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1
INTRODUCTION

Over the last century, humans have induced larger and more rapid changes in ecosystems
than in any other period of time in human history [158, 265]. Our activities transform
the land surface, deplete natural resources, pollute the environment, alter the major bio-
geochemical cycles and change species composition in most ecosystems [68, 99, 265].
The impacts of our activities are further accentuated by climate change [158, 225]. The
affected ecosystems not only provide essential goods but also irreplaceable services, in-
cluding the regulation of diseases and soil erosion, purification of air and water, protection
of coastlines, and conservation of genetic resources needed for crops and pharmaceuticals.
Of vital importance is the unresolved question: how do ecosystems respond to changes in
human pressure and climate?

Ecosystem shifts
Environmental changes can occur in a gradual, continuous way or exhibit sudden dis-
continuities. When external changes are gradual, some ecosystems may respond like-
wise in a smooth, gradual manner, whereas others may remain inert until a threshold
in external conditions is passed, at which point the system suddenly switches from one
state to another. These sudden shifts are often accompanied by degradation of ecosystem
services and concomitant economic losses. Arid ecosystems are a well known exam-
ple of fragile ecosystems liable to lose their perennial vegetation and abruptly switch to
desert because of climatic variations or human activities [56, 64, 181, 204, 207, 218, 222].
This process of desertification1 results in a reduction of the biological, and hence eco-
nomic, potential of the land to support human populations, livestock, and wild herbi-
vores [112,139,204,205,246]. Such an abrupt response of a system to a smooth change in
external conditions has been termed a catastrophic shift [208,218,255]. The term “catas-
trophic” refers to the mathematical field of catastrophe theory which was introduced in the
late 1960’s by the mathematician René Thom [240] and classifies phenomena in systems
where strong qualitative changes in the macroscopic properties arise from small changes

1 Words in italic in the text are defined in the Glossary (Box 2, page 14).
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Chapter 1: Introduction

in circumstances.

Catastrophic shift behavior is the result of alternative stable states, meaning that, for
certain external conditions, the system can be in more than one stable state. The concept
of alternative stable states can be illustrated by means of an analogy to a ball rolling in
a landscape (e.g. [75, 156, 181]; Fig. 1.1). The landscape, referred to as the potential of
the system in physics, represents a collection of possible states for the system, of which
some are stable. The location of the ball indicates the current state of the system in this
landscape. The motion of the ball in the landscape reflects the change in the system’s
state, and the slope of the landscape is related to the rate of change. The ball rolls down
the slopes and stabilizes at the bottom of the valleys (the local minima of the potential
function) (Fig. 1.1 A), which represent the stable states.

If the landscape has a single valley, the system has a unique stable state (one absolute
minimum) to which it inevitably tends toward from all initial conditions and following
any disturbance (Fig. 1.1 A, F). The stable state is then globally stable. A system with
alternative states is characterized by a landscape with several valleys separated by hills.
In the simplest representation of alternative stable states, the landscape has two valleys
and one hill (Fig. 1.1 B-E). In this case, the stable states are said to be locally stable.
The valley into which the ball will settle depends on its initial location in the landscape.
The range of conditions that leads to a stable state defines its basin of attraction. Once
the system is in one of the possible stable states, it can move to the other valley in two
ways [18]: 1) by a movement of the ball in the landscape due to a large perturbation of
the system’s state or 2) by an alteration of the landscape itself due to changes in external
conditions.

1. Following a small perturbation of the system’s state (i.e., by gently pushing the
ball), the system may return to its original state, but sufficiently large perturba-
tions applied directly to the system’s state (e.g. population density) may push the
ball across the hill and into the other valley, leading to a shift in the ecosystem’s
state (Fig. 1.1 C, orange arrows). The resilience of the system refers to the size
of the attraction basin (or the size of the valley) and represents the maximum per-
turbation that the system can absorb without shifting state (see Glossary (Box 2,
page 15) for definitions of resilience).

2. Changes in external conditions, such as human pressure or climate, may lead to
modifications of the shape of the landscape. Figure 1.1 illustrates the case where
a state that used to be stable suddenly becomes unstable under increasing grazing
pressure as the corresponding valley disappears from the landscape. The system
is then pushed into the other stable state, with dramatically different characteris-
tics, and a discontinuous change in the system’s state occurs because of smooth
changes in external conditions (Fig. 1.1 A-F, solid green arrows), which I refer to
as a discontinuous transition. In this thesis, I will address discontinuous changes
in ecosystems’ state following qualitative changes in the shape of the landscape
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Figure 1.1: The two ways an ecosystem can shift from one stable state to another. Bifurcation
graph of May’s (1977) model [156], which describes the dynamics of vegetation biomass in a grazed
system. The curve represents the equilibrium vegetation biomass as a function of the grazing rate,
c. Parameter values are the same as in [83]. Black lines correspond to stable states and grey
lines to unstable states. Critical thresholds of the environmental conditions, c1 and c2, bound the
parameter space where two stable states coexist, i.e. the bistability area. The two stable states are
separated by an unstable one, which limits the basins of attraction of the two stable states. Panels
A-F display the potential function (or landscape) of the system for different values of c. The ball
indicates the stable state in which the system stabilizes for different grazing pressures. For small
values of c, the landscape has only one valley. When c increases, a second valley appears (at c1).
The two valleys coexist in the bistability area. At the bifurcation point c2, the first valley disappears
and the landscape is again reduced to one valley. The green and orange arrows illustrate the two
ways a system can shift states. Orange arrows: If a system is in the high biomass state in the
bistability area, a perturbation of the system’s state (i.e. of the vegetation biomass) that would
bring the vegetation biomass below the grey line would lead to a collapse of the system to the low
biomass state; this can be illustrated by the ball pushed beyond the hill (panel C). Green arrows:
If a system is in the high biomass state and the grazing pressure increases, the vegetation biomass
will gradually decrease until c reaches c2. At this point the system will collapse to the low biomass
state (discontinuous transition). This is because the landscape changes under increasing grazing
pressure and the valley of the high biomass disappears at c2. Only the low biomass state is then
stable (panel E). Once the system has collapsed, recovery only occurs if the grazing pressure is
decreased below c1 (hysteresis) or if the vegetation biomass is increased above the grey line.
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Chapter 1: Introduction

(in terms of the number of domains of attraction) due to changes in external con-
ditions.

The new state reached after a discontinuous transition might be undesirable and can
even have major ecological and economical consequences. The new state may, for exam-
ple, correspond to the extinction of a population or species, the reduction in water quality,
the breakdown in fish stocks, or the collapse of rangeland productivity [65, 218]. In arid
ecosystems, it has been proposed that vegetation and desert states could be considered as
being two alternative stable states [208, 210, 218, 255]. Various causes may induce the
loss of vegetation cover, and the subsequent soil erosion may make the system too bare
to allow recolonization by perennial vegetation [19, 193, 222, 249]. Such a shift seems to
have occurred in the early and middle Holocene in north Africa, due to climatic changes
during this period ( [51, 64], but see [127]). Grazing systems may also collapse when
overexploited [156, 181, 210, 255, 269]. Once a discontinuous transition has occurred,
restoring the original features of the system is often not enough to recover the former
state of the system. For example, Figure 1.1 shows that once a shift has occurred at the
threshold grazing rate c2, the grazing rate has to be decreased even lower than the value
at which the shift occurred (below c1) for the system to revert back to the high vegeta-
tion biomass state (Fig. 1.1, dashed green arrows). This case, in which the trajectories
of degradation and recovery differ because the two thresholds c1 and c2 do not coincide
(Fig. 1.1), is known as hysteresis. Such behavior might raise problems in real ecosystems,
because it may be possible for humans to change an environmental characteristic in one
direction, but very difficult or even impossible to perform the change in the opposite di-
rection. The combination of an abrupt change in a system’s state and hysteresis (due to
alternative stable states) distinguishes a discontinuous transition from a continuous tran-
sition, where the state of the system smoothly and gradually changes from one state to
another. Well-studied examples of ecosystem shifts, where recovery of the former state
was not achieved by restoring the historical abiotic conditions, include eutrophication of
lakes, degradation of coral reefs, shrub encroachment of grasslands and desertification of
drylands (see [65, 207, 218, 224, 238] for reviews).

In this thesis, I focus on ecosystems where water is the main element limiting vege-
tation growth, reproduction and survival. I refer to these ecosystems in a general way as
arid ecosystems in the rest of the thesis. Arid ecosystems cover about 41% of the Earth’s
land area and host more than 2 billion people (Fig. 1.2), including many of the poorest
inhabitants of developing countries ( [158]; see Box 1, page 9). Currently, 10 to 20% of
arid ecosystems are believed to be already degraded [158, 205]. Population growth leads
to increasing pressure on these ecosystems for providing services, such as food, forage,
fuel, building materials and water [158]. The situation may be further exacerbated by
climate change, especially because arid ecosystems are likely to be affected dispropor-
tionately by global warming [225,231,241]. Therefore, desertification of arid ecosystems
ranks among the greatest environmental challenges today [158, 205].

Regarding discontinuous transitions in ecosystems, and more specifically desertifica-
tion of arid ecosystems, I see two main scientific issues:
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Problem 1. We need to identify the conditions under which ecosystems exhibit alterna-
tive stable states, as well as the underlying ecological mechanisms responsible for such
alternative stable states.

Problem 2. Ecosystems’ shifts typically come as a surprise, without apparent warnings of
the forthcoming effects on the state of the system [207,218]. Given the growing evidence
for the existence of alternative stable states in many large-scale ecosystems [218, 224,
238, 239], we need to gain insight into what ecosystems look like when they are close to
a transition. It would be extremely valuable to devise early warning indices that indicate
major physical and biological restructuring of a system symptomatic of proximity to a
transition. Such warning signals could allow identification of threatened systems and
could therefore have an enormous impact on ecosystem management.

In the next sections, I briefly present what is currently known about these two prob-
lems, and I define the research questions that will be addressed in this thesis.

Figure 1.2: Map of drylands. Source: Millennium Ecosystem Assessment [158].

