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a vegetated wet state and a barren dry state to be both
stable and self-reinforcing. However, whether this
should really be expected depends on the strength of
the feedbacks in a more subtle way. A simple
conceptual model may demonstrate this (Brovkin
et al., 1998; Sternberg, 2001). The model has two
essential components: (1) the response of vegetation
cover to precipitation and (2) the response of precipita-
tion to changes in vegetation cover. To start with the
first component, let us assume that a given microsite
will have vegetation whenever precipitation exceeds a
certain critical threshold. In most landscapes, this
critical precipitation level needed by the plants should
vary between microsites as the sites differ in aspects
such as soil fertility and also in actual moisture level
depending on their topographic position (e.g. valley vs.
hill slope or North-vs. South-facing slopes). Thus,
whereas completely homogeneous landscapes would
theoretically shift from barren to vegetated at a single
critical precipitation level, heterogeneity of a landscape
should result in a smoother increase in vegetation cover
over a certain range of precipitation levels as some
microsites become suitable at lower precipitation levels
than other sites (Fig. 1). With respect to the second

component, let us assume as a first approximation that
an increase in vegetation cover produces a linear
increase in regional precipitation, which is roughly
what is suggested by more elaborate simulation models
(Brovkin et al., 1998; Sternberg, 2001).

If we plot the hypothesized response of vegetation
cover to precipitation, and of precipitation to vegetation
cover together, we have a simple graphical model of the
dynamic interaction between vegetation and climate
(Fig. 2). Intersections of the two response lines represent
equilibria of the system. It can be seen that multiple
intersections, and hence multiple equilibria, may arise
only if vegetation cover rises steeply enough around a
certain critical precipitation level and if vegetation has a
sufficiently strong effect on precipitation (implying that
the P05 0 line is not too vertical). Gradual change in
external climatic forcing conditions in such a situation is
predicted to have a smooth effect until a critical point (a
so-called saddle-node bifurcation), where an abrupt shift
to another equilibrium occurs (Fig. 3a). In the vicinity of
such a bifurcation, the resilience (sensu Holling, 1973) of
the system is small, implying that a shift may be
triggered relatively easily by a stochastic event, such as a
persistent drought or disturbance of the vegetation (Fig.

Fig. 1 In a heterogeneous landscape some sites will require less precipitation to be vegetated than others. If the resulting in frequency

distribution of microsite critical precipitation for vegetation survival over the landscape is bell shaped (a), it implies a sigmoidal increase

in the overall proportion of the landscape, which is vegetated with increasing precipitation (b) (modified from Sternberg, 2001). (c)

Shows vegetation cover as a function of annual precipitation in the Sahel/Sahara region: observation data (dots) based on vegetation

map (Olson et al., 1985) and climate data (Leemans & Cramer, 1991) and model approximation (solid line) used by Brovkin et al. (1998).
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should limit the potential tree cover that can be supported at any
given site, and maximum realizable woody cover should gradually
increase with MAP4,12. By contrast, if disturbances such as fire
and herbivory primarily maintain savannas4,5,15, then we expect an
abrupt, rather than gradual, increase in maximum realizable woody
cover with increasing MAP4: below a critical threshold of rainfall
sufficient to permit tree growth outside riparian areas or depressions,
grasslands should dominate; above this threshold, the maximum
woody cover should correspond to a closed-canopy woodland state4.
Depending on the level of disturbance, a particular location might
have reduced woody cover, but the upper bound would not depend
on MAP.
We evaluated relationships between woody cover and MAP, soil

characteristics (texture, percentage nitrogen, nitrogen mineraliza-
tion, total phosphorus) and disturbance regimes (fire-return inter-
vals, mammalian herbivore biomass) from 854 sites across Africa
(Supplementary Fig. S1 andMethods).Woody cover ranges from 0 to
90% across sites and tends to increase with MAP (Fig. 1). More
particularly, within a narrow range of MAP from ,100 to 650mm,
an upper bound exists on the maximum realizable woody cover
(Fig. 1). In these arid to semi-arid sites (,650 ^ 134mm MAP;
see Fig. 1), maximum realized woody cover increases with MAP
(Fig. 2a), but shows no relationship with fire-return intervals,
herbivore biomass or soil characteristics (Fig. 2b–f), suggesting
that the observed upper limit on woody cover in arid and semi-
arid African savannas is primarily a consequence of moisture
limitation. The presence of an upper bound on woody cover in
these savannas that is linked primarily to MAP is not consistent with
the view that savannas are inherently unstable systems maintained by
disturbances.
Within this MAP range (,650 ^ 134mm MAP), our analysis

