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The role of fire in determining biome distribution in
South Africa has long been debated. Acocks labelled
veld types that he thought were ‘fire climax’ as ‘false’.
He hypothesised that their current extent was due to
extensive forest clearance by Iron Age farmers. We test-
ed the relative importance of fire and climate in deter-
mining ecosystem characteristics by simulating poten-
tial vegetation of South Africa with and without fire
using a Dynamic Global Vegetation Model (DGVM). The
simulations suggest that most of the eastern half of the
country could support much higher stem biomass with-
out fire and that the vegetation would be dominated by
trees instead of grasses. Fynbos regions in mesic win-
ter rainfall areas would also become tree dominated. We
collated results of long term fire exclusion studies to

further test the relative importance of fire and climate.
These show that grassy ecosystems with rainfall
>650mm tend towards fire-sensitive forests with fire
excluded. Areas below 650mm showed changes in tree
density and size but no trend of changing composition
to forest. We discuss recent evidence that C, grass-
lands first appeared between 6 and 8M years BP, long
before the appearance of modern humans. However
these grassy ecosystems are among the most recently
developed biomes on the planet. We briefly discuss the
importance of fire in promoting their spread in the late
Tertiary.

‘Temperature and moisture are the two master limiting factors in the
distribution of life on Earth’ Krebs (2001)

Introduction

The great German biogeographer, Schimper (1903),
observed that global patterns of vegetation were broadly
correlated with climate. On different continents, with distant-
ly related floras, similar vegetation formations occurred
under similar climatic conditions. The implication is that cli-
matic factors, primarily temperature and moisture, are the
main factors controlling the distribution of vegetation. The
idea of the primacy of climate in determining vegetation has
prevailed for at least a century though soil nutrient status
has sometimes also been considered an important second-
ary determinant of ecosystem characteristics (Beadle 1966,
Specht and Moll 1983). In South Africa, ecologists soon
became aware that many grassy ecosystems were not at
equilibrium with climate but were deflected from their ‘poten-
tial’ by fire (Phillips 1930, West 1969). Acocks tried to identi-
fy these fire-dependent veld types by labelling them as
‘false’ (Acocks 1953). ‘False’ grasslands still had forests
present in facets of the landscape suggesting that climatic
conditions (rainfall and temperature) would support forests
in these landscapes if fire was excluded. False grasslands
occupied vast areas east of the Drakensberg (Acocks 1953,

Ellery and Mentis 1992). Acocks also implied that large
areas of fynbos were far from their climate potential and
labelled most of the eastern half of the Fynbos Biome as
‘False’ macchia. In order to explain why such large areas of
the country were not at equilibrium with climate, Acocks
suggested that forests had been cleared by Iron Age farm-
ers causing their replacement by earlier successional grass-
lands or ‘macchia’. He drew a map of South African vegeta-
tion as it might have looked in 1400 AD — just before Iron
Age settlement according to the consensus at that time. The
map shows a heavily forested eastern half of the country
with ‘natural’ grasslands only occurring in the high country of
the interior and in the arid west. Acocks’ map was significant
for two reasons: first it made an explicit prediction about
which areas of South Africa were controlled by fire and sec-
ondly it suggested an hypothesis for their origin and extent.
In this paper, we first report a test of the extent to which fire,
rather than climate, determines South African vegetation.
We then discuss the evidence for the age of fire-dependent
vegetation. Finally we assemble new evidence for the origin
of grassy ecosystems and propose a new hypothesis for the
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key role of fire in their spread to mesic areas which might
otherwise support forests. We briefly speculate on why fire
became important in angiosperm-dominated floras so late in
evolutionary history. We focus mainly on grassy ecosystems
of the summer rainfall areas though winter rainfall shrub-
lands show many parallels.

Testing the importance of fire vs climate with DGVMs

Until recently, analyses of determinants of vegetation were
largely correlative. The distribution of vegetation, or of plant
species, was correlated with various climate (or soil) vari-
ables using a variety of statistical procedures (e.g. for bio-
mes, see Rutherford and Westfall 1996, Ellery et al. 1991,
for forest see Eeley et al. 1999). These correlative methods
cannot be used to disentangle climate versus fire as poten-
tial determinants of plant distribution. Recently, mechanistic
models for predicting global vegetation have become avail-
able. Dynamic Global Vegetation models (DGVMs) are
designed to simulate vegetation responses to changing cli-
mates. DGVMs ‘grow’ plants according to well established
physiological principles (Woodward et al. 1995, Cramer et
al. 2001). These models generate predictions of the compo-
sition and structure of vegetation at any given point in terms
of relatively few plant functional types (PFT’s, e.g.
Woodward et al. 1995). The results generally support the pri-
mary importance of climate in determining global vegetation.

Disturbance is also important in many regions and
DGVMs have begun to include fire modules and drought
(Cramer et al. 2001). Determinants of fire are complex and
the role of fire in shaping the geographic distribution of veg-
etation is still poorly understood. The occurrence of a fire is
conditional on an ignition event, vegetation (‘fuel’) dry
enough to ignite, and continuity of fuels that allow fires to
spread (Catchpole 2002). Areas with similar climate (mean
temperature and moisture conditions) can have very differ-
ent fire regimes because of different frequencies of extreme
weather conditions (short, hot, dry periods), different light-
ning frequencies, different fuel properties of the vegetation,
or differences in the frequency of natural fire-breaks such as
large rivers or barren areas (Bond and Van Wilgen 1996).
People have altered fire regimes by adding, or suppressing,
ignition, by changing fuel properties, and by altering fuel
continuity through construction of roads, fields, and settle-
ments. As yet, no general model exists for predicting fire
regimes and the consequences of changing them at a
regional or global scale. This means we cannot determine
the relative sensitivity of fire regime to changes in climate,
extreme weather conditions (lightning, hot, dry periods), dis-
tribution of fire-promoting, or fire-blocking vegetation, and
physical barriers to fire movement.