5



Chapter 1: Introduction

Alternative stable states and the role of positive feedback
Under which conditions can ecosystems be expected to exhibit alternative stable states
and discontinuous transitions? The existence of alternative stable states has often been
explained by strong positive feedback mechanisms between biotic factors and the physi-
cal environment [51,210,218,222,276]. Examples of such feedback mechanisms include
the effect of aquatic plants on water clarity [220], the effect of vegetation on precipitation
in dry regions [28] and the effect of vegetation on local water availability in arid ecosys-
tems [120,209]. I take this latter case as an illustrative example, although it is only one of
the many positive feedback mechanisms which operate between vegetation and the abi-
otic environment in arid ecosystems.

In arid ecosystems, where water is the most limiting element, water infiltration and
evaporation rates differ between vegetation and bare sites. Water concentrates underneath
vegetation, where the infiltration rate is high and the evaporation rate is low [98,120,198,
209], a situation which favors vegetation growth. Vegetation, therefore, modifies the abi-
otic environment in a way that is beneficial for itself, creating a positive feedback: the
more water, the higher the vegetation biomass, and the higher the vegetation biomass, the
more water available for plants. Conversely, when vegetation is lost (e.g. by grazing), less
water is available locally, and other mechanisms, which further favor the desert alternative
stable state may start to occur. The soil then looses the physical protection it had from
the vegetation cover, which leads to erosion and crust formation [19, 193, 222, 249]. This
creates very hostile conditions for vegetation recolonization. Thus, two alternative stable
states can coexist in such a system because each of them is stabilized by a set of positive
feedback mechanisms (Fig. 1.3).

Regarding the link between positive feedback and alternative stable states, I specifi-
cally address the following research question (RQ) in this thesis:

RQ1. Under which conditions do alternative stable states and, consequently, potential dis-
continuous transitions occur (as opposed to continuous transitions)? What are the specific
roles of positive feedback and external conditions, such as grazing pressure and aridity
level, in generating alternative stable states? (Problem 1)

Positive feedback and spatial organization of the vegeta-
tion
Interestingly, positive feedback mechanisms, which are a potential cause of alternative
stable states and discontinuous transitions, can also lead to striking spatial organiza-
tion [207, 276]. In the case of arid ecosystems, for example, plants have a positive ef-
fect on their local environment [21], and the spatial extent of this effect is related to
the size of the plant. Thus, the positive effect has a spatial component which leads
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Figure 1.3: The way positive feedback leads to alternative stable states. A bifurcation graph
from May’s (1977) model (cf Fig. 1.1) is shown in the center. In the bistability region, where
both the “healthy” and the “degraded” states coexist, if the initial vegetation biomass is high
enough (above the grey line, which corresponds to the unstable state separating the two stable
states), the positive feedback will be activated in such a way that more vegetation will lead to more
water (higher infiltration, I, and lower evaporation, E, for a given precipitation, P). Vegetation will
then be able to concentrate enough water for its own survival (above the threshold quantity, h),
leading to the stable “healthy” state with a high vegetation biomass (green arrows). This positive
feedback stabilizes the stable state. Conversely, if the initial vegetation biomass is too low (below
the grey line), the positive feedback will work the other way around and vegetation will not be able
to concentrate enough water for its own survival (below the threshold quantity, h), leading to less
favorable environmental conditions and the decrease of vegetation biomass until the degraded state
(yellow arrows) is reached. The degraded state is stable because the new environmental conditions
are very hostile for vegetation. Thus, alternative stable states occur when there is a feedback
mechanism that can work both ways, leading to either of the stable states (here, vegetation system
or desert), depending on the initial condition (here, vegetation biomass), and also occur when each
of the two stable states is further self-stabilized by other ecological mechanisms (e.g. soil erosion,
in the case of the desert state).

to spatial clustering of plants. Vegetation cover in arid ecosystems is indeed charac-
terized by spatial patterns, meaning that sparsely populated, or bare, patches coexist
with dense vegetation patches (Fig. 1.4). Vegetation patches of different sizes, shapes
and spatial distributions have been observed in arid ecosystems throughout the world
[4, 6, 15, 20, 140, 148, 169, 207, 209, 249, 271]. The characteristics of the vegetation pat-
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Chapter 1: Introduction

terns, including the shape of the vegetation patches, depend on external conditions, such
as rainfall [15, 161, 185, 206, 267].

Figure 1.4: An example of spatial organization of vegetation in arid ecosystems. Shrubland in
Gabo de Gata-Nı́jar Natural Park (Southeast Spain).

Regarding the link between positive interactions and spatial organization, I address
the following research questions:

RQ2. What type of positive effect, combined with what plant dispersal strategy, leads to
what type of spatial organization of the vegetation? (Problem 2)

RQ3. How does the spatial organization of the vegetation respond to changes in external
conditions, such as grazing pressure and aridity level, on ecological and evolutionary time
scales? (Problem 2)

What do ecosystems look like just before a transition?
Indicators of imminent transitions

Previously-known indicators of transitions
How can we tell if an ecosystem is near a transition? Several potential indicators that
could signify proximity to a change (continuous or discontinuous) in an ecosystem’s state
have recently been suggested by simple models. When approaching a transition due to
changes in external conditions (Fig. 1.1, green arrows), the characteristic time to return
to a stable state after a perturbation increases, meaning that a disturbed ecosystem needs
more time to recover when it is near a transition [75, 91, 260, 277], a phenomenon re-
ferred to as critical slowing down in the physics literature. In addition, the variance of
temporal fluctuations in certain state variables increases [36,75,182], there is a reddening
of the power spectrum of certain dynamical variables, meaning that the signal becomes
more auto-correlated [124], and there is an asymmetry in the probability distribution of
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Box 1: Arid ecosystems

Drylands include all terrestrial regions where water scarcity limits the production of
crops, forage, wood, and other ecosystem provisioning services, i.e. where the aridity
index (AI), defined as the long-term ratio of mean annual precipitation to mean annual
evaporation demand (expressed as potential evaporation), is less than 0.65a. Formally,
the definition encompasses all lands where the climate is classified as dry subhumid
(0.5 < AI < 0.65), semiarid (0.2 < AI < 0.5), arid (0.05 < AI < 0.2) or hyper-arid
(< 0.05) (see Fig. 1.2 for a world map of drylands). Precipitations are characterized by
their high variability and unpredictability.

Drylands subtypes can also be categorized according to their land use: rangelands
(65%), croplands (25%), urban (2%) and other (8%). There are four broad dryland
biomes (in order of decreasing aridity and increasing vegetation cover): desert, grassland,
Mediterranean (mainly scrubland) and forest. Vegetation cover is usually quite low
(about 60%) and is characterized by a two-phase mosaic of vegetation patches and bare
soil [4, 68, 99].

72% of the dryland area and 90% of the people living in drylands are in developing
countries. The socio-economic conditions of dryland peoples lag significantly behind
that in other areas of the world. Dryland populations are among the most ecologically,
socially and politically marginalized populations on earth [205]. The drylands population
increased 18.5% between 1990 and 2000. The impact of desertification and the concomi-
tant reduction in land productivity is manifest through reduced income, malnutrition and
poor health.

Cases of desertification

• Geological data show that the Sahara region experienced a sudden transition from
vegetated to desert conditions about 5500 years ago ( [51, 64], but see [127]).

• In the Sahel, human and livestock populations increased by a factor 2.3 between
1950 and 1983. This period included a drought of unprecedented duration lasting
from 1970 to 1984 [56,112,208,255]. This severe drought claimed over a quarter
of a million lives, left millions destitute and resulted in mass migrations of rural
people to urban areas in search for food, housing and wood. The combination of
increased grazing and dry years caused marked changes in the vegetation and soil.
Subsequent removal of grazing and several wet years were not able to revert the
vegetation to its former floristic composition and biomass [204, 205, 208, 269].

• Shifts from grassland to shrubland occurred in many degraded semi-arid ecosys-
tems over the past century [250, 269]. These transitions resulted in a significant
reduction in the biological and economic potential of these lands to support hu-
man population and livestock. Such transitions were revealed to be irreversible in
many cases.

Changes in species composition that represent an economic loss, such as shrub encroach-
ment, may be considered as cases of desertification. In this thesis, however, we focus on
the cases where desertification corresponds to the loss of perennial vegetation and topsoil
and to the associated decline in biological productivity [64, 208, 218, 255].

a Data from the Millennium Ecosystem Assessment [158] unless otherwise noted.
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Chapter 1: Introduction

time-series [83]. These are general phenomena observed near transitions and thus are not
specific to discontinuous transitions.

There is one indicator of alternative stable states, however: under sufficiently large
perturbations (i.e., noise in one of the external parameters), a system with alternative
states might experience stochastic “flickers” between the stable states [259]. Continuing
the analogy of the previous section, this is equivalent to a ball being pushed repeatedly
back and forth, from one valley to another. The observation of several abrupt changes be-
tween different states in a system, or flickering, could be an indicator of alternative stable
states, although it does not indicate the distance to a discontinuous transition.

As already mentioned, none of the indicators presented in the previous paragraphs
are specific to discontinuous transitions (although this is debatable for the case of flick-
ering [259]). Discontinuous transitions are especially relevant because of their unexpect-
edness, their potential consequences in terms of disruption of vital ecosystem services,
and their possible irreversibility. Positive feedback can lead to discontinuous transitions
at the system scale, but also to spatial organization of vegetation. The fact that the same
ecological mechanism can lead to alternative stable states and discontinuous transitions
on the one hand, and to spatial organization on the other hand leads to the hypothesis
that spatial organization and shift behavior could somehow be linked [207]. Can spatial
patterns somehow be used to identify indicators of imminent transitions?

