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SAVANNA MODELLING FOR GLOBAL CHANGE 

1. INTRODUCTION 

1.1. lm~ortance of tropical savannas. Two thirds of the world's population inhabit the 
tropics, mostty savannas or former savanna lands. Many of these people live in rural societies 
that depend on subsistence agriculture. Cunently profound changes in the composition and 
productivrty of tropical savannas are taking place around the globe. These alterations may 
adversely affect the capacrty of these systems to support humans and their domestic animals. 
These changes are part of the more general and wider problem of global environmental change 
including ozone depletion, global warrning, waste disposal, deforestation, and species 
extinction. 

In 1983 the International Union of Biological Sciences (IUBS) concerned about the rapid 
transformation of tropical landscapes, initiated jointty with the Man and the Biosphere Program of 
UNESCO a ten-year investigation into tropical problems (Solbrig and Golley 1983). As part of 
this effort it develop the program called 'Responses of Savannas to Stress and Disturbance' 
(Frost et al. 1983). The goal of this project is to develop an understanding of the way tropical 
savannas respond both to natural and to human stresses and disturbances. Such knowledge is 
pursued through a comparative anaiysis of selected aspects of tropical savannas. 

1.2. Definition of and Phvsiwnomv of tropical savannas. Savannas are tropical systems 
intermediate between dry, xerophytic woodlands and moist deciduous forests. They comprise a 
distinct biome characterized by the presence of a continuous canopy of graminoids, principally 
C4 grasses and sedges, and a discontinuous canopy of trees and shrubs. The woody elements 
may be rare or even absent under certain circumstances, or they may be represented entirely or 
primarily by shrubs. 

Savannas are found in al1 tropical areas of the world, occupying perhaps 40% of the 
tropical land surface. Their great physiognomic variability coupled with their distinctive 
characteristic namely the coexistence of trees and grasses, have intrigued ecologists for a long 
time. The diversity of savannas have induced copious explanatory hypothesis and a good share 
of contrwersies (Beard 1953; Hills 1965; Bouriiere and Hadley 1970). Thus from both a scientific 
and land management viewpoint, there are a variety of reasons why tropical savannas are an 
important research subject. Some of these are: 

The increasingiy intense use of savannas by an expanding human population which is 
resuhing in significant changes to the soi1 and vegetation. When combined with natural stresses 
such as drought, these changes are leading to increased erosion and andification of the soil. 
Research into the causes and consequences of these changes in savannas could help alleviate 
some of these problems in the future. 

Within the tropics, the coexistence and close interaction of the woody and herbaceous 
strata makes savannas unique. Both strata are of economic value and a better understanding of 



the reasons for this coexistence should contribute to improved land management (Walker 1987; 
Sarmiento 1990). 

Savannas are one of the most seasonal of the wodd's major biomes, experiencing 
strongly contrasting climatic conditions within a year, as well as high variability between years. 
They also displcf a great deal of spatial heterogeneity. This creates a constantly varying 
environment for the biota and is probabiy a major factor in enabling a relatively large nurnber of 
species of contrasting life forms to coexist. They are therefore ideal systems in which to study 
how plants and animais cope with the stresses of a variable environment. They are also good 
places to acquire a better understanding of the effects of human induced stresses in these and 
other ecosystems. 

Fire, frequently açsociated with human activities is a prominent feature of most tropical 
savannas (Stott 1988). It affects the functioning of these systems in a variety of ways. Since fire 
can be managed, a better understanding of its ecological effects, would be extremely valuable. 

In view of the uniqueness of the set of ecological interactions that determine the 
existence of these systems, further advances in ecological theory can be expected from their 
investigation. Over the past few years there have been several detailed syntheses of the results 
of research on savannas in different parts of the world (Hills and Randall 1968; Bourliere and 
Hadley 1970; UNESCO 1979; Walker 1979; Huntley and Walker 1982; Bourliere 1983; Sarmiento 
1984; Stott 1984; Tothill and Mott 1985; Frost et al. 1986; Sarmiento 1990). These syntheses 
provide a foundation on which to build a comprehensive theory of savanna structure and 
function. 

1.3. The obiective of the meeting. Progress within the RSSD program calls for more 
precise explanation of the coexistence of grasses and woody plants and their dynamics through 
time. It also calls for estimates of the changes in savanna structure, composition and functioning 
likely to occur in response to stresses and disturbance. The extensive changes taking place 
worldwide as a resuk of increased human activrty (Solbrig 1990) are likely to have a severe 
impact on savannas. There is increasing alann that the planet Earth will experience global 
climatic change in the next 50-100 years in response to the increase in atmospheric greenhouse 
gases caused by human activrty. The effect of these changes on the biota and vice-versa is now 
being studied by an international research program known as IGBP (International Geosphere- 
Biosphere Program). 

As part of the development of the RSSD program a small workshop of experts was 
convened at the Harvard Forest in Petersham, Mass., U.S.A., from October 15-20, 1990. The 
objective of the workshop was to examine in greater detail the relation of moisture and nutrients 
to savanna structure, especially the treelgrass association, and to investigate the possibility of 
modelling the growth of tropical savannas. Another objective was to explore how savannas 
might be impacted by predicted climatic changes, and how changes in savannas in turn may 
impact global climatic change. Another objective was to explore whether fruitful research 
linkages with IGBP can be established. 



The asçembly (see appendix 1) listened to some general presentations and then divided 
into two groups that discussed four principal questions: (1) the role of savanna determinants, 
especially Plant Available Moisture (PAM) and Plant Available Nutrients (PAN); (2) ways to 
measure PAM and PAN; (3) the hierarchical nature of savanna determinants; and (4) 
approaches to savanna modelling. The result of eachgroup's deliberations were communicated 
to the entire assembiy, and then reported in writing. The present communication is an edited 
version of the proceedings of the workshop. 

1.4. Introduction to modellinq. Models fa11 into two categories: predictive and 
explanatory. Predictive models are designed to prognosticate the future state of complex 
systems. Although these models often incorporate mechanistic descriptions of system 
processes, it is the qualtty of prediction that matterS. Thus, they tend to incorporate empirical 
and localty spe~ific information. 

Explanatory models are designed to a~sist scientists explore complex hypotheses. 
ldealiy these explanatory models mimic closeiy the essential structure of the system being 
rnodelled by using mechanistic descriptions of system functioning and a minimum of ernpirical 
information. The user is concerned with the interrelationships between the components of the 
rnodel and its comparative performance over a broad range of conditions. 

ARhough a modeler may attempt to develop a mode1 for both explanatory and predictive 
purposes, the outcome will be a compromise in which some aspects of one purpose are traded- 
off against aspects of the other. An essential first step in designing a new model, or assessing 
an existing one, is to decide on the main purpose of the model and to act accordingiy. 

Progress within the RSSD program requires both explanation and prediction: 
explanation of such features as the coexistence of grasses and woody plants, and their 
dynamics through time; prediction of the likeiy changes in savanna structure, composition and 
functioning in response to stresses and disturbance. 

2. QUESTIONS 

21. Princimi auestions. The RSSD study of savannas, particularty any modelling 
efforts, are motivateci by three key questions: 

What mon control proceuea In ravannaa r c r o u  reglona and among contlnentr, at a 
rang. of aprtlrl and temporal acalea? 

This question relates to the hypotheses underpinnitg the RSSD program (Frost et al. 
1986; Walker and Menaut 1967). Modelling can be used to simulate the dynamics of treelgrass 
interactions; changes in plant spatial distributions, as influenced by seed dispersai and 
establishment, soi1 rnoisture, herbiiory, and fire; plant production processes; the interactions of 
herbivory ancl fire; and many other physiological, population, and ecosystem processes. 



How wlll savannas change at dlfferent spatial scales In response to anthropogenlc and 
natural stresses and dlsturbance? 

This question is central to the issue of the effects of global climate change on savannas. 
To be effective, the models of savanna functioning must not only be able to simulate the effects 
of changes in land-use and physical disturbance, but also the effects of changes in rainfall 
regime (particulariy the annual amoums, seasonality, the frequency of rare events - extreme 
droughts or wet years - and the frequency distribution of features such as Storm intensities), 
carbon dioxide levels, and temperatures. 

Variables which would be expected to respond to such changes include grass and 
woody plant biomass; the grass/woody ratio; vegetation structure; species composition or plant 
functional types, or both; regional hydrology and the redistribution of water and soil; and carbon 
and nutrient pools and fluxes. 

How wlll changes In savanna structure and functlonlng affect Inputs to global cllmate 
models? 

Key issues posed by this question include savannas as a source or sink of carbon; 
patterns of trace gas production and absorption; changes in evapotranspiration; changes in 
shortwave reflectivii (albedo); and changes in surface roughness. The outputs from any 
models which address this question must be generalizable over large spatial scales in order to 
link effectively with global climate models. Such models are currentiy parameterized on a 200 x 
200 km grid. 