Methods

We used the Sheffield Dynamic Global Vegetation Model
(SDGVM) to simulate potential vegetation of South Africa.
The SDGVM is a global-scale model that simulates carbon
and water dynamics and structure of vegetation using input
data of climate, soil properties, and atmospheric CO,
(Woodward et al. 1995, Cramer et al. 2001, Beerling and

Woodward 2001). The SDGVM includes a fire module that
approximates fire frequency in a reasonable manner given
the global scale of the model (Woodward et al. 2001). No
mechanistic model to generate fire on a global scale exists.
In the SDGVM, fire is simulated from empirical relationships
between moisture content of plant litter (which can be simu-
lated from climate) and fire return intervals. The fire module
assumes that ignition is not limiting (Woodward et al. 2001).
Output of the model has been tested against measured
ecosystem properties over a wide range of climates world-
wide and gives a satisfactory fit (Woodward et al. 2001,
Cramer et al. 2001). We used the DGVM to investigate the
importance of fire versus climate as determinants of vegeta-
tion in South Africa. It is particularly useful for this purpose
since the model is mechanistic and not based on correla-
tions of existing vegetation with climate. We were therefore
able to separate effects of climate from those of fire by
‘switching off’ the fire module in the simulations. Climate
data used in the model were taken from the University of
East Anglia global data set. The model incorporates soil
depth and texture from a global data base (FAO 1998). It
assumes soils are freely drained.

Model output includes ecosystem properties, such as
plant biomass, and also the cover of several major growth
forms.

Results
Biomass change

Figure 1 shows simulated biomass differences with and
without fire for southern Africa. Biomass in the arid western
half of the country is, as expected, largely unaffected by fire.
In the higher rainfall eastern regions, large changes in bio-
mass are predicted in the absence of burning. To indicate
the interaction between climate, fire and potential plant bio-
mass, we show the results of simulations along a gradient of
increasing precipitation in summer rainfall regions along lat-
itude 26.75°S (Figure 2). Sites along the gradient do not vary
greatly in temperature but rainfall increases from west to
east. The simulations predict that exclusion of fire would
result in negligible changes in biomass below 300mm in
summer rainfall regions. As rainfall increases above 300mm,
biomass in the no-burn scenarios diverges strongly from
burn scenarios. At the high rainfall end of the gradient the
simulation predicts that stem biomass will change from less
than 4 000g C m=2 to 20 000g C m? with fire excluded!
DGVM type simulations usually over-estimate forest bio-
mass, in one study by as much as 400% (Jenkins et al.
2001), so the model simulations should be seen as indices
of potential biomass until further testing and validation.
Nevertheless changes of this magnitude suggest a major
vegetation shift, equivalent to a change from open savannas
to forests (Scholes and Walker 1993, Jenkins et al. 2001).
The simulation results indicate that the vegetation of the
more mesic areas of South Africa could be very different if
fires were not a frequent disturbance.

Simulated biomass in winter rainfall shrublands is shown
in Figure 3 along a transect from south to north at longitude
18.25°E. The higher rainfall half degree squares in the south
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Figure 1: The effect of climate (above, without fire) and burning
(below, with fire) on stem biomass in southern Africa simulated with
the Sheffield Dynamic Global Vegetation Model (SDGVM). The
units listed in the legend are kg C m2

show a marked increase in biomass in the absence of burn-
ing. This suggests that the more mesic parts of the fynbos
biome have the climate potential to support a forest. The
western Cape has steep climate gradients and areas of
potential high and low biomass are closely juxtaposed. Only
the narrow high rainfall belt is potentially influenced by fire
(Figure 1).

Vegetation change

In Figure 4, we contrast vegetation type, as indicated by the
percent cover of trees, with and without fire. The simulations
are startlingly different. They predict that most of the eastern
half of the country would be covered with trees in the
absence of fire. The southern and south-western margins of
South Africa (the winter and all-year rainfall regions) are also
sensitive to fire. The simulations predict shrublands (fynbos)
with fires allowed to burn and tree-dominated vegetation with
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Figure 2: Stem biomass (g C m?) simulated with and without fire
using the Sheffield Dynamic Global Vegetation Model. The simula-
tions are for a transect in summer rainfall areas at latitude 26.75°S
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Figure 3: Stem biomass (g C m?) in winter rainfall areas simulated
with and without fire using the Sheffield Dynamic Global Vegetation
Model. The simulations are for a transect in winter rainfall areas
along longitude 18.25°E. Precipitation decreases from south to
north along the gradient

fire excluded in the higher rainfall areas. The arid western
region, including the Karoo and grasslands adjacent to them,
would be unaffected by fire according to the simulations.

The predicted vegetation change includes those areas
called ‘false’ by Acocks, and therefore determined by fire,
rather than climate. However the DGVM simulations also
predict that the high grasslands of the interior could also be
more wooded whereas Acocks considered these grasslands
to be ‘natural’.

The SDGVM is designed to simulate global vegetation and
only has a limited set of functional types against which to
compare native vegetation. Nevertheless, the general pat-
tern of grass-dominated ecosystems in the east shown in
Figure 4 is a surprisingly good fit to general vegetation pat-
terns seen in South Africa (Acocks 1953, Low and Rebelo
1996). Most of the higher rainfall south-western and eastern
parts of the country, it would seem, owe their current vege-
tation to fire.
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Figure 4: Tree cover simulated with and without fire using the
SDGVM

What limits trees in grassy vegetation?

Alternative hypotheses

Though vegetation predicted by the SDGVM ‘plus fire’ simu-
lation is largely consistent with what we observe, is fire real-
ly the culprit? Several alternative hypotheses, of which fire is
but one, have been suggested for the scarcity of trees in the
grassland regions of South Africa (for an excellent review
see O’Connor and Bredenkamp 1997). Acocks (1953) sug-
gested that frost was a major factor excluding trees in high-
veld grasslands. Correlative models, designed to predict
vegetation change in response to global warming, have also

predicted invasion of trees into these grasslands in
response to warmer temperatures (e.g. Ellery et al. 1991).
However much of the tree-less grassland to the east of the
Drakensberg is frost-free casting doubt on the importance of
frost (O’'Connor and Bredenkamp 1997). It is also notewor-
thy that Rhus spp. and Acacia karroo both occur in frost-
prone areas near Bloemfontein in the Free State. Non-native
species of Acacia and Eucalyptus from Australia have invad-
ed highveld areas near Gauteng also suggesting that frost is
not the factor limiting trees in the highveld. Unfortunately
there is a remarkable dearth of experimental work on frost
sensitivity of South African tree species, despite its sup-
posed ecological importance. Experimental studies are
needed to determine which elements of our flora, if any, are
frost limited. Perhaps slower growth of saplings under cool-
er conditions is enough, for savanna trees of sub-tropical ori-
gin, to prevent their emergence from frequently burnt grass-
land.