Regarding possible indicators of impending transitions, I address the following re-
search questions:

RQ4. Do specific spatial organizations only occur just before a transition (continuous or
discontinuous)? Can we identify indicators of proximity to transitions? (Problem 2)

RQ5. Do different spatial organizations occur along continuous vs. discontinuous transi-
tions? In particular, are some spatial organizations specific to bistability areas? Can we
identify indicators of proximity to discontinuous transitions? (Problem 2)

Methods

To address the link between positive feedback, alternative stable states and spatial orga-
nization of the vegetation, we first developed a model for arid ecosystems, where plants
have a positive effect on the space below and close to their canopy [21]. I refer to this
positive effect as local facilitation, which is thought to be the result of an assortment of
physical and biological mechanisms. Because it involves the effect of a plant on a limited
area of space around it, this local positive effect is best modelled with a cellular automa-
ton. Cellular automata are dynamical systems with discrete space, time and number of
states [94]. An arid ecosystem is modelled as a grid of cells, each of which can be in one
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of three different states: occupied by vegetation, empty or degraded. Plants can amelio-
rate the physical conditions of their neighboring cells. Vegetation growth is controlled by
global competition for resources (i.e. density dependence). Local facilitation and compe-
tition are treated as two decoupled mechanisms.

To gain more insight into the possible equilibria of the system and their changes along
transitions to desertification (RQ1), an analytical approximation of this model was de-
rived, called “pair approximation” or “correlation approximation” [152, 215]. Pair ap-
proximation is a technique that traces the nearest-neighbor correlation of states by con-
structing a system of ordinary differential equations. A mean field version of this model,
ignoring spatial interactions, was analyzed to explore the role of space on the link between
positive feedback and alternative stable states. For the pair approximation and mean field
models, bifurcation graphs (following the vegetation density at equilibrium when an ex-
ternal condition varies) and state diagrams (giving information on the state of the system
at equilibrium for different parameter value combinations) were plotted (RQ1).

To see the types of vegetation patterns obtained, spatially explicit simulations of the
cellular automaton were performed (RQ2). The shape of the patterns, the vegetation clus-
tering and the patch size distributions were tracked along transitions (RQ3) and compared
between continuous and discontinuous transitions (RQ5).

We performed an evolutionary analysis (RQ3), using the framework of Adaptive Dy-
namics [70, 163, 164]. This theoretical approach seeks to describe the phenotypic evo-
lution of a population through successive substitutions of mutations. Once the pair ap-
proximation model is derived, it is easily applied. We analyzed the effects of changes in
external conditions (aridity and grazing pressure) on the evolutionary dynamics of local
facilitation. We also looked at the consequences of adaptation on the spatial organization
and viability of the population.

The model output was compared to field data analyses. Transect data from three
Mediterranean arid ecosystems revealed the patch size distribution of the vegetation un-
der different grazing pressures (RQ2, 3). These data allowed us to validate the model
derived in the second chapter of this thesis and to identify specific spatial organization
occurring only and always just before a transition (RQ4, 5).

We then modeled the positive effect of vegetation on water availability in a more de-
tailed manner. In this case, water is treated as an independent variable which can move
through space. Vegetation favors the infiltration of water in the soil, which leads to con-
centration in resources underneath vegetation. This positive feedback leads to a depletion
of resources farther away from the vegetation (because water that accumulates locally is
depleted from location farther away), leading to a scale-dependent feedback. To model the
flow of these elements, a set of partial differential equations (reaction-diffusion equations)
is more appropriate. The model includes three state variables: vegetation biomass, surface
water and soil water. We modified the model of Rietkerk et al. (2002) [206] to address
our research questions by adding a loss term for surface water, incorporating mechanis-
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Chapter 1: Introduction

tic seed dispersal and relating the vegetation equation to the physiological attributes of
photosynthesis and respiration. Non-spatial models were also analyzed (RQ1). Turing
analyses [93] were performed to see in which parameter range spatial patterns were ex-
pected to occur (RQ2, 3). Spatially-explicit simulations were performed and compared to
Turing predictions (RQ2, 3), and spatial patterns were followed along transitions (when
climatic variables or grazing pressure was varied) (RQ4, 5).

Outline of the thesis
In Chapter 2, we derive and analyze a model describing the spatial dynamics of veg-
etation in arid ecosystems, considering local facilitation to be an essential mechanism.
We investigate the conditions under which continuous or discontinuous transitions from a
vegetated to a desert state are likely to occur (RQ1), and how these transitions are associ-
ated with vegetation patchiness (RQ2, 3, 4, 5).

In Chapter 3, we study how vegetation changes along transitions to desertification un-
der increasing external pressure. We analyze field data from three Mediterranean ecosys-
tems and observe the changes in the spatial organization of the vegetation along a grazing
pressure gradient by comparing the distributions of vegetation patch sizes (RQ3). We
check whether the model from Chapter 2 exhibits similar patterns, compare these patterns
along continuous and discontinuous transitions (RQ4, 5) and explore which mechanisms
might be responsible for them (RQ2).

In Chapter 4, we further address the role of local facilitation in generating the vegeta-
tion spatial organization observed in Chapters 2 and 3. We do that by comparing a neutral
model lacking any spatial interaction with the local facilitation model from Chapter 2
(RQ2). We try to determine what an observed patch size distribution can tell us about
the underlying ecological mechanisms, and we investigate the general behavior of spatial
ecosystems close to a threshold (RQ4).

Although the ecological significance of local facilitation is widely established, the
evolutionary aspects have been seldom investigated. These aspects are, however, very
important, because systems with such positive interactions can exhibit alternative stable
states, and it has been shown that such systems may suddenly become extinct as they
evolve [86] (so-called evolutionary suicide [60]). In Chapter 5, we investigate the pos-
sibility that plants in arid ecosystems could adapt to changes in external conditions by
modifying their investment in local facilitation. Therefore, we extend the model from
Chapter 2 for the purpose of evolutionary analysis. We explore the effects of changes in
aridity and grazing pressure on the evolutionary dynamics of local facilitation. We study
the consequence of such adaptation on the ecological dynamics of arid ecosystems (i.e.,
spatial organization and stability) (RQ1, 3).

In the next three chapters, we consider scenarios in which plants not only affect their
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local environment positively, but, more specifically, affect the local availability of water,
which moves through space. This positive, local effect leads to a negative effect farther
away and is referred to as scale-dependent feedback.

In Chapter 6, we extend the model of Rietkerk et al. (2002) [206] by adding a loss
term for surface water, which strengthens the positive feedback between vegetation and
local water availability and leads to bistability in the non-spatial as well as in the spa-
tial model. We determine under which conditions continuous or discontinuous transitions
from a vegetated to a desert state occur (RQ1), and how vegetation patterns are linked to
these transitions, and especially to bistability (RQ2, 3, 4, 5).

In Chapter 7, we investigate how plant dispersal strategies affect the formation of
spatial patterns and interact with scale-dependent feedback in arid ecosystems. We study
how these dispersal mechanisms affect the spatial organization of the vegetation (RQ2)
and how this spatial organization changes along transitions (RQ3).

Currently, long-term rainfall is the only climatic parameter taken into account in mod-
els of spatial vegetation patterns in arid ecosystems. However, climate change is also
related to the persistent increases in the concentration of CO2 and air temperature [99].
In Chapter 8, we investigate how the projected climate change in the next century might
affect vegetation patterns (RQ3), by relating the photosynthesis and respiration terms to
physiological attributes that can interact with the three climate drivers, rainfall, atmo-
spheric CO2 and air temperature.

I bring all the results of this thesis together in Chapter 9. I discuss the role of positive
feedback for ecosystems’ functioning. I comment on the potential generality of our results
for other ecosystems, and the applicability of our findings to ecosystem management and
restoration ecology.

13



Chapter 1: Introduction

Box 2: Glossary

Alternative stable states Several stable states coexisting under a given range of
conditions. Whether a system ends up in one or another
depends on the history of the system (the initial condi-
tions).

Basin of attraction The range of conditions leading to a stable state.

Bifurcation graph A graph which shows the equilibrium states of a
system as a control parameter is varied (e.g. external
condition).

Bifurcation point The point at which a stable equilibrium appears (or dis-
appears), leading to a qualitative change in the system’s
state.

Bistability A case in which two alternative stable states coexist.

Continuous transition A smooth, gradual change in a state variable from one
stable state to another (not associated with alternative
stable states or hysteresis). They are also called super-
critical bifurcations in mathematics.

Desertification “Land degradation in arid, semi-arid and dry subhumid
areas resulting from various factors, including climatic
variations and human activities” (UNCCD [246]).

Discontinuous transition An abrupt change in the stable state of the system, asso-
ciated with the fact that the system exhibits alternative
stable states and hysteresis. They are also called “catas-
trophic shifts” in ecology, “first-order phase transitions”
in physics and “subcritical bifurcations” in mathemat-
ics.
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Hysteresis Characterizes the different paths followed by the system
during degradation and recovery. Hysteresis makes the
recovery of degraded systems difficult.

Land degradation “Reduction or loss of the biological or economic pro-
ductivity of drylands” (UNCCD [246]).

Local facilitation An assortment of physical and biological mechanisms
by which an individual (or species) modifies its local
environment, making a stressful habitat more hospitable
for other individuals (or species).

Positive feedback The process by which a state (e.g. vegetation) modifies
the environment in a way that is beneficial for itself.

Resilience Original definition from Holling (1973) [95], p. 17:
“Resilience determines the persistence of relationships
within a system and is a measure of the ability of these
systems to absorb changes of state variables, driving
variables, and parameters, and still persist.” Since then,
two concepts have emerged (see [81] for a review):
Ecological resilience:
The magnitude of the disturbance that a system can ex-
perience without undergoing a regime shift, i.e. before
it goes into the basin of attraction of another stable state.
It corresponds to the size of the basin of attraction in
ecosystems with alternative stable states. Ecosystems
with low resilience may easily shift into an alternative
basin of attraction after a disturbance.
Engineering resilience:
The time required for a system to return to equilibrium
following a perturbation.

