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1. Introduction

Determinants of woody cover in tropical and subtropical areas
have been object of several studies (Sankaran et al., 2005; Bucini
and Hanan, 2007; Staver et al., 2011b; Hirota et al., 2011; Favier
et al., 2012). There is wide agreement about the importance of
rainfall in shaping the woody vegetation structure. This impor-
tance is manifested through two evidences. The first evidence
consists in the existence of a mean annual rainfall threshold of
650 � 134 mm yr�1 that separates two mechanisms able to limit
woody cover (Sankaran et al., 2005). Below the threshold, woody
cover is limited by rainfall scarcity; above the threshold, woody cover
can be limited by fire. In both cases, woody cover does not reach the
canopy closure and the resulting vegetation structure is savanna.

Below the threshold, the savannas are arid, above the threshold
savannas are moist (Bond et al., 2003). The second evidence consists in
the fact that, above 1000 mm yr�1, the woody cover tends to be
bimodally distributed (Staver et al., 2011b; Hirota et al., 2011), with a
high peak corresponding to forest and a low peak corresponding to
moist savanna. Herbivores play an important role in both types of
savannas (van Langevelde et al., 2003; De Michele et al., 2011).
Browsers (herbivores feeding on trees) can limit tree density below
the potential allowed by rainfall in arid savannas, and can lower tree
density and promote more fires in moist savannas. Grazers
(herbivores feeding on grasses) can reduce the amount of grass
and reduce fire frequency in moist savannas.

In the literature there are models that reproduce, as outcomes,
one or both these evidences. Such models consider woody cover and
other relevant variables (e.g., grass, soil moisture). Most of
them are non-linear deterministic differential equations systems
(e.g., van Langevelde et al., 2003; Accatino et al., 2010; De Michele
et al., 2011; Staver et al., 2011a; Staver and Levin, 2012). Accatino
et al. (2010) investigated trees and grass densities along a mean
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A B S T R A C T

We compared two basic assumptions about the woody cover distribution in tropical and subtropical

areas: the equilibrium (woody cover always reaches a long-term steady state) vs the non-equilibrium

assumption (woody cover fluctuates in response to fire disturbances). We considered two models each

one representative of one of the two assumptions: an equilibrium and a non-equilibrium model. The

equilibrium model considered fire as an a priori determined parameter, whereas the non-equilibrium

model assumed fires as stochastic events whose probability increased with grass density. We compared

the results of the models with large datasets containing woody cover values sampled at the continental

and at the global scale. In particular, we focused on two evidences shown by data. The first evidence is

that woody cover is limited by water scarcity for low rainfall values and by fire for high rainfall values

(arid–moist savanna distinction). The second evidence is the bimodality of woody cover data observed

for high rainfall values. The equilibrium model gave a static interpretation of the data. The non-

equilibrium model, instead, gave a more general interpretation of the data. In particular, the non-

equilibrium model detected the arid–moist savanna distinction as emergent along a rainfall gradient and

demonstrated that the bimodality observed in the woody cover data could be obtained in the woody

cover values exhibited by a vegetation system in different times. Thus, woody cover data do not

necessarily represent steady states. Rather, they could represent snapshots of a vegetation system in

certain time instants.
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annual rainfall gradient and captured the distinction between arid
and moist savannas. Other non-linear deterministic differential
equation models showed forest and savanna to be alternative stable
states for high mean annual rainfall values (e.g., van Langevelde et al.,
2003; Accatino et al., 2010; De Michele et al., 2011; Staver et al.,
2011a; Staver and Levin, 2012). This was considered as an
explanation of the bimodal distribution of woody cover for high
rainfall values (Staver et al., 2011a,b).

As a matter of fact, the analyses with differential equation
models were all performed focusing on the stable steady states, but
never on the trajectories. Therefore, the underlying assumption
(hereafter referred to as the equilibrium assumption) of these
models is that woody cover always reaches a long-term equilibri-
um. However, in the literature, there is some skepticism about such
an assumption for tropical and subtropical vegetation systems (De
Angelis and Waterhouse, 1987; Gillson, 2004). Literature reports
examples of non-equilibrium processes in tropical vegetation
systems (Ellis and Swift, 1988; Scoones and Graham, 1994;
Accatino et al., 2014) where disturbances and environmental
stochasticity play a major role (Jeltsch et al., 2000). According to
these studies, the assumption (hereafter referred to as non-

equilibrium assumption) should be that woody cover does not reach
a long-term steady state, but rather fluctuates in response of
disturbances. The study of Gillson (2004) supports the non-
equilibrium assumption with the analysis of paleo-data records.

The non-equilibrium assumption highlights the role of fire as an
integral part of the vegetation system functions (De Angelis and
Waterhouse, 1987; Coughenour and Ellis, 1993; Wu and Loucks,
1995). Fire is determined by the conditions of the vegetation
system, e.g., by the amount of grass. Thus it should be considered
an emergent property of the vegetation system dynamics
(Whitlock et al., 2010; Accatino and De Michele, 2013; Ursino,
2014; De Michele and Accatino, 2014; Tchuinté Tamen et al., 2014;
Yatat et al., 2014). This is in contrast with many deterministic
differential equation models, which consider fire as an a priori

determined and constant parameter.
Currently, non-equilibrium processes in tropical vegetation

systems remain poorly modeled. The main reason is that non-
equilibrium models are more difficult to treat analytically. In
addition, the mathematical elegance of differential equation
models and the analysis of their steady states seem more
appealing. However, we raised two questions: (1) is the equilibri-
um assumption able to completely interpret woody cover data? (2)
Does the non-equilibrium assumption provide the potential for a
general interpretation of the woody cover data?

In this study, we used two models, one representative of the
equilibrium and the other representative of the non-equilibrium
assumption. We analyzed how these two models interpret data of
woody cover of tropical and subtropical areas. We considered two
large datasets coming from the studies of Sankaran et al. (2005) and
Hirota et al. (2011). Both datasets represent the relationship between
woody cover and mean annual rainfall. The first dataset consists in
field measurements collected all over the African continent; the
second consists in satellite woody cover data collected in the tropical
and subtropical areas at the global scale. More specifically, our main
goal was to analyze how the two modeling approaches capture the
two above-described evidences showed by the data: the distinction
between arid and moist savannas, and the bimodality in woody cover
for high mean annual rainfall.

2. Methods

As representative of the equilibrium assumption, we chose the
model proposed by Accatino et al. (2010) (hereafter referred to as
the equilibrium model). This model has implications similar to other
differential equation models (e.g., van Langevelde et al., 2003;

De Michele et al., 2011; Staver et al., 2011a; Staver and Levin,
2012). As representative of the non-equilibrium assumption, we
chose a modified version of the model of De Michele and Accatino
(2014) (hereafter referred to as the non-equilibrium model). With
this model, woody cover is updated in different ways according to
the presence or absence of fire (Beckage et al., 2011; Accatino and
De Michele, 2013).

The two models have fundamental analogies. They are both
minimal, in the sense that they consider only a few key processes
and obtain general, not site-specific, results (Evans et al., 2013).
They consider trees and grass as state variables where trees are
superior competitors for space. They assume no niche separation
between trees and grass (unlike to, e.g., the model of Walter, 1971).
Tree–grass coexistence, when occurring, is obtained due to
balanced competition (Amarasekare, 2003). This means that the
inferior competitor (grass) survives when rainfall or fire limit the
density of the superior competitor (trees). In both models, space is
accounted for implicitly, i.e., the state variables represent densities
or covered area, in line with Tilman (1994). Both models consider
herbivory implicitly in mortality parameters of trees and grass. We
chose models focusing only on the effect of rainfall and fire. We
focused on rainfall because data are collected across a rainfall
gradient. We focused on fire because its representation is a key
element distinguishing equilibrium from non-equilibrium spatial-
ly implicit models in literature.

The two models differ fundamentally in the way they include fire.
In the equilibrium model, the fire frequency is a constant parameter.
In the non-equilibrium model, fire is a stochastic event whose
probability depends on the amount of grass in the ecosystem, and
tree cover is updated in different ways according to the presence or
absence of fire. Thus, the non-equilibrium model is not simply
derived by adding a stochastic noise to the equilibrium model.
Another fundamental difference resides in how the two models are
analyzed. With the equilibrium model, we analyzed the stable
steady states (as done in other differential equation models, e.g., van
Langevelde et al., 2003; De Michele et al., 2011; Staver et al., 2011a;
Staver and Levin, 2012), whereas with the non-equilibrium models,
we extend the analysis also to the trajectories (Accatino and De
Michele, 2013; De Michele and Accatino, 2014).

2.1. The equilibrium model

This model describes the joint dynamics of soil moisture in the
root zone, trees and grass in a tropical vegetation system. The soil
moisture increases because of rainfall and decreases because of
deep percolation, evaporation from bare soil, water uptake by trees
and grass. Trees grow using soil moisture and occupy bare soil or
space occupied by grass. Grasses grow using soil moisture and
occupy bare soil. Being superior competitor for space, grass can be
displaced by trees but cannot displace trees. Trees and grass are
removed by senescence, herbivory and fire. In particular, fire
mortality of trees depends on the amount of grass, which
constitutes the fuel load.

Let 0 � S � 1 be the degree of saturation of moisture in the root
zone of the soil. Let T and G be the fraction of space occupied,
respectively, by trees and grasses. Both these state variables must
range in the interval [0,1] and in addition 0 � T + G � 1. The
dynamics are given by the following system of differential
equations:

dS

dt
¼ R

w1
1�Sð Þ�e 1�T�Gð Þ�tT ST�tGSG

dT

dt
¼ gT ST 1�Tð Þ�dT T�dFGfT

dG

dt
¼ gGSG 1�T�Gð Þ�gT STG�dGG�fG
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