A second hypothesis for the tree-less nature of many of
our grasslands is that many soils are seasonally water-
logged (Tinley 1982), or have a duplex nature which inhibits
tree growth (Feely 1987). Seasonally waterlogged sites are
common features of soil catenas in much of Africa, including
the miombo woodlands of south-central Africa. However
only the lower slopes and bottomlands within a landscape
are tree-less in these mesic savannas and freely drained
upland soils bear tall woodlands. Many landscapes in the
grasslands east of the Drakensberg have duplex soils with
the potential for seasonal water logging but at least some of
these soils are dry enough for long enough for trees to
invade. Titshall et al. (2000) reported that fire exclusion
experiments in grasslands on plinthite (seasonally water-
logged soils) were invaded by trees. As is the case for frost,
there are no experimental studies on the importance of sea-
sonal water logging or the presence of hard pans in limiting
trees in grasslands. One possibility may be to use explo-
sives to alter soil properties. San Jose and Farinas (1983)
experimentally demonstrated an increase in South American
savanna tree densities when an indurated iron pan was
cracked using dynamite.

Fire

Our SDGVM simulations incorporate modules that deter-
mine growth, and functional type, responses to low temper-
atures, snow and frost. The results of the no-fire simulations
(Figures 1 and 4) support Acocks’ concept of ‘true’ grass-
lands for arid areas but not for mesic but cold areas. These
areas are not cold enough, on a global scale, to exclude
trees. The SDGVM assumes freely drained soils and cannot
address the impeded drainage hypothesis for the absence
of trees in grasslands. However the model clearly supports
the hypothesis that fire is a major factor limiting woody plant
cover in cool, mesic areas of South Africa.

Methods

It is possible to test these simulations, at least qualitatively,
because of the many long term fire exclusion experiments
and observations that have been conducted in South Africa.
We have summarised the results of fire exclusion experi-
ments known to us in Table 1 and Figure 5. If fire is the main
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Figure 5: Successional trends in long term studies of fire exclusion.
Studies showing a successional trend to fire-intolerant forest or
thicket species are hatched. Studies with no evidence for such a
compositonal change are dotted. Site numbers refer to further infor-
mation on each study in Table 1. The unshaded parts of the map
have a simulated stem biomass, without fire, of <2kg C m; lightly
shaded = 2 to <7kg C m2 and heavily shaded = >7kg C m-

determinant of vegetation, then we would predict succes-
sional tendencies to greater biomass of woody species in
more mesic sites but negligible change in biomass in more
xeric areas. Unfortunately data to test biomass predicted
from the ‘fire-off’ simulation are usually not available from
these experiments. Results have mostly been reported as
changes in cover or density of trees and other growth forms,
rather than changes in biomass. It may also take many more
decades of fire exclusion before woody plants reach the
equilibrium biomass predicted by the DGVM for a given site.

From the data available, the effects of fire exclusion are best

measured qualitatively as a tendency for increased woody

cover. Three qualitative outcomes can be expected from
long term fire exclusion experiments (long term is >10 years
in grasslands, >20 years in savannas, >50 years in fynbos):

* no change (climate limited)

* increased density or size of woody plants but no change
in species (climate-limited, fire modified)

e increased density and size of woody plants and succes-
sional tendency to forest with invasion of fire-sensitive
trees and shrubs (fire-limited)

The third case indicates that the vegetation is meta-stable
with alternate fire-dependent or climate-dependent states.

We summarise the results of a number of studies, mostly
experimental but also observational, on long term fire exclu-
sion in Figure 5. Most of the studies have been published but
we have included unpublished observations in some
instances (Table 1). The figure indicates whether exclusion
treatments resulted in compositional changes (FDE) or
merely structural or no change (CDE) as defined above.

Results

Two studies from winter rainfall regions in the western Cape
reported successional trends from fynbos to forest with long-
term fire exclusion (Table 1). This, together with the SDGVM
simulations, suggests that, at least in the more mesic areas,
fynbos is an FDE and that much of the region could support
a forest or thicket (strandveld).

In summer rainfall areas, all eight sites with annual rainfall
>650mm showed successional trends to forest with fire
exclusion. All five sites with <650mm annual rainfall showed
no changes in composition to fire-intolerant forest or thicket
species over the study period. However most of the drier
sites showed an increase in tree density relative to treat-
ments with frequent burns (usually annual to triennial). In the
mesic sites, the rate of successional change varied greatly
among sites. It was generally fastest on south-facing
aspects and slowest on north-facing aspects (see e.g.
Titshall et al. 2000). Rate of change is also likely to be influ-
enced by distance to nearest source of propagules of forest
or thicket species. However tree species colonised exclu-
sion plots far from the nearest source in some studies
(Titshall et al. 2000). Several sites were colonised by alien
trees but all exclusion sites had at least some native shrub
or tree invasives. A common feature of many grassland
exclusion experiments is the increased abundance of shrubs
of fynbos affinities with forest species taking longer to invade
an area. This suggests that the climate is suitable for much
more extensive areas of shrublands and that the grassy
appearance of sourveld areas is a product of frequent burn-
ing. The shrublands tolerate fire but at lower frequencies
and are, in turn, displaced by forest in the long absence of
burning.