Scale-dependent feedback Feedback from an individual on its environment that is
positive locally and negative farther away.
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Abstract
Arid ecosystems are liable to undergo sudden discontinuous transitions from a veg-

etated to a desert state as a result of human pressure and climate change. A predictive
framework about the conditions under which such transitions occur is lacking. Here, we
derive and analyze a general model describing the spatial dynamics of vegetation in arid
ecosystems considering local facilitation as an essential process. We investigate the con-
ditions under which continuous or discontinuous transitions from a vegetated to a desert
state are likely to occur. We focus on arid ecosystems but our approach is sufficiently gen-
eral to be applied to other ecosystems with severe environmental conditions. The model
exhibits bistability and vegetation patchiness. High local facilitation decreases the risk
of discontinuous transitions. Moreover, for arid ecosystems where local facilitation is a
driving process, vegetation patchiness indicates proximity to a transition point, but does
not allow distinguishing between continuous and discontinuous transitions.



Introduction

In the extreme conditions of arid areas, amelioration of the micro-environment under-
neath the canopy of a “nurse plant” [179] significantly improves the conditions for es-
tablishment and growth of other plants [4, 10, 98, 157, 198]. Vegetation cover plays the
role of physical protection that decreases thermal amplitudes, radiation exposures, wind
dessication and soil erosion, and prevents soil crust formation [35, 77, 181]. Moreover,
water and/or nutrient availability are higher under the canopy of certain woody species
and perennial grasses as compared to areas deprived of vegetation, leading to the devel-
opment of “islands of fertility” [104, 221, 230]. Here, we use the term local facilitation
to describe this assortment of physical and biological mechanisms that impact the space
below and close to the canopy of a plant. In this term, “local” stresses the spatial com-
ponent of these mechanisms, and “facilitation” refers to their positive effects on other
plants [31, 236]. Water is the main limited resource in arid ecosystems. Combined with
the harsh conditions for establishment and survival of individuals, this prevents the full
extension of the vegetation cover (e.g. [4]).

In line with these mechanisms, vegetation cover in arid ecosystems is character-
ized by vegetation patchiness, meaning that sparsely populated, or bare, patches co-
exist with dense vegetation patches [4]. Vegetation patches of different sizes, shapes
and spatial distributions have been observed in arid ecosystems throughout the world
(e.g. [4, 6, 209, 271]). These observations have raised questions about the origin of this
patchiness and the mechanisms that maintain it.

Besides its influence on the spatial organization of the vegetation, local facilitation
constitutes a positive feedback between vegetation abundance and local environmental
conditions that can theoretically lead to bistability [210, 218, 253, 254]. Bistable systems
can be in one of two alternative stable states depending on the initial conditions [43].
Bistable systems potentially undergo sudden, discontinuous transitions, corresponding to
switches from one stable state to the other because of small, continuous changes in pa-
rameter values [218]. For example, with decreasing rainfall, such a system may shift
from a patched vegetation state to a bare state [206, 267]. An increase in rainfall to val-
ues for which this shift occurs does not necessarily lead to a recovery of the vegetation
state. This hysteresis effect is specific to discontinuous transitions and does not occur
along continuous transitions, where no bistability takes place. Hence, it has been hypoth-
esized that discontinuous transitions are associated with vegetation patchiness, and that
certain shapes of patches could indicate imminent discontinuous transition towards the
bare state [207].
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Local facilitation by sessile organisms is also ubiquitous in physically harsh habi-
tats other than arid ecosystems, such as salt marshes, alpine areas and intertidal zones
[21, 23, 34, 236, 256]. The objective of this work is to gain insight into the link be-
tween bistability, vegetation patchiness and local facilitation in harsh environments. More
specifically, we investigate the conditions under which local facilitation leads to contin-
uous or discontinuous transitions under environmental and human pressure changes, and
how these transitions are associated with vegetation patchiness. This is important for
understanding and predicting the effect of global change on physically harsh habitats,
including desertification in the case of arid ecosystems. In this paper, we focus on arid
ecosystems, although our approach remains sufficiently general to be applied to other
ecosystems with severe environmental conditions.

Therefore, we constructed a lattice-structured model for arid ecosystems including lo-
cal facilitation as an essential process. Each cell directly interacts with its nearest neigh-
bors, which corresponds to a plant’s sphere of influence. Besides the full spatial model,
two analytic approximations, a mean field (ignoring spatial interactions; [57]) and a pair
approximation [215,251], leading to two systems of ordinary differential equations, were
derived and analyzed for conditions leading to bistability. Comparing the results of the
mean field and of the pair approximation models allows understanding the role of local
interactions on the bistability of the system. Comparing the results of the pair approxi-
mation model and of the full spatial model made it possible to assess whether continuous
and discontinuous transitions are associated with different vegetation patchiness.

The model
Consider an arid ecosystem as a lattice-structured habitat, consisting of an infinite number
of sites, each roughly the size of a square meter. Each site can be in one of three possible
states: vegetated (denoted +), unoccupied (denoted o) and degraded (denoted −); there
is no other sub-structure within a site. The difference between unoccupied and degraded
sites is that the latter cannot be colonized whereas in the former seeds can germinate. The
basic task is then to formulate a model that allows us to keep track of the areas covered
by vegetation and degraded soil, on the basis of the fundamental processes that occur at
the site level.

The fundamental processes that occur in our model are colonization (events that change
{o}-sites into {+}-sites), mortality (events that change {+}-sites into {o}-sites), soil
degradation (events that change {o}-sites into {−}-sites) and recovery (events that change
{−}-sites into {o}-sites). At the site level, our model is fully stochastic. This means that
each of the possible events that applies to a site in a given state does not occur with cer-
tainty but only with a given probability per unit time (i.e., a rate). These rates can be
dependent not only on global vegetation cover but also on local configurations (state of
the z nearest neighbors). Here we define neighborhood of a site as its four nearest neigh-
bors (von Neumann neighborhood, z = 4).
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Below, we give mathematical specifications for these rates. These formulae allow us
to derive differential equations that describe the changes in expected cover (or mean den-
sities) if we disregard spatial structures. These differential equations, or mean field model,
can be easily analyzed to study the conditions for bistability. Not surprisingly, ignoring
the spatial structure can lead to incorrect conclusions about the outcome of the population
dynamics, as we show using stochastic spatial simulations of a cellular automaton. To
better understand the role of spatial structure, we formulate and analyze a so-called pair
approximation of the cellular automaton that tracks local correlations as well as global
averages.

Basic events and their associated rates

Global density of sites in a given state (which is equivalent to a fraction of the total
available area) is denoted by ρi, where i is either +, o or −. To model colonization and
facilitation, we also need a way to represent local densities: following Matsuda et al.
(1992) [152], we represent these by the probabilities of finding a neighbor of a given site i
in state j, in mathematical form q j|i (where i and j are either +, o or −). In what follows,
all symbols stand for parameters and variables that have non-negative values.

Colonization

Plants reproduce by spreading seeds across the lattice, but the recruitment of a new indi-
vidual has a probability of being successful only if the seeds have arrived at an unoccupied
site. Research on seed dispersal indicates that the seed bank is mainly concentrated in the
vegetation patches [154,170,261]. A non-negligible part of the seed rain, however, is dis-
persed further away by animals and surface runoff [261]. Thus, we suppose that a fraction
of the seeds produced by a vegetation site is locally dispersed, while the rest is globally
dispersed. We represent the rate of colonization of an unoccupied site by wo,+, and we
assume that:

wo,+ = β

[
δρ+ +(1−δ)q+|o

]
G(•) (2.1)

where β is a positive constant, which represents the intrinsic seed production rate per veg-
etation site multiplied by the survival and the germination probabilities; δ is the fraction
of seeds that disperses globally and G is a function that describes how germination de-
pends on competition for resources. The spatial scale at which competition operates in
arid ecosystems remains an area of current research. Existing studies have already shown
that the spatial scale of competition is larger than the one of facilitation (e.g. [140, 206]).
For simplicity, we made competition occur at a global scale by assuming that G(•) is a
linear function of global vegetation cover,

G(ρ+) = ε−gρ+ (2.2)
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where ε is the maximum establishment rate and g represents the strength of density de-
pendence. We chose g < ε, so that G(•) is always positive. For brevity, we write β ε as
b and β g as c. Then,

wo,+ =
[

δρ+ +(1−δ)q+|o

]
(b− cρ+) (2.3)

Mortality

Just as germination turns an unoccupied site into a vegetation site, mortality turns it back
into an unoccupied site again. We assume that mortality is density-independent [123,161,
206, 267],

w+,o = m (2.4)

where m is a vegetation characteristic that may be influenced by anthropogenic factors
such as grazing by cattle.

Degradation

An unoccupied site can not only be recolonized by vegetation, it can also be eroded by
rain or wind. As for mortality, we assume that degradation of the soil of an unoccupied
site occurs at a density-independent rate,

wo,− = d (2.5)

where d is a positive constant depending on soil type and climatic characteristics. Plant
seeds cannot germinate in these sites.

Local facilitation

Because of the positive effect of vegetation on its micro-environment, regeneration of a
degraded site is assumed to be faster when there are more vegetation sites in the neigh-
borhood. We assume regeneration of a degraded site occurs at rate w−,o,

w−,o = r + f q+|− (2.6)

where r is a positive constant corresponding to the spontaneous regeneration rate of a site,
supposed to be a function of rainfall (the more rainfall, the easier the regeneration) and
soil type. Facilitation is represented by f which is the maximum effect of the neighbor-
hood on regeneration realized when all nearest neighbors sites are {+}. Note that another
facilitative term could have been included in the degradation rate, where vegetation could
prevent the degradation of recolonizable sites in its neighborhood. However, in order to
isolate the effect of local positive interactions, and to keep the model as simple as possi-
ble, we decided to retain only one type of facilitative effects in the model.
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Whenever possible we set parameters to realistic values, based on the literature (see
Appendix A). For parameters for which no values could be found in the literature, we
were careful to assign values with a realistic order of magnitude. Table 2.1 (page 34)
provides an overview of the parameters and variables and their interpretation.