suggests that tree–grass coexistence is stable to the extent that
disturbances such as fire and herbivory, although capable of modify-
ing tree to grass ratios, are not necessary for coexistence. In these
“climatically determined savannas”17 (,650 ^ 134mm MAP),
restrictions on maximumwoody cover as a result of water limitation
permit grasses to persist in the system. By contrast, in areas that

receive aMAP in excess of 650 ^ 134mm, water availability seems to
be sufficient to allow trees to approach canopy closure such that
grasses may be effectively excluded. These “disturbance-driven
savannas”17 represent unstable systems in which disturbances such
as fire, grazing and browsing are required to maintain both trees
and grasses in the system by buffering against transitions to a closed-
canopy state5,17.
Whereas MAP drives the upper bound onwoody cover in arid and

semi-arid savannas, disturbance regimes and soil characteristics
impose significant controls on savanna structure by influencing
woody cover below the bound. A regression tree analysis of mean
woody cover for a restricted subset of sites for which all data were
available (Fig. 3 and Methods) further highlights the importance of
MAP as a principal driver of savanna structure and suggests that
MAP also mediates the relative importance of other savanna drivers
such as fire and soil characteristics.
Below aMAPof,350mm,woody cover is typically low (Fig. 3). In

these sites, soil properties and disturbances such as fire and herbivory
rarely regulate woody cover. As MAP increases above this threshold,
fire in particular becomes a common factor that reduces woody cover

Figure 1 | Change in woody cover of African savannas as a function of
MAP. Maximum tree cover is represented by using a 99th quantile piece-
wise linear regression. The regression analysis identifies the breakpoint (the
rainfall at which maximum tree cover is attained) in the interval
650 ^ 134mm MAP (between 516 and 784mm; see Methods). Trees are
typically absent below 101mm MAP. The equation for the line quantifying
the upper bound on tree cover between 101 and 650mm MAP is
Cover(%) ¼ 0.14(MAP) 2 14.2. Data are from 854 sites across Africa.

Figure 2 | Woody cover as a function of MAP, soil properties and
disturbance regimes in arid and semi-arid savannas. Relationships
between woody cover and MAP (a; n ¼ 529), fire-return intervals
(b; n ¼ 302), herbivore biomass (c; n ¼ 145), percentage of clay
(d; n ¼ 234), nitrogen mineralization potential (e; n ¼ 109) and soil total
phosphorus (f; n ¼ 118) for savannas receiving ,650mm MAP. Unbroken
and broken lines represent the 99th and 90th linear quantiles, respectively.
Maximum woody cover increased with MAP, but showed no consistent
relationship with other variables. For MAP, both quantile slopes were
significantly different from zero. For fire-return intervals, herbivore
biomass, clay and nitrogen mineralization rates, neither regression line had
a significant non-zero slope. For total phosphorus, the 90th but not the 99th
quantile slope differed from zero.
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should limit the potential tree cover that can be supported at any
given site, and maximum realizable woody cover should gradually
increase with MAP4,12. By contrast, if disturbances such as fire
and herbivory primarily maintain savannas4,5,15, then we expect an
abrupt, rather than gradual, increase in maximum realizable woody
cover with increasing MAP4: below a critical threshold of rainfall
sufficient to permit tree growth outside riparian areas or depressions,
grasslands should dominate; above this threshold, the maximum
woody cover should correspond to a closed-canopy woodland state4.
Depending on the level of disturbance, a particular location might
have reduced woody cover, but the upper bound would not depend
on MAP.
We evaluated relationships between woody cover and MAP, soil

characteristics (texture, percentage nitrogen, nitrogen mineraliza-
tion, total phosphorus) and disturbance regimes (fire-return inter-
vals, mammalian herbivore biomass) from 854 sites across Africa
(Supplementary Fig. S1 andMethods).Woody cover ranges from 0 to
90% across sites and tends to increase with MAP (Fig. 1). More
particularly, within a narrow range of MAP from ,100 to 650mm,
an upper bound exists on the maximum realizable woody cover
(Fig. 1). In these arid to semi-arid sites (,650 ^ 134mm MAP;
see Fig. 1), maximum realized woody cover increases with MAP
(Fig. 2a), but shows no relationship with fire-return intervals,
herbivore biomass or soil characteristics (Fig. 2b–f), suggesting
that the observed upper limit on woody cover in arid and semi-
arid African savannas is primarily a consequence of moisture
limitation. The presence of an upper bound on woody cover in
these savannas that is linked primarily to MAP is not consistent with
the view that savannas are inherently unstable systems maintained by
disturbances.
Within this MAP range (,650 ^ 134mm MAP), our analysis

suggests that tree–grass coexistence is stable to the extent that
disturbances such as fire and herbivory, although capable of modify-
ing tree to grass ratios, are not necessary for coexistence. In these
“climatically determined savannas”17 (,650 ^ 134mm MAP),
restrictions on maximumwoody cover as a result of water limitation
permit grasses to persist in the system. By contrast, in areas that

receive aMAP in excess of 650 ^ 134mm, water availability seems to
be sufficient to allow trees to approach canopy closure such that
grasses may be effectively excluded. These “disturbance-driven
savannas”17 represent unstable systems in which disturbances such
as fire, grazing and browsing are required to maintain both trees
and grasses in the system by buffering against transitions to a closed-
canopy state5,17.
Whereas MAP drives the upper bound onwoody cover in arid and

semi-arid savannas, disturbance regimes and soil characteristics
impose significant controls on savanna structure by influencing
woody cover below the bound. A regression tree analysis of mean
woody cover for a restricted subset of sites for which all data were
available (Fig. 3 and Methods) further highlights the importance of
MAP as a principal driver of savanna structure and suggests that
MAP also mediates the relative importance of other savanna drivers
such as fire and soil characteristics.
Below aMAPof,350mm,woody cover is typically low (Fig. 3). In

these sites, soil properties and disturbances such as fire and herbivory
rarely regulate woody cover. As MAP increases above this threshold,
fire in particular becomes a common factor that reduces woody cover

Figure 1 | Change in woody cover of African savannas as a function of
MAP. Maximum tree cover is represented by using a 99th quantile piece-
wise linear regression. The regression analysis identifies the breakpoint (the
rainfall at which maximum tree cover is attained) in the interval
650 ^ 134mm MAP (between 516 and 784mm; see Methods). Trees are
typically absent below 101mm MAP. The equation for the line quantifying
the upper bound on tree cover between 101 and 650mm MAP is
Cover(%) ¼ 0.14(MAP) 2 14.2. Data are from 854 sites across Africa.

Figure 2 | Woody cover as a function of MAP, soil properties and
disturbance regimes in arid and semi-arid savannas. Relationships
between woody cover and MAP (a; n ¼ 529), fire-return intervals
(b; n ¼ 302), herbivore biomass (c; n ¼ 145), percentage of clay
(d; n ¼ 234), nitrogen mineralization potential (e; n ¼ 109) and soil total
phosphorus (f; n ¼ 118) for savannas receiving ,650mm MAP. Unbroken
and broken lines represent the 99th and 90th linear quantiles, respectively.
Maximum woody cover increased with MAP, but showed no consistent
relationship with other variables. For MAP, both quantile slopes were
significantly different from zero. For fire-return intervals, herbivore
biomass, clay and nitrogen mineralization rates, neither regression line had
a significant non-zero slope. For total phosphorus, the 90th but not the 99th
quantile slope differed from zero.
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Vegetation VS. Bare soil 

�  Leaf coverage (fc) 



Light absorption 

�  Leaf Area Index (LAI) 
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Vegetation structures 

high αlow α
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low D

Figure 1: Conceptual plot of the representation of vegetation structure. Top
left panel shows the composition of biomass for grass and woody plants. Plant
biomass is divided into above ground (leaves and stems) and below ground (roots)
biomass. The top right panel illustrates the control of the vegetation structure
by the parameters ↵ (fraction of above ground biomass over total biomass) and
D (canopy shape parameter). A high value for D represents a vertically oriented
coverage fc. In the bottom left panel, the largest rectangle is the referenced crown
area CAref , while the smaller rectangle denotes the real crown area CA. Within
the vegetation canopy covering CA interspace is present depending on the value of
LAI. The bottom right panel shows the tiling method and the 2 layer soil scheme,
and the representation of the energy and water balances.
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Exp I: Sensitivity analysis of 
vegetation structures 
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Exp II: Rainfall-woody cover 
with 10 canopy structures  
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AMP VS. Woody Cover 

●
● ●

●
●●

●

●

●● ● ●●●●

●

●● ● ● ●●●●●● ●● ●● ●●
●●● ● ●● ●●

●● ● ●
● ●

● ●

●●
●●
● ● ● ●

●●●●●● ●●
●● ●●●● ● ●●● ●●

●● ●●
●●●●●●●●
● ●
●●●●●●
● ●
●●●● ●●●●

●●
●●

●
●

●●●
●●●
●●

●●●● ●

●

●●●● ●● ●●●●●● ● ● ●●●●● ●●● ● ●●●● ●●●●●●●● ●●●●●●●●●●● ●●●●●●●● ●●●●●●● ●●●●●●●● ●●● ●●●●●●●●●●●●●● ●●●●●●●● ●●●●●●●● ●●●●●●●●●●●●

0 500 1000 1500

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Annual mean precipitation (mm/yr)

Le
af

 c
ov

er
ag

e(
m

2/
m

2)

● ● ● ●●●●● ●● ● ●●●●● ●● ● ● ●●●●●● ●● ●● ●●●●● ● ●● ●●●● ● ● ● ● ● ●●● ●●● ● ● ●●●●●●● ●●●● ●●●● ● ●●● ●●●● ●●●●●●●●●●● ●●●●●●●● ●●●●● ●●●●●●●● ●●●●●●●●●●●●●● ●●●●●● ●● ●●●●●● ● ● ●●●●● ●●● ● ●●●● ●●●●●●●● ●●●●●●●●●●● ●●●●●●●●
●●●●

●●● ●●●●●
●●● ●●● ●●●●●●●●●●●●●●

●●●●●●●●
●●●●●●●●
●●

●

●

●

●

●●
●●●

●

●

●

0.2
0.25
0.5
1
2
3
4
5
7
10

© 2005 Nature Publishing Group 

 

should limit the potential tree cover that can be supported at any
given site, and maximum realizable woody cover should gradually
increase with MAP4,12. By contrast, if disturbances such as fire
and herbivory primarily maintain savannas4,5,15, then we expect an
abrupt, rather than gradual, increase in maximum realizable woody
cover with increasing MAP4: below a critical threshold of rainfall
sufficient to permit tree growth outside riparian areas or depressions,
grasslands should dominate; above this threshold, the maximum
woody cover should correspond to a closed-canopy woodland state4.
Depending on the level of disturbance, a particular location might
have reduced woody cover, but the upper bound would not depend
on MAP.
We evaluated relationships between woody cover and MAP, soil

characteristics (texture, percentage nitrogen, nitrogen mineraliza-
tion, total phosphorus) and disturbance regimes (fire-return inter-
vals, mammalian herbivore biomass) from 854 sites across Africa
(Supplementary Fig. S1 andMethods).Woody cover ranges from 0 to
90% across sites and tends to increase with MAP (Fig. 1). More
particularly, within a narrow range of MAP from ,100 to 650mm,
an upper bound exists on the maximum realizable woody cover
(Fig. 1). In these arid to semi-arid sites (,650 ^ 134mm MAP;
see Fig. 1), maximum realized woody cover increases with MAP
(Fig. 2a), but shows no relationship with fire-return intervals,
herbivore biomass or soil characteristics (Fig. 2b–f), suggesting
that the observed upper limit on woody cover in arid and semi-
arid African savannas is primarily a consequence of moisture
limitation. The presence of an upper bound on woody cover in
these savannas that is linked primarily to MAP is not consistent with
the view that savannas are inherently unstable systems maintained by
disturbances.
Within this MAP range (,650 ^ 134mm MAP), our analysis