The SDGVM simulated biomass without fire is also shown
in Table 1. Simulated biomass is for averaged climate in a
0.5 degree square ‘pixel’. Because of the hilly topography
and steep climate gradients in the eastern half of the coun-
try, it would be better to run the simulations on actual climate
data at each experimental site where suitable records are
available. Six of the sites which shifted towards forest had
simulated biomass >10 000g C m, but three were <10 000
to >7 000. Four of the five sites showing no compositional
change had simulated biomass without fire <2 000g C m=.
One site, the fire exclusion experiments at Fort Hare, would
be expected to shift to thicket or forest from the simulations
(>8 000g C m-). However there are steep topographic and
rainfall gradients in the area and the averaged climate data
for the 0.5 degree square may not be representative of the
experimental site.

Discussion
How old are the fire-dependent ecosystems?

The SDGVM results broadly support Acocks’ view that many
veld types are not at equilibrium with climate — they are
‘false’. However the extent of ‘false’ vegetation is much
greater, at least according to the DGVM predictions, than
mapped by Acocks. Acocks suggested that the current
extent of flammable vegetation owed much to human activi-
ties, especially forest clearing by Iron Age settlers. At the
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Table 1: Results of long-term fire exclusion experiments and observations in grassy ecosystems and fynbos ranked by rainfall. A result of
1 = colonisation of fire-sensitive forest species; 2 = increased tree density or basal area, no trend to forest; 3 = no change in composition or
woody plant invasion. Methods include: expt = fire exclusion compared to fire maintained; photo = photographic evidence, fire history not well
documented; farmer = L Howell, Hillside, reported by Sue van Rensburg; obs/expt = changes in areas of known fire history, including long-
term fire exclusion. Authors are listed in the references. Acocks = Acocks veld type number. Rainfall is from the original publication of Schultze
1997. Period is as listed in the publication or when observations were made for unpublished observations. Trends in KNP (Kruger National
Park) are unpublished observations of Bond (2001). Biomass is simulated biomass for the closest 0.5 degree square using the no fire SDGVM

simulation

No. author veld type Acocks location long lat rainfall method period result Biomass
mm y gCmz?
GRASSY ECOSYSTEMS
1 Everson, Breen sourveld 44 Drakensberg 29 291 1000 expt 32 1 7 000
2 Titshall et al. sourveld 63 Athole 30.32 26.32 992  expt 45 1 16 989
3 Westfall et al. sourveld 44a Thabamhlope 29.31 29.12 900 expt 42 1 12 987
4 Skowno et al. A. karroo savanna 6 Hluhluwe 32.08 28.05 800 photo 25 1 13 419
5 Titshall et al. sourveld 44b Dohne 27.25 32.31 762  expt 34 1 13 351
6 Unpublished Terminalia mesic savanna 9 31.15 251 750  expt 50 1 8 920
7 Hoffman, O’Connor Acacia savanna 23 Weenen 30 28.5 700 photo 45 1 16 280
8 Titshall et al. sourveld 65 Ukulinga 30.24 29.4 694  expt 49 1 14 256
9 Unpublished Combretum savanna 10 31.3 25.06 650 expt 50 2 1127
10 Trollope A. karroo veld 21/22 Fort Hare 26.53 32.47 590 expt 29 2 8 789
1 Unpublished A. nigrescens savanna 1 31.5 24.23 550 expt 50 2 580
12 Unpublished Colophospermum savanna 15 31.2 23.4 450  expt 50 2 570
13  Van Rensburg arid grassland 50 Free state 26 30 450 farmer 50 3 288
FYNBOS
14 Manders et al. fynbos 69 Jonkershoek  18.55 33.57 >1500 obs/expt 50 1 4 391
15 Masson, Moll fynbos 69 Cape Peninsula 18.2 34.05 1227 obs 100 1 4 391

time (1954), these farmers were thought to have began set-
tling in South Africa from about 1400 AD. We now know that
Iron Age farmers first entered South Africa about 1 000 years
earlier (see e.g. Hoffman (1997) for a review of human activ-
ity in South Africa). However despite the greater time this
would allow for forest clearance, the growing consensus has
been that the current distribution of grasslands (and fynbos)
pre-dates intensive farming activities by thousands of years
(Ellery and Mentis 1992, Meadows and Linder 1993,
O’Connor and Bredenkamp 1997). Of course fire was used
by humans long before agriculture was invented. The earli-
est association between fire and hominids is dated at about
1.8 million years (Brain and Sillen 1988) but regular domes-
tic use of fire may only have commenced about 100 000
years ago based on the frequency of hearths in the archae-
ological record (Deacon and Deacon 1999). We discuss evi-
dence below that grasslands appeared millions of years
before anthropogenic fires became a significant factor in
Africa or elsewhere.

Is the current distribution of grassy ecosystems deter-
mined by past anthropogenic activities?

Ellery and Mentis (1992) and Meadows and Linder (1993)
challenged Acocks’ view that South Africa’s grasslands are
of anthropogenic origin. There is now a diversity of evidence
that the grasslands are ancient.

1) Palaeo evidence

Dated pollen cores from a number of sites show that grass-
land dominated most of the summer rainfall in montane
areas throughout the Holocene (Meadows and Linder 1993).

Grasslands were even more extensive in the last glacial
(Scott et al. 1997, Scott 1999). Savanna trees disappeared
from South African grasslands as far north as Wonderkrater
(24°30’S) (>40 000yr BP to 12 000yr BP). Vegetation resem-
bling the current savanna woodlands is less than 10 000
years old (Scott 1999). Charcoal evidence from Tswaing
crater indicates that fires have been burning for 160 000
years with no obvious sign of an increase with the appear-
ance of farmers in the last millennium (Scott 2002b). The
palaeo-record implies that South Africa was even more tree-
less before agricultural settlement. The implications of the
tree-less state of most of South Africa over the last glacial
have yet to be assimilated by ecologists. What happened to
the large mammal savanna fauna? Is colonisation of grass-
lands by savanna trees still in progress?

