.16 83.17 83,2t 83.21 83.24 
4-6 .5 .5 .s .5 .5 .5 .5 

82.93 83.10 83.18 83d8 83.'2J 83.2. 83.24 
6--8 .5 .5 .5 .5 .5 .5 .5 

82.93 83.()9 83.15 83.19 83.20 83.20 83.23 
8-10 .s .s .5 .5 .5 .s .5 

82.92 83.09 83.15 83.18 83.20 83.20 83.23 
10-12 .s .5 .5 .s .s .5 1>5 

82.92 83.09 83.14 83.18 83.20 83.20 83.22 

TABLE 5 OPT U1AL STOCKING RATES & THE CORRESPONDING NET PRESENT 
VALUE FOR SEASON 3 

EPHEKERAL PERENNIAL FORAGE 
FORAGE • 00 KG DN/HA '00 KG OM/HA _____________________________________________ ~ ____ --------

0-2 2-4 4-6 6-8 8-10 10-12 12-14 

0-2 .1 .t .3 .3 .5 .5 .5 
78.88 19.08 79.25 79.34 79.42 79.51 79.59 

2-4 • 1 .3 .3 .3 .5 .5 .5 
78.89 19.12 19.26 79.35 79.45 79.53 79.60 

4-6 d .3 .3 .3 .5 .5 .5 
78.94 79.14 79.28 79.35 79.45 79.52 79.60 

6-8 d .3 .3 .5 .5 .5 .5 
78.93 19.14 79.28 79.36 19.45 19.53 19.59 

8-10 .. .3 .. 3 .5 .5 .5 .s 
78.94 19.13 19.27 79.35 19.44 79.50 79.58 

10-12 d .3 .3 .5 .s .5 .s 
78.94 79.11 79.26 79.33 19.42 79.50 19.57 



par.nnl.41 forage are below 200 kg alba and with stocking 't.te 0 .. 1 
sheep/ha .tbe highest nat prG.ent value of $81.48/ha oeeura wben 

ephaHta.l av_lIability1. witbinthe 1:ange of 200-400 kg tbifha 

cOIIbined with perennIal. at 1200 ... 1400 kg &a/ha. 

Table 4lndi1:.teatbat the 1)pti .. l .t~cking rate fox 1Ieaaon 2 

ia 0.5 ahee'P/baover the whole range of the available vegeU':.tion. 

Thi. ia Ina,re'J~'mt vlth thell!'Xpectatlon tha.t a heavle~ stocking 

"tate should 'beeaployed duri~g ..ea.onwhen. rainfall is lIOre 

'likely to occur. l'henet prfUJf1nt 'val~e. as.in increase with a riae 

in perennialfC)rage level. and sbow no _,.atellatic pttlttern of 

change wlth tnc~eaalng epheHr.l,forageblo..... 'l'be lQ1Iest fiet 

present val~e of $82.92 occur. wIth the lo,.-estfo-=age 

avail_bit!es, 0 ... 200 kg d./hafor both ephe_ral .andpex-ennlala. 

The highest IUlt present value ·of $8'.24/ha occurswh~n availabl~ 

epbeaeralforage is in the 0 ... 200 k&dm/ha range. and ~ljrenn.ial 

forage is in the 1200 .. 1400 kgdll/ha range. 

Table 5 lndicate.that opti •• l stocking rate sene rally 

Incroaaes with increas.ing availableforagfil" The opti .. l stocking 

rt1lte, areO.l sheepAul for 10wa'Vailablility ofpereliniala (Le. 

roughly below 200 kg dat/ba>. 0.; 3 iSbeep/ha for lHdlUliaval1abJ.l1ty 

(.1.e.. about 200 .. 800 leg cbI/h.) , and 0.5 $heep/ha for high 

perenni"l ,availability U .. e. IfOrt.tthan 800 kg "-/ha). although 

the.re are .solie exceptions. The net present values for season 3 

rise with perennial forage availability, but show no systella.tic 

relation to available ephemeral forage biOMass. The ainialal value 

of $78.88/ha occurs when the available forage is 0-200 kg ds/ha 

for both ephemerals and perennials. The highest net present value 

of $79. 60/ha occurs at the c01lbination of the ephelleral 

availability of 200-400 leg dm/h~ and the perennial availability of 

1200·1400 kg dm/ha. 