Vegetation dynamics
Incorporating the transition rates as defined above, we can derive the exact equations for
global vegetation dynamics (changes in densities represent expected changes in cover),

dρ+

dt
= −ρ+w+,o +ρowo,+ (2.7)

dρo

dt
= ρ+w+,o−ρo (wo,+ +wo,−)+ρ−w−,o (2.8)

dρ−
dt

= ρowo,−−ρ−w−,o (2.9)

These equations are simple bookkeeping equations based on the fact that transition
rates transfer sites from one type to another. It can be shown that this set of equations
represent the expected dynamics of mean densities provided that the number of sites is
sufficiently large [152, 251, 252]. At this stage, however, we cannot calculate these dif-
ferential equations, as they depend on (at least some) local densities q j|i which depend on
the spatial structures that develop.

Mean field analysis

The so-called mean field approximation assumes that there is no spatial structure. Hence,
local densities are identical to global densities, qi| j = ρi. Vegetation dynamics is then
given by:

dρ+

dt
= −ρ+m+ρo

[
δρ+ +(1−δ)ρ+

]
(b− cρ+) (2.10)

dρo

dt
= ρ+m−ρo

([
δρ+ +(1−δ)ρ+

]
(b− cρ+)+d

)
+ρ−(r + f ρ+) (2.11)

dρ−
dt

= ρod−ρ−(r + f ρ+) (2.12)

Using the fact that global densities sum to unity, we can represent one density in
terms of the others. Therefore, only two non-linear differential equations are necessary to
describe the system. For instance ρo = 1−ρ+−ρ− yields:

dρ+

dt
= ρ+(b− cρ+)(1−ρ+−ρ−)−mρ+ (2.13)

dρ−
dt

= d(1−ρ+−ρ−)− (r + f ρ+)ρ− (2.14)
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Spatially-explicit simulations

Simulations of the full spatial model (or cellular automata) were carried out using a
stochastic asynchronous update algorithm (discrete time). The initial conditions were
generated randomly for given initial values of ρ+, ρo and ρ−. We assume that the lattice
is isotropic, meaning that there is no preferential direction (no slope for example). As
previously described, interactions between the cells of the cellular automaton were either
with the four nearest neighbors or with the entire lattice. See figure legends for further
details about the size of the lattices and the boundary conditions.

Pair approximation

The pair approximation method makes it possible to analyze lattice models by construct-
ing a dynamical system of ordinary differential equations [152, 215, 251] that tracks not
only global densities but also local correlations. More specifically, differential equations
are derived for the densities of pairs of neighbors: ρi j represents the probability of finding
in a given pair of the lattice one neighbor in state i and the other in state j. We do not
assume any asymmetry in the interaction between sites, meaning that ρi j = ρ ji [215].
Since formally q j|i is a conditional probability (given that one neighbor is in state i, what
is the probability to find the other in state j?) we can express it in terms of densities of
pairs and “singletons”, as:

q j|i =
ρi j

ρi
(2.15)

Making use again of conservation laws to reduce the number of equations (see Ap-
pendix B), and assuming that the dynamics of pairs does not depend on the densities of
triplets or higher-order configurations [251], we can obtain our pair approximation model
from:

dρ++

dt
= 2ρo+wo,+−2ρ++w+,o (2.16)

dρ+−
dt

= ρo−wo,+ +ρo+wo,−−ρ+− (w+,o +w−,o) (2.17)

dρ−−
dt

= 2ρo−wo,−−2ρ−−w−,o (2.18)

dρ+

dt
= ρowo,+−ρ+w+,o (2.19)

dρ−
dt

= ρowo,−−ρ−w−,o (2.20)

after substituting the transition rates as defined above (Appendix B). This is a set of five
closed equations that can be studied using standard methods for ordinary differential equa-
tions. Note that here the transition rates are not affected by z, the number of nearest
neighbors; but z intervenes in the equation of pairs (Appendix B; [215]).
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Results

The mean field model has one trivial equilibrium, corresponding to a system deprived of
vegetation that we call desert (ρ+ = 0, ρo = r/(d + r), ρ− = d/(d + r)) which is stable if
b < m(d + r)/r. Non-trivial equilibria are solutions of a cubic equation (Appendix B),
so that there are in total three possible outcomes for the mean field model: 1. the desert
equilibrium (ρ+ = 0) is the only globally stable equilibrium; 2. a vegetation equilibrium
(ρ+ > 0) is the only globally stable equilibrium; 3. the vegetation and the desert equilibria
coexist and their domains of attraction are separated by an unstable equilibrium (Fig. 2.1).
In this latter case, the system is bistable. Analysis of the mean field model suggests that
the system is bistable for a certain range of parameter values (Fig. 2.1). However, this
result stems for the assumption that there is no spatial structure.

In spatially-explicit simulations, vegetation patches are present over a certain range
of parameter space (Fig. 2.2). We define a vegetation patch, or cluster of vegetation, as a
group of vegetation sites connected to each other by neighborhood distances, where the
neighborhood of a site is identical to that used in the model, i.e. the four nearest neigh-
bors [188]. Starting from favorable environmental conditions (high b) and high facilita-
tion ( f ), low mortality (m) or low degradation (d), the vegetation cover is homogeneous
(meaning that there is no conspicuous spatial structure). When environmental conditions
deteriorate, clusters of bare cells appear and remain in the vegetation cover, which then
becomes more fragmented and is eventually composed of a few isolated patches of veg-
etation in a bare soil matrix before the system becomes a desert. High facilitation ( f ),
low mortality rate (m) and low degradation rate (d) favor the maintenance of the vege-
tation in the system. An increase in facilitation ( f ) leads to an increase in recolonizable
sites in the neighborhood of vegetation sites. These {o}-sites can then be recolonized
by seeds dispersed by their occupied neighbors, thus forming clusters of vegetation sites
(Fig. 2.2 A). When mortality (m) decreases, vegetation sites are more likely to recolonize
{o}-sites before they die (Fig. 2.2 B). In a similar way, when degradation (d) decreases,
{o}-sites have a higher chance of being recolonized by vegetation before being degraded
(Fig. 2.2 C). The regeneration rate of a degraded site that has no vegetation in its neigh-
borhood (r) seems to hardly affect the spatial organization of the vegetation (Fig. 2.2 D).

Analysis of the pair approximation model provides analytical insight into the behavior
of the full spatial model. Simulation results of the pair approximation model and the full
spatial model closely resemble each other, while they both differ from the results of the
mean field model (Fig. 2.3 A, B). The ratio c++ = ρ++/ρ+

2 was calculated to measure
the patchiness of the vegetation sites [100,102,251]. In case there is no spatial correlation
in the system ρ++ = ρ+

2 and c++ = 1. If vegetation sites aggregate, the probability that
two nearest neighbors are {+} is higher than in a random lattice (i.e., a lattice in which
the population is uniformly distributed) and c++ > 1. We then talk about patchiness, or
clustering, of the vegetation. Simulations of both the full spatial model and the pair ap-
proximation model show that when f 6= 0 or δ 6= 1, vegetation clustering occurs (c++ > 1)
(Fig. 2.3 C). From random initial conditions, vegetation sites clump together despite the
stochasticity of the full spatial model, and form vegetation patches.
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Figure 2.1: Effects of the parameters on the bifurcation diagrams of the mean field model.
Vertical axis: fraction of the lattice occupied by vegetation at equilibrium, (ρ+)eq. Horizontal
axis: a lower b value reflects more severe environmental conditions. For clarity, only non-trivial
equilibria are traced. In black: stable equilibria, in gray: unstable equilibria. The system is bistable
in the range of environmental conditions where the unstable state exists. A, Effect of facilitation ( f ).
m = 0.1, δ = 0.1, c = 0.3, d = 0.2, r = 0.05. B, Effect of soil type (r and d). m = 0.01, c = 0.3,
δ = 0.1, f = 0.3. 1: unsusceptible soil r = 0.09, d = 0.1, 2: r = 0.03, d = 0.3, 3: susceptible soil
r = 0.01, d = 0.9. C, Effect of mortality (m). δ = 0.1, r = 0.01, c = 0.3, d = 0.2, f = 0.3. D, Effect
of competition intensity (c). m = 0.1, δ = 0.1, d = 0.1, r = 0.01, f = 0.9. See Table 2.1 (page 34)
for the interpretation of the parameters.

For stability analyses of the pair approximation model, we investigated the conditions
for which an initially rare vegetation state (ρ+ ≈ 0) can increase in the system. This
is determined by a so-called invasion condition (Appendix C; [103]). If the condition is
satisfied, vegetation initially increases and is always maintained in the system at equilib-
rium [103]. On the contrary, if the condition is not satisfied, the system can either be a
desert at equilibrium, or be bistable. In case the state degraded (ρ− ≈ 0) is initially rare
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Figure 2.2: Spatial organization of the vegetation predicted by the full spatial model depending
on plant ( f and m) and soil (d and r) characteristics. The lattices are characterized by a gradient
in two parameters: facilitation ( f ), degradation (d) or regeneration (r) on the vertical axis, and b
on the horizontal axis. A lower b value reflects more severe environmental conditions. Each cell of
the lattice is submitted to a different combination of the two parameters. The simulations were run
on a lattice of 200×200 cells, with absorbing boundaries (for this type of analysis, large lattices
were required so that the variation step of the parameters from one site to the next one was not too
large). In black: sites occupied by vegetation, in gray: recolonizable cells, in white: degraded cells.
Vegetation patches are present over a certain range of parameter space. A, Effect of facilitation ( f ),
and environmental conditions (b). m = 0.1, r = 0, d = 0.2, c = 0.3, δ = 0.1. B, Effect of mortality
(m), and environmental conditions (b). m varies from value 0.005 to 0.3, f = 0.9, r = 0, d = 0.2,
c = 0.3, δ = 0.1. C, Effect of the degradation rate (d) of a recolonizable site, and environmental
conditions (b). m = 0.1, f = 0.9, r = 0, c = 0.3, δ = 0.1, d varies from 0.02 to 1. D, Effect of
the regeneration rate (r) of a degraded site, and environmental conditions (b). m = 0.1, f = 0.9,
d = 0.2, c = 0.3, δ = 0.1. See Table 2.1 (page 34) for the interpretation of the parameters.

in the system, the condition for invasion of such sites can also be derived. This condition
is always satisfied (Appendix C), meaning that there are always degraded sites in the sys-
tem at equilibrium. Thus, the same three outcomes as those of the mean field model are
possible for the pair approximation model, i.e. a stable desert system, a stable vegetation
system or a bistable system (Fig. 2.4).