Carbon isotopes can be used to distinguish between
grassland or wooded vegetation because of their different
isotopic signals. Most summer rainfall grasslands are domi-
nated by grasses with a C, photosynthetic pathway (Vogel et
al. 1978). Organic matter derived from these grasses has a
carbon isotope signature quite distinct from trees, shrubs
and forbs which have a C, signal. Isotopic changes at differ-
ent depths in the soils can be used to indicate past shifts in
vegetation from C, grasses to C, plants. The depth of the
organic matter in the soil is a surrogate of age. There is no
evidence, from analyses of carbon isotope signals in soil
organic matter, that grasslands have been replaced by
forests. On the contrary, in Hluhluwe, in eastern Kwa-Zulu
Natal, forests have replaced an earlier grass-dominated
vegetation (West et al. 2000). An extensive analysis of car-
bon isotope composition of soil organic matter in the
Transkei (Foord 1999) and Kwa-Zulu Natal (Foord 2001)
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also found no support for recent expansion of grasslands at
the expense of forests. On the contrary, more sites showed
evidence of forest expansion than forest retreat.
Unfortunately, switches in vegetation recorded in soil organ-
ic matter are difficult to date so we cannot date these
changes with any precision.

2) The history of grasslands: biological indicators

If flammable vegetation was recent, and had spread due to
anthropogenic fires, we would expect the vegetation to have
low diversity and low endemism of both fauna and flora. The
grasslands occupying vast areas of the western side of
Madagascar are an example. They are thought to post-date
human settlement of the island some 2000 years ago. The
grasslands are dominated by very few grass species and the
few trees that survive the frequent fires also occur in forests
(White 1983). In contrast, South African grassland floras are
rich in species including many endemics (Cowling and Hilton
Taylor 1997). This is true not only for plants but also for the
fauna. Eleven globally threatened bird species have major
centres in the grassland biome and five of these are entire-
ly restricted to the biome.

Iron Age settlers might, indeed, have had an influence on
the extent and current distribution of grasslands and shrub-
land formations of the winter rainfall regions. However their
effects appear to be local and there is no evidence to sup-
port the massive impact suggested by Acocks.

Attributes of climate dependent grassy ecosystems
(CDEs) vs fire-dependent ecosystems (FDEs)

In this section we discuss the attributes of climate-depend-
ent grassy ecosystems (CDEs) versus fire-dependent
ecosystems (FDEs). Contrary to Acocks we suggest that
CDEs are limited to arid environments. There are no mesic
grasslands where trees are excluded by cold. Highveld
grasslands are well below global tree-line and could support
trees. This is readily evident in the invasion of many such
grasslands by alien trees including conifers and wattle
Acacia mearnsii. Only the highest grasslands of the
Drakensberg (Themeda—Festuca veld) may be true cold-lim-
ited grasslands and genuinely above tree-line. Though fire
burns in both CDEs and FDEs, its effects are different. In
arid savannas, fire influences tree densities but does not
change ecosystem type (Table 1, Figure 5). In FDEs fre-
quent fires prevent succession to closed forest or thicket that
is too shady to support a grassy understorey. The distinction
is readily apparent in the 50 year fire experiments at Kruger
National Park (the results of these experiments are current-
ly being analysed by a number of researchers but published
information is still sparse). Fire exclusion has resulted in the
colonisation of fire-sensitive forest species at the most
mesic sites near Pretoriuskop (750mm rainfall p.a.) on
sandy granite soils (WB, personal observation). There is no
comparable invasion of forest species at the Numbi site on
similar granite substrates but at lower rainfall (c. 650mm
p.a.). Nor is there any sign of invasion of forest or thicket
species in the exclusion plots on basalt soils at Satara
(Acacia nigrescens/Sclerocarya woodland; 550mm rainfall
p.a.) or in Colophospermum mopane woodlands (450mm

p.a.) (Gertenbach and Potgieter 1979). However there are
significant differences in tree densities and sizes of the dom-
inant species in the arid savanna sites (Shackleton and
Scholes 2001 for Satara, Bronn and Smit 2002 for mopane).
The Kruger experiments suggest that the lower rainfall limit
for forest invasion in the absence of fire is c. 700mm on
sandy soils, and presumably somewhat higher for clay soils.
As a first approximation, then, CDEs predominate at sites
with rainfall <650mm and FDEs above this threshold in
South Africa. This is consistent with similar divisions of
grassy ecosystems into arid versus mesic savanna and
sweetveld versus sourveld (Bond 1997, Huntley 1984). It is
interesting to note that ‘rainforests’ in Australia, a fire-intoler-
ant vegetation type similar to our forests and thickets, also
has a lower rainfall limit of about 650mm. In Australia, too,
these communities are rare in most landscapes which are
dominated by flammable (FDE) vegetation (Bowman 2000).

Floristic and functional differences between CDEs and
FDEs

Grasses

Grasses of the C, photosynthetic pathway dominate almost
all South Africa’s summer rainfall grasslands and savannas
(Vogel et al. 1978, Schulze et al. 1996). However there is
apparent specialisation, at sub-family level, for arid versus
mesic areas (Gibbs Russell 1988). The Chloridoideae dom-
inate in regions with <600mm of rain outside the tropics and
<500mm of rain in tropical regions. They form the dominant
component, in terms of proportion of species, of the CDEs.
Typical genera include: Chloris, Cynodon, Enteropogon,
Eustachys, Perotis, Tragus, Eleusine, Eragrostis, Dinebra,
Trichoneura, Sporobolus, and Fingerhuthia. In contrast, the
Andropogoneae form the largest percentage of the grass
flora in mesic summer rainfall areas, the FDEs. They include
the dominant genera of sourveld and mesic savannas:
Themeda, Heteropogon, Hyparrhenia, Hyperthelia,
Andropogon, Trachypogon, Cymbopogon, Tristachya,
Schizachyrium, and Sorgahstrum (Kellogg 2000). Paniceae,
including the variable genus Panicum, reach their highest
percentage of the grasses in arid summer rainfall regions
(Gibbs Russell 1988). This specialisation of grass groups to
CDEs or FDEs also occurs in North America where
Andropogoneae dominate in mesic areas of the east and
south-east and Chloridoideae in the arid south-west
(Barkworth and Capels 2000). Similar patterns have been
reported at a global scale (Hartley 1958, Hartley and Slater
1960). The key group capable of displacing forests from
mesic areas is thus the Andropogoneae and it is members
of this group that constitute the dominant cover of FDEs
world-wide.

Functionally, there are a number of features of
Andropogoneae that may help promote fire. All the species
have the NADP-me (malate) enzyme for C, photosynthesis
(Kellogg 2000) which has the highest quantum yield (leaf
level ratio of photosynthetic carbon gain to photons
absorbed, Ehleringer et al. 1997). They are highly productive
grasses capable of producing in excess of 10 tons ha' in a
single season’s growth under suitable climatic conditions
(Scholes and Walker 1993) and therefore able to sustain
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intense burns on an annual basis under suitable climatic
conditions. Andropogoneae are the dominant constituents of
‘sourveld’ and lose their nutritional value towards the end of
the growing season. The low nutritional value reduces
decomposition rates and un-decomposed litter accumulates
in successive growing seasons producing a highly flamma-
ble fuel. Tannin-like substances (TLS) accumulate in the
leaves of many sourveld species and are a common feature
of Andropogonoid grasses (Ellis 1990). They are much less
common in sweetveld grasslands. Ellis (1990) suggested
that they might function to reduce herbivory and may inhibit
nitrification in the soil by reducing microbial activity. Similarly,
TLS might act to reduce decomposition rates, promoting fuel
build-up. TLS varies within species and among populations
(Ellis 1990) suggesting that tannin concentrations are under
active selection and that selection pressure varies in differ-
ent areas. More research on the function of TLS is needed.

A by-product of slow decomposition is that some of the
commonest grasses in FDEs have an obligate dependence
on defoliation, usually by fire. This is because they produce
basal tillers which makes them susceptible to shading by old
undecomposed material persisting from previous growing
seasons (e.g. Everson et al. 1988, O’Connor and
Bredenkamp 1997). In the absence of burning, the dominant
grasses often rapidly decline in importance. Themeda trian-
dra, for example, drops from 70% cover to <10% after only
three years of fire exclusion in the Midlands of Natal (Tainton
and Mentis 1984, Le Roux 1989, Uys 2000). Similar rapid
decline of dominant Andropogonoid grasses in the absence of
burning has been reported in North American prairies (Hulbert
1969), South America (Silva and Castro 1989), Australia
(Morgan and Lunt 1999) and south-east Asia (Stott 1988).

Grasses dominating CDEs typically have the NAD or PCK
form of C, photosynthesis (Ehleringer et al. 1997, Gibbs
Russell 1988). They remain palatable in the dry season and
might be expected to show higher rates of litter decomposi-
tion than andropogonoid grasses and therefore less ‘carry-
over’ from one growing season to the next. However there is
very little information on ‘carryover’ and its effect on fuel
properties for any South African grasses. CDE grasses have
variable morphology (FDEs are typically tufted ‘bunch’
grasses in South Africa) including forms with laterally
spreading runners, and aerial tillering is common in frost-
free areas (Van Rensburg 2002, pers. comm.). They are tol-
erant of long fire-free periods and may be less prone to
becoming moribund in the absence of burning or grazing
(Tainton and Mentis 1984).

Trees

There are distinct differences between the trees of FDEs
and CDEs with the former equivalent to ‘broad-leaved
savanna’ and the latter ‘fine-leaved savanna’ (Scholes and
Walker 1993). Members of the Caesalpinioideae dominate
in FDEs in the tropics while Mimosaceae, and especially
Acacia dominate in CDEs (White 1983). This distinction
breaks down in South Africa where few caesalpinioids reach
mesic savannas in the east and south-east (Pooley 1993).
Instead a few species of Acacia dominate in these areas
(e.g. A. karroo, A. sieberiana, A. caffra, A. davyi). The lack of
tropical FDE taxa in southern parts of South Africa might

reflect younger, more nutrient-rich soils, delayed dispersal
following the elimination of savanna trees from most of the
country in the last glacial (Scott 1999) or physiological intol-
erance of freezing — experimental work is needed!
Colophospermum mopane is a remarkable exception to the
general pattern. Though it is a caesalpinioid it is dominant in
vast nearly mono-specific stands in many arid savannas
(Acocks 1953, White 1983, Low and Rebelo 1996).

The tree flora of grassy CDEs and FDEs appears to be
phylogenetically distinct from species of closed forests. Taxa
differ at family, generic and species level (Acocks 1953).
However we know of no formal analysis of floristic affinities
and differences between trees of grassy fire-prone ecosys-
tems and forest or thicket formations which are intolerant of
burning.

Adaptations of trees to FDEs, as opposed to arid savan-
nas or forests have been very little studied in southern
Africa. Frost (1984) provides one of the few accounts of fire
‘adaptations’ in savannas. In fynbos and other fire-prone
shrublands, there is clear evidence for fire-adapted features,
especially features associated with fire-stimulated reproduc-
tion (Le Maitre and Midgley 1992, Brown 1993, Bond and
Van Wilgen 1996). Fires are so frequent in mesic savannas,
and grass regrowth so rapid, that it is unlikely that savanna
trees would have evolved fire-stimulated recruitment traits.
Indeed there is very little evidence for obligate dependence
on fire to stimulate germination of savanna trees. Many
species show reduced germination after heating and, unlike
species of flammable shrublands (e.g. Brown 1993), there
are no reports of an obligate dependence of savanna tree
seeds on fire for germination (Okello and Young 2001, Bond
1997).