Co~par1ng optimal stocking rates a.ong the three seasons, it 

can be seen that the stocking rates 1n season 2 are greater than 

those in season 1 and the stocking rates in season 1 are greater 

than those 1n season 3. The net present values among the three 

seasons also follow the satla sequence as the opt1~al stocking 

rates. These patterns are consistent with the expectation that 

higher stocking rate should be optimal for a higher probability of 

increasing forage availability which could result from a higber 

probability of rainfall events. 

Marginal value (or shadow price) of the state variables are 
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givenJ,y the ,p,rtl_l d$rlv.tivttsottbe optl •• lv.l~ ,func;tion 

"(al. Mldl re.pec;t toth. • tate ",_rubles.. The df.sctel:e 

.pprQxi .. tlQQo£ _~gtn_l value... -of 'Ptrrenntal a~ .pbeaer.l 

£or:ageblou.....J:.c41c;ql.t~ul. fr. rab1.3 to Sand .. Sivenb,. 

Tabl. ~atQ 6c and Table '1& t~1cftrG.e.~tlvely* A_illustrated 

byt.ble6.to6c .. r~lnal value of perennial for.ge 1- .positl". 
evary Whe~e andgonflral1y 4ecreas,."lth the i:ncte •• lng 

.v.1.1.btlitl •• ~Table1a to 7(:. in<lleate that the i_~ginal v.I",- of 

IIpbeltOral ~fota$e isnelgatlve fo~!tbe high aval1abltl~8 but 

pc>siti:vC! ·for thelOl!' '.valla,billti.s ~althou$hthere4re 8Q1le 

,xcaptions ina ••• on 2,~ t;~parl~& the mapit\me ;of ... tgln,.l valu •• 

9f eplte.X'al and ,perennial. fotase. we can.clal.that th' per.nni.l 

forage ia.,te iIIportallttball eph,.r.l forage Inllak1n& ran$e 

*anage-.enedeclalona.C"parlng _~glnal -values 'Of -perennl.1 fotage 

aIIOru~three seasons ,we know tbau;the perennial forage ia .,.t 
iapo.ttant <J\lrlng dry seaSQn (season .3). but less important when the 

Beallion 1. wet (season 3). 

TIl.,optl.,.l decision rule Q{stoc:kln& rate. detivedfro. 

usinga!l info~tion available in th$ beginning period (season 1 

in 1982) is 0.5 sheep/ha and tbe net present value is $79. 74/ha. 

the decision role of optimal stocking rate afte»: 1982 c.nnot be 

deterlllne(i until the value of tbe atate variables are observed artd 

the entire approximatiolt computational process wlth the obse-.:ved 

data Is repeated. Howctver ~ the aSYllptotie optimal decision rule 

derlvGd froll the siJapl1fl"1 model can bfl) used as a geneTal guide 

for the cbQlc.;e of stocking rate. 

D1.cuI.ion 

Optimal stockitlS. ra.:es increase with increasing available 

perennial vegetatiun more so than with increasing available 

ephemeral forage. The associated net present values also increase 

with increasing available perennial forage but show no systematic 

pattern of changes with increasing epbemerals. These patterns are 

caused by the strong Markov chain in the perennial forage biomass. 