Before going on with the results, we now explain intuitively how bistability arises in
the mean field as well as in the pair approximation models. We call the transition rate
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Figure 2.3: Comparison of the full spatial model with the two approximations. Evolution of site
densities and clustering intensity during time. Example of a simulation for m = 0.1, c = 0.3, b = 0.4,
d = 0.2, f = 0.8, r = 0, δ = 0. For the cellular automaton, the simulation was run on a lattice of
50×50 cells with periodic boundary conditions. See Table 2.1 (page 34) for the interpretation of
the parameters. Simulations of the full spatial model and of the pair approximation model closely
resemble each other while they both differ from the results of the mean field model. A, Global
environment. Global density of vegetated sites (ρ+) in gray, and global density of degraded sites
(ρ−) in black. Normal lines: pair approximation model, thick lines: cellular automaton, dashed
lines: mean field model. B, Local environment of vegetation sites. q+|+ in gray and q−|+ in black.
Normal lines: pair approximation model, thick lines: cellular automaton, dashed lines: mean field
model. C, Variation of the clustering intensity (c++). Grey: pair approximation model, black:
cellular automaton.

from a vegetation to degraded site loss rate, and the transition rate from a degraded to
vegetation site recovery rate. If the recovery rate in the absence of vegetation (i.e., such
that ρ+ ≈ 0), the basic recovery rate, is greater than the loss rate, then vegetation always
invades the system and maintains itself. However, in case the loss rate exceeds the basic
recovery rate, the balance between recovery and loss rates depends on both global and
local densities of vegetation, and bistability may arise. Now, the system is bistable if the
recovery rate can outbalance the loss rate for certain values of global and local densities
of vegetation. From this general explanation, the influence of changing parameter values
on the occurrence of bistability in both models can be understood.

If a region of bistability is crossed when changing the bifurcation parameters, the sys-
tem undergoes a discontinuous transition. A higher mortality (m) favors discontinuous
transitions (Fig. 2.4 C). Systems with high degradation rate (d) and low basic regenera-
tion rate (r) are also more likely to undergo discontinuous transitions (Fig. 2.4 B). The
intensity of competition (c) modifies the slope of the upper branch of the bifurcation dia-
gram (i.e., the resistance of the system [268]) but does not influence the type of transition
(continuous or discontinuous) (Fig. 2.4 D). This is because competition intensity hardly
influences the system at low vegetation densities. In the pair approximation model the
effect of facilitation is reversed compared to the mean field model and facilitation favors
continuous transitions (Fig. 2.4 A). So, if environmental conditions worsen in a system
with high local facilitation, the vegetation density gradually decreases until it reaches
zero. After the loss of vegetation in the whole system, the desert system is composed of
{−}- and {o}-sites. Now, if environmental conditions improve again, the appearance of
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Figure 2.4: Effect of the parameters on the bifurcation diagram of the pair approximation
model. Vertical axis: fraction of the lattice occupied by vegetation at equilibrium, (ρ+)eq. Hori-
zontal axis: a lower b value reflects more severe environmental conditions. For clarity, only non-
trivial equilibria are traced. In black: stable equilibria, in gray: unstable equilibria. Parameters
have a similar effect on the bifurcation diagrams of the pair approximation model as the mean field
model, except for facilitation. Higher facilitation ( f ) decreases the risk of discontinuous transitions
in the pair approximation model. A, Effect of facilitation ( f ). m = 0.1, δ = 0.1, c = 0.2, d = 0.1,
r = 0.01. B, Effect of soil type (r and d). m = 0.2, c = 0.02, δ = 0.1, f = 1. 1: unsusceptible soil
r = 0.04, d = 0.1, 2: r = 0.02, d = 0.2, 3: susceptible soil r = 0.01, d = 0.4. C, Effect of mortality
(m). δ = 0.1, r = 0.01, c = 0.2, d = 0.1, f = 0.9. The spatial organization observed at the points
indicated by the arrows on (c) are displayed Fig. 2.6. D, Effect of competition intensity (c): m = 0.1,
d = 0.1, δ = 0.1, r = 0.01, f = 0.9. See Table 2.1 (page 34) for the interpretation of the parameters.
Bifurcation diagrams for the pair approximation model were numerically derived with the software
package CONTENT [129].

only one vegetation site in the system is already sufficient for vegetation recovery. Indeed,
the probability is high that empty neighbors of this vegetation site also become occupied
by vegetation. Thus, patches of vegetation can easily form and maintain themselves even
from very low initial vegetation densities.

Comparing the state diagrams of the mean field with the pair approximation model
(Fig. 2.5), the desert and the vegetation domains are larger with spatial structure than
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Figure 2.5: State diagrams: comparison of the mean field (A-C) and the pair approximation
models (D-F). Gray: vegetation system at equilibrium, black: bistability, white: desert system at
equilibrium. Decreasing facilitation ( f ) from left to right. Vertical axis: m is the mortality rate of
a vegetation site. Horizontal axis: a lower b value reflects more severe environmental conditions.
Spatial interactions lead to a strong reduction of the bistability area in the pair approximation
model as compared to the mean field model. r = 0.01, c = 0.2, d = 0.1, δ = 0.1. A, D, f = 0.9. B,
E, f = 0.3. C, F, f = 0.1. See Table 2.1 (page 34) for the interpretation of the parameters.

without. This leads to a strong reduction of the bistability domain in the pair approxima-
tion model, regardless of the intensity of local facilitation. As explained in the previous
paragraph, in the area where the pair approximation predicts the maintenance of the veg-
etation and where the mean field approximation predicts bistability, low mortalities leave
enough time for patches to arise from vegetation sites because of local facilitation. At
high mortalities (m) however, vegetation sites disappear before having had time to form
patches: local processes, namely local facilitation ( f ) and local seed dispersal (1− δ)
become a constraint and vegetation goes always extinct in the pair approximation model
whereas it can maintain itself for high initial vegetation densities in the mean field model.

Vegetation patches were followed along both continuous and discontinuous transi-
tions using the full spatial model. Vegetation patches arise both along continuous and
discontinuous transitions. The sequences of patch shape along continuous as compared
to discontinuous transition look similar when inspected by eye (Fig. 2.6).
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Figure 2.6: Spatial organization of the vegetation predicted by the full spatial model along
discontinuous (top) and continuous transitions (bottom). In black: cells occupied by vegetation,
in gray: recolonizable cells, in white: degraded cells. Decreasing b from left to right (a lower b
value reflects more severe environmental conditions). The simulations were run on lattices of 50×50
cells with periodic boundary conditions, which was appropriate for the observation of the shapes
of the patches. When inspected by eye, the sequence of patch shape along discontinuous transition
looks similar to the sequence of patch shape along continuous transition. r = 0, c = 0.2, d = 0.1,
δ = 0.1, f = 0.9. Top row: discontinuous transition, m = 0.2. A, b = 0.8. B, b = 0.62. C, b = 0.57.
Bottom row: continuous transition. m = 0.1. D, b = 0.5. E, b = 0.35. F, b = 0.3. See Table 2.1
(page 34) for the interpretation of the parameters.

Discussion

Our model exhibits two main properties: bistability under certain environmental condi-
tions and vegetation clustering. These two properties arise in an isotropic environment
as a result of soil characteristics (d and r), plant characteristics (m, δ and β) and plant
interactions ( f and g).

Vegetation clustering occurs when local processes are included in the model ( f 6= 0
or δ 6= 1). When environmental conditions become more severe, the vegetation cover
decreases, and vegetation sites clump together, forming patches. This clustering is the
result of internal dynamics and arises from random initial conditions, despite the stochas-
ticity of the full spatial model. It may therefore be considered as a form of spatial self-
organization [189, 212].

The pair approximation model is capable of predicting the behavior of the full spa-
tial model even when the mean field model fails. The mean field model is in particular
unsuccessful in predicting the bistability area, which is always smaller in the pair approx-
imation than in the mean field model. This illustrates the effect of local interactions on
the stability of the system. In the mean field model, a higher positive feedback ( f ) allows
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vegetation to survive under harsher environmental conditions and favors discontinuous
transitions. This result is in line with the mean field models results of Rietkerk and van de
Koppel (1997) [210], Lefever and Lejeune (1997) [133], Lejeune and Tidli (2002) [141]
and Meron et al. (2004) [161]. However, in our pair approximation model, which takes
local interactions into account, a stronger facilitation ( f ) diminishes the risks of discontin-
uous transitions, because patches of vegetation can more easily form, spread and maintain
themselves. According to both the mean field and the pair approximation models, systems
with more susceptible soils (high d, low r) and with higher mortality (m) are more likely
to be bistable. Susceptible soils correspond to clay rather than sandy soils [268]. Low
facilitation and high mortality characterize herbaceous rather than woody vegetation and
annual rather than perennial vegetation [98, 198]. Thus, our model suggests that systems
with dominant woody or perennial vegetation and sandy soils are less likely to be bistable
than systems with dominant herbaceous or annual vegetation and clayey soils.

In certain arid ecosystems, so-called regular vegetation patterns are found. Bands
(“tiger” vegetation) are observed on terrain with slopes above a critical threshold value.
Spots, labyrinths or gaps in uniform vegetation cover (“leopard” vegetation) are observed
on less inclined terrain [52]. Note that we reserve the term pattern(s) for regular spatial
organization of the vegetation (following Levin and Segel, 1985). Various mathematical
models succeed in reproducing these regular patterns [140, 141, 161, 206, 267]. These
models assume that the driving mechanism of regular vegetation pattern formation is the
difference in water infiltration and/or evaporation rates between vegetation and bare sites
within the system [161, 206, 267]. Resource concentration underneath the vegetation,
where the infiltration rate is high and the evaporation rate is low, causes resource depletion
farther away, leading to scale-dependent feedback. These models also exhibit bistability
of certain regular vegetation patterns and a homogeneous bare state for a certain range
of parameter values [140, 161, 206]. These models have provided insight into how such
striking regular patterns can arise in ecosystems because the patterns’ occurrence can be
linked with specific mechanisms leading to scale-dependent feedbacks. In our model, fa-
cilitation is considered as a combination of physical and biological processes occurring in
the local environment of a plant only, and does not trigger effects farther away. Therefore,
local facilitation and competition are two independent, decoupled mechanisms, contrary
to models based on scale-dependent feedback, where facilitation’s intensity and spatial
scale are closely coupled with competition’s intensity and spatial scale. Local facilita-
tion and scale-dependent feedback both include local positive feedbacks, due to different
causes which are well established empirically. However, they differ in the causes and
spatial scale of competition, which has not been well investigated yet in arid ecosystems.