We suggest that a distinctive feature of many savanna
trees is the ability to recruit into grasslands. Trees of forest,
thicket or ‘bush clump’ savannas, such as those of the east-
ern Cape, appear to lack this ability. Tolerance of very fre-
quent fires, especially in the juvenile stages, is a key require-
ment for savanna trees recruiting into the grass stratum of
FDEs. Many species appear to have saplings with a pole-
like form promoting rapid height growth, and a lignotuber
which stores reserves to subsidise vigorous post-burn
sprouting (Boaler 1966, Bond and Van Wilgen 1996,
Gignoux et al. 1997, Maze 2001). Acacia karroo is an inter-
esting species because it is highly plastic in form and occurs
across a wider range of environments, including CDEs and
FDEs. Archibald and Bond (in press) showed that A. karroo
had saplings with a pole-like form in frequently burnt savan-
nas. In contrast, it had a broadly spreading, cage-like archi-
tecture in arid shrublands, and in coastal dune forests that
do not burn but where browsing pressure is high. Archibald
and Bond suggest that selection for fire survival over-rides
selection against herbivory since spines and structural
defences were weakly developed in populations subjected
to frequent burning. Functional interpretations of savanna
trees are still in their infancy and there is great scope for
comparative studies of tree form and function in FDEs, and
CDEs where browsing may be heavier. Selective pressures
in both types of savannas should differ strongly from trees
growing in forests where light is a major limiting factor.
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Forbs

There is very limited information on the floristic or functional
differences between forbs of CDEs and FDEs. Many forbs of
sourveld areas seem characterised by large underground
storage organs enabling them to resprout and flower very
rapidly after burning (Bayer 1955, Hilliard and Burtt 1987,
Uys 2000). These growth forms are extremely resistant to
frequent grass fires but decline in the absence of fire (Uys
2000). There are few, if any, annual forb species in mesic
grasslands and seedbanks appear to be very rare (Uys
2000, Mativandlela 2001). In contrast, underground storage
organs appear to be the exception among dicot forbs in
CDEs but species with dormant seedbanks appear com-
mon. Annuals are common and emerge when the grass
cover is broken by grazing or drought (Uys 2001, pers.
comm., Mativandlela 2001). The very preliminary work
available suggest that the functional types may be very dif-
ferent in the two grassland types with fire-tolerant sprouting
species in mesic grasslands and many more annuals or
short-lived perennials in CDEs. The floristic affinities of the
forb elements have not been studied but we would predict
different phylogenetic relationships for arid versus mesic
grassland and for both groups compared to forest forbs.

On the origins of grassy FDEs

The origin of South Africa’s grasslands is only a small part of
a global story of the evolution of grasses which has begun
to unfold over the last ten years. The appearance of grass-
lands can be traced from hypsodont (high-crowned) denti-
tion of fossil herbivores (reviewed in MacFadden 2000). The
appearance of C, dominated grasslands can be traced from
their distinctive carbon isotope signature which can be
detected in palaeosols and in the bones of grazers (Cerling
et al. 1997). These markers together help us to trace the
appearance of grassland as a vegetation while pollen and
macro-fossils provide evidence for the origin of grass taxa.
The results of such studies have been recently reviewed
(Jacobs et al. 1999). The earliest undisputed fossil evidence
for grass is in the Palaeocene, some 65M yr BP. The earli-
est evidence for dentition adapted to a grass diet is from
South America some 35M yr BP. Grazers on other conti-
nents only appeared in the mid Miocene, c. 15M yr BP, or
later (MacFadden 2000). Grasslands had begun to spread
on all continents by the late Miocene, based on a variety of
evidence (Jacobs et al. 1999).

Between eight and six million years ago, isotope evidence
from fossil tooth enamel and palaeosols indicates an abrupt
appearance of C, grasslands in Asia, Africa, North America
and South America (Cerling et al. 1997). The change from
preceding C, communities to C, grasslands first occurred at
lower latitudes from which C, grasses spread. The speed of
change is startling, as is its parallel development on different
continents. The remarkably rapid dispersal of C, grasses
around the planet has yet to be explained. How, for exam-
ple, did Themeda triandra spread to Africa, India, south-east
Asia and Australia, across ocean barriers in the latter case,
in the brief seven million years of C, grassland emergence?
Why are there such close phylogenetic relationships among
the grass taxa but very different phylogenetic affinities of

savanna trees on each continent (Bond and Van Wilgen
1996)?

The early history of grasslands in South Africa is still poor-
ly documented. For most of the Tertiary, the vegetation
appears to have been broad-leaved forests, thickets and
strandveld-like assemblages. Several Miocene sites in the
arid western half of the country show evidence for forests
(Scott et al. 1997). For example, some 12M yr BP, forests
occurred in the Orange River Valley in an area that is now
desert and forest and closed woodlands were still dominant
at Langebaan Weg some 5M yr BP (Scott et al. 1997). In the
summer rainfall areas, cheetahs were present at
Makapansgat by 3M yr BP suggesting that grassy ecosys-
tems occurred there at that time (Turner 1985). A large turn-
over of bovids occurred at about 2.5M yr BP in sub-Saharan
Africa which has been attributed to a spreading of open
grassy formations (Vrba 1985). Taken together, the evidence
suggests that C, grasslands and savannas are of
Plio/Pleistocene origin in South Africa. The C, grassy bio-
mes, here and elsewhere, are among the most recent vege-
tation formations in earth history, appearing long after the
continents had drifted to their current position.

There has been no attempt, as yet, to separately trace
the origins of arid versus mesic-adapted grasslands.
However sub-families of grasses can be identified from phy-
toliths and preliminary work suggests that Chloridoids can
be separated from Andropogoneae and other groups in
sediment cores (Scott 2002a). It may, in future, be possible
to reconstruct the history of FDEs as distinct from CDEs in
order to trace the origins of FDEs and their effects on forests,
independently of aridity impacts. Indeed a start has already
been made on Late Pleistocene reconstructions on Mount
Kenya where the evidence suggests expansion of
Andropogonoid grasses in the last glacial, increased fire, and
the retreat of forests. Forest re-colonised the grasslands in
the Holocene (Wooller et al. 2000). Over longer time scales,
Herring (1985) reported that charcoal fluxes analysed from
deep sea sediment cores in the Pacific increased by more
than an order of magnitude from 10M yr BP to 1M yr BP. Bird
and Cali (1998) reported charcoal also from marine cores
off the coast of West Africa over a million year period. Their
results suggested a marked increase in charcoal for the last
200 000 years of the record. Late Tertiary charcoal deposits
from marine cores have not yet been analysed from the
South African coast. The interpretation of carbon in sedi-
ments is controversial and an active area of research so
that earlier results, such as those of Herring (1985) should
be treated with caution (Schmidt and Noack 2000).
Nevertheless carbon analysis off the shores of South Africa
offers a promising tool for detecting when fires began to
burn and when FDEs began to spread.

Why did FDEs come into being?

Fires have occurred since the Devonian, some 400M yr BP
(Scott 2000) and long before hominids first used fire in
Africa. However fire-prone angiosperm-dominated vegeta-
tion appears only to be of late Tertiary origin. Why did these
flammable formations begin to spread and carve out the
ancestral forests so late in earth history? Given the long his-
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tory of fire it seems unlikely that natural ignition sources,
chief of which is lightning, were ever limiting for large regions
for long periods of time. It is interesting to note that fynbos,
an FDE, burns from lightning strikes even though lightning
flash densities in the western Cape are far lower than in the
montane grasslands of the Drakensberg (Edwards 1984).
Seasonally dry climates are often considered to be a pre-
requisite for fire. However large fires have occurred recently
in humid tropical rainforests, usually following logging
(Nepstad et al. 1999). The occurrence of fire depends on
weather, not climate. Two or three weeks of dry weather is
all that is required to dry out suitable fuels and permit burn-
ing (Nepstad et al. 1999). The availability of suitable fuel is
an important requirement. Afro-temperate forests burn much
less readily than fynbos (Van Wilgen et al. 1990) because of
the spatial arrangement of potential ‘fuels’. Did fires begin to
burn when new, flammable, growth forms evolved? It seems
unlikely since grass pollen has been found in the
Palaeocene, some 50 million years before grasslands
emerged as a new vegetation type. Why did grasses take so
long to spread as FDEs given their early origin?

One possible explanation is linked to changing atmos-
pheric CO,. There has been considerable recent interest in
the potential importance of low atmospheric CO, in promot-
ing the spread of C, grasslands. Atmospheric CO, is thought
to have declined through the Tertiary (Berner 1997). C,
grasses have a photosynthetic advantage over C, grasses
at low CO, and at higher growing season temperatures
(Ehleringer et al. 1997). Ehleringer et al. (1997) have argued
that the rapid appearance of C, grasses c. 7M yr BP is coin-
cident with CO, levels dropping below 500ppm, the concen-
tration at which C, grasses would first have gained a photo-
synthetic advantage over C, grasses at equatorial latitudes.
CO, levels dropped even lower in the Pleistocene falling to
180ppm during glacial periods (Petit et al. 1999). At such low
CO,, C, grasses should have gained a photosynthetic
advantage over C, grasses over a wide range of growing
season temperatures. Ehleringer et al. (1997) noted that C,
grasses expanded in many tropical areas, including on
Mount Kenya, during the last glacial and attributed the
increase to their relative photosynthetic advantage at low
CO, concentrations. The implication is that C, grasses, and
therefore fire-dependent grassy ecosystems, might have
evolved as an indirect response to low atmospheric CO, in
the late Tertiary and Quaternary.

Low CO, might also be implicated more directly in the
spread of flammable vegetation (Bond and Midgley 2000).
This is because low atmospheric CO, could reduce post-
burn recovery rates of trees relative to flammable growth
forms such as grasses or shrubs. Slow recovery rates at low
CO, would favour the spread of grasses and reduction of
trees. Simulation analyses support these predictions show-
ing that savanna trees would have been eliminated from rep-
resentative South African sites under growing conditions of
the last glacial CO, (Bond, Midgley, Woodward in press).
The simulations show trees present, but at low densities, for
interglacial concentrations of CO, (270ppm). CO, has
increased by a third following increased industrialisation and
the use of fossil fuel and is currently higher than at anytime
for at least the last half million years (Petit et al. 1999).
Simulated tree densities under current CO, concentrations

(360ppm) increase sharply because of the fertilising effect
on tree growth, a pattern possibly reflected in widespread
bush encroachment in many South African grasslands
(Bond et al. in press). Bond et al. (in press) suggest that fire,
interacting with low CO,, might have promoted the spread of
FDEs because of the slow recovery rate of trees and that
this mechanism might have contributed to the spread of
FDEs from the late Tertiary.

Conclusions

The appearance of FDEs, including both grassy ecosystems
and fire-prone shrublands, from the late Tertiary has
received remarkably little attention in the literature. In their
review of grass evolution, Jacobs et al. (1999) do not men-
tion the fact that grasslands burn and that fire might have
promoted their spread. Stebbins (1981) has been widely
cited for the hypothesis that grazers co-evolved with grass-
lands. However a careful reading of this paper shows that he
argued that herbivores evolved in response to the appear-
ance of grasslands and that only a few grasses, low spread-
ing forms, might have evolved in response to herbivores.
Cerling et al. (1997) point out that C, grasses should gener-
ally be less palatable to grazers than C, grasses. They note
that herbivore diversity fell with the the spread of C, grasses
and that the composition of grazing faunas suffered a major
turn-over of species. In South Africa, there are very few
mammal grazers restricted to sourveld and these are
thought to have occurred in small herds or as migratory
groups that moved seasonally to more rewarding winter
grazing (Huntley 1984). In contrast, large herds of grazers
were (and still are) supported in sweetveld (CDE) areas.
Fire, not grazing, seems the key agent of disturbance in
mesic C, grasses and burning, unlike grazing, is known to
promote the spread of these ecosystems at the expense of
woody plants.

Acocks was too astute a field biologist to miss the impor-
tance of fire in shaping the vegetation of the higher rainfall
eastern parts of South Africa. However, like most ecologists
of the time, he had difficulty in accepting the importance of
fire in shaping regional vegetation long before humans mas-
tered fire for domestic purposes. At least we now know that
fire is of great antiquity (Scott 2000). A full appreciation of its
evolutionary and biogeographic significance in South Africa
and elsewhere is long overdue.
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