Generally speaking, the higher autocorrelation exists in a state 

variable, the better the state variabl$ can capture the essence of 

the systefl a.nd vice versa. nlUS. optimal stocking rates and net 

present values would be affected mainly by the variation of 

perennial availability. 
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TABLE 6a MARGINAL. ;VALUr:S OF PERENNIAL 'FORAGE T:l!OJ1A$Sf'ORSEASON 1 
sis .. ;' .••. _.ca· ~=",.,,",n .••.• liI. ".111! .• , • n ... ill. ..,. .r 9 .••• .' ,_, • 

EPHEMERAL PERENNIAL :FORAG~ 
:FORAGE KGOM/HA 

603 
693 
620 
511 
549 
'559 

43 
43 
39 
S8 
57 
58 

TABLE6b MARGINAL VALUES OF PERENNIAL FORAG,E BIOMASS 'FOR SEASON 2 
.. lit. ' .• a • I ~ . iIl.1 I., •• I! q P ..... S .,.. 

.EPHEMERAL ,PERENNIAL. FORAGE 
FORAGE KG DM/HA 

100 
300 
500 
700 
900 

1100 

453 
373 
429 
419 
414 
412 

,.. ,4 

- ... ----ce:nts/k9 dm-~-';"--
153 88 36 Z 
219 25 98 2 
208 10 58 1 
148 91 35 2 
141 92 39 1 
141 90 41 18 

75 
15 
71 
68 
68 
SI 

TABLE 6c MARGINAL VALUES OF PERENNIAL FORAGE BIOMASS FOR SEASON :3 
ill. • • a.B. t r • 1= as 

EPHEMERAL PERENNIAL FORAGE 
FORAGE KG DM/HA 

KG OJ1/HA --Ioo=§oo--aoo=soo--SOO=7oo--705=90o-90o=Iioo-rioo=I3o0---'" 

100 
300 
500 
700 
900 

1100 

505 
567 
487 
507 
479 
430 

------cents/k9 dm------
428 225 182 237 
391 190 234 209 
357 180 249 176 
346 201 234 193 
348 197 234 152 
366 182 238 198 

194 
182 
198 
171 
212 
173 

------------~~----------------------------------------

" ... 



T ., 
TASLE' 7~MARGINAL VALUESOFEPHe:t1ERA~FORAGEeIONASS FOR SEASON 1 n.,T."IlI, I;U\lFilIIjaW ... _Rj:ci,' .. m 1" II .~.!,"II!I._,.A ,_ '._ In 

EPHEMERAL l'E:RENNIAL 1=ORAGE 
f'ORAGE.KG DHIHA 

KG DH/HA ~*'"-iOO-~--300--~500---~7QO--""-90o---rIoo-""-raoo--~""'---
\...w;..'. "},,' lss:asWl., 

100-30Q 6 
300~SOO 87 
500-10027 
'100-900 8 
900-1100 -37 

,. . .. tJ 

------·c en .t$/k 9 dm ........ ----
9.6 82 34' 9 18 
14'25 -403 ·~5 

.... 22 44 65 -36 -40 

.... 15 -10, -1"1 -20 -22 

.... 27 -31 -40 -25 .... 36 

18 
-9 

-21 
-23 
-36 

TABLE 7b MARGINAL VALUES OF EPHEt1ERAL FORI\GEBIOMASS FOR SEASON 2 . I. .w ••••. sm IF. • r 11 F111.el 

EPHEMERAL 
FORAGE 

100-300 
300 .... 500 
500-700 
700-900 
900-1100 
... 

PERENNIAL FORAGE 
KG DM/HA 

- ....... _-. .... cent:s/k9 dm .... -----
-73 -7 -71 -9 -9 

61 49 34 -6 ·7 
-7 -67 15 -9 -8 

-11 -18 -17 -12 -13 
-9 -9 -11 -9 -8 

.... 9 
-10 
-11 
-13 
-9 

Ntr. Sill. 

II 

TABLE 7c MARGINAL VALUES OF EPHEMERAL FORAGE BIOMASS FOR SEASON 3 
p, -. - ) 

EPHEMERAL PERENNIAL FORAGE 
FORAGE KG OM/HA 

KG OM/HA ---Ioo----aoo----SOO----700----90o---ilo(j---Isoo-------
• 

100-300 
300-500 
500-700 
700-900 
900-1100 

33 
126 
-22 

4 
5 

95 
46 
-1 

-25 
-45 

------cents/kg 
59 24 

-12 2 
-13 8 
-22 -21 
-27 -41 

• dm------
76 48 36 
17 -17 -1 
-7 10 -17 

-26 -67 -26 
-37 9 -30 

• 



Th' i.tgin.l"~l\le.' Qfllph •• r.l for.ge~n~e lltitgat1vefflt' 80ae 

h~sb'J; t.nse.. Xhtlphel'lollenon '-..1 b." c&iWSeclbytbe faettbatthe 

ephe.ral f9f4ge d.,;y outv"r:y'ctu{ ~~lyafldtll_tr d~,e.tlbl11tte • 
• 1.oc1ropv~ty fast wh,n the ."$ll .. 'bl11tYQfephettetalJ:o;age 1s 
h,f.gh ~'lh'lo..,e.r ;d~8 •• t:lbiU.ty(1f.phe.talfol'.8. would +edu~etbo 

total.. dlge,tlble 4ryrs.ttet 1ntakeQf .shea.p ·to .n e~tentthat the. 

tot.l lloo1p..-oduction;statt$ tode,:line ~ 'Thus .tb.;"'J:gi,,~l value 

ofephelll.tS.t fOfag. wJll .m, ne, •• tlve.atsOJIe 1.11010£ the 

ep'he-.tal, .tot-sa bio..... tho ·.fgtn_l ".lu~sof 'l'et-eJ\ili«l.lfpr&ge, 

$,1) se •• 9n3, are theblgbe.t ttJtlle· ye.r. Thl.lndlc.a.teatbat the 

p~t'.nnlal fqtllge 1s very lup()rt.n~for ,beep survlval dgrlng.the 

d9 •• a$or,abecauae th_r.·.teonly.ca'i'C~ ~l'he.etalfqJ'.$. 

aval1abI~ .to.heep. 

The! optl .... l .tq(!~f.n& t:4tes for ."a.Oll 2 ate.~O ... 5 .$heep/b.cver 
tbewbQlf rage·of forage 4Va1.1-.bl11ty. Thl._ylndicate that tha 
upper li.it c>fthe rangelo'¥: •. toeld.pg ratesnQuldbelncre4sed. 

However t 1>ptl ... 1 st:ocld:ngrat.. for .. 11 three seasQU$. in this 

stUdy .r~ 6eriv.d. c:mthe assWlption that the costs of stoc1(lng 

ra.te adjus~ent &mQngthreeseaQqn$ 1;\1:. ~eJ;o and n~g11&lble .• ln 

xeallty, 1f the adjustment eost •• reexpennlve the aodel should 

take thelll into account ,ana the opel.al stocking rate so derived 

wouldb~ IlUch l()wer. 
There ate problems in simplifying the aode.l. As Ilentioned 

before it was hoped that the .odel of only three state variables 

might catch the essenC6 of the original $Iode1 due to the linear 

correlation between perennial forage biomass and desirable 

perennial plants. The results presented above suggest another way 
to simplify the model, which only containing the following three 

f h state variables: total. forage availability St+St' desirable 

perennial plant density s~ and desirable perennial seedling 

density s~. Since thb ephemeral forage biomass is relative 

unimportant it can be added into perennial forage to form a total 

forage availability S!+S~. State variable, season, in the original 

model is dropped because we will aggregate the seasonal model into 

an annual mode.l to reduce the time lags. However. in the 

aggregated annual model we have to pre-specify the stocking rates 

aDiong three seasons. Although titis is a major shortcoming in 

aggregating the model it can take stocking rate adjustment costs 

into account because each pre-specified stocking rRte will incur a 

different costs. Desirable perennial plant density should be 

25 



exp1.t~ltl1 t.lCen into Account dUel to tll.,. a.t;:z:cngtfat'kov <:haln .. 

Slnc~ therct ~u:e e.o yeat~f9ta you.,gfJeedll"g toreacb JI~turlty ell 

dlsti:ngu!shbetwe.n 'pdpul.tton$(i.e. CQhQtt') of :young plant and 

adult l>lant •• )'be iapPJ:t$Jtt. Thet~ l1f .n~vltJent n~~4 to te,$t; ~h~ 
optblaldf:cltdoll$ derlved' by thes.tv( different type$ of 

,irapliflcaltons • 

!hit uethod ~~quired tod~rlv~oPti.al decls10ns on wbether to 

apply a ~ultural tr~.tJl8nt"willva.rywttb the type (,'If treatment. 

If'tb~ application ofa treatment is a pet:iodic decision such as 

r'!llefl4inlh·c:leultlng bush. cbe¥d.cal. sp~a11ngt ff;!nc!ng. etc, sotbat 
its .ffectonly lasts for _ 11.ite~ period, tbenthe optimal 

treatllentdJcislon ntledlJ.t.oba det!!ved.by,<:ollbining the tr~atment 
deci.lon wJ.tbchoiceof stock1.ng rate; .thus increasIng the 

di.,mlion of decision st'ace~ The opel.al freq\len~1 qf treatment 

appllc::ati()n will be fln itrportant decision to- be nt.de, and could be 

determined by adding anoth8r$tat~ v.tiable F. w~t~h is number of 
pe.rio.ds since treatllentwas last applied" Note tb4t such. 

vatiable F ;ts deterministic and s\lbjecttQ' the foll9wing 

transition equations: 

F t+1- F t +1 for not applying treatment and F t <Fm 

-1 for appty1ng treatment; 

-F. for not applying tt'eatuent and Ft-Fa 
where Fa 1s the periods over wbleh treatllent effects persist. The 

variable F affects the transition probability of range dyn$mlcs. 

The optimal value of F so derived Is theoptillal frequency of 

applying It treatment for each range condition. 

lfa treatment is not a periodic decision such as ponding 

and/or cultivation which are both "once in a life·tlme" decisions, 

the treatment effects can remain indefinitely. Thus, the optimal 

frequency of ap~llying the treatment is not important, and whether 

to apply the treatment or not at current range condition turns out 

to be the only decision required about the treatment. And the 

optimal decision can be derived by the above analysis. 

Futher revision of the simulation model also is needed. 

Three important factors currently omitted from the model which 

need to be included are: firstly, the effects of other animals in 

the paddock such as cattle, goat, kangaroo and rabbit; secondly. 

the variable of dry forage biomass; and thirdly t the costs of 

stocking rate adjustment among three seasons. 
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Tbis paper u:u,ll:t;'S~OCh~8tic dynamic pfogranmtl11g to solve the 

ran&e~eg~nerat1Qn"anag~lI~nt problem with t8$pect: to de~:f.$ton$ 

about: 5toc.klng 1:'.t8:. D(i~laloM about. wh~ther t(1 8llPly a trea,tUtettt; 

9J: not cAn b~ dec:endned after the d.er.ivation of t\te optimal 

tttocking tate •. A sll1ul.tlon lIod.l Was developect. toinv6stigatethe 

veget;stiQi) X'es.ponse,to cult\'\r~l treat.-ent.s and d:;'fferent stocking 

rates. Tr4n~dtlon probabtlitles were detlved by slDJpllfylng this 
__ odel~ 

The optimal decision rule was del:'lved by, an approximat.ion 

method to reduce the &tatespace" The asyntptotlc optimal decision 

tule is periodic stationary l co.rretlpondtng to the three ralnfall 

seasons. As would be e~pected; higb stocktng rates are optimal in 

the high tainfall se~sont and low stocking rates are best in the 

dry season~ The marginal value$ of perennial forage biol1ass are 

positive but those of~phemerBl forage C8n be either PQsltive or 

negative. The perenn!al forage biomass seems to be more impc;rtant 

during the dry SeB$OU when available fora&~ 1s l'elatively searce. 

Although the solution presented is preliMinary it itl consistent 

with conventional wi$dom about choice of stoeklna rate for range 

regeneration under uncertainty. Further research bl needed to 

validate the simulation model and to test the near-optimal 

decision rule derived in this study. 
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