Our general model results are in line with those of the models based on scale-dependent
feedback in that we obtain bistability (under certain environmental conditions) and spa-
tial self-organization of the vegetation [133,140,141,161,206,267]. However, the spatial
organization is different in our system. The patches are not regularly distributed in space,
and do not have easily recognized (by eye) geometric shapes (circles, labyrinths, etc.).
So, the two possible mechanisms, namely local facilitation and scale-dependant feed-
back, lead to two different spatial organizations of the vegetation in models, and these
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outcomes can be connected to observations in the field. Therefore, we hypothesize that,
in the field, systems with vegetation patches that are not regular and which do not have
easily recognized geometric shapes are systems were local facilitation rather than scale-
dependent feedback operates. Conversely, systems with regular vegetation patterns could
be systems that are driven by scale-dependent feedback.

The link between spatial self-organization and discontinuous transitions, as hypoth-
esized by Rietkerk et al. (2004) [207] for scale-dependent feedback systems, does not
occur in our model. In our model, both continuous and discontinuous transitions are asso-
ciated with vegetation patchiness, and the two types of transitions cannot be distinguished
merely by observing changes in the shape of vegetation patches. Vegetation patchiness
and the type of transition are disconnected from each other in our model. Thus, in the
case of systems driven by local facilitation, clusters of vegetation in a bare matrix indi-
cate proximity to a transition to desert, but further knowledge on the stability of the system
is required to assess whether such a transition will be discontinuous. On the other hand,
the link between self-organized pattern formation and discontinuous transitions in case
of coupled scale-dependent feedback remains an area of future research. Studies remain
to be done on which facilitative mechanism occurs where and under which conditions in
arid ecosystems. Our study already suggests that observation of spatial organization of
the vegetation in the field could give information about the type of facilitative mechanism
involved. This, in turn, could provide relevant information about a possible link between
such organization and the type of transition.

Finally, the mechanism of local facilitation takes diverse forms in harsh environments
depending on the type of stress that predominates. In subalpine and alpine plant com-
munities, at high elevations surrounding vegetation maintains warmer temperatures, pre-
vents from frost, and protects from strong winds and desiccation [34,39]. In salt marshes,
species tolerant of extreme edaphic conditions prevent salt accumulation in the soil be-
cause their cover limits surface evaporation by shading [22]. Certain species also aerate
the anoxic soils by rhizosphere oxidation [23]. In interdidal areas, aquatic and marine
vascular plants reduce physical disturbance of the flow and enhance depositions and sta-
bilization of the substrate [30]. On rocky shores, shading by conspecifics renders temper-
ature less extreme and variable and dislodgments of sessile invertebrates such as mussels
by waves are reduced in dense clumps of individuals [23]. These ecosystems are also
characterized by a certain degree of clustering. The facilitative mechanisms operating in
these ecosystems could be modeled in the same way as we have done in our model. So,
our model could be further generalized to study the link between local facilitation, spatial
organization and type of transition in a wider range of harsh environments. A remaining
issue is the ability to identify intrinsically bistable systems as well as systems that can
become bistable through external forces. For this purpose, finding indicators of discon-
tinuous transitions would be of general interest in ecology and relevant for ecosystem
management and restoration.
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Appendix A: Estimation of the parameter values
The parameters and their definitions are displayed in Table 2.1.

Class Symbol Interpretation

Parameter m Mortality rate of a vegetated cell
f Local facilitation, i.e. maximum facilitative effect of vegetation on the regeneration

of neighboring degraded cells, realized when all the nearest-neighbors are {+}-cells
β Intrinsic seed production rate per vegetated cell× survival probability× germination

probability
ε Establishment probability of seeds on {o}-cell in a system without competition
b βε

δ Fraction of seeds globally dispersed
g Competitive effect of the global density of {+}-cells on the establishment of new

individuals
c β g

r Regeneration rate of a {−}-cell without vegetation in its neighborhood
d Degradation rate of {o}-cells
z Number of nearest neighbors of a cell (here, z=4)

Variable ρ+ Density of vegetated cells
ρ− Density of degraded cells
ρo Density of recolonizable cells
ρσλ Density of pairs of neighboring cells {σλ}

(σ and λ can be +, o or −)
c++ Clustering intensity of the vegetation

Table 2.1: Table of parameters

The average lifespan of the vegetation of arid ecosystems is very variable [154], de-
pending on the species. Precise information on species is difficult to find in the literature.
The lifespan of perennial grasses may be a few years while most of the shrubs and trees
are long-lived (50 - 120 years). For example, a mature adult of Acacia Aneura, the tree
component dominant in Australian banded landscapes [52], is usually more than 100 years
old and can live until 200 years. Thus the mortality rate, m, ranges between 0.005 and 1
in our model.

Accelerated erosion caused by decreased vegetation cover or increased precipitation
occurs at a time scale of 10 to 50 years. Other degradation processes such as salinization,
acidification, and decomposition of organic matter occur at a shorter time scale (respec-
tively: 0.1, 0.5-5 and 5-20 years) [268]. Thus the degradation rate, d, ranges between
0.02 and 1 in our simulations.

There appear to be no specific studies about seed production in arid ecosystems [171].
We have not found even an order of magnitude estimate in the literature. It is however
known that, in arid ecosystems, recruitment of new individuals is a very rare event, even
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more when the vegetation is dominated by long-lived species. This is partly due to the
great number of seeds lost in the system, either because they do not arrive at a recoloniz-
able site, or because they leave the system with water runoff or animals. To reflect these
phenomena, β (the intrinsic seed production rate per vegetation site× survival probability
× germination probability) is kept between 0 and 1.

The few studies which have been published on seeds in arid ecosystems all concern
seed dispersal. The seed bank is patchily distributed and mainly concentrated in the veg-
etation patches. It has been shown that 90% of the seeds of F. Cernua, the dominant
vegetation cover of bands in Mexico, are beneath the adult crown, while 10% of the seeds
are dispersed by runoff water, wind, domestic and wild animals [171]. This order of mag-
nitude is confirmed by other studies [170].

A study in northern Burkina Faso [201] showed that the vegetation took 20 to 30 years
to recover after the drought of the 1970’s. In the studied area, the soil is sandy and the
mean annual rainfall is around 500 mm. Therefore, this recovery time is an optimal value,
rather than an average value. Another study [268] suggests indeed the century rather than
the decade as a recovery time scale. Thus the regeneration rate, r, ranges between 0 and
0.05 in our simulations.

The parameters c (competition) and f (facilitation) correspond to two different types
of effects of the vegetation on the system. Their values are kept between 0, for no effect,
and 1, for a maximal effect. They could not be extracted from the literature. Intuitively,
high values of c and f may however correspond to vegetation dominated by trees and
shrubs while low values may represent a system dominated by perennial grasses.

The parameter ε is the probability of recruitment of a seed on a {o}-site in a system
without competition (i.e., a system with no vegetation). This parameter reflects the “qual-
ity of the environment”. We varied it between 0 and 1, the two possible extreme values,
to see the effect of a wide range of different environmental conditions on the system.

Appendix B: Systems of equations

The pair approximation model
The four conservation equations are:

ρ+ +ρo +ρ− = 1 (2.21)

ρ++ +ρ+o +ρ+− = ρ+ (2.22)

ρoo +ρo+ +ρo− = ρo (2.23)

ρ−−+ρ−o +ρ−+ = ρ− (2.24)
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In the system, there are nine variables in total. Three are singletons variables (ρσ),
and six are distinct doublet variables (ρσσ′ ), since ρσσ′ = ρσ′σ. Because there are also
four conservation equations, we need five (9-4) equations to solve the system. We chose:
dρ++/dt, dρ+−/dt, dρ−−/dt, dρ+/dt and dρ−/dt.

The principle of deriving the pair approximation equations from Eqs. 2.16-2.20 is
explained in detail in Iwasa (2000) [102] and van Baalen (2000) [251]. Using the conser-
vation equations Eqs. 2.21-2.24 and the transitions probabilities Eqs. 2.3-2.6 leads to the
following closed system of equations:

dρ+−
dt

= d(ρ+−ρ+−−ρ++)+(ρ−−ρ−−−ρ+−)

×
(

δρ+ +
z−1

z
(1−δ)

ρ+−ρ+−−ρ++

1−ρ+−ρ−

)
(b− cρ+)

−ρ+−

(
r +

f
z

+
z−1

z
f

ρ+−
ρ−

+m
)

(2.25)

dρ++

dt
= 2(ρ+−ρ+−−ρ++)

×
(

δρ+ +
(1−δ)

z
+

z−1
z

(1−δ)
ρ+−ρ+−−ρ++

1−ρ+−ρ−

)
(b− cρ+)

−2ρ++m (2.26)
dρ−−

dt
= 2d(ρ−−ρ−−−ρ+−)−2ρ−−

(
r +

z−1
z

f
ρ+−
ρ−

)
(2.27)

dρ+

dt
=

(
δρ+ +(1−δ)

ρ+−ρ+−−ρ++

1−ρ+−ρ−

)
(b− cρ+)(1−ρ+−ρ−)

−mρ+ (2.28)
dρ−
dt

= d(1−ρ+−ρ−)−
(

r + f
ρ+−
ρ−

)
ρ− (2.29)

The mean field model
The mean field approximation model (Eqs. 2.13 and 2.14) has one trivial equilibrium
(ρ+ = 0, ρo = r/(d + r), ρ− = d/(d + r)) which is stable if b < m(d + r)/r.
Non trivial equilibria are solutions of the following system of two equations:{

ρ3
+−ρ2

+

(
1+ b

c −
r
f

)
+ρ+

(
m
c −

b
c −

r
f −

br
f c

)
+ br−mr−md

c f = 0

ρ− = 1−ρ+− m
b−cρ+

with the constraints: ρ+ ∈ [0,1] and ρ− ∈ [0,1].
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Appendix C: Invasion analysis for the pair approximation
model

Invasion of the degraded state in a system dominated by the vegetation
state
Let us suppose that the lattice is in a state such that degraded sites are rare in the system
(ρ− ≈ 0). We ask whether the initially rare state “degraded” can increase in the system.
This is determined by the sign of dρ−/dt. ρ− increases if

dρ−
dt

= d(1−ρ+−ρ−)− (r + f q+|−)ρ− > 0 (2.30)

This condition is always satisfied when ρ− tends to 0, meaning that there are always some
degraded sites in the lattice at equilibrium.

Invasion of the vegetation state in a system dominated by the degraded
state
In case the vegetated state is initially rare in the system, its density increases if dρ+/dt > 0.
Using the approximation ρ+ ≈ 0 and Eq. 2.19, we obtain the following invasion condi-
tion:

qo|+ >
m

(1−δ)b
− δr

(d + r)(1−δ)
(2.31)

This condition depends on the local density qo|+. To estimate this quantity near the equi-
librium, we followed the following procedure [103]:

• the equilibrium values of the global and local densities of the “resident” state (ρ−
and q−|−) can be calculated by using Eqs. 2.18, 2.20, the Bayes’ formula (i.e.,
Eq. 2.15) and by neglecting ρ+. We obtain: ρ− ≈ d/(d + r), q−|− ≈ d/(d + r);

• these results and the approximation ρ+ ≈ 0 provide an autonomous system of
differential equations of the two variables q−|+ and q+|+. With x = q+|+, y = q−|+
and w = 1−q−|+−q+|+, this system can be written as follows

2w(1−δ)
b
z
−mx−bxw(1−δ)−bxδ

r
d + r

= 0

dw+
drb

(d + r)2

(
δ+(1−δ)

z−1
z

w(d + r)
r

)
− y
(

r +
f
z

)
−byw(1−δ)

−yδb
r

d + r
= 0
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• x and y can then be expressed as:

x =
2bw(1−δ)

z
[
m+bw(1−δ)+δb r

d+r

]
y =

wd + bdr
(d+r)2

[
δ+(1−δ) z−1

z
w(d+r)

r

]
r + f

z +bw(1−δ)+ δbr
d+r

So that using w = 1− x− y, we can write:

1 = w+
2bw(1−δ)

z
[
m+bw(1−δ)+δb r

d+r

] +
wd + bdr

(d+r)2

[
δ+(1−δ) z−1

z
w(d+r)

r

]
r + f

z +bw(1−δ)+ δbr
d+r

= f unc(w) (2.32)

f unc is continuous and differentiable on [0,1]. Moreover: ∀ w ∈ [0,1] f unc′(w) >
0, f unc(0) < 1 and f unc(1) > 1. Thus, there is one unique solution of Eq. 2.32
between 0 and 1 (Intermediate values theorem).

The invasion condition is thus:

w >
m

(1−δ)b
− δr

(d + r)(1−δ)

(using Eq. 2.31 and the fact that w = 1−q−|+−q+|+ = qo|+)

⇐⇒ f unc(w) > f unc
(

m
(1−δ)b

− δr
(d + r)(1−δ)

)

⇐⇒ m
(1−δ)b

−
2b
(

m
b −

δr
d+r

)
2zm

+
d

1−δ

(
m
b −

δr
d+r

)
+ d

z(d+r)

[
(z−1)m+ δrb

d+r

]
r

+
δr

(1−δ)(d + r)
+

f
z

+m < 1 (2.33)

When the invasion condition Eq. 2.33 is satisfied, vegetation is always maintained in
the system at equilibrium. On the contrary, when the invasion condition Eq. 2.33 is not
satisfied, the system is either a desert at equilibrium or bistable. Numerical simulations
can then be done to decide between desert or bistable system.
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Abstract
Humans and climate affect ecosystems and their services, which may involve contin-

uous and discontinuous transitions from one stable state to another. Discontinuous tran-
sitions are abrupt, irreversible and among the most catastrophic changes of ecosystems
identified. For terrestrial ecosystems, it has been hypothesized that vegetation patchiness
could be used as a signature of imminent transitions. Here, we analyze how vegetation
patchiness changes in arid ecosystems for different grazing pressures, using both field
data and a modeling approach. In the modeling approach, we extrapolated our analysis
to even higher grazing pressures to investigate the vegetation patchiness when desertifica-
tion is imminent. In three arid Mediterranean ecosystems in Spain, Greece and Morocco,
we found that the patch size distribution of the vegetation follows a power law. Using
a stochastic cellular automaton model, we show that local positive interactions among
plants can explain such power-law distributions. Furthermore, with increasing grazing
pressure, the field data revealed consistent deviations from power laws. Increased grazing
pressure leads to similar deviations in the model. When grazing was further increased in
the model, we found that these deviations always and only occurred close to transition
to desert, independent of the type of transition, and regardless of the vegetation cover.
Therefore, we propose that patch size distributions may be a warning signal for the onset
of desertification.



Introduction

It is of the utmost importance to find early warning signals of transitions which can al-
ter ecosystems services in fundamental ways, causing losses of ecological and economic
resources [207, 218]. Determining proximity to transitions is especially important for
arid ecosystems, which may convert into deserts [205, 207, 218]. According to the Mil-
lennium Ecosystem Assessment [158], increasing external pressures by human activities
or climate change will lead to desertification, affecting the livelihood of more than 25%
of the worlds population. A mechanism playing a dominant role in the functioning of
arid ecosystems is local facilitation among plants [4, 5, 35, 222]. Local facilitation is the
biophysical ameliorative effect of sessile organisms, such as plants, on their neighboring
environment. Such local positive interactions induce vegetation patchiness [4,5,198] and
determine the response of this patchiness to environmental change (Chapter 2; [118]).

Methods
We investigated how the spatial organization of vegetation is influenced by the degree
of external stress by combining modeling and field data from three grazed Mediterranean
arid ecosystems in Spain, Greece and Morocco. In each of these ecosystems, we collected
data on three sites that differed with respect to the livestock grazing pressure (Table 3.1;
Appendix A). In each of the nine (3×3) sites, we analyzed the number and the sizes of
the vegetation patches (see Appendix A), and plotted the number of patches, N(S), as a
function of their sizes, S. We fitted these patch size distributions to two different models:
a power law, N(S) = CS−γ; and a truncated power law, N(S) = CS−γexp(−S/Sx), where
γ is the estimated scaling exponent of the model, Sx the patch size (in centimeters) above
which N(S) decreases faster than in a power law, and C is a constant [107, 234]. To
understand the mechanisms that may be responsible for the spatial organization of the
vegetation, the observed distributions were compared with distributions generated by the
stochastic cellular automaton model of Chapter 2 (see Appendix A).

Results
We focused first on the spatial organization of the field sites with the lowest grazing
pressure. In the three ecosystems, a power law best fitted the patch size distribution char-
acterized by a linear relation on a logarithmic scale (Fig. 3.1 A, D and G). This power-law
relation implied that vegetation patches were present over a wide range of size scales, with
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Ecosystem Dominant species Climate Effective Transect
type stocking size (m)

rate

Cabo de Gata-Nı́jar Scattered Stipa tenacissima AR, 200 mm Low, 0 32 m
Natural Park matorral Chamaerops humilis MAT, 18oC Middle, 0.27
(Almerı́a province, (scrubland) Periploca laevigata A, 100 m High, 0.46
Spain) Thymus hyemalis AI, 9.0

Brachypodium retusum

Uta (Sithonia Dense Cistus monspeliensis AR, 590 mm Low, 0.3 32 m
peninsula, matorral Phillyrea latifolia MAT, 16.2oC Middle, 2.6
Greece) (shrubland) Pistacia lentiscus A, 50 m High, 8.2

AI, 2.75

Timahdit High Carex divisa AR, 800 mm Low, 0.9 16 m
(Middle Atlas mountain Genista pseudopilosa MAT, 22oC Middle, 1.54
mountains, grassland Poa bulbosa A, 1900 m High, 2.49
Morocco) Thymus hyemalis AI, 2.75

Table 3.1: Characteristics of the three Mediterranean ecosystems. See ref. [6] for more details
about the ecosystems. The effective stocking rate was calculated in animals per hectare per year.
AV: average rainfall. MAT: mean annual temperature. A: altitude. AI: aridity index, defined as
AI = 100× T/P, where T is the average annual temperature in oC and P is the average annual
rainfall in mm. AI = 2-3 characterizes a semi-arid area. AI > 3 characterizes an arid area [196].
There were 30 transects per field site.

many small patches and relatively few large ones. The values of the scaling exponents C
of these power laws are similar among the three ecosystems, which is consistent with the
hypothesis of a universal mechanism of Mediterranean ecosystem organization. At the
sites with higher grazing pressure, we found that a truncated power law best described the
patch size distribution: that is, there was a consistent deviation from a power law for all
three ecosystems (Fig. 3.1 B, C, E, F, H and I). The scaling exponents γ of these truncated
power laws have smaller values than the γ estimated for the power-law relations. These
deviations from power laws are due to a deficiency of large patches in areas described by
truncated power laws compared to power laws.

To identify the mechanisms responsible for generating the power laws and their devi-
ations, we constructed a spatial model (see Appendix A) of arid ecosystems. The model
described arid ecosystems as lattice-structured habitats, in which each cell is occupied by
vegetation (denoted +), unoccupied by vegetation (denoted o), or degraded (denoted −).
At each time step, the status of each cell can change with a probability per unit of time,
depending on the status of the cell and its neighbors. Plants reproduce by spreading seