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Abstract

In arid regions, the effects of grazing or sparing management on natural com-

munities of long-lived plants generally take decades to become evident. Event

driven dynamic behaviour, unpredictable and low rainfall and complicated

interactions between species make it difficult to gather sufficient understanding

of plant community dynamics to be able to develop guidelines for sustainable

management. To gain a better understanding of the main processes and

mechanisms involved in vegetation change, we have developed a spatially

explicit individual based model that simulates changes in plant communities

over long time spans. The specific aim of the model is to identify key processes

of vegetation change and to calculate probabilities and timespans for transitions

between different vegetation states.

The model shows that the dynamics of the shrub community are typified by

episodic and discontinuous changes in species composition with intervening

quasi-stable phases lasting some decades. The short-term community dynamics

(years to decades) are very sensitive to the sequence of rainfall events. In all

simulation experiments the final vegetation state varied by more than 37% after

a 60 year simulation period. However, time-scale for changes of the dynamic

state of the system are long compared with human lifespans. Simulating resting

of an overgrazed part of the shrub community indicated that little improvement

in rangeland condition was likely during a period of 60 years. Overgrazing of a

rangeland in good initial condition, simulated by reducing seed production in

preferred forage plant species, only became obvious 40 or 50 years after the

initiation of heavy grazing, and after 70 years the mean vegetation state even-

tually reached that of an overgrazed rangeland.
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1. Introduction

Degradation and desertification is one of the most urgent threats to arid and

semiarid plant communities where rainfall is low and unpredictable. On all

continents, utilisation by domestic livestock has resulted in changes in plant

species composition that reduce carrying capacity for these animals.̂ '̂ *

Degradation may be rapid, but recovery is slow because plant growth is rain-

limited and denudation reduces rainfall effectiveness.̂  To avoid degradation

and desertification it will be neccessary to develop management strategies that

sustain production and landuse options. However, because of the inherent

complexity of the dynamic behaviour of such plant communities and because

of the mismatch between time scales for observation and typical scales of

vegetation changê '̂  it is difficult to assess the long-term effects of manage-

ment.

In practice, rangeland management is necessarily based on an intuitive

model which shows the farmer or manager how his system functions.̂  This

model is a philosophic system of concepts, generalisations or assumptions

rather than a qualitative model and is used to predict how the system reacts in

response to climate, disturbance and management. The understanding that a

farmer or manager has of the ecosystem is the basis for defining the manage-

ment strategy. Clearly, this understanding depends on the current knowledge

and on the experience of the particular farmer or manager, and on the time they

could observe the system - a timespan which does not usually exceed 20 or 30

years. Consequently, not having long-term experience in face of rare and un-

predictable driving events that may occur only a few time in a century, may

lead to an inappropiate conceptual model which would facilitate non-

sustainable management decisions. Walker^ stated that "undesirable changes

in rangelands have mostly been brought about by applying the wrong ecological

model(s) of rangeland dynamics". An understanding of the long-term dynamics

of arid or semiarid plant communities is indispensable for developing strategies

for sustainable management.

Ecological models offer scope for quantitatively exploring long-term vege-

tation dynamics of arid and semiarid rangelands. Computer simulation models

are able to link current knowledge about the processes that drive vegetation

dynamics and facilitate a systematic investigation of the interactions between

all relevant factors and their logical consequences. Also, simulation modelling

is a tool found powerful for conducting controlled experimental manipulation

for a large number of environmental conditions and over long time spans.

In the following we present a simulation model ̂'̂'̂  that is aimed at un-

derstanding of the long-term dynamics of a typical shrub community in the

semiarid Karoo, South Africa. Our model shows how such an understanding

can be used to develop sustainable management strategies, and we contrast

them with current rangeland models.
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1.1 Rangeland models

The early model of rangeland dynamics, which still forms the basis of much

current management^ is a simple application of Clementsian theory of ecologi-

cal succession.* This model assumes continuous and reversible transitions

along a single, monotonic gradient between an overgrazed subclimax and an

undisturbed climax state of vegetation and assumes that grazing and interan-

nual variation in rainfall cause vegetation to change in the same direction. Over

the past decades this range succession model has been criticised because of its

inability to deal with vegetation changes, especially in the arid and semiarid

zones/*'̂  Instead of continuous and reversible transitions semiarid rangelands

typically show abrupt, discontinuous and irreversible transitions between dis-

crete states. Changes in the species composition are commonly episodic, oc-

curring in response to rare and extreme events, or particular sequences of

events. In between such events, fodder production will vary from year to year in

response to variation in rainfall, but the composition of the rangeland remains

essentially the same, changing little in response to management.^

To deal with the complicated dynamics of semiarid and arid ecosystems,

some range scientists suggested that these ecosystems could be described in

terms of discrete states and inter-state transitions.̂ '̂  Transitions could be

triggered by natural events (rainfall, drought, hail, fire) or by management

actions (removal of herbivores, altered intensity or timing of herbivory, addi-

tion of fertiliser, burning). Such "state-and-transition" models are valuable

tools for describing the structure of the ecosystem, but they provide little in-

formation applicable to forecasting and prediction.

A class of spatially explicit models, the grid-based simulation models, has

proved valuable for dealing with problems on large temporal scales, and where

complex interactions depend on coincidences in time and space. ' ' ' Grid

based models, characteristically subdivide a modelled area by a grid of spatial

subunits, so-called "cells". Each cell is characterised by its location and by one

or more discrete ecological states. These may change in the course of time due

to the influence of neighbouring cells, the previous state of the cell itself and to

external factors as climate, disturbance or management actions. The size of

these spatial subunits is determined by the initial question to be addressed by

the model. It is characteristically based on typical biological scales of the

modelled system, e.g., the size of individual plants, characteristic distances for
f\ 7 1 8

seed dispersal or typical types of plant interactions. ' '

Grid-based models based on individual plants^ focus on the processes and

mechanisms that drive community dynamics at individual level. Although there

is usually little long-term field data available on the full dynamics of arid plant

communities, rainfall-dependent life-history attributes (e.g. growth, seed pro-

duction, germination, recruitment and mortality factors), seed dispersal and

interactions between individual species are relatively easy to observe on shorter

time-scales. The basic idea of our bottom-up approach is to incorporate such
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short-term knowledge in form of rules into the computer simulation model. In

order to investigate community dynamics, the model simulates the fate and the

interactions of individual plants within the community. In this way the model

extrapolates from the behaviour of individual plants to long-term community

dynamics. An important advantage of grid-based simulation models is the

inclusion of the necessary biological information for the modelled processes in

the form of rules rather than mathematical equations. Especially in more com-

plex problems this allows the direct inclusion of expert knowledge that is not

necessarily restricted to hard data.

2. The model

The model presented in this paper is based on field-investigations, for a typical

semiarid ecosystem at the Tierberg Karoo Research Centre (TKRC) 33° 10' S,

22° 17' E in the southern Karoo, South Africa, Detailed information about

inter-annual variation in rainfall, and on rainfall-dependent plant attributes, is

included in the model. Five shrub species dominate the plains vegetation at

TKRC. These are Brownanthus ciliatus (Mesembryanthemaceae), a mat-

forming stem-and-leaf succulent, Ruschia spinosa (Mesembryanthemaceae) an

evergreen leaf-succulent, and three non-succulent species, namely semi-

deciduous Galenia fruticosa (Aizoaceae), deciduous Osteospermum sinuatum

(Asteraceae), and evergreen Pteronia pallens (Asteraceae). These shrubs differ

in their life-history attributes and in acceptability to domestic sheep. The domi-

nant species do not reproduce vegetatively, P. pallens and O. sinuatum have no

seedbank, and B. ciliatus, G. fruticosa and R. spinosa appear to have a short-

lived seedbank.^

The five dominant species can be divided into two functional groups. Seed-

lings of "coloniser species" (B. ciliatus, G. fruticosa and R. spinosa) need large

gaps in open vegetation to establish while seedlings of "successor species" (P.

pallens and O. sinuatum) establish in shaded sites under the canopy of colo-

niser plants. Less common species were considered in the model only as occu-

piers of space, and termed "fixed plants". Their life-histories are not consid-

ered, and they remain at fixed densities throughout simulated time, their only

function being to prevent colonisation of cells by pioneers.

The space is divided into a grid of cells which represent sites of mature

plants. The local dynamics (succession) within a cell is given by the sequences

("empty" -> "coloniser plant" —> "successor plant" —» "empty") or ("empty" —>

"coloniser plant" —> "empty"). For a given cell, the pathway followed and the

duration (in time steps) of each state, is determined by the variables which

characterise the state of a cell, and the rule-set which determines how these
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Figure 1: Time series showing the mean abundance of the five species between

simulation years 1000 and 1500. Dotted black: B. ciliatus, long-short dashed

black: G. fruticosa, dashed grey: O. sinuatum, solid grey: P. pallens, solid

black: R. spinosa.

variables change in the course of time depending upon the states of neighbour-

ing cells, and on the external factors rainfall and management (e.g. grazing,

clearing of unpalatable plants).

The rule set specifies seed production, germination, seedling survival, seed

dispersal safe sites, competitive interactions, establishment, growth and mor-

tality for modelled plant species. Detailed descriptions of the rule set are given

in Wiegand et al.** Wiegand & Milton^ and Wiegand et al.*° Although the

output for the spatial and temporal simulations is in annual time-steps, proc-

esses such as seed production, germination and survival depend on rainfall

seasonality. For this purpose a sub-model internally calculates on a monthly

basis the total number of seeds produced and dispersed, as well as germinating

and surviving, and sums these values for one year. The cell dynamics for a

single iteration (one year) then proceeds by determining effects of neighbouring

plants and competition on seedling survival, and deleting all dispersed, non-

surviving seeds other than those in the seed bank. The annual iteration is con-

cluded once weather, time and management effects on plant size, reproductive

maturity and survival have been considered.

3. Results

3.1. Event-driven dynamics

19
We used a parameter set for ungrazed vegetation and started simulations with

a species composition typical for rangeland in good condition.** Modelling
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Figure 2: Seed production, germination and number of seedlings which would

survive in safe sites of the species G. fruticosa calculated with the submodel

(SEED) over the first 60 years of the Prince Albert rainfall scenario. Bar shad-

ing denotes seeds that fail to germinate (white), seeds that germinate but die

(hatched), surviving seedlings (black).

results show that in this case all five species can co-exist for a simulation pe-

riod of some centuries. However, relative densities of component species do

not reach a state of equilibrium (Fig. 1) Instead, an episodic, event-driven

behaviour occurs, with quasi-stable periods interrupted by sudden, discontinu-

ous changes in species composition. Sudden increases in density of coloniser

species occur when rain events suitable for germination and recruitment follow

long periods with rainfall not favourable for recruitment. Failure of plant

populations to replace natural mortality during these prolonged periods lead to

a decrease in the density of established plants, and consequently, to an increase

in the size and abundance of gaps that serve as safe establishment sites for

colonisers. Large recruitment events occur only if timing and amount of rainfall

over the year facilitates seed production, seed germination and post-

germination survival of seedlings (Fig. 2), and secondly if safe sites are avail-

able to the dispersing seeds. The coincidence of rainfall conditions suitable for

reproduction and availability of safe recruitment sites is such a rare event that

large recruitment events are likely to occur only 2-5 times per century in these

arid shrublands.

3.2. Simulation experiments

The stochastic and unreliable rainfall results in unpredictable driving events.

For this reason the future development of the plant community in the next, say

60, years can be described only probabilistically. To deal with this problem we

conducted for different scenarios subseries of 100 simulation runs using a

different sequence of rainfall data (with the same monthly mean and variance
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Figure 3. The temporal development of the grazing potential and its mean

variation, (a): solid lines: simulation experiment 1, dashed lines: simulation

experiment 2; (b): simulation experiment 3. The upper horizontal lines give the

value of the grazing potential index of a rangeland in good condition, the lower

horizontal lines correspond with an overgrazed rangeland.

as the original rainfall data) for each run.̂  We simulated resting of rangelands

in (1) good and (2) in overgrazed initial condition and (3) we conducted a

subseries of simulation experiments where we simulated 80 years of heavy,

continuous grazing of rangeland in good conditions. The vegetation state was

characterised through a grazing potential index P that sums up the densities of

all species at the simulation grid weighted with their sheep utilisation index.^

Simulation of resting of rangelands in good condition (Fig. 3a) showed that

the short-term dynamics (decades) and the development of the grazing potential

index P were highly stochastic and sensitive to the rainfall pattern. Depending

on the occurrence - or absence - of driving events, the pathway that the plant

community follows can vary considerably between simulation runs. Because of

the long lifespans of component species and the rare occurrence of big estab-

lishment events a single such event can determine the vegetation state of the

plant community for many years. Consequently, we found that the grazing

potential index P varies greatly between simulation runs (Fig 3a). A direct

consequence of this high stochasticity is that the condition of even a good,

ungrazed rangeland had a 13% probability of deteriorating after 60 years rest.

In overgrazed rangeland little improvement was likely during a period of 60

years (Fig. 3a). After 60 years resting there is a 54% probability that the over-

grazed rangeland will remain in an overgrazed condition or even deteriorate,

and only a 7% probability that there will be a substantial improvement in its

condition.

To investigate time-scales for vegetation change due to overgrazing we

conduct a subseries of simulation experiments^ where we simulated 80 years
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of heavy, continuous grazing of ran gel and in good conditions. Continuous

grazing was modelled by reducing the seed production of palatable species by a

certain factor. The results of this simulation experiment (Fig. 3b) show that the

rangeland remains (on average) 20 years after the initiation of heavy grazing in

good condition. Thereafter the mean range condition declines almost linearly,

and after 50 years the probable range of the grazing potential varies from de-

graded to good. After 70 years of this treatment, the mean range condition has

declined to that of an overgrazed rangeland.

4. Discussion

4.1. Range succession and state-and-transition model

With our quantitative simulation model we are able to test the two main con-

cepts existing for rangeland ecology, the "range succession model" and the

"state-and-transition" model. The results of our model confirm existing doubts

about the application of Clementsian ecological succession theory to semiarid

ecosystems and support the state-and-transition concept. The plant community

at the TKRC showed essential properties described by the state-and-transition

concept: (1) Event-driven change, (2) long time scale of changes, (3) demo-

graphic inertia and lag-effects, (4) unpredictability of vegetation change and (5)

huge variation in fodder production. We identified the rare recruitment-events

to be the key processes driving the dynamics of the plant community. Just the

occurrence of one big establishment event after a sequence of dry years can

drive the dynamics of the plant community towards a completely different

direction and can determine the vegetation state of the plant community for

many years. Such events are opportunities for management to influence vege-

tation change in a desirable direction (e.g., maintain a viable population of

palatable species within the plant community) which may occur once in ten or

twenty years. To recognise these rare opportunities managers should monitor

the vegetation and estimate the densities of safe sites for the different species or

functional groups of the rangeland to assess if a large recruitment event may be

possible.

4.2. Specific lessons for the Karoo shrubland

However, by simulating time scales of vegetation change of a typical Karoo

shrubland we were able to go much further than it would be possible with the

conceptual "state-and-transition" model. We found that time scales of vegeta-

tion change in this plant community are generally much longer than human

lifespans. Demographic inertia and the rare occurrence of establishment oppor-

tunities are responsible for this property. Overgrazing of a rangeland in good

condition takes (on average) at least 70 years to become evident, and during the

first 20 years no significant changes are likely to occur. Rehabilitation after
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withdrawal of sheep may take much longer than degradation and may be almost

impossible within economic time-scales. For that reason management should

be long-term management. Of course, this requires a good memory for the

history (detailed record-keeping) of the rangeland and knowledge about the

age-structure of the plant community.

The unpredictability of the events and a uncertainty and lack of precise

knowledge make management necessarily risk-based̂ . Both, "bad periods"

and "good periods" are innate to the system. "Bad periods" and "good periods"

are evenly distributed over centuries, but not over the short term (decades)

which is the economic time scale of the farmer. Even resting of rangeland does

not guarantee an improvement in carrying capacity. Thus, managing semiarid

rangeland always involves a considerable risk and flexibility to respond rapidly

to an driving event is needed ("event-management").

However, being able to recognise the significant events is the key to suc-

cessful rangeland management. With the help of our simulation model we

could uncover the coincidence of rainfall conditions suitable for reproduction

and availability of safe recruitment sites being the particular sequence of events

that drive the dynamics of this plant community.

Our modelling exercise demonstrates that each system has very specific

characteristic that have to be considered by developing sustainable manage-

ment strategies. We cannot hope to obtain a general model or recipe that can be

applied universally for guiding sustainable management. Rather we need con-

cepts or tools that can help to gather a sufficient system understanding in every

concrete case.
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