suggests that tree–grass coexistence is stable to the extent that
disturbances such as fire and herbivory, although capable of modify-
ing tree to grass ratios, are not necessary for coexistence. In these
“climatically determined savannas”17 (,650 ^ 134mm MAP),
restrictions on maximumwoody cover as a result of water limitation
permit grasses to persist in the system. By contrast, in areas that

receive aMAP in excess of 650 ^ 134mm, water availability seems to
be sufficient to allow trees to approach canopy closure such that
grasses may be effectively excluded. These “disturbance-driven
savannas”17 represent unstable systems in which disturbances such
as fire, grazing and browsing are required to maintain both trees
and grasses in the system by buffering against transitions to a closed-
canopy state5,17.
Whereas MAP drives the upper bound onwoody cover in arid and

semi-arid savannas, disturbance regimes and soil characteristics
impose significant controls on savanna structure by influencing
woody cover below the bound. A regression tree analysis of mean
woody cover for a restricted subset of sites for which all data were
available (Fig. 3 and Methods) further highlights the importance of
MAP as a principal driver of savanna structure and suggests that
MAP also mediates the relative importance of other savanna drivers
such as fire and soil characteristics.
Below aMAPof,350mm,woody cover is typically low (Fig. 3). In

these sites, soil properties and disturbances such as fire and herbivory
rarely regulate woody cover. As MAP increases above this threshold,
fire in particular becomes a common factor that reduces woody cover

Figure 1 | Change in woody cover of African savannas as a function of
MAP. Maximum tree cover is represented by using a 99th quantile piece-
wise linear regression. The regression analysis identifies the breakpoint (the
rainfall at which maximum tree cover is attained) in the interval
650 ^ 134mm MAP (between 516 and 784mm; see Methods). Trees are
typically absent below 101mm MAP. The equation for the line quantifying
the upper bound on tree cover between 101 and 650mm MAP is
Cover(%) ¼ 0.14(MAP) 2 14.2. Data are from 854 sites across Africa.

Figure 2 | Woody cover as a function of MAP, soil properties and
disturbance regimes in arid and semi-arid savannas. Relationships
between woody cover and MAP (a; n ¼ 529), fire-return intervals
(b; n ¼ 302), herbivore biomass (c; n ¼ 145), percentage of clay
(d; n ¼ 234), nitrogen mineralization potential (e; n ¼ 109) and soil total
phosphorus (f; n ¼ 118) for savannas receiving ,650mm MAP. Unbroken
and broken lines represent the 99th and 90th linear quantiles, respectively.
Maximum woody cover increased with MAP, but showed no consistent
relationship with other variables. For MAP, both quantile slopes were
significantly different from zero. For fire-return intervals, herbivore
biomass, clay and nitrogen mineralization rates, neither regression line had
a significant non-zero slope. For total phosphorus, the 90th but not the 99th
quantile slope differed from zero.
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Figure 9: Regression lines of correlation coe�cients between averaged biomass and 3 parameters
as a function of mean annual precipitation. Figure 9a, 9b, 9c and 9d represents defensive grass,
o↵ensive grass, defensive woody and o↵ensive woody respectively. Solid, dashed and dotted lines
are for correlation between biomass and fc, LAI and WUE , respectively.
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Conclusions I 
 

•  Vertical structure: 
•  Easy  à Survive 
•  Hard à High Biomass 

•  Horizontal structure: 
•  Hard à Survive 
•  Easy  à High Biomass 

 



Conclusions II 
 

•  Two feedbacks. 

•  Negative feedback: 
•  Dominate à Arid 
•  State à Stable 

•   Positive feedback: 
•  Dominate à Wet 
•  State à Unstable 
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