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Abstract

This paper describes an adaptive agent model of rangelands based on concepts of complex
adaptive systems. The behaviourd and biologica processes of pagtordigts, regulators, livestock,
grass and shrubs are moddlled as well as the interactions between these components. The
evolution of the rangdand sysem is studied under different policy and inditutiond regimes that
affect the behaviour and learning of pagtoradists, and hence the date of the ecological system.
Adaptive agent modds show that effective learning and effective ecosystem management do not
necessarily coincide and can suggest potentidly useful dternatives to the design of policies and
inditutions.
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1. Introduction

This paper explores the widespread problem of how to avoid a long term decline in productivity
in savahna rangelands due to grazing, while gill mantaining a liveihood in the short term
(Walker 1979, Tothill and Mott 1985). We ded only with commercid systems, where changes
in vegetation dructure and soils are common causes of declines in productivity.

The problem arises out of the change from the pattern of vegetation use by wild animas
on open range under which the ecosystem evolved, to the present patterns of use on commercid
holdings. The former condsted of intermittent grazing by mobile herds, often of mixed grazers
and browsers. Grazing pressure was usudly lower than now, and fires rdaively frequent. The
system was adapted to rainfdl that is highly varigble in time and space. Under commercia
management, the pattern has changed to one of congtant, heavy grazing in fenced paddocks,
often with permanent drinking water. This can lead to a reduced grass cover, little build up of
fud and infrequent fire. Browsng animds are uncommon, ranches being stocked mainly with
sheep or catle, both primarily grazers. Ther feeding generdly does not suppress shrubs.
Common conseguences are an increase in woody plants, and a decline in grass production per
unit of rainfdl (Stafford Smith and Pickup, 1992). These effects are recoverable to an extent,
depending on the attributes of the landscape and the reduction of grazing pressure. However,
de-stocking is expensive due to income foregone. Factors influencing range managers decisons
include the policy and inditutiond environment, and financid, forage and anima production
congderations. In this paper we focus upon interactions between the policy and inditutiona
environment and pagtordists decisons. This is because of the potentid for effecting
widespread changes in range management through adaptive changes in policy and inditutiond
settings (Abdl, 1999).

The evolution of scientific understanding and policy advice for rangdands under grazing
has progressed from a rather naive modd based on linear, reversible successon (a too-litera
interpretation of Clementsan theory), through recognition of hydteress effects in recovery from
loss of potentid primary production, to the devdlopment of multiple stable state models, a
pragmatic verson of which is the state-and-trangtion model (Westoby et d., 1989).

An agpproach that gives useful insghts on commercid systems is optima control theory,
in which it is assumed that the manager maximises some index of wefare (usudly net income)
over a specified time under a given discount rate (eg Per-rings and Walker, 1997). The criticd
assumption is thet the manager is maximisng a smple objective function, and is willing and ale
to adopt optima patterns of stocking and burning.



An dternative gpproach, the subject of this paper, is to condder the rangeland, the
pastoraists and the policy makers as a complex adaptive system (Holland, 1992; Abel, 1998).
Complex adaptive systems can be studied by adaptive agent models that ded with a population
of diverse and interacting agents (eg. Janssen, 1998a; Carpenter et. d., 1999). Behavioura rules
a the levd of individud agents lead to emergent properties a the macro level. Instead of
traditiond deterministic equilibrium seeking modds, adaptive agent modes evolve, leading to
irreversble dructurd changes. Externd and interna disturbances prevent the system reaching
equilibrium.

A recent specid issue of Science (April, 1999) gives an overview of disciplinary studies
of complex (adaptive) systems. In this paper an interdisciplinary, or integrated modd is
discussed. Integrated models combine simplified versons of expet modds of various disciplines
(Janssen, 1998b). They combine socia, economic and ecologica sub-systems. One purpose of
integrated models is to develop principles for managing and adapting to red complex systems.

Our rangdand model congsts of ecologicad and socio-economic sub-systems. The
ecologicd sub-system is a smplified verson of more comprehensve models. Relations are
empirically based. The socio-economic sub-system describes the “regulator” and the behaviour
of pagtordids. The regulator comprises the policy and inditutiona environment within which
pastordisgts make management decisons. The socio-economic sub-system is based on theory
and evidence from psychology (Abedl et a., 1998; Jager et d., 1999), culturd anthropology
(Thompson et a., 1990; Janssen and de Vries, 1998), economics (Ellis, 1988, Smon, 1947), and
organisation and management (Roe et d., 1998; Sandford, 1983). Its palitical-economic
background is in Abel, 1999.

Potential decison rules for pastordists were developed in discusson with experts on
rangdand management and smplified for the modd. Both the decison-making environment
and the pagtordids decison rules necessarily lack the complexities of rea systems. We believe
they retain sufficient complexity for the purposes of this paper, which are to:
¢ dudy paterns and emergent properties arisng from interactions between the smple decison

rules of policy makers and pastordists and the dynamics of the rangdand;

o track and explain the evolution of smulated populaions of pastordists and the condition of
the range under different regulatory regimes,
+ contribute to the development of generd principles about management and adaptation in

ecosystems.



The paper has four parts: 1) a modd of the ecologica system, 2) an account of the socid and
economic system, 3) a description of the overdl mode and the results of a number of
‘experiments usng the modd, 4) a find section on the ingghts gained and the implications for

further work.

2. The Ecological System

2.1 Model Description

Essentid biophysicd variables and their interactions, depicted in Fig 1, are sheep, grasses and
woody plants. The model includes one hundred management units (pastora properties, or
ranches) which can be in one of two kinds of land system (Speight, 1988; Walker, 1991). Haf
the properties are in a land system with massive red earth soils prone to erosion and surface
seding and supporting grasses and mainly inedible or inaccessble woody plants. This is
referred to as the ‘mulga’ (Acacia anew-a) land sysem. The other haf are in a drier, more
cacareous land system with edible, chenopod dwarf shrubs and grasses. The biophysicad modd
is based on Perrings and Walker (1997), Ludwig et a (1997) and Moore et d. (1997). It takes
into account the growth of grass and woody plants in response to rainfal, and the effects of fire,
grazing and browsing. The rates of grass and woody growth are modified by competition
between themsdves and each other. Smaler, younger woody plants have a greater inhibitive
effect on grass growth per unit of woody plant biomass than do larger, older woody plants. To
capture the essential dynamics of the sysem over time, including lag effects, a number of
ecological processes are included. It is this set of interacting processes that gives each rangeland

its characteristic behaviour, and it is what managers must manage. The processes are:
1. Reduction and recovery of potentid primary production.

Change in the productive potential of the rangeland is reflected as a change in maximum possble
grass production. Grass growth in response to a unit of rainfal is a function of the ecologica
date of the system, which is determined in this modd by grass biomass itsdf. If, through heavy
grazing, drought or a combination of the two, grass biomass remans below some minimum
threshold leve for more than one year, there is a decline in potential production (through
reduced water infiltration and loss of perennia grasses). The process is represented by a
progressive reduction in the maximum potentiadd grass biomass (gy,,) down to some minimum
proportion of this vaue (O-l) depending on the kind of rangeland. Removing grazing pressure
after potentia primary production has been reduced alows the system to recover, and potentia
production to increase gradudly. The extent and rate of reduced potentid primary production as
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well as the recovery rate (with recovery being generdly dower than reduction) are determined
by the kind of land system. For the purposes of our model we equate the changes in the
parameter ‘q’ with the loss and re-establishment of the spatial processes described in Tongway
and Ludwig 1997. The actud spatid dynamics of run-off, run-on and soil nutrient status that

underlie the net effect are much more complex than our modd dlows.
2. Changes in woody plant densty and biomass.

Both the biomass and dengity (number per unit area) of woody plants are important in the
dynamics of the rangeland. We need biomass to calculate browse and the dendties of plants in
various age classes in order to capture the time course of shrub encroachment and its effects on
grass growth. Woody plants are determined initidly in terms of dengty, cdculated for four age
classes - seadlings, establishing young plants within the grass layer, middie aged and old shrubs.
For dl but the seedling age class there is a mortdity factor dependent on the amount of woody
leaf browsed, rainfdl and fire. Individuas move through these age classes with seedlings
germinating when rainfal is above a threshold. Egtablishment of germinated seedlings dso
depends on the amount of competition from grass and existing woody plants. Leaf biomass is
determined from a regresson equation averaged for eight shrub species, relating shrub height to
lesf biomass (Harrington, 1979). Seedling contribution to total woody lesf is negligible and
ignored.

The intengty of the fire is dependent on the fuel load. The decison to bum is driven by
the dengty of shrubs in the establishing age class and the fud load a which a pagtordigt is
prepared to bum. Fud load is the grass biomass remaining after grazing. It can accumulate to a
maximum level, beyond which decompostion more than offsets the rate of accumulation. In the
event of a fire the fud load is removed, grass biomass reduced and shrubs are thinned

differentidly depending upon their age class and the intengty of the fire
3. Livestock and wool dynamics.

The number of sheep changes through births, deeths, sdes and purchases. We exclude additional
grazing pressure from wild or ferd animas (eg kangaroos, goats). Saes and purchases are dedlt
with in the next section. Mortdity and nadity are linear functions of the amount of grass and
woody browse available for consumption. As forage increases above the amount required to
maintain an animd, the growth rate increases to a maximum leve. Likewise when forage fdls

below that required to maintain an anima, desth occurs and increases to a maximum rate.



Forage consumption per head of sheep is a constant. We do not include mortaities due to
factors other than forage.

Potentid wool production declines linearly when green lesf biomass fdls bdow a
threshold of 75kg/ha (Freudenberger, 1999). For this moded we assume, firdt, that the livestock
produced or bought in the current year do not contribute to that year's wool yield and, second,
that al leaf is green and includes (by definition) that available as woody browse. Note that only

chenopod browse is available.
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Figure 1. Reationships amongst the main varigbles in the ecologica system.

2.2 Model equations

The equations for change in the four date variables, grass biomass (g), dendty of woody
vegetation (d), leaf biomass of woody vegetation (w) and livestock (x) are as follows:

Giri= 8= P O Vi2® it(1-Cop8ir /A Gmaxi—q(8ir) )-Cwgit Wit/ Wmasi )- Wit OTit )-b(8it ) 8t (1)

where:

gir= Orass biomass for property i a time t,

f = the rate of regeneration of grasses a time t,

vie= ranfal modifier coeffident [min((rf;;-100) /500,1) rf;; = rainfdl for property i a time t],
cgg = intraspecific competition between grasses,



= maximum potential grass biomass for property i,

8 max;

q(g;) = reduction in gmax — ad“.(gmi - p,..gmaxi)
where:
ad;; = the accumulating reduction in potentid maximum grass biomass can increase to a
maximum of 1 or decline towards O depending upon: ady+1)- adis = Freaikis = Yreci-(1-kif)
and:
Iveqi = reduction rate for property i (constant)
ki = 0 (normaly) or 1, when grass biomass fals below a threshold vaue (gd) for two
consecutive years for property i a time t,
T'reci = recovery rate for property i (constant),
pi= proportion by which gmax Can be reduced when potentid primary production is at its
minimum for property |,
= competition coefficient for the effect of w on g for property i at time t

CWK

3 4
= (cwgmax - CWgrmn).hglzdiht / hgzdlht + ch min

and:
Cwg,, = Madimum w/g competition coefficient
Cwg,, = MinNimum w/g competition coefficient

din = dengty of woody plants for property in height class h (for h = 2-4) at time t caculated

d sy ™ dine = d i(h—l)l/ Aip-1 -diht/aih.g)m‘ -m,. dn = fh(git) (2)

where:
a;, = average time of woody plants for property i in age class h.
m;, = mortdity rate of woody plants as a function of browsng and rainfal for property i a time t
=1-(Mpmax- 0N (rfi/ 1 faroughs, 1)(1-(BrifWig)+ Mpgy 1)
and:
Mmax = Maximum mortdity rate for woody plants
Ifarougns= ranfal below which mortaity of woody plants will occur.
bri; = woody leaf biomass browsed on property i a timet =
min(x;.cf. @, wi, /(8 6:. wi)).0: wi)
and:
x;; = livestock dendty on property i at time t:
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Xitt1 = Xip = O xit (1- (Y(gn ,br” )+ br,, )/(8,-, + brn )) - k'xit +ui 3)

where:
o = the maximum growth rete
Y ginbr;) = grass biomass removed by grazing as a function of grass biomass and browsing
=x,.cf=br,
and:
¢f = grasslbrowse consumed per head of livestock,
K = maximum deeth rate of the herd,
u; = herd offtake/addition for property i a time t determined from the socio-economic modd,
6; = percentage of woody lesf available as browse for property i,
w; = totd woody leaf biomass for property i a time t caculated as:

4

Wit = h%e—2.254 +2551 ln(hgtih)diht (4)

where:

hgt;, = average height for property i, of woody age class h,

fu(gir)= the rate of depletion of woody plants due to fire for property i in height class h a time t =

min(0.5.@ .1/ & e »w)-lds

and:

@, = maximum proportion of woody densty destroyed by fire in height class h,

li; = fuel load for property i at time t where: [, =1, =g, ~Y(g,, br,)—1d, ® lit

ld;, = fire decison for property i at time t determined from the socio-economic mode
diy = dengty of germinating woody plants for property i, for agelheight class 1 at time t
calculated as:

din=4dg,v, (I—wa~Wit/Wmax,—CgW'git)dmax )

where:
dgi: = switch for germination for property i a time t, st to 1 when rainfdl is above a threshold
vaue (rg) othewise O (N0 germination)
cww= Intragpecific competition between shrubs
Wpag- =Maximum woody leaf biomass for pagtordist i,
9



Cow= COMpetition between grasses and shrubs

dpa= Maximum number of seedlings

b(g;,) = rete of depletion of grasses due to fire & time't, b(g,) = 0.14,
where:

0 = proporti on of grass biomass destroyed by fire

Wool production is cadculated as.

wp, = (i —A—(y(g,.br,) +br,) (g, +br,)wp,, wn(g,w, (6)

where:

wp;; = wool production for property i at time t,.

Wpmax= anua average greasy wool production per sheep.

wm(gi,w;ir) = wool production modifier which is set to 1 when avalable forage (gi+0.wi) IS
greater than 75kg, otherwise = 0.0053.(g, + 6, .w,) + 0.6
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The initid and maximum vaues of the date vdues, and the parameter vaues in the example are
presented in Table 1.

Table 1 Parameter values of the ecologicad modd.

Mulga (i=1-50) Chenopod (i= 51-100) al pagtoraigs (i=I- 100)
gmax = 800 8 max= 600 xip = 0.1 d pax= 5000
War= 3000 Wmax = 1000 gio = 400 6=02
rea = 0.015 Tred = 0.01 dino =0,1000,1000,100  a;#=1,5,20,24
Tree = 001 ¥ rec, =001 adp=0 Mynax = 02
gd = 100 gd=50 1i0=0 f. drought = 200
p=102 p=206 B=3 a=03
rg = 500 rg = 400 cgg =1 k=0.l
hgt; = 1 hgt _-.5 cgw = 0.8 cf =400
hgt; =2 hgts__1 cww =1 ;= 0,0.9,0.8,0.6
hgty= 3 hgty_<15, CWgmin=. 6 WPmax = 6
6=0 8=05 CWEmax = .8
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Figures 2 and 3 present the results of 200 year smulations of the ecologicd modd for the mulga
and chenopod rangelands, under two extremes of management -~ a very light grazing pressure,
and a heavy grazing pressure induced by maximum stocking rates.

3500
(a) -grass
3000 —\y0Od
32500
e
22000
&
®©1500
5
o 1w
500 “
0 T l I 1 1 i T 1
0 25 50 75 100 125 150 175 20(
timeinyears
3500
(b) -grass
3000 “wood
—~ 2500
©
£
£ 2000
PRVAN
(W] -
£ 1500 / \ /_\A/\ /\/‘/
Q
Q
1000 \~ N
500 l WMM\/-A ’\M‘m‘“
N

T

0 25 50 75 100 125 150 175 200
timeinyears

Fig 2. Grass and woody leaf biomass at a low stocking rate with (@) and without (b) fire.
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3. The Socio-Economic System

3.1 Introduction

Socid science theory deding with decison making is divided by scde and discipline.
Psychology addresses persond decisons, anthropology operates at culturd level, sociology is
concerned with whole societies, while neo-classcad economics deds with economies as if these
are separated from society. Linkages between disciplines and scales are a best weak. Thus neo-
classcd economics uses utility-maximisng models that are contradicted by empiricd dudies of
decison making (Smon, 1957; Ormerod, 1994; Thaer, 1994; Loomes, 1998). In these
circumstances we used dements of socia science we thought important for our purposes, and
which can be incuded in a formd modd. Although forma modds cannot include behaviour
that approaches the sophitication or subtlety of decisons made by red people, they are clear in
their assumptions and the resulting consegquences.

Socid scientists have used computers to Smulate behavioural and socid processes since
the early 1950's. They are now exploring new ways of modeling human behaviour with
techniques such as cdlular automata, genetic dgorithms and neura networks (Vdlacher and
Nowak 1994; Gilbert and Doran 1994; Gilbert and Conte 1995; Conte et a. 1997 and Liebrand
et a. 1998). The generd feature of this new work is the use of amulaion models of interacting
agents to study socid processes in smple and complex environments.

3.2 Mode! desciption

Two leves of socid behaviour are distinguished, a two different spatid scdes the pagtordidts
who manage their own land, and a regulator who atempts to influence the behaviour of dl the
pastordids in the region.

The pastoralists

The behaviour of pastordists is based on theories and modeling approaches from bounded
rationdity (Simon, 1957, 1996), socid psychology (Jager et d. 1999), and mentd modeds (Abe
et a., 1998). Decison rules were drawn from empirical and moddling studies (Carman €t d.,
1998, Foran and Stafford Smith, 1991; Noble; 1997; Hodgkinson and Marsden, 1999; Buxton
and Stafford Smith, 1996), and interviews with knowledgesble professonds from CSIRO
Wildife and Ecology.
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The population of one hundred pagtordidts differ in ther financd and cognitive abilities, ther
perception of time, and in the utility they derive from consumption. Both commercid and life
dyle pagtordists can have long or short time horizons. Those with long time horizons pay more
attention to the quality of the rangdand compared to those with a short time horizon. One type
of pasordist is assumed to reach a given leved of utility with a reaively low consumption level.
They choose to live in the rangdand because they enjoy the lifestyle. The other type, the
commercid pagtordidt, is motivated purdly by the financid returns from the land. We
acknowledge that this is a great smplification, and that many of the factors that we know drive
behaviour are omitted (family sze, skill leves school fees, externad income and so on). The
level of amplification is appropriate for our purposes.

To determine the levd of consumption we take into account pagtordists financid
resources and utility functions, as reaed to life style. Financid resources in any year comprise
net income for that year plus any surplus carried forward from the previous year. We assume
that a padordig consumes a minimum amount thet leads to a minimum leve of utility Upin.
When financid resources are above this minimum levd, utility rises with consumption. Any
financid resources above a certain level (Rpax) (¥ha), are consumed and increase utility.

The utility function, U;, of pagtordist i is therefore:

U=In(C®) ()
with

Ci=max(exp(Umin)"®, Cri * inci, Riy = Rmax)

where consumption is denoted by C ($/ha/yr), and parameter o determines the degree of
satisfaction per unit of consumption. R; ($ha) is the financiad resources (cash held) of pastordist
I, in a paticular year; c,;j, consumption rate, is the percentage of the yearly income. An amount
1-c;;, is carried forward to the next year to contribute to financial resources. The term ing;
($/ha/yr) is yearly gross margin from sale of products. Depreciation and fixed costs are ignored.
Financid resources change due to revenue from wool, sheep purchases and sales, debt
repayments and consumption. Due to uncertainties in rainfal, grass biomass, wool price, and
growth of the sheep flock actud income may differ sgnificantly from expected income.
Pastoralists may have debt repayments, db;, and this debt increases when financial resources are
negetive, in line with the interest rate, int. A pastoraist may decide to buy sheep for the price of
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Psv €ach if the actudl stocking leve x; is not equd to the expected stocking level E[x;];,. The
pastoralist may aso sdl surplus sheep a a price pgs (<psp) ($/sheep) eech if the property or the
sheep are in poor condition.

The net income, Inc;, is defined as

Inc; = Xi,t*meax*pW[ - (dbi‘l - int*min(O,Ri,t-l)) - max(O,Xi,t'E[Xi]t)*Psb"‘maX(O, ‘E[Xi]t+xi,t)*Pss (8)

Where: X is the stocking rate; wpmay the amount of wool yield per sheep (kg); and pw is the wool
price (per kg) minus the variable costs of production, (per kg). Net income, savings brought
forward and consumption conditute financia resources.

Ri1=Rj;. +inc; = C; (9)

The expected stocking level of sheep at the beginning of period t is the lesser of:

e the flock sze reaulting from naturd increase

» the flock sze that would consume the expected biomass of grass (g) at the specified
consumption rate per head, cf.

E[x;] = min((1+0)* Xi 1 ,E[gil/cf) (10)

Debt repayment is assumed to be related to the interest rate, int, and the pay back period PBP
(years), and only holds when financia resources, RI, are negative. Debt payments make it
difficult for pagtordigts to return to podtive resources again. When negative resources fal

below a tolerable debt level Dy, then the pagtordist is assumed to go bankrupt.
dbi, = int/[ 1-( 1+int) *2P] * max(O, -R; 11) (11)

We condder two cognitive processes affecting stocking decisons. If a pagtordigt is satisfied
(9)he is assumed to process information automaticaly and show habitud behaviour. We assume
dissatisfaction when growth rate of stock is poor, or when grass biomass or financia resources
fdl bedow cetan leves Disstisfaction dimulates the pagtordist to consder changing
management. The pastordist may Hill be seen as an economicdly rationd agent who does not
gpend scarce time and cognitive abilities on complex problem solving when (s)he is dready

satisfied (Smon, 1957). From a psychologicd viewpoint, the hierarchical nature of persond
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condructs mean that individuas change their minds on mgor matters somewhat reluctantly
(Kely, 1955).

Decisions on stocking rate

So long as financial and ecological conditions are satisfactory, the padtordist will continue to
dock at a rate linearly related to expected grass biomass (E(g;)) and consumption rate (cf).
The sheep graze dl the adlowable proportion (ms) of the expected biomass. The number of
sheep is that which fully consumes the maximum alowable proportion of grass biomass, and the
pastordigts differ with respect to their perceptions of this proportion (ms). Equations are:

Xi = ms*E[g;)/cf; (13)

Elgile = gie1 (1+ grip *( E[rf]-gd)/rg) (14)

The expected rainfdl, E[rf] (mm/yr), is assumed to be a moving average over the last 5 years. A
refinement of the mode could be the introduction of different forecasting techniques. Some
pastordigts use high tech information on weather forecasts, while other wait and see. The
parameter gr is an expected growth rate of grass as defined below.

Mentad mode theory proposes that because humans necessarily abstract from complex
information, mental modds cannot be faithful mirrors of redity (Abd, 1998). Padtordists
mental modds were therefore congtructed for our smulation so they had imperfect
understanding. Theory also predicts that changes in mental models to accommodate
contradictions between the menta mode and incoming information are made somewhat
reluctantly (Kely, 1955). Therefore a pastordist will only update his or her mentd modd as
defined below if dissatisfaction with financia or ecologicd conditions exceeds a threshold. If
dissatisfied by range condition, they will reduce stocking rate. We smulate destocking by
assuming ancther parameterization of the linear relation, where ds ¢ ms.

Xi = ds*E[g;]/cf; (15)

If the pastordigt is disstisfied because of negetive financia resources, (he uses the ms-
equation for the stocking rate. If both the financid and the ecologica conditions are poor, the

financid gdtuaion is assumed to teke priority.
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Fire management

On mulga rangdands, pastoraists bum when the amount of young woody weeds (yww) exceeds
a certain threshold levd yww (kg/ha), and when enough fud ( grass), is avalable. The threshold
level yww is an individud characteridic of the pagtordist representing his or her understanding
of fire management. Pagtoraists who never use fire, because of its effect on short-term pasiure
availability, hence income, have high thresholds. Pagtordists who use fire intensvely to reduce
woody weeds have low thresholds.

Updating mental models

7edordisgs who are financidly or ecologicaly dissatisfied seek new ways of increesng utility
and are assumed to update their mentd modes. Vdues of parameters in the pagtordiss mentd
models of the rangdland system are modified accordingly. The parameter gr; , denotes the
expected growth rate of grass in reation to ranfdl, assuming congtant competition from shrubs.
According to the mentad modd, the expected grass growth does not change through small
changes in shrubs.

To determine the growth rate of grass in the menta modd, we fird assume that no burning
occurs and that grazing is zero. Then we can write grass biomass g (kg/ha) as a function of the

biomass of the previous period plus grass growth Ag
git = 8it-1+ Agit (16)

where grass growth is dependent on grass biomass, the actud rainfdl, rf; , and a number of
parameters and variables rlated to shrub dynamics and potentid primary production.

Ag = git1 B Vig (1-Cgg Emax = Cwe Winax) a7
We now can rewrite grass biomass as
it = i1 (1+viy B (I'ngcgmax — Cwg Wimnax)) (18)

we assume now that gr= B (I-C,, 8max = Cwg Wmax) Which can be assumed to be congtant in the
menta modd of the padordigt, which is now:

git = Zie1 ¥ (1+ 81 *E[vi]). (19)
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The expected rainfal modifier value depends on the expected rainfal, which is an average vadue
of an higtorica record, say 5 years. Note that grass growth in redity follows equation 18, where
the competition effect of woody weed on grass is variable as defined in the ecologicd modd.
The grass growth in the mental modd is determined using expected rainfdl insdead of actud
ranfal (eq. 19), and a congtant vaue of the competition effect from the last update of the mental
model.

“Renewal” of pastoralists

If the financid resources of a pastordist drop below a certain threshold value D,y , the
maximum tolerable debt level, we assume the pagtordist goes bankrupt and leaves the system.
The land may be acquired by a pastordist dready in the system, or by a new pastordist with a
random set of cognitive characteristics. We assume that the higher the financid resources of a
particular pastordist, the higher the chance that the renewed agent has the same characteristics as
the “fittes” pagtordidt, otherwise a new pagtordist with random characterigtics is chosen. This
Is implemented as in the following equetion

IF Ulumin , UmaxIKLN(MAX(R;)) THEN characterigtics of “fittes” exising pastordist ELSE

random new characteristics (20)

This says tha when a random number drawn from a uniform digribution U[] is lower than the
naturd logarithm of the maximum of al resources, the characteristics of the fittest pastordidts,
that is the pastordist with the highest amount of resources, is copied to replace the pastordist
who went bankrupt. Otherwise the new pastordist has parameters of the behaviourad mode that
are drawn randomly. An increase of the highest amount of resource leads to an increase, a a
decreasing rate, of the chance of copying, and a lower chance of introducing new behavioura
patterns.

This dgorithm has some amilarities with genetic dgorithms (Goldberg, 1989; Holland,
1992; Mitchell, 1996). Genetic dgorithms smulate the adaptive processes of naturd systems.
They have a population of agents who produce offspring that are Smilar but not identica to ther
parents. The number of offpring that an agent produces is determined by a fitness function. In
our moddl, the “fitness’ of the pagtordists is related to their financia stock. If it becomes too
low the pagtordist “dies’. If other padordigs are “fit” enough the fittest acquires the land,
otherwise a random new padordist comes into the sysem which may bring in a new
management style. This process will lead to an evolution of the characterigtics of the
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pasordigts. Given the socid and physcd environmenta conditions pagtordists with certain
characterigtics will come to dominate during the smulation. A key quedtion in this regard is
which characterisics dominate under which types of socid and physcd environmenta

conditions? An important variable in the socid environment of the pagtordids is the type of

regulaion policy.

The regulator

The regulator in our mode is a very smple representation of government. In line with the

notion of different culturd perspectives (Schwartz and Thompson, 1990; Thompson et a., 1990;
Rayner, 1990), we diginguish three different types of regulator: conservetion, stabilisation and
free market. A change in “regulaior” may in redity reflect a change in policy syle, rather than an
actud change in the adminidration.

A consarvation policy ams to protect the ecosysem from negative influences of human
activities. We assume that this policy causes pastordists to destock their property when the
grass biomass fdls below a certain threshold (say 150 kg/ha).

The dabilization type of policy tries to maximize the long-term welfare of society by badancing
range condition with income. If rainfall drops below 200 mm in a year, dl pastordids receive a

grant of { (ms-ds)*E[gr]/cf } * 15$/ha provided they (partly) destock.

The free market policy does not intervene, leaving pagtordists responsible for managing land in
good and bad times.

3.3 Change of regulation policy

Abd (1999) discussed regiond, date and nationd influences on policies and ingtitutions
affecting these rangelands. These complexities are not included here. Instead we explored
interactions among rangelands, pastordists and regulators on the assumption that the conditions
of rangelands and pagtordigs were the sole determinants of policy style. Smilar experiments
have been performed for climate change (Janssen, 1998b; Janssen and de Vries, 1998) and lake
eutrophication (Janssen and Carpenter, 1999). We define thresholds which, when exceeded, lead
to a change in regulation. The firg is related to opportunity cost expressed as the amount of
Income per ha that could be earned at a stocking rate a which al grass is eaten. Wool price dso
determines this opportunity cost. The second threshold is related to ecologicad condition, the
percentage of properties which have a grass biomass below a minimum amount of 200 kg/ha for
mulga, and 150 kg/ha for chenopod.
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For each type of regulation we defined conditions in which the regulator maintains or changes
policy.

The conservation policy ams a mantaining the initid date of the environment which
was “good’. If the percentage of properties in good condition remains below 60%, the
conservation policy continues. If the percentage of properties in good condition rises above 60%
policies change. The free market policy is adopted when opportunity cost is more than 2$/ha. If
this codt is less, a stability policy of policy is applied.

If the free market policy is dready in effect, it continues a free market regulaion when
the so long as opportunity cost is more than 1$/ha. Otherwise one of the other policies is
adopted. A conservation policy is adopted if the percentage of properties in good condition is
below 60%, otherwise stability policies are employed.

If a gability policy is in force, it continues as long as no extreme circumstances occur. It
changes to conservaion when the percentage of properties in good condition drops below 50%,
or to free market when the lost opportunities are above 2$/ha.

4. Results

4.1 Introduction

In this section we describe a number of experiments. First, we determine the optima vaues of
the behavioura rules for a one-property system. Then we andyse the socid, economic and
ecologica consequences of goplying each policy style during runs in which the style does not
change in response to changing conditions. Next we run experiments in which the policy syle
changes according to the rules described above.

Higtorical yearly median rainfal and wool price data from 1986 to 1997 are used for each
rangeland. Wool prices are in red terms. Our data cover only the last century. As the modd
runs are 200 years, rainfall and wool price data are repeated, but a price peak caused by the
Korean War (1950s) was removed from the first 100 years (see Figure 4).
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22




4.2 Optimal management strategies

Given that rainfdl and wool prices are known for the 200-year period, what parameter values
maximise the (discounted) net income stream? The non-linear optimisation problem is solved by
the standard optimisation adgorithm (Powel dgorithm) in the Venam software, the package in
which this modd has been implemented (Ventana, 1998). Because of complexity and non-
linearity, we used a large number of darting points for the runs (200) for a single property in
eech of the mulga and chenopod rangelands, and the best solutions are given in Table 2.

In generd, short periods of intensive stocking, followed by a period of recovery
characterise the optima solutions. This flip-flop behaviour of stocking is mogt extreme for the
chenopod type of property, because mulga is more sengtive to intensve grazing, which leads to
shrub increase and reduced potentia primary production. The o vaues are low for mulga, which
means padordids are manly commercid (high minimum consumption leve). The high savings
rate, |-c,, and the frequent use of fire suggest a long time horizon during decison making. The
chenopod rangeland case is different. The low o vaue combined with a low savings rate
suggests a lifestyle pagtordigt with a short time horizon.

The gdocking rate, grass biomass and income from mulga rangdand are about twice
those from the chenopod type. In the optima case, the pastoradist burns about once a decade in
the mulga type.

Figures 5 and 6 depict the yearly income, grass biomass and shrub biomass for the
optima case. The periodic flipping of high and low stocking leads to huge varidtion in yearly
income and grass biomass. On mulga rangeland, burning limits woody growth. On chenopod
rangeland, shrubs have naturd patterns of growth and decline.
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Table 2. Optima parameter vaues of the behaviourd rules, usng 200 garting points. Ms is the
share of expected available grass biomass to be consumed by the sheep when enough grass
biomass is avallable, otherwise a lower share, ds, is used. Grass biomassmin IS the threshold that
marks the line between good and bad condition of rangdand. Naturd growth,, is the threshold
that marks the line between good and bad condition of livestock. The % consumption of income
is denoted by c,. The parameter of the utility function leading to a minimum leve of
consumption is a Ywwp, is the threshold of young woody weeds above which the pastordist

bums to control shrubs.

Mulga Chenopod

ms 0.801 1 .000
ds 0.03 0.000
Grass biomassp;, 475 104
Naturd growthp;, 0.194 0.13
Cr 0.172 0.69
a 2.64 9.60
YW Wmnin 1193 X
Mean stocking rate 0.52 0.25
M eargrags omass 511 180
Mean woody weed 205 203
Mean income 16.03 8.40
Mean reduction in ppp* 00 0.0002
Number of fires 22 X

* ppp = potential primary production
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As an additiond experiment, we repeated the previous optimisation runs, but used a discount rate
of 5% on the yearly net income instead of the 0% discount rate of the previous exercise. The
gocking rate is even more unstable, varying to an extreme between zero and a rate a which dl
grass is consumed. The threshold of grass biomass that determines the change from or to
destocking is lower when returns are discounted, so destocking occurs a lower sheep densities.
The threshold for fire management is higher so there is less burning. Pestordigts have lower-
income levels but consume dmog their whole income (high ¢, vaues). The discounted income
is only dightly lower for the chenopod case, but sgnificantly lower for the mulga type of
rangeland. In the case of mulga, the grass biomass is much lower, and the woody weed is much

higher than the same indicators in Table 2. Moreover, potentid primary production is reduced.

Table 3: Optima settings behaviourd rules when maximisng income with a discount rate of 5%

Mulga Chenopod

ms 0.999 1 .000
ds 0.000 0.000
Grass biomasspy 401 102
Naurd growth,, 0.09 0.19
Cr 0.98 0.82
a 8.89 7.68
YWWmin 1972 X
Mean stocking rate 0.51 0.24
M eargradsi omass 430 177
Mean woody weed 417 215
Mean income 11.46 8.36
Mean reduction in ppp 0.003 0.0002
Number of fires 18 X
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4.3 System dynamics under different forms of regulation

n the optimisation experiments perfect foresght was assumed. In this section we use the
adaptive rules. Initidly, behaviourd rules are didributed randomly among pastordists.
Unexpected changes in rainfal and wool prices cause some pagtordists to go bankrupt. They are
replaced by new pastoradists as described earlier. After 200 years we derive a population of
pastoraists who performed well in the face of uncertainty.

To explore the effects of regulation policy on rangeland and the evolution of pastoraigts
we ran 3 experiments, one for each policy type, each with 100 properties. 50 mulga, 50
chenopod. Each experiment was run 100 times with random new initid parameter vaues of the
behaviourd rules. A weighted average parameter value of the 100 runs was caculated for
properties on each range type (Table 4). The levd of the financiad resources weights the
parameter values of the pastordists. The more successful a pastordist, the more hisher
parameter vaues are weighted. This weighting of properties is necessary to weight the success
of different type of pastoraists under different policies. By weighting the parameter vaues of
the behaviourd modd according to the resources of the pastoraigts, an indication of the
parameter vaues of a successful pastordists can be derived.

Chenopod rangeland alows higher values of ms and ds, and switching to destocking a a
lower level of grass biomass. The pagtordigts dl have a low minimum amount of consumption,
and save about 60% of income when it exceeds the minimum consumption level. Because the
aurviva of the pagtordists depends on their long-term financia resources, big spenders drop out
quickly in bad years, leading to a rapid increase of the average o vaue during the first decades
of the smulation.

The differences in parameter vaues between the different types of regulator seem
modest. Under a conservation regime (obligatory destocking), the levels of ms and ds are
somewhat higher for mulga compared to the other two regimes. Also, destocking starts a a
lower level of grass biomass. If we view the sate of the rangelands during the 200-year period,
bigger differences occur (Table 5). For the mulga case, stocking rates and income levels are
much higher under a consarvation regime, compared to free market and dability policy styles.
Woody weed and reduced levels of potentia primary production are on average much lower.
The conservation policy outperforms the other two types of regulation on these criteria On
chenopod rangeand a sability regime is preferred since it derived extra income from drought
relief for destocking, dthough the system is robust enough to cope with drought years. The
condition of the chenopod rangeland does not differ sgnificantly between the different types of
regulation.
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Table 4: The parameter vaues of the behaviourd rules that evolve after 200 years. The

parameter vaues are the average vaue over 100 runs of the weighted average pastordist for each

run.

initial Mulga Chenopod
Free Sability | Conservation | Free Sability | Conservation
Market Market
ms 0.2-1.0 |051 0.54 0.59 0.64 0.66 0.63
ds 0.0-02 |011 0.11 0.13 0.15 0.15 0.15
Gb min |100-400 | 248 254 236 222 239 227
Ng mn [0-03  |0.20 0.20 0.18 0.17 0.18 0.17
Cr 0.2-06 |0.40 0.40 0.37 0.38 0.39 0.36
a 2.5-10 |8.18 8.12 8.27 8.28 8.03 8.39
YWWmin 100 - 1676 1754 1597 X X X
4000

Table 5: Statidtics of the average condition of the rangeland over the 200-year period. The

“desth rate’ is the average % of bankruptcy per year.

Mulga Chenopod
Free Sability | Conservation | Free Sability | Conservation
Market Market
Mean stocking rate | 0.21 0.21 0.32 0.21 0.21 0.20
M eargragsiomass | 209 218 340 220 231 242
Mean woody weed 1625 1601 1065 180 178 176
Mean income 5.42 5.96 8.72 5.78 6.71 5.61
Mean drought rdief | x 0.40 X X 1.07 X
Mean reduction in 0.335 0.308 0.018 0.003 0.002 0.001
PPP
Number of fires 49 49 . 6.6 X X X
“Death rate’ 8% 7% 1% 0.5% 0.3% 0.7%
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To measure the effectiveness of the learning process the parameter values of Table 4 are used as
input for a 200 yr run of a one-property modd under the three different types of regulaion
(Table 6). For mulga, the pastordist who evolves under a free market regulation leads in generd
to the highest net income, and good range condition. Net income is somewhat less under a
dability regime, where a ggnificant part of income is from drought relief. Surprisngly, net
income is much less under a conservation policy, and range condition is worse compared to the
other two regimes, with less grass and more woody weed. This can be explained by the higher
intengity of stocking which reduced the grass biomass. For chenopod rangeand, the stabilization
type of regulaion leads to the highest income levels dthough the differences between policies
are amdler than those for the mulga

Why does the conservation policy favour the evolution of pastordists who perform worse
than those who evolved under free markets? This can be explained by the fact that obligatory
destocking reduces the learning potentid of the pastordists. Pastordists who follow a risky
stocking strategy do not “survive’ under a free market. They do survive under the conservation
policy, whose obligatory destocking policy reduces the chance of destroying the property.
However, the free market policy leads to better performing pastoraists, condition of the rangland
is worse during the learning period compared to the conservation policy.

The gabilisation policy aso reduced learning, but not as much as obligatory destocking.
However, a drought relief policy does not improve the condition of the rangdand during the 200
years as compared to the free market regime.

These results lead to the question of what type of policy and inditutiond environment
pemits or dimulates learning while maintaining rangdand condition during the learning
process. We explore this question in the next section where we let the style of policy change

over time.
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Table 6. Parformance of the weighted average pastordist who evolved after 200 years when

subsequently entered in a one-property model for a smulation of 200 years.

Average net income

Regulator to test performance of evolved pastordist

Mulga Free Market Stability Conservation
Regulator  during Free Market 12.76 13.35 (0.59) 11.10
initid 200 year Stability 10.71 11.25 (0.54) 11.23
experiment Conservation 5.70 6.16 (0.45) 8.34

Average net income

Regulator to test performance of evolved pastordist

Chenopod Free Market Sahility Conservation
Regulator during | Free Market 6.06 6.90 (0.85) 5.74
initid 200 year Stability 6.21 7.36 (1.14) 5.96
experiment Conservation 5.99 6.90 (0.90) 6.00

Average grass biomass (kg/ha)

Regulator to test performance of evolved pastordist

Mulga Free Market Sahility Conservation
Regulator during | Free Market 445 445 456
initid 200 year Stability 366 366 418
experiment Conservation 197 197 273

Average grass biomass (kg/ha)

Regulator to test performance of evolved pastordist

Chenopod Free Market Stability Conservation
Regulator  during Free Market 208 208 203
initid 200 year Stability 218 218 217
experiment Consarvation 214 214 216

Changing management styles

In amulations where the policy yle of the regulators is dlowed to change, each regulator is
confronted with measures of system peformance. This leads to changes in regulation syles.
When the sysem darts under the sabilisation regulator, the high stocking rate rgpidly decreases
the amount of grass biomass to such a degree that the conservation regulator takes over for a
brief period. The system recovers. Unexploited opportunities then alow the free market policy

to dominate.
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Because policy types change over time during these experiments, resulting parameter values lay
between the vaues that evolved under fixed policies (Tables 4 and 7). The changing regime has
less intensve stocking policies than the average pastoralis who evolved during the conservation
policy, which indicates a more sustainable management style. Moreover, the dae of the
rangeland during the learning phase remains in a reative good condition (Table 8) compared to
the average vaue of the fixed regulator palicies (Table 4).

Table 7. The parameter vaues of the behaviour rules that evolve after 200 years under changing
regulation policies. The parameter values are the average value over 100 runs of the weighted
average pastordist for each run.

initial Mulga Chenopod

ms  0.2- .0 0.55 0.64
ds 0.0-0.2 0.12 0.15
Gb min 100-400 249 238
Ng min |0-0.3 0.19 0.18
Cr 0.2-0.6 0.39 0.38
a 2.5-10 8.24 8.20
YWWmin 100-4000 1658 X

Table 8: Statidtics of the average condition of the rangeland over the 200 year period for
changing regulaion policies

Mulga Chenopod

Mean stocking rate 0.25 0.21
M eargragsi omass 261 234
Mean woody weed 1415 177
Mean income 6.91 6.13
Mean drought relief 0.21 0.48
Mean reduction in ppp 0.204 0.002
Number of fires 57 X

“Degth rate 5% 0.4%
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Parameter vaues of Table 7 were used in a one-property andysis under different policy regimes,
each lasting 200 years. Resulting net income and grass biomass levels are presented in Table 9.
The pastoralist who evolves during changing styles of regulation leeds to redively good leves
of income and grass biomass under dl three types of regulation. This example shows that an
adaptive pattern of policy style prevents extreme good and bad outcomes. On average the
income levels of Table 6 and 9, both fixed and changing regulation, are Smilar.

Table 9: Performance of the weighted average pastordist who evolved after 200 years when
entered in a one-property mode for asmulaion of 200 years.

Changing regulation Regulator to test performance of evolved pastordist
Mulga Free Market Sability Conservation
Average Net Income 9.59 | 10.01 (0.42) 10.69
Average grass biomass 308 308 384
Changing regulaion Regulator to test performance of evolved pastordist
Chenopod Free Market Stahility Conservation
Average Net Income 6.08 7.16 (1.08) 5.71
Average grass biomass 220 220 207

5. Conclusions

The model describes the interactions between grass, trees/shrubs, sheep, pagtoralists and the
policy environment. We analysed the conseguences of these interactions under different policy
environments. We were paticularly interested in the co-evolution of pagtordists management
dyles and governmentd policies.

The optima control experiments show that under the assumptions of the modd, including
perfect information, a strongly fluctuaing stocking densty leads to the best financid and
ecologica consequences. It entails destocking for just long enough to let the grass grow again
before re-stocking a a high rate. In mulga, frequently burning to reduce woody weeds
contributes to the success of the drategy. The dternating style is a consequence of the lag effects
in the ecologicd system.

Experiments with the adaptive agents verson of the modd show that each policy haes
different financid and ecological consequences. Regulation reduces the learning process but
keeps the rangeand in rdaively good condition while the limited learning occurs. This is
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epecidly true for mulga The regulation process in the conservation regime keeps the system in
reasonably good condition during the 200-year period but the pastordist that evolved under the
free market regime outperforms this ‘consarvation’ pastordist. The Stability regime was not
successful in keeping the rangeland in good condition, and reduced the learning rate of
pastordigs. In generd, the average pastordist that evolves earns about 40% and 30% lower
income in the mulga and chenopod rangeland compared to the respective optima solutions. This
is an edimate of the cost of managing under uncertainty and is in line with empiricd case dudies
McKean e a. (1998) of differences in returns from ranges in high variable climate and stable
climate conditions.

When the regulator is dlowed to change there is an dternaion between regulator styles
as the system agents and policies adapt to changes in grass biomass and the loss of economic
opportunities. The changes in regulation are triggered by surprises of high wool prices (the style
changes to free market) and drought periods (change to conservation). Consumption levels are
more gable in the adgptive than in the optimisng modd, and rangdand condition is maintained.

These results are priminary. A program for developing the potentid of this gpproach is likey

to include:

« modification of policy regimes to include, for example, messures for disributing benefits
and costs over time - incentives, taxation, insurance;

e changes in the economic environment that take account of other wool price regimes and aso
different interest levels

+ daboration of management decisons to explore the influences of various levels of debt;

« modification of the biophyscd sub-sysem to explore the effects of different rates of
recovery of potentid primary production, different sengtivities to grazing pressure, €ic.

Such a developed mode could become a sgnificant tool for exploring interactions between
human and ecologicd sub-systems for rangeland management policy. The exploratory
experiments have shown the importance of different types of policies, and the consequences of
changing the regime of policies.

The system can be confronted with many surprises, such as low wool prices, drought,
changing sheep prices, changing interest rates, and so on. This may affect the behaviour of the
pastordists in such a way that the government has to change its regulatory procedures to alow
the pastoraigts to survive. These changes in regulation should be chosen with care since they
may aso reduce the ability of the pagtordids to learn, which is likely to reduce the reslience of
the system as a whole. A smulation model as discussed in this paper, which is clearly only a
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caricature of the red complex system, might nevertheless be a tool that enables us to andyse the
sysem characteridics of dternative management drategies. One of the big chdlenges of this
type of modd is to desgn inditutiond regimes that baance ability to learn, returns from the
rangeland, and condition of the ecosystem.

Findly, this type of moddling may provide additiond insghts compared with the
optimal control models from economics, and the detailed bottom up modds from ecology. It
integrates the important dements of managing real complex ecosysems. This type of moddling
therefore provides an interesting gpproach to the science of integration, and to the development

of promising management and policy drategies.
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