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Simulating savanna dynamics: from system
stability to biodiversity

Florian Jeltsch, University of Potsdam



Ecological systems are complex

• Sub-individual level (genetics, physiology, …)

• Individuals (variability, adaptation, behaviour, 
…)

• Communities (+ and - interactions, …)
• Variability/Stochasticity in space and time 

(climate, ‚landscapes‘, hydrology, soil, …)
• Anthropogenic influence (use, management, 

destruction, ..)
• ….



From: Körner 1994

Ecology also has a scaling problem

Bottom-Up versus Top-Down?

Understanding of mechanisms

Relevance



How can we analyze ecologcial
systems?

• Experiments (sufficient replications
difficult, long time scales difficult, spatial
aspects problematic)

• Models (often necessary: stochastic, 
spatially-explicit, individial/agent-based)

• General theory in ecology is (still) sparse



Example: Savannas

• Savannas: approx. 20% of land surface

• variety of climatic (<100 – 1500 mm) and edaphic
conditions

• problems: climate change, land use, desertification



Overview

I. Savanna stability

II. Savanna biodiversity

- Impact of land use

- Impact of climatic changes

- (Very) brief Outlook

Conclusion



I. Savanna stability

• The savanna question: ‘What is special about the
savanna environment that allows trees and grasses
to coexist, as opposed to the general pattern in 
other areas of the world where either one or the
other functional type is dominant?‘ (Sarmiento
1984)

Why not either woodland or grassland????



Savanna stability

Hypothesis 1 (non-spatial models, ‘two layer hypothesis‘) 
(Walker & Noy-Meir 1982, Eagleson 1985, Skarpe 1992,..)

Competition for soil moisture:
� niche separation in the root layer, i.e. grass roots take

water from upper soil layer, tree roots from lower soil
layer

stable equilibrium

multiple steady states

or

assumptions rejected by field studies



Savanna stability

Hypothesis 2 
(Scholes and Walker 1993, ...)

Inherently unstablemixture of trees and 
grasses which persists owing to large 
scale disturbances: 

� fire and grazing

We need a spatial point 
of view



Approach: grid-based simulator (extended cellular automata)

- Ideal tool for stochastic, spatially-explicit simulations

Grid-based simulation models

or
1. Discrete in space
Space subdivided in grid of ‘cells’

(plant parts, individuals, range of interaction, 
range of seed dispersal, sampling plots, ..) 

2. Discrete in time
Limited number of ecological states

(age, size, number of individuals, phase in 
succession, ...) 

3. Changes of state

Set of ecological rules

(local dynamics, neighbourhood interactions, 
external forces) 

math. equations

verbal rules
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trees (Acacia erioloba): 

perennial grasses and herbs 
(e.g. Stipagrostis obtusa)

shrubs 
(e.g. Rhigozum trichotomum)

annuals 
(e.g. Schmidtia kalahariensis)

mix empty

Grid-based savanna model

Basis: 30 years of empirical
research (v. Rooyen et al.)



Savanna stability

Hypothesis 2 
(Scholes and Walker 1993, ...)

Inherently unstablemixture of trees and 
grasses which persists owing to large 
scale disturbances: 

� fire and grazing

Spatial savanna model



Savanna stability

Results hypothesis 2: Coexistence can occur
BUT:only narrow range of environmental
conditions with tree-grass coexistence and 
realistic tree densities
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Realistic tree distribution/pattern??

Test-location: Savanna - southern Kalahari

Focal area

Molopo

Kimberley



Understanding process and 
pattern with spatial models:
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Results hypothesis 2: Unrealistic tree
distribution at realistic tree densities

(unrealistic high clumping at small
scales => tree patches)     

Savanna stability



Savanna stability

Hypothesis 3 (Kalahari): 

Additional process: formation of microsites
(small-scale heterogeneities) that furnish
better establishment conditions for tree
seedlings

� e.g. patchy seed dispersal in herbivory
dung, termite heaps, animal diggings,...

field studies in the KGNP 1997:
significantly higher tree seedling density in microsites,
especially in dung-patches                 (Jeltsch et. al., J. Ecol, 1998)



Savanna stability

Results hypothesis 3 (Kalahari): Increased range of 
environmental conditions with realistic tree density
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Savanna stability

Results hypothesis 3 (Kalahari): (Jeltsch et al. 1998)
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More general:

Savannas do not 
present a stable
mixture of trees and 
grasses but an 
inherently unstable
mixture which persists
owing to buffering
mechanismsthat
prevent the transition
of system boundaries

woodlandgrassland

precipitation 

tree-grass-
     ratio

 edaphic 
conditions

fire
prevents 
transition
(elephants,
browsers,...)

microsites
prevent
transition 
(grazers, dormancy,
positive stress response,...) 

highlow

system boundary

ecological buffering
mechanism



II. Savanna biodiversity
(= diversity of species (inc. genetics), habitats etc.)

Spatial vegetation structure (= structural diversity) 
determines biodiversity and ecological processes

- Single trees as hotspots of biodiversity

- Shrub encroachment caused by overgrazing: risk
for biodiversity



Isolated trees as diversity hotspots

Dean et al. 99, Belsky et al.89, 
93,..)  

• Shadow, nesting, 
roosting, ...

• Nutrient input, soil
moisture increased, 
seed input

• Specific vegetation



Isolated trees in savannas `=` trees gaps in tropical forests



Land use Climatic change

Structural diversity of 
vegetation & landscape

Species diversity

Better understandingof dynamic impact and  interactions

Implications for management strategies

Socio-
economy
Milton, 
Stellenbosch, 
Bollig, Köln

Remote
sensing, 
Geography
Müller, 
Marburg

Modelling
Jeltsch, Potsdam

Animal
ecology
Dean, 
Capetown; 
Blaum, Bonn; 

Brandl,Marburg

BIOTA study: What is the impact of land use and climatic changes on 
structural and species diversity in the southern Kalahari?

Plant 
ecology
Poschlod, 
Regensburg; 
van Rooyen, 
Pretoria

Population 
genetics
Poschlod, 
Regensburg; 
Brandl, 
Marburg



Key driver B: 

overgrazing

High stocking rates lead
to increase in woody
vegetation cover = bush
encroachment

systematic variation of grazing intensity

Key driver A: 

climatic changes

�Decrease of precipitation

�Increase of extreme events
(e.g. Weltzin et al. 2003) 

Systematic investigations



Recent legislation prevents transport of Camelthorn wood.

Key driver C: wood cutting - Consequences of tree felling for fire
wood and charcoal production

Calculations based on survey of the Nature Conservation group Stellenbosch
(S. Milton et al.) : average rate of wood removal can be up to 0.5 % (non-
commercial) and 5 % (commercial) of trees per year.

Fighting bush enroachment Commercial harvesting



Land use Climatic change

Structural diversity of 
vegetation & landscape

Species diversity

1. Land use – vegetation structures:
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Grazing reduces
grass biomass

Jeltsch et al. 
1996,97,98,99,2000)

Twofold approach:

Remote sensing

Multitemporal aerial photos & 
satellite images

quantification of present and 
historical landscape structures

Moustakas et al. in press 

Spatial modeling

Dynamics of vegetation and 
habitat structures on landscape
level

Changes in structural diversity



Sample model results: How much land 
use (= grazing pressure) is possible?

• Threshold of shrub
encroachment vs. grazing
pressure

• Recommended livestock
densities underestimate
risk of shrub
encroachment at larger 
timescales (>10y)stocking rate (ha/LSU)
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Land use Climatic change

Structural diversity

Species diversity

Habitat 
structure
provided by 
woody
vegetation

General pattern
and dynamics
of selected
plant and 
animal species
covering
different spatial
scales

2. Structural diversity species diversity?

SPONSORED BY THE



Tawny eagle
(Aquila rapax): 

Sociable weaver
(Philetairus socius): 

Tree rat (Thallomys
nigricauda)

Raisin bush
(Grewia flava)

large spatial scale: territory radius 7 
km, needs large solitary nesting trees, 
age < 16 years, slow population
response, territories

moderate to large spatial scales mean
homerange radius <500m, needs large 
nesting trees > 70 y, age < 5, fast 
population response, non-territorial, 
metapopulation

Small scale: homerange radius 25 m, 
old tree + shrub, age 3 y, fast 
population response, females
territorial

Moderate scale, seed dispersal by 
birds and mammals, related to large 
trees, age high, slow recruitment
(except cattle dispersal)



Tawny eagle
(Aquila rapax): 

Sociable weaver
(Philetairus socius): 

Tree rat (Thallomys
nigricauda)

Raisin bush
(Grewia flava)

large spatial scale: territory radius 7 
km, needs large solitary nesting trees, 
age < 16 years, slow population
response, territories

moderate to large spatial scales mean
homerange radius <500m, needs large 
nesting trees > 70 y, age < 5, fast 
population response, non-territorial, 
metapopulation

Small scale: homerange radius 25 m, 
old tree + shrub, age 3 y, fast 
population response, females
territorial

Moderate scale, seed dispersal by 
birds and mammals, related to large 
trees, age high, slow recruitment
(except cattle dispersal)

Spatially-explicit, stochastic population
models (process models)



Sample result: ‚commercial tree felling‘ – southernKalahari,                 
low rainfall area, 200 mm

extinction

extinction

extinction

decrease

decrease



Land use Climatic change

Structural diversity of 
vegetation & landscape

Species diversity

1. Climate change – species survival:



change in mean
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difference to original rain scenario (mm)
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Kimberley
400 mm

annual precip.

CV of annual precip.
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Climate changes species diversity/ population survival

Changes in rainfall variability can have strong effects on some species

Sensitive process for tawny eagle: capacity (territories) limits positive 
effects of more good years but full effect of more negative years
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Population response to changes in temporal auto-correlation of 
precipitation (cycles, e.g. caused by El Nino)

Changes in temporal correlation of precipitation (e.g. 
cycles) can have moderate effect on some species

Sensitive process: same as rainfall variability

Climate changes species diversity/ population survival

Auto-correlation coefficient for annual precipitation
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rain scenario
rain 1 rain 2 rain 3
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Species response to climatic changes:

�Changes in mean strong effect

�Changes in variability moderate to strong effect for some
species

�Changes in temporal or spatial correlation moderate to 
strong effect for some species

Process knowledge on population level is necessary to  predict
response to changes

Climate changes species diversity/ population survival



Outlook1 : Scaling up
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Mosaic of 
land use types

Mosaic of vegetation 
states and structures

Population dynamics 
of species

?

Aim
Understanding the processes on large spatial scales



Approach



Outlook 2:
Bio – economic modelling



Conclusions

�Ecological systems arevery complex

�Analyzing ecological systems requires a 
multidisciplinary approach

�Models are an important tool in analyzing
ecological systems

�Mostly models need to be spatially explicit and 
stochastic



Thanks for your attention