3. IMPORTANCE OF PAM AND PAN: A FUNCTION OF SPATlAL/TEMPORAL 
SCALES 

3.1. Initial Considerations. It has been hypothesized (Walker and Noy-Meir 1982; Frost 
et al. 1986) that the balance between a continuous grass cwer and a discontinuous stratum of 
woody plants (trees and shrubs) is above al1 determined by the availability to the plant of soil 
moisture (PAM) and nutrient~ (PAN). Savannas occur in environments with manifest moisture 
discontinuities throughout the year and low soil nutrient content (Bourliere 1983). There are 
however great differences between regions in rainfall, length of the dry season, and soil nutrient 
content. Savanna ecosystems also show a diversny of structurai and functional characteristics. 
This compl ies classification of savanna types. Classifications based solely on physiognomy 
are unsatisfactory because they do not reflect the numerous functional types. 

We consider (Frost et ai. 1986; Goldstein and Sarmiento 1987; Medina 1987; Walker and 
Menaut 1988) that variation in soi1 moisture and soi1 nutrient availabili are major reasons for the 
diversity of savanna types. We therefore feel that if a satisfactory index of soi1 available moisture 
(PAM) and of soi1 available nutrients (PAN) can be developed, it would be possible to produce a 



classification of the world's savannas that reflects their functional differences. Yet such 
measures are not easiiy obtained. 

3.2. Definition and me an in^ of the PAM-PAN Plane. Savannas are heterogeneous 
systems, covering. a wide range of soils and climates and exhibiting a range of vegetation 
structures and functions. Because of this it is difficutt to extrapolate understanding developed at 
one site to another. Additionaliy, in terms of the requirements of the IGBP, we need to 
characterize savanna types in terms of the seasonal course of evapotranspiration, albedo, gas 
exchange and surface roughness, and how particular savannas will respond to global change. 
These dynamic predictions require detailed mechanistic models which will be too complex to fun 
for every location in the savannas. There is thus a need for a satisfactory common basis on 
which to idem* distinct savanna types, their global distribution, and what initial parameter 
values complex models will assume. For these reasons we require a framework for classdying 
the savannas of the world on the basis of their primary determinants. 

Until this workshop, RSSD participants had worked on the basic hypothesis that soi1 
moisture and nutrient availability are the primary determinants of savanna functioning, and that 
their variation in space and time are the principal reasons for the diversity of savanna types 
(Frost et al. 1986). Consequently it was hypothesized that the worid's savannas could be 
differentiated by their location in the plane defined by plant available water and plant available 
nutrients. The problem was to define indices of moisture and nutrients (Walker and Menaut 
1987), since simple indices such as rainfail and soi1 type had proven insuiftcient. As a resutt of 
discussions at this workshop, it is now considered likely that temperature (T) will need to be 
included as an additionai variable, especially when working at a small scale. This needs to be 
researched further by detailed examination of the most effective ways of characterizing PAM, 
PAN, and T and how they determine vegetation structure. If this can be successfulty achieved 
then a number of inferences can be drawn about savanna functioning and the manner of 
response to changes in climate, land use, and disturbance regime. Once the validrty of these 
relationships is established, a second objective is to develop procedures that will enable us to 
place any savanna within the PAM-PAN-T space using information which is readily available at a 
global scale. 

3.3. PAM and PAN ln a soatial/temooral context. One of the fundamental problems is 
scale. At any given spatial scale the rates of key processes and the response times of the 
vegetation to different inputs will determine the types of measurements taken, the methodology 
employed and the necessary intervai between successive measurements. 

SpatiaVtemporal scaies are nested. For example, seasonality occurs against a 
backdrop of interannual variability; interannuai variability occurs against a backdrop of less 
frequent more catastrophic events such as drought, frost, pathogenlherbivore irruptions, etc. 
These latter focces may determine the structure and function of a savanna system for long 
periods thereafter. Aithough these episodic events are infrequent, they occur with a fair amount 
of certainty and inevitability. 
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Figure 1. A diagrammatic conceptual framework for evaluating PAM and PAN at various spatial 
and temporal scales. The horizontal axis represents relative spatial scales; the relative range of 
temporal rgspotlses at each spatial scaie is represented by the vertical axis. Structural levels are 
depicted in the diagonal. 

Cltana - a topographically determined landscape unit in which a series of patches may 
be linked through a continuum of processes. In practical terms, this often means a linear 
transes akmg a cleady determined environmental gradient. Three categories of patches might 
be recognized within the catena levei of organuation: run-on patches, fun-off patches and their 
transition zones. In dfy savannas runofi patches may be dominateci by herbaceous vegetation 
and smaii shnibs, whereas sufficient water rnay accumulate in run-on patches to support larger 
shrubs oc trees. Transitiari zones may be characterized by some intermediate combination of 
lifeforms oc grawthforms. Foi  modelling purposes and hieraschical continurty, catenas are 
homogeneous with respect to factors like rainfall, soil system, etc. which will Vary at higher levels 
of organiratiori. Hawevef, within the cateria. variaiion in soil properties (notably texture and 
nutrients) will mediate PAM, PAN and patch structure. 



Landscape - a topographical area, geomorphologicaliy determined, geographical unit; 
a contiguous Set of catenas. Some landscapes are easiiy mappable, having cleariy defined 
boundaries (such as watersheds). In other cases their delineation is rather arbitrary. 
Landscapes with distinctive features have often derived those features from a subtle interplay of 
physical and biological factors. In landscapes, the laterai movement of H20 is often an 
important PAM-related process. At the landscape level of organization, factors associated with 
basin hydrology (soil moisture storage, ground waterlaquifer variation, Stream discharge, 
sedimentation, etc.) often arise as important controlling factors. 

Reglon - Regions are comprised of sets of landscapes which are sorted by rainfall 
regimes and geomorphology. They may constitute land-use areas, territories, geopolitical 
designations (parks, reserves) etc. 

3.5. Faunal component. As presented, figure 1 applies only to vegetation. The faunal 
component should also be integrated appropriateiy at various spatial and temporal scales. 
Vegetation provides habitat and resources for animals thus infiuencing their distribution and 
abundance. Animais, in turn, may be a potentialiy important determinant of PAN via their effects 
on nutrient redistribution and availability. Animal activities contribute to patch formation and also 
influence the rates and dynamics of processes within patches, between patches along a catena 
gradient, and across catenas and landscapes. Animals may accentuate or intensrfy 
heterogeneny up to a certain point, beyond which excessive activiiies may induce 
homogenization (e.g., intermediate disturbance-type concept). As populations increase the 
human role in mediating the impacts of other animals becomes increasingiy important (Sinclair & 
Norton Grdfiihs 1980; Menaut et al. 1985; McNaughton 1985; Abbadie & Lepage 1989). The 
elimination or enhancement of native browsers, grazers and granivores (directiy or indirectiy) 
andior the introduction of livestock in sufficient numbers and concentrations can interact with 
abiotic forces to substantially alter the grass/shrubltree balance through time (directly as via 
primary production or indirectiy as by causing change in fire regime, Archer 1990). Shifts in 
forest-savanna boundaries and changes in the areal extent of gallery forests have the potential 
to affect faunal diersity (Fig. 2). 

Scales of faunal spatial activii are theoretically proportionai to body size, metabolic 
rate, trophic level, group size and primary productiviity, whereas scales of faunal temporal activrty 
are proportional to generation time and related demographic variables (Fig. 3). Different animal 
groups occur in different portions of the spatio-temporal plane, with endothermic vertebrates 
generaily operating on a coarser scale than invertebrates, but with ectothermic vertebrates 
tending to operate on a longer time scale due to their lower metabolic rates. 

3.6. Measurina PAM and PAN at different scales: extemal drivers versus endosenous 
controls. Earlier we argued that PAM and PAN were the primary determinants of savanna 
structure. The question then is 'how do these forces interact at various spatial scales ranging 
from the patch upward to the catena, the landscape, and the region?' 

We contend that extemal forces act upon savanna components across an array of 
spatial and temporal scaies to influence the rate and magnitude of ecosystem processes and 



responses. GNen that a hierarchy of dynamics exists, at what scale(s) is the PAM-PAN plane 
most germane? At what scale does PAM-PAN reflect external drives and endogenous controls 
over savanna processes or responses? At large spatial scales and long time frames, climatic 
factors and geomorphology may dictate savanna structure. However, as spatial resolution is 
increased and time frames diminished. biotic processes and local topo-edaphic features may 
become increasingiy important. 
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Figure 2 Graphical representation d possibie influence d moisture regime on the forest- 
savanna boundary and consequemly on animal diversity at landscape scales. The crrtical 
window represenEs the forest-savanna baundary. 

The patterns d 'patches' in savanna systems (their dimensions, their state at a given 
time and their arangemerit and boundaries) are a cornplex consequence of (1) a web of 
p r m intemUing with one anothw within the patch locale, and (2) the antecedent 
conditkm that make up the history of each patch. One important consideration in 
understanding how the PAM-PAN concept intetacts with savanna patch dynamics is the relative 
contribution d those two factors Tansley (1935) w i d y  retracted his distinction beween 
allogenic and autogenic forces in succession in the papei in which he coined the term 
'ecosystem: We are n a  attempting to revitalize that argument here. Rather, we suggest by 
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Figure 3. An aftempt to relate animai activii to spatial and temporal scaie considered in 
savanna studies. Minimum Reproductive Area (MRA) for animai species is an index of spatial 
activrty which utilires body size, metabolic rate, diet, reproductive group size and primary 
productivrty. MRA is the area sufficient for a species to successfuliy reproduce and persist 
through more than one generation (Braithwaite 1984) . Scale of temporal activrty is proportional 
to generation time which is related to other demographic variables. 

analogy the traditionai method d soMng dierential equations by separating the solution into 
parts with and without explkl functions of time. A particuiar sdution is, of course, only specified 
when both parts are known. The considerations are: (1) WouM a savanna mosaic form on a 
homageneocrr substrate from system feedbacks? (2) To what extent are patches stable, 
unstable or ctiaotic? (3) For unstable patches, are intrinsic dynamics moving a given patch type 
toward a single equilibrium end point or toward one of severai possible equilibrium states? (4) 
Do disturbances, climatic variation or other factors synchronize or initiate the dynamics of 
patches? (5) Whaî factai(s) control patch size, shape and boundary characteristics? The 
answers to these questions will Vary to some extent, depending on the spatial and temporal 
scale under consideratiori. One manner of resolving this confusing and confounding situation is 
to consider the space and time domains of three sorts of important factors: 

Extemels - factors whose behavioi can be treated as being a function of time. 



Processes - interactions among objects that comprise the system of definition. 

Responses - behavior of the system of definition as a consequence of interactions 
between externals and processes. 

This timelspace domain is represented conceptualiy in Fig. 4. It is important to note in 
this context that a pafticular phenomenon can occupy any of the three domains at different 
temporal and spatial scales. For example, a wildfire might constitute an external with respect to 
a small patch of land, as a response in the fire pattern caused by fuel distributions at the 
landscape scale, or as a process that can aiways be expected to be omnipresent on a large 
landscape over a longer time frame. The levels in Fig. 1 are thus interpreted within this COnteXt. 
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Figure 4. Repmsmtaücm d the three factors (extemals, processes and responses) and their 
re lakm in space/time domain. Two phenomena are represented. In the first, daity radiation 
interam with leaf physidogy to produce daiiy production in a centimeters to meters x seconds 
to h m  spacenime domain. In the second fires interact with plant demography (phenoiogy) to 
resutt in spgcies composnion in a year to decade x landscape to region timelspace domain. 

3.7. To what extent are PAM and PAN i n d m d e n t  sinale measurements? PAN rnay be 
subsecvient to PAM and regulated by the seasonal~îy and amount of moisture. Levels and the 
dynamics d PAN may be largeiy driven by patterns of rnoisture input and weVdry cycles. PAM- 



PAN interactions would be mediated by factors such as temperature (which influences microbial 
activity) and pH (as it influences mobilw). 

To what extent can PAN be represented as a single measurement or as some form of an 
integrat~e index among tropical savannas? The relative pool size and turnover rate of plant- 
available N, P er various micronutrients rnay Vary between savannas and it is difficutt to make 
generalizations. Specifically: 

Different nutrients have different rates of cycling and thus respond at different time 
scales. Differences in solubility and mineralization would influence the rate and magnitude of 
translocation, lateraliy and vertically. 

Multiple limitations. In a given system, supplementation of either water or N or P rnay 
elicit a response. 

The individual plants in a particular location rnay be limited by different factors to 
different degrees. For example, a tree might require water to balance its heat budget by 
transpiration whereas the grasses beneath the tree might require light or nitrogen. 

Different nutrients have different functions in the metabolism of plants and animals and 
thus the effects of their shortages or abundances can Vary with elements and chemical species. 

3.8. Necessaw Information. The smallest spatial scale considered is the patch, a 
relatively small area (but of no absolute size) which differs in species composition, biomass or 
some other crucial characteristic from the surrounding matrix of vegetation. Wihin the patch, 
soi1 water potential is presumed to be the key variable which integrates a variety of factors 
governing patch dynamics. Although patches rnay aise from a variety of causes, a particularly 
important element of savanna structure is the dichotomy between run-off and run-on Yacets' or 
patches (Fig. 5). In this formulation, run-off areas support distinctly different vegetation types 
than patches receiving runon. For purposes of modelling, these portions of landscapes are 
thus treated as distinct units. In dry savannas, nin-off patches support herbaceous vegetation, 
whereas run-on areas support shrubs or trees. In other cases, run-on areas rnay support tall 
grasses or species tolerant of salinity or periodic flwding whereas run-off areas would contain 
short grasses. The distinction between run-on and run-off areas rnay diminish in wet savannas, 
or on landscapes where there is little topographie relief. 

With respect to the measurement of vegetation responses, the following variables are 
considececi necessary: 

(a) Tree cwer (at Al scales). 
(b) Stature of key plant forms (trees, shrubs, grasses) and vertical/horizontai stratification. 
(c) Balance among lifeforms in ternis of leaf area and below ground biomass. This information 

rnay not aiways be available. 
(d) Boundaries (patch interfaces; savanna-forest interface). 



(e) Fire frequency (a potential function of PAM at scaies above catena); also a key variable that 
has bearing on global atmospheric chemistry). 

(9 Areal extent of gallety forest (above catena level). 

Reg ional Grid 4.2 km Landscape 
Facet 
Mode 1 

Non-Wooded Facet 

Figure 5. Nested spatial structure for modelling effects of micro topography and fun-off on 
savanna vegetatiori at catenary, landscape and regionai scales (from M.B. Coughenour, 
unpublished) 

3.9. Infemmes which mav be made from PAM-PAN Plane. If the ?AM-PAN model 
succe8srully ca@ures a maiQI portion of the variation d structure in savannas, then there is good 
reason to expec! ttM the f o l k i n g  structurai and functional characteristics, al1 of great 
c o m q u m s  to the K3BB program, will alsa be predictable. The testing of this hypothesis 
consthm6 a second of the PAM-PAN project: 

(a) total carbon stocks in the soi1 and plant components; 
(b) seasonal time course of evapotranspiration; 
(c) seasonal course af albedo; 
(d) the semiMy of respoclse to changes in temperature and moisture, if these differ in different 

savannas; 
(e) root:shoU ratios; 
(f) probable fire regirne; 



(g) potential animal production and herbivory; 
(h) forage qualq; 
(i) deciduousness of the vegetation. 

3.10. Potential links with IGBP. PAM and PAN studies at the various scales described 
should interface easily with a number of IGBP (international Geosphere, Biosphere Program) 
projects, but above al1 with the GCTE (Global Change and Terrestrial Ecosystems) program. In 
particular, the links are likeiy to be as follows: 

1. At the regional. landscape and possibly catena scales: BAHC (Biospheric Aspects of the 
Hydrological Cykle), GCTE, GCEC (Global Change and Ecological Complexrty), PAGES 
(Past Global Changes), GAlM (Global Anaiysis, lnterpretation and Modelling) and RRCs 
(the IGBP Global Change Regional Research Centers). 

2. At the patch and possibiy catena scales: GCTE, GCEC AND PAGES. 

In more general terms, at the catena scale and above, close links must be made with 
geomorphological processes, as well as with the meso- and macro-level climatic changes. At 
the scale of the catena and the patch, responses to PAM-PAN in a range of dependant variables 
may prove predictive of the overall direction of certain global changes, and will be significant in 
terms of the human use of the environment. The link with the GCTE should be especially 
highlighted in this respect. The objective of this project is Yo develop the capabiliîy to predict 
the effects of changes in climate, atmospheric CO2 and land use on terrestrial ecosystems, and 
how these effects can lead to feedbacks to the physical climate system: In as much as certain 
of these changes will be mediated through the PAM-PAN plane, savannas should exhibit short- 
term, identifiable shiits in certain of their dependent variables. Because one of the key tasks of 
the GCTE program is to predict changes in functional vegetation types, this must be regarded as 
an urgent task in the study of the world's savanna formations. 

3.1 1. Quantifvina the PAM-PAN Plane. General a ~ ~ r o a c h .  RSSD scientists differ in their 
perceptions as to the best way to formulate the PAM and PAN axes. These perceptions 
constitute alternative hypotheses. To test these hypotheses we propose to compile minimum 
data sets for about 30 sites occupying the complete range of variations of moisture and nutrients 
in savannas. The data set will also include a number of vegetation characteristics. Participating 
scient& will then endeavor to predict the vegetation characteristics on the basis of their favored 
model or index of the PAM and PAN axes. A related question is whether integrative indices can 
be related to remoteîy sensed estimates of albedo and surface roughness thereby providing 
explanatory input into General Circulation Models (GCM). Detailed studies may need to be 
conducted at variow savanna sites to determine ii a minimal subset of easiiy obtainabie 
variables can be used to generate a meaningful integrative index. 

The resuks af the proposed compilation will be compared at a subsequent workshop, at 
which time it is hoped to develop an index incorporating the most discriminating features of the 
various models proposed to differentiate distinct savanna types and trends in structural 
characteristics. 



The data will be entered into a common data base andmade available to participants on 
a disc. The required data are listed below and the format for the data will be drawn up by the 
coordinator (Dr. Bob Scholes; Department of Botany, Universrty of the Witwatersrand, Private 
Bag 3, WlTS 2050, Republic South Africa) who will distribute data to al1 RSSD members. Any 
scientist possessing a set of minimum data and wishing to participate is urged to get in touch 
with the coordinator. 

Data templates will be distributed in late 1990 or eariy 1991. With the cooperation of 
participants the full data set can be compiled and distributed by mid 1991, so that participants 
will have a year to work-up the data for presentation at the PAM-PAN workshop planned for 
March 1992. 

3.1 2. Minimum Data Sets 

The basic information required for each site is: 

A. Siîe characterlstlcs (a site is a homogeneous study area at the patch scale): 
1. latitude (degrees and minutes) 
2. longitude(degrees and minutes) 
3. elevation 
4. parent materiai 
5. aspect 
6. slope 
7. topographie position 
8. history ( e.g., bush control, grazing, fire and prior land use) 

B. Soila data (if new data are to be collectecl it is suggested that the methods of the Tropical Soil 
Biology and Fertility handbook be used). For each distinct horizon down to the limit of rooting 
the following information is required to quantrfy the PAM axis: 
1. bottom depth of the horizons 
2. bulk density 
3. sand, silt and clay content 
4. the four cardinal water holding capacities: saturation (caiculated according to a given formula 

using bulk density (801264); field capacity, wiiting point(l.5 MPa); and residual(l0 MPa). 
The last two can be calculated from texture and BD using the 'Re f i  package. These 
values will be calculated by the data coordinator. 

5. organk carbon (state the method) 
6. percentage stone content (>2 mm). The nature of the material below the described soil 

profile needs to be specified (e.g., water table depth, lithic contact, or deep soil). 

Validation of the daiîy water budget models requires a time series of the soi1 water 
contents by depth for some of the sites. To quantify the PAN axis the following additional 
information is required per horizon, with emphasis on the sub-soi1 horizons: 
7. extractable Ca, Mg, K and Na; 
8. exchangeable acidity in soils with pH < 5; 
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If trees, shrubs, and grasses are water limited, the relationship between these competing 
lifeforms can be represented graphicalty. When grass production is plotted against wwdy (tree 
and shrubs) leaf area (or surrogates such as basal area), a family of curves is obtained. In 
general they are non-linear, which implies the existence of a woody (tree-shrub)-grass 
interaction. It is suggested that these curves reflect different general conditions of the 
environment, specificaliy different levels of plant available moisture and available nutrients (Le. 
position on the PAM-PAN plane).(Fig. 6). 

Tree Basal Area 

Figure 6. The farnily d m e s  representing the interaction W e e n  trees and grasses. A-D: 
increasing levels d interference; E: here at low to intermediate densities trees are beneficial to 
gras growth; at higher densities they reduce grass production. 

The magnitude d the interaction between trees and grasses is also a function of the 
degree d dumping d the woody elements in a savanna. R is maximal where the trees are 
dispersed. Where the trws are highty aggregated, a savanna can be viewed as a mosaic of 
pure grassland and pure fwest, and the woody-grass interaction is minimal. 

In some locations, the di ibut ion ot roating depths of tmes and grasses overlap to a 
high degree, suggesting that partitiming of the two groups by this means is not a significant 
mechanism d niche separation (Figs. 7 8 8). 



Trees - 
Grass --- 

O QS 1 .O 
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Figure 7. Niche separaiion betwm trees and grass on the basis of the depth of the soi1 layer 
from wh ih  they oôtain their water suppty. These results, obtained from a simulation study 
based on observeci r d n g  patterns, soi1 hydrdogicai characteristics and long-term reai rainfall 
sequences from Nylsvby, South Africa suggest tha! niche sepamion on the rooting depth axis 
is slight (unpuMished data, R.J.Scholes, Dept of Botany, WIts 2050 Rep. South Africa) 

In many the Leaf Area Index (LAI) for trees shows a longer period of high 
v a l m  than that for the grass layer. The trees have the reserves to begin growing before 
grâSSê8 and finish leaf growth &ter grasses. In such a case the tree and gras iayers may be 
separatlng tempomüy their exploitation of resources. In West African savannas however, 
grassas begh productbn m e  trees (Menaut et al. 1990). 

Grass productiorr is usually related to distance to nearest tree or shrub (Donaidson and 
Kelk 1970; Walkei, Moore and Robertson 1972; Beale 1973; Aucamp et al. 1983). Therefore, 
woody and tree layers may separate using the horizontal dimensions as well as (or rather than) 
the vertical. Woody (tree and shmb) species rnay be regulated by competition with other trees, 



white grasses rnay exist where tree-grass cornpetition permits it. The level of clumping of trees 
(and shrubs) may also facilitate coexistence between tree (and shrubs) and grass layers. If al1 
trees in an area are together in one corner then suppression of grass by trees would be minimal, 
perhaps negligible. Comparisons of such situations may allow the assessment of this 
interaction. It may be useful to examine the slopes of the curves of g ras  against tree production 
in relation to indices of tree clustering for the range of available sites. 
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Figure â Niche s8pambn between trees and grass on the Mi of the time of the year at which 
w l e r  b used. The fesu&s are from the samo simulaîbn study as figure 7, which included 
observed daEo on the temporal pattern of leaf area development by trees and grass. Note that 
the sepsretkri on the temporal axis is more convincing than that on the rootingdepth axis 
( u n p u b M d  R J. Schdes, De@. of Botany, Wits M50 Rep. of South Africa). 

In some cases the tree impact on grass rnay be positive. For example, at Turkana 
(Kenya) where the savamm are at the dry end of the spectnim, shading of grasses can 
increase their production and survival by decreasing water losa 



Grass production may dominate that of trees when the trees are juveniles. This means 
the interaction changes with time facilitating coexistence. In other words, competition in 
savannas is markedly asymmetrical, and the direction of the asymmetry changes as trees 
mature. There is experimental evidence of the effect of the removal of grass on shrub 
production in an African study (Walker, Moore & Robertson 1972; Beale 1973; Knoop & Walker 
1 985). 

Event-driven systems need frequent, strong and varying disturbances to drive them 
away from an equilibrium point. Year-to-year variation in rainfall is important for the maintenance 
of savannas. Primary production of both tree and grass layers varies in response to the 
considerable year-to-year rainfall variation experienced in savannas. This resuks in 
opportunities for t0mporal patîitioning between the two groups as grasses recover from drought 
more quickiy than do trees. In deep sandy soils (e.g. Kalahari sands in southern Africa), there is 
great difference in rooting depths between trees and grasses. 

Different processes can be invoived in the effect of tree on grass (e.g., shading) and of 
gras on tree (e.g., moisture restriction). Furthermore, the same process (e.g., shading) c q  
have different outcomes depending on other factors. Plant Available Moisture is more than a 
single axis. It is necessay to separate top  and sub-soi1 layers in examining the influence of 
PAM on production. 

Sometimes a successional pattern is observed. Eariy tree species in a succession might 
exhiba one pattern of rooting (e.g. deep), while a later-appearing species might exhibit another 
pattern (e.g. shallow). Initialiy grasses may be enhanced by trees but later deciduous trees may 
shade out grasses (Archer 1990). It is also important to consider diiferent sorts of trees 
including, top soi1 trees, deciduous trees, nitrogen-fixing trees, etc. (Smith & Walker 1983). 

The fire regime rnay change the rate of change but not its general direction. 
Nevertheless, individual competition is more important than fire (Menaut et al. 1990). In many 
arid and semi-arid savannas, if fire is excluded, trees first increase then decrease, so that fire is 
not necessary to maintain the savanna (B. H. Walker personai observation of the 40 year 
protection blocks at the Matapos Research Station in Zimbabwe; Walker 1981). 

Topographk variation is likety to be more important in determining point moisture input 
than rainfall In this respect, big rainfall events are of great importance as the allow lateral 
movement d rainwater creating run-off and run-on areas. Patch formation is closely related to 
the pattern d run-dflnin-on areas (Pickup 1985,1991 ; Tongway & Ludwig 1990). 

Soil texture information is essential for modeiling savanna production. The compilation 
of a list of detailed examples of soi1 and vegetation would be useful in separating the important 
from the unimportant factors for understanding the flux of trees through time. 

Comparative tree seedling rates across different savanna systems are also needed. 
Some t rw  species mainiy reproduce asexualiy and dominate on some sites. 



There is a need to incorporate the influence of animals (e.g. termites, granivorous birds) 
on pattern formation. Termites create small local nutrient patches which are utilized by different 
components of the vegetation and thus rnay facilitate small-scale partitioning of grass and tree 
layers. Differential mobilrty of different nutrient ions can occur if overgrazing of grass layer 
allows. This rnay permit establishment of thickets. Grazing rnay decrease root extension and 
change the competitive interaction between the tree and grass layers. 

A number of diiferent conditions can produce savanna (e.g. demography, position on 
PAM-PAN plane). It is important to model at the landscape scale as well as the patch scale. At 
the catena level, there are clear influences of overgrazing and other factors on run-off and run-on 
areas which it will be necessary and feasible to model. The wider time scale should also be 
considered. Not oniy events but cycles and trends should be considered. 

While simulation models are often restrictive, it is possible to model al1 the hypotheses 
mentioned above. However, it is necessary to specify the entire system for simulation models to 
work. Further, under some conditions (growth rate r>l)  models are not going to tell us much 
about the grasdtree interaction. The best way to proceed rnay be to explore alternatives using 
computer models. A generalized model could be constructed using the model structures 
currently available. The models, which wouid need to operate at several scales, would be useful 
to understand the impact of future climate changes. 

A theoreticaliy neutrai model shell is required as a starting basis which then has new 
features added as required. Wiih a large area and complex rules, the computational load would 
be huge. It is essential to keep the rules as simple as possible without losing essential features. 

4.2. Shrubs in Savannas. Deliberations on the grassltree interactions in savannas 
should be expanded to include the shrub component where applicable. Savannas dominated 
by shrubs rather than trees include (but are not limited to) the campo sujo in cerrado (Brazil), the 
Acacia savannas of Australia the Prosopis-Acacia savannas of southern Texas and northern 
Mexico, and the Turkana region of Africa Relative to trees and grasses, shrubs exploit space 
above ground and below ground (potentialiy) differentiy. As such, savanna models should 
distinguish between trees and shnibs and be able to accommodate situations where shrub 
abundance rnay change in response to biotic and abiotic factors and disturbance. For example, 
the proportionate contribution of shrubs relative to other lifefoms in savannas rnay be mediated 
by herbivores. Browsers rnay reduce shrub abundance or shiit shrub composition to 
unpaiatable species. In other cases, certain levels of grazing on grasses rnay contribute to an 
increase in shrub abundance. 

The shnib designation encompasses a range of growth foms. Aîthough shrubs are 
typically defineci as muhistemmeci woody plants less than 2 meters in heighî, they span a range 
of 'woodiness' and stature ranging from dwarf, suffruticose herb-like plants to tree-like plants 
exceeding 5 meters height. The range of growth form expression within a genus rnay Vary 
substantially depending on environment. Environmental conditions and disturbance will also 
influence the relative contribution of trees and shrubs to savanna structure. Trees, with their 
potential to achieve substantiai vertical stature relative to other lifefoms, are potentialiy suited to 



compete effectively for light, develop large canopies for light interception, escape ground- 
dwelling herbivores and elevate meristems above flame scorch heights. The 'costs' associated 
with this approach, relative to other lifeforms, is a substantial expenditure of energy (respiration) 
and nutrients in non-productive tissue and the requirement of large amounts of water to meet 
transpirational demands. Shrubs represent a scaled-down version of the tree lifeform that may 
be better suited to environments where water, nutrients andlor light are more limiting. Shrubç, 
with their muni-stemmed habit, have a flexible canopy architecture that can be advantageous in 
variable and extreme environments and allow them to: (1) cope potentially better than trees in 
stressful environments andlor environments subject to periodic disturbances associated with 
drought, freezing, fire, etc.; (2) dominate mid-seral stages in forest succession in savanna-forest 
transition zones; and (3) CO-exist with trees. The abilrty of many shrub species to regenerate 
vegetativeiy from rwts or other substantial underground structures (crowns, burls, lignotubers, 
etc.) facilitates both persistence and the exploitation of horizontal space. The capactty for some 
species to develop extensive lateral andlor deep tap root systems are potentially adaptive in 
environments where soi1 resources are heterogeneously distributed. Shrubs in some families 
(Leguminoceae, Rhamnaceae, Rosaceae, and others) have the capacrty to form relationships 
with nitrogen-fwing bacteria (Rhizobium) or actinomycetes (Frankia). These various attributes 
also make shrubs an important component of landscape restoration programs in savannas. As 
a group, shrubs provide herbivores with a better source of protein, carotene and phosphorus 
than grasses, both in terms of concentrations and seasonal availabilrty. However, high fiber 
contents and, in many species, high levels of secondary compounds will influence nutritional 
value to consumers. 

4.3. A Hierarchical Approach to the Determinants of Savannas. At its inception, RSSD 
proposed four main determinants of savanna functional characteristics (Frost et al. 1986): 

Plant Available Moisture (PAM) 
Plant Available Nutrients (PAN) 
Fire 
Herbiory 

PAM and PAN were regardeci as the primary determinants of savanna functioning, 
leading to the concept of a PAM-PAN plane intended 70 produce a classification of the world's 
savannas based upon an ordination of actual sites in relation to these two indices' (Frost et al., 
19ô6). 

Such a direct ordination implies that the two axes (PAM and PAN) are orthogonal (i.e. 
not cofrelated) and rnay Vary independently and are of equal importance. This is, of course, oniy 
an assurnptkm, and it is possible that the importance of PAM and PAN rnay Vary in different 
savannas and at different spatial and temporal scales (as infened in Fig. 1). In panicular, as 
RSSD has progressed, it has been suggested that PAN may be a subordinate determinant to 
PAM (3.3.). 

Alternatives to direct ordination of sites on the PAM-PAN plane are, for example, 
indirect (or derived) ordination (such as principal components anaiysis [PCA]) and 'hierarchy 



theory' (Allen and Stan 1982; O'Neill et al., 1986). Thus, a PCA of a matrix of sites x 
environmental variables might show that one factor may account for most of the variance in the 
data. Such a factor might be interpreted as a single environmental variable (such as soi1 water 
potential), or might be interpreted as a complex of several variables andtor site characteristics 
(e.g, PAN or PAM). 

It is oniy possible to perform an indirect ordination (such as PCA) when a sufficient 
number and distributional range of sites have had a minimum set of environmental variables 
quantitatively determined (3.1 1). There would also be the problem of scale; would the variables 
be averaged for a region of the world's surface (a savanna type) or for many sites within and 
between geographical distributions of savannas? At least with the PAM-PAN plane, sites can 
be ordinated as data on PAM and PAN become available. However, even then the problem of 
scale must be addressed. 

The approach of 'hierarchy theory' allows a consideration of the relative importance of 
the main determinants of savanna function and of spatial scales. There are, however, a number 
of problems with 'hierarchy theory' which must not be overlooked in its application to the 
analysis of the determinants of savannas. The first is that to date, the protagonists of the theory 
have not delimited any hierarchy generative strategies. Here, as an alternative approach to the 
goal of producing a description of savanna functioning (and an eventual classification), it is used 
simpiy as a conceptual tool, not as a cleariy stated theory. The hierarchies presented in Figs. 9 
and 10 are detived from collective reasoning based upon ecological expertise rather than 
available site data 

In producing the hierarchies, certain tenets of hierarchy 'theory' have been adhered to: 

At each level of a hierarchy there are one or more holons. Holons represent subsystems 
which, at the same level of the hierarchy, interact frequentiy and strongiy. Holons at different 
levels of the hierarchy have different process rates. As a resuit, any measure suggested for 
collecting data about a holon must be a measure of the rate of a process. 

As one mwes up the hierarchy, rates of processes become slower (which relates to the 
temporal response scaie of Fig. 1). 

Holons at one levei in the hierarchy are constrained by those above. As such, a 
hierarchy of detminants exists within the system being studied or modelled. If the four 
presumed major determinants of savannas (PAM, PAN, fire and herbivory) were ultimately 
reasoned to be independent and of equal importance, they would be represented as four holons 
at a single levei in a one layer 'hierarchy'. In fact, this was reasoned not to be the case, as 
shown in Fig. 9. 

In addition to a hierarchy of determinants, it was also reasoned that a determinant 
process may operate differentiy (or not at all), not oniy in rate but also in effects, at a different 
spatial scale. Thus, in the hierarchy of determinants, each holon may be decomposed into an 
intemal hierarchy detemined by spatial scale (Figs. 9 and 10). 



Figure 9. Hypothetical hierarchy of savanna detenninants. PAM = Plant Available Moisture; 
PAN = Plant Avaiiable Nutrients; H = Herbiiory; F = Fire; A = Anthropogenic factors; R = 
region; L = landscape; C = catena; P = pack  More details in text. 
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4.4. The two core diaararns. The îwo m e  d i a g m  (Figs. 9 and 10) illustrate possible 
non-nested, ecdogical hierarchies; one showing the werall hierarchy of constraints and 
processe8 for savanna f~mations, the other the internai constraints affecting PAM in particular. 
Similar diagrams to the laner can also be constructed for the other holons; PAN, Herbivory , Fire 
and Anttuopogeriic factors. However, their intemal structures are not as easy to define as that 
for PAM, and advice frofn social scientists and anthropologists wouid need to be taken to 
ana)yze the intemai workings of the Anthropogenic Factors holon, which we here leave as a 
'black boxa 

It will at once be noted that the hierarchies presented exhibit a number of key 
c haracteristi 
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They are Spatialiy scaled against the letters P, C, L, and R, standing for the main scales 
of savanna study, namely the patch, the catena, the landscape, and the region. These levels 
were recognized as vital in understanding the functioning of savannas and of PAM in the report 
of the relative importance of PAM and PAN presented in section 3. 
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Figure 10. Key measurable PAM variables at the region, landscape, catena, and patch, that will 
enable savanna studies to be slotted easily into other studies, e.g. via geomorphology and 
hydrology, which employ the same variable as a key part of theù studies. At the catena level (C), 
we think two possiMe detenninants are required, which in some savannas will work together, 
whereas in ohm8 only one variable will apply. 

In the PAM hlerarchy , the influence d PAM is seen as mediated through a key 
measuraMe variabie or variables, often compound in character, which will also enable savanna 
studies psr. se to be siaed easily into other studies, e.g. via geomorphology and hydrology, 
which emplqc the same variable as a key paft of their studies. We are not completeiy wedded 
to the variables here suggested and further attention will need to be givsn to their refinement 
and choice. 
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At the catena level (C), we think two possible determinants are required, which in some 
savannas will work together, whereas in others only one variable will apply. 

Likewise, in the full savanna hierarchy, the influence of PAN may be bypassed in many 
savannas, hence the pathway linking PAM directly with the third level. 

Throughout, processes are constrained by the higher levels of the hierarchy, so that 
processes move up the diagram and the constraints move down. At any given hierarchical level, 
such as a patch or a catena, Herbivory (H), Fire (F), and Anthropogenic (A) processes will take 
place freeiy. That is, they may influence each other in unlike ways in different hierarchical 
relations. 

The strengths of the above approach may be summarized as follows. 

The system is organized in a logically structured way which places relative values on the 
importance of the different holons. 

PAN is cleariy shown to be of secondary importance to PAM, and not ahvays of 
significance. 

The system forces the generator to identiïy a key measure(s) through which PAM, PAN, 
etc. is mediated at any given level of the hierarchy. 

It is essentialiy an aid to analytical thought. 

4.5. Rare Catastro~hic Events (Histoq). The major types of rare catastrophic events, 
such as swere droughts, intense fires, frosts, outbreaks of insects, and major human 
interventions, represent extreme conditions of variables already identified as important input 
variables at one or more of the scales considered. It is arguable, however, that it is appropriate 
to establish a special holon for catastrophic events as there are certain types which are 
unrelated to the previously recognized variables and holons. Also, both from a logistic and a 
conceptuai point of view, it might be preferable to treat historical events as a separate box while 
modelling its efïect on top d the pattern maintained by other processes. 

Historicai events might act at al1 scales considered, but are increasingiy important at 
small seales. it is not clear at what position relative to the other holons in the hierarchical system 
propos& it shouid be considered. GNen its long term frequency, it should probably be 
considered at the top of the hierarchy. In fact, the modelling of the eff ects of rare events should 
be central to bath RSSD and IGBP objectives. 



5. APPROACHES TO MODELLING SAVANNAS 

5.1. Introduction. The proposed modelling effort will comprise three main approaches, 
each of which characterizes a different level of complexity. 

lndlvldual plant models: such models are spatially explicit, interactive, explanatory 
models which address changes in plant growth and composition at a point, from which changes 
in structure, demography and competition within a patch are simulated. 

Large-scale process-response models: such models have been designed to address 
interactive processes occurring at a landscape or regional scale, often in the context of guiding 
or supporting management decisions. Examples of such models include STEP (South Turkana 
Ecosystem Project), PYRO (a decision support model for fire management) and SEESAW 
(Socio-Economy and Ecology of Semi-Arid Woodlands). 

Ecosystem productlon models: such models are largely predictive with outputs which 
can serve as inputs to global climate models. The models do not explicitly consider individuals 
aithough a model such as CEMURY can be reduced to the scale of a single tree and 
associated grass, and thereby can potentially be linked to individual plant models. 

The development of new models is considered to be impractical at this stage in the 
program. A more realistic approach is to seek to integrate existing models, with appropriate 
modifications and additions, into one or more general models. The concept of a generic 
savanna model is also untenable, given the variety of purposes for which the models are 
needed. 

The question of scale in modelling is panicularly important in the context of savanna 
dynamics. Fig. 11 shows the relationships between different classes of models within savannas, 
together with the appropriate spatial and temporal scales of the included processes. The wide 
spatial and temporal scales covered by the models is obvious. It needs'to be tested whether the 
output from models which simulate processes operating at fine spatial and temporal scales can 
be legitimateiy extrapolated to larger scales in heterogeneous systems such as savannas. 

Some of the more general or potentially more widety applicable models are described 
brieffy below. Most are simulation models, aithough one analytical model designed to 
investigaîe the basii of grass/woody plant interactions is described. 

5.2 Some Existina Models with A~~l icat ions to Savannas 

5.21. An AnaMical Model of Grass-Woodv Plant Interactions (Brian Walker and lmanuel 
Noy-Meir). This model was developed to test the hypothesis, first proposed by Waiter, that the 
coexistence of woody plants (W) and grass (G) is a consequence of their separate use of the 
topsoil (T) and subsoil (S) moisture (where T and S are the total annual amounts of water in the 
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top and subsoil layers). The model is based on equations for changing water content in topsoil 
and subsoil through parameters for uptake by grass (only from topsoil) and woody plants (from 
both topsoil and subsoil), and for convening water uptake to biomass. Water infiltration declines 
at low gras because of soi1 capping (depending on sail texture), thereby lowering the soi1 
content in topsoil, whereas direct addition of moisture to subsoil is largely a function of the 
concentration,.through stem flow, and rapid infiltration of rainfall at the base of woody plants. 

The model is sensitive to the proportional uptake of water by grass and woody plants 
from topsoil and subsoil, and to the two infiltration parameters. Depending on these values, the 
isoclines for equilibrium values of grass and woody plants indicate that the system can have a 
single, stable, joint equilibrium (high woody and low grass - essentialiy a woodland on sandy 
soils) or three equilibrium States: two stable equilibria (high grass and low woody, or woody 
alone [thicket]), separated by a joint, unstable equilibrium of intermediate grass and woody 
plants. As the root distributions of grass and woody plants become more similar, so the 
isoclines converge and little change (pressure) is needed to move the system to or beyond the 
unstable state. 

The obvious limitation of the model is its assumption of equilibrium conditions. Although 
such an equilibrium is never attained in a savanna because of a highiy variable climate, the 
model provides a rapid, useful and easily interpretable view of equilibrium behavior in savannas 
under a wide range of climatic conditions. 

5.2.2. VEGOMAT (Hank Shugart and others). The VEGOMAT model (presented by 
Smith et ai. and Burton et al. at the 1989 meeting of the Society of Vegetation Scientists in 
Uppsala) is a general purpose vegetation simulator intended for multiple life-form interactions. 
The model simulates the birth, growth, and mortality of individual plants (grasses, shrubs, and 
trees) at biweekly time steps for a set of nested quadrats of different size. The smallest quadrats 
are 1 x 1 ml on which the growth and fate of plants less than 1 m high are simulated. Larger 
plants over a given plot are allowed to shade, extract water, and use nutrients from a given small 
plot. Plants that grow taller than 1 m in a given year are 'promoted' to the next size quadrats (5 x 
5 m) by computing the mean and variance of 'promotable' individual plants and drawin from 
this distribution new plants to plant in the layer. Plants that grow to a larger sire on the 2"' level 
plots (typicaliy shrubs or small trees) are promoted likewise to the third computational unit. The 
mode1 essentially cornputes the grass, shnib and tree layers and uses the smaller quadrats to 
compute the recmitment of trees and shnibs. 

The mode1 is designed to interface with the CENTURY model (see below) for nutritional 
reserves on the quadrats. A Priestly-Taylor evapotranspiration model (requiring daily air 
temperature and radiation input) is used to compute the water balance. The water-use of each 
plant is determined by its cuvent leaf area index The soi1 is divided into three layers with the 
shallow layer associated only with the smallest plots; the two top layers associated with the 
intermediate size plots, and so on for the larger plot that interacts with al1 three layers. 

The model is designed for investigations of the grass-tree interactions on the North 
American Prairie-Forest border (which can have a savanna-like character, particularly along the 



southem border). It has also been used to simulate old-field succession (in which the 
replacement of grasses by shrubs by trees occurs over a time sequence). The model is largely 
under development at present and is therefore likefy to be modified. The mode1 is available on a 
case basis for any number of applications and there is particular interest in seeing it applied to 
savannas. 

5.2.3. (lan Noble and Andrew Moore). FATE simulates a small homogeneous 
patch of the landscape (see below for alternative versions). It uses a time step of a season or 
year to simulate the dynamics of cohorts of species or functional groups for time spans of up to 
many centuries. The model is written in TURBO PASCAL and runs on a standard PC. A 'C' 
version of the core of the model is available. No special graphics are required. 

FATE uses a qualitative one-sided competition model for a unidirectional single set of 
resources (or several correlated ones). The entities interact across multiple strata Seed pools 
are followed through time with simulated germination and establishment responding to a 
qualitative, resource-sensitive model. The impact of disturbance is included. 

Approximately 30 to 50 parameter values are required from the user (depending on the 
number, intensities and types of disturbance). These are entered in a simple spreadsheet form 
with context sensitiie help. An expert system is being written to guide users through this 
process. FATE can usuaiiy be parameterized using the empirical knowledge of an experienced 
field biologists. 

The principal application of FATE is to questions of the long-term management of 
disturbance-prone systems (e.g.,. in management systems with prescribed and wild fires). A 
special version is available for the Kakadu woodlands in northern Australia and another is under 
development for Austraiian semi-arid woodlands. The standard version, with examples, is 
available as both source and €XE files from lan Noble. 

FATE simulates 100-Slû years/sec on a 12 Mhz AT. Thus it is feasible to link many cells 
together to create a landscape. Hooks for the transfer of material (e.g., seeds) and the spread 
of disturbance can be prwided 

Moore and NoWe have also developed software that creates a semi-Markov version of a 
specific FATE parametefimion that produces output indistinguishable from FATE within bounds 
specifled by the user (including a time horizon - e.g., no simulations will run beyond 150 years). 
This reduces the ~ n n i n g  time of the model to a simple 'look-up' process in the computer, 
thereby achieving simulation speeds 1000 to 10,000 times greater than that of the original 
m o d d  The semi-Markw version c m  be added to a GIS to create an extra layer conveying 
information about changes through time, or it c m  be used to describe large landscapes. 
Collaboration with other scientists to develop new landscape versions of FATE is welcome. 

5.24. MUSE (fan Noble, Carlos Prado and Jean-Claude Menaut). MUSE simulates a 
spatial 'grid' of variable sire (e.g., 10 x 1 O to 1000 x 1000 m) in which individual trees are treated 
as objects at precise locations within the overall space. lt uses a daiiy to monthfy tirne sep 



within which changes in the establishment, growth, reproduction and mortality of individual 
trees, grass and forbs in each grid cell can be simulated for periods up to decades. Any number 
of speciesJfunctional groups can be included. 

MUSE is a 'shell' in that it provides the basic code to handle the geometry of a 3-D 
interacting forest, savanna or shrubland. It provides defauit code for the major modules. These 
defauit modules deal with mufti-strata interactions both above- and below-ground (no limits are 
placed on the number of strata except those imposed by processing time). The principal 
application of the model is one of testing hypotheses about plant dynamics. 

The defautt light model provides a simple light extinction calculation suitable for use in 
photosynthetic response. The soi1 model uses a simple soi1 moisture budget and root 
distribution/act~ity to calculate water uptake. There is a plan to add CENTURY as a below 
ground nutrient module. 

All of the essential features (e.g., those describing root uptake or root activity) are 
available as a series of user-modifiable functions. Carbon allocation is available as a constant 
allocation to various strata, or as a variable allocation based either on user-defined rules or one 
which allocates carbon to the 'most useful' strata Seed dispersal from parent trees is simulated 
as input to precise locations in a spatial matrii. A simple degree-day germination and 
establishment model is provided as the defauit. 

The range of parameters which must be specified depends greatiy on the options 
chosen by the user. Essentialiy a light-, water-, nutrient- driven tree and grass model is needed. 
Interactions come about through resource depletion. 

MUSE runs on a standard PC (a CO-processor is a great benefit) using TURBO-PASCAL 
It is likely to be translated to ANSI-C. The model is selfcontaineci for graphics (EGANGA is 
prefened). Preliminary versions are ninning. Test versions should be available to researchers 
in the RSSD program in eariy 1991. 

5.2.5. SAVANNA (Bob Scholes). SAVANNA is a point model of hydrology and primary 
production in a mixed treelgrass community. An early version of the model is described in a Ph. 
D. thesis (Scholes, 1987) but it is still under active development. 

The modei requires the following physiological data for each life form: 
- specitk ieaî area; 
- maximum photosynthetic rate; 
- quantum efficiency; 
- maximum transpiration rate; and 
- root vertical distribution. 

Associateci soi1 data includes bulk density, stone content, and soi1 water content at field 
capacity, at the wihing point, and when airdry, al1 by soi1 horizon. The model is driven by daily 
rainfail, maximum and minimum temperatures, to produce a detailed water balance, overlaps 



between plants in water-use, and plant production components on a daily, annual or long-term 
basis. 

Future developments include a generalization of the model to consider any number of 
species or functional groups of plants (for example, the inclusion of shrubs); the incorporation of 
nitrogen cycling; and the elaboration of the point model to a patch model in which under-canopy 
and between-canopy areas are differentiated. 

Limitations of the model include a poor representation of run-off and run-on; no 
consideration of plant demography; and semi-empirical rather than fully mechanistic 
representations of physiological processes. 

5.2.6. STEP (Mike Coughenour, Dave Swifî and Jim Ellis). STEP is based on a series of 
narrower but higher resolution models previously constructed by Coughenour and Swift. Each 
sub-model was constructed to fulfill various needs for the South Turkana Ecosystem Project 
(STEP). STEP is a regional, spatially explicit, model which is superimposed on a Geographic 
Information System (GIS). Current GIS data layers include a DEM (topography); mapped rainfall; 
surface water distribution; and a static plant biomass map derived from muiti-spectral scanner 
imagery and 8 years of Normalized Difference Vegetation Index (NDVI) data using AVHRR. The 
simulation model is driven by daily rainfall; the NOAA GAC NDVI data are used for rough 
validation of the NPP model output. STEP operates at different time steps depending on the 
season. During the rainy season it operates on a daily time step; during the dry season the time 
step is extended. 

The objectives of the model include tracing the biomass dynamics of trees and 
herbaceous plants; utilization of forage by livestock; livestock production (milk); and how these 
Vary over time in relation to rainfall and drought. 

The six sub-models which are incorporated in STEP include: 
1. A primary production model which includes some elements of the GRASS model developed 

by Coughenour. 
2. A catena model designed to account for run-on, run-off and general hydrological 

characteristics of the ecosystem. 
3. A simple tree growth model designed to accommodate changes in woody cover over time. 
4. A livestock energy and nitrogen balance model modified to also estimate livestock production 

and demography. 
5. A human decision model which influences peoples' food intake, diet composition, and 

nutritional state. The model also influences livestock herd size through decisions about 
sales and slaughter. 

6. Elements of a DrougM Response Model developed earlier to examine the effects of single- 
year and mutti-year droughts on livestock and human pastoral dynamics, is currently being 
incorporated into SEP. The model links the submodels on livestock population dynamics 
(submodel4 above) and human decision-making (submodel5) with a simple GIS forage 
production model to simulate the responses of plants, livestock and people to drought. 



5.2.7. PMI0 (Mike Mentis). This is a decision SuppoR model designed to assist savanna 
park managers in relation to the management of wildfires and two types of applied fire: security 
burns to protect people and property; and standard burns to maintain biotic diversrty. The 
model is coupled to a geographic information system which is updated regularly. 

The model has been designed, in terms of requirements for user expenise, hardware 
and software, to be within the reach of most park managers. The model has been written into a 
VP-EXPERT shell and uses Lotus 1-24 worksheets for the GIS; other worksheets or D-Base are 
also suitable. The model runs on an IBM-compatible PC-XT with a 20 Mb hard disk and printer. 
A print-out of every consultation is provided. 

The required data include forecasted maximum wind speed and minimum relative 
humidity for the following day or two. The GIS comprises a grid overlaid on the park, with a 
record of when each grid cell was last burnt. The GIS must be updated manualiy. 

The knowledge-base uses backward chaining and places priorrîy on securrty burns over 
standard burns. Securrty burns are advised for as long as the system is incomplete, as defined 
in the GIS, and the fire hazard is below a defined threshold. Standard bums are advised subject 
to the completion of securrty bums, below a threshold fire hazard, and if the fraction of the park 
burnt in the current season is below that defined by park policy. Ignition points for standard 
burns are randomty selected (but tested for appropriateness in the GIS first). Advice on the 
management response to wildfires (either to leave or to extinguish) depends on the fraction of 
the park bumt to date within the season, and on the fire hazard rating. 

The modei is currentiy operationai but has not been extensiveiy tested. It is 
transportable and is aimed at providing a conceptuai basis for decision-making; it can be readily 
modiied to suit patticular circumstances. The key features of the model are that it is economical 
in terms of hardware and software, and the program can be modified by persons of no more 
than modest expertise with computers. Advice is given rapidiy; for wildfires, advice is given in 
less than 4 minutes (from bod-up), 

The use of th& modei for deciding on standard bums ensures consistent application of 
park policy on buming to maintain spaîio-temporal diversrty. By reducing the arbitrariness of 
decisionmaking, the d e i  enables park managers to get away from 'gardening'. Potential 
users d the model can obtain the knowledge-base and schemaîic GIS from Mike Mentis but they 
m w t  acquire their own copies of VP-EXPERT and Lotus 1-23. 

5.28. CENTURY (Bill Patton and others). CENTURY was originalty a model to simulate 
the dynamics d C, N, P, and S in cultivated and uncultivated grassland soils. it has been 
subsequentty adapted to simulate the dynamics of the same nutrients in forest soils. The 
savanna version ci C E W R Y  amalgamates elements of both of these models with consideration 
of tree-grass interactions. 

The rnodei contains five submodels: a soi1 and decomposition submodel comprising 
three soi1 organic maiter (SOM) fractions which differ in their rate of decomposition. !seif a 



function of moisture, temperature, and carbon and lignin contents; a plant submodel which 
simulates the dynamics of nutrients in live and dead above ground material, live roots, and 
structural and metabolic surface and soi1 residue pools, as functions of precipitation modified by 
nutrient availability; and submodels for simulating N, P, and S dynamics. The model runs on a 
monthly time-step and can simulate the dynamics of soi1 organic matter over long time periods 
(1 00 to 1 0,000.years). 

Regional trends in soi1 organic matter (SOM) have been successfully predicted using 
four site-specific variables: temperature, moisture, soi1 texture, and plant lignin content. Nitrogen 
input must also be known. The model has been used to simulate the process of soi1 formation; 
the effects of climatic gradients on productivity and the dynamics of oil organic matter; and the 
impact of cultivation on soi1 organic matter dynamics, nutrient mineralization, and plant 
production. The model has been validated by comparing the output from the model with 
observed data from sites in the northern Great Plains of the USA. The rnodel correctly predicted 
the primary limiting nutrients for plant production and simulated the response of the system to 
the addition of inorganic fertilizer. The impact of grazing has also been simulated and has 
shown that steady-state levels of soi1 C and N are sensitive to grazing, and decrease with 
increased grazing pressure (Panon et al., 1987; Parton, Stewart and Cole, 1988). 

6. RSSD AND GLOBAL CHANGE: HlGHER ORDER INTERACTIONS 

Global climate change is predicted to alter the patterns of precipitation, temperature, 
evaporation, etc., in savannas. Just how the vegetation components of savannas respond to 
these changes is clearly a central issue within RSSD. Equally important questions remain to be 
asked, however, about the effects of these changes in turn on secondary production, land use, 
and microeconomic decisions taken by the people living in savannas; how possible changes in 
macroeconomic policies of governments, induced by changes in savannas and elsewhere, will 
create oppoitunities for, or constrain the actions of, savanna inhabitants; and how al1 these in 
turn might feedback to affect outputs to global climate. From 21-25 of January 1991 an RSSD 
conference-workshop on Economic forces and Savanna Land Use took place in Nairobi, Kenya, 
where the macroeconomic issues were discussed in detail. Here we focus on the relationship 
between climatic change and savanna land use. These scenarios are presented to show some 
of the possible direct and indirect effects of certain actions. 

6.1. lnduced Chanqes in Secondaw Production, Land Use and Microeconornics. Sorne 
of the potential effects of climate change on secondary production, land use and 
microeconomics can be illustrated by considering two scenarios (Fig. 12). 

Consider now the scenarios depicted in Fig. 12 in the context of a change in rainfall. 
Such a change could include (associated changes in temperature, evaporation, etc. are 
implied): 

1. Changes in annual average amounts of rainfall. 



2. Changes in rainfall variability affecting: 
a) seasonality (i.e., longer dry seasons); 
b) greater or lesser inter-annual variance; 
c) the frequency of extreme events such as droughts, floods, frosts, or fires. 
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Figure 12. Potential effects of climate change on secondary production and land use in 
savannas. 



Such changes would alter levels of production (Scenario 2, Fig. 12) as well as change 
the state of the vegetation and the composition of the herbivore communities (including 
livestock) at the boundaries of savanna lands where they interface with woodlands, grasslands, 
semi-deserts, and forests. In essence, the boundaries of savannas will shift, while within these 
boundaries production levels will change. 

Alterations in rainfall periodicity (without any change in the mean) may have 
proportionately larger effects. Large changes in seasonality of rainfall within years, or in 
variability between years, will alter plant growing seasons, forage nutrient contents, and the 
abilRy of herbivores to track forage availability and quality. This may cause a change in state 
(Scenario 1, Fig. 12). 

6.2. Interactive Effects of Climate Chanae and Grazinq. It seems likely that the interactive 
effects of climate change and herbivores may cause savanna systems to reach the threshold of 
state changes (Scenario 1, Fig. 12) more rapidly than would climate change alone. This is 
implied by the feedback (--->) in Scenario 1. Similar situations have been suggested for the 
long-term change in desert grassland to shrub-savanna in Texas, Arizona and New Mexico. 
There the combined effects of changes in the seasonality of rainfall (coincident with the 
termination of the 'Little Ice Age') and heavy grazing by cattle may have caused the observed 
shift in vegetation state (Neilson, 1986). 

Another possibility exists, however: browsed woody plants, with minimal woody tissue, 
appear to be more resistant to drought than unbrowsed plants with a lot of woody tissue to 
support (Ellis, pers. obs.). In this case, browsing would make the system less susceptible to 
climate change. 

6.3. Effects of Climate Chanae on Land Use. Changes in the state of savanna systems, 
caused either by changes in climate variability in the core savannas, or by shifts in average 
rainfall near the boundaries, are likely to induce changes in the patterns of land use. For 
example, a change in the ratio of woody to herbaceous plants may force a corresponding 
change in the ratio of browsers to grazers among livestock herds. Browsers such as goats or 
camels require different herding strategies and use landscapes differently from grazers such as 
cattle. 

Agricuiture can be expected to advance or retreat across the border of wet or mesic 
savannas, depending on the direction of climate change. Because of the link between 
ethnographic origins and pastoralism or agriculture, changes in the form of land use (e.g.,. an 
increase in opportunities for livestock rearing coinciding with a decrease in agricultural potential) 
implies the possibility of ethnic invasions across previously environmentally (and politically) 
determineci boundaries. Such movements could result in ethnic confrontations. 

6.4. Effects of Climate Chanae on Micro-economic factors. Changes in pastoral 
practices. for example, away from goats, towards cattle, would require changes in markets and 
marketing, transportation, and other infrastructural needs. Likewise, a change from a largely 



agricuitural based economy to one dominated by pastoralism would also require major shifts in 
micro-economic structure and practice. 
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Figure 13. The possible impacts of increased aridity on rural human populations depending on 
the type of gwemment intervention. 



1. The effects of global climate change on savanna structure, composition and functioning in the 
absence, or in the presence of different kinds, of government intervention in the 
economies of rural communities. 

2. The influence of a global economic recession on land use practices in savannas and the rate 
of depleiion of natural resources. 

3. The possible consequences of aid to rural people under contrasting changes in average 
rainfall. 
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Figure 15. Possible consequences of rural aid as affected by climate change. 



Some examples of these possible broader scenarios are shown in Figs. 13 to 15. These 
are worst case scenarios. Not everything will turn out to be a disaster, and governments and 
populations can, and hopefully will, take measures to avoid the worst consequences of climatic 
change. The detailed sequences within each scenario will almost certainly Vary with the position 
of the area in the PAM-PAN plane, and with regional socioeconomic circumstances. Given these 
conditions, the consequences of the bioeconomic scenarios will probably best be modelled by 
using current wisdom. The issues are not trivial; although the socioeconomic interventions 
appear superficially plausible and benign, they have the potential to aggravate conditions 
regionally, if not globalîy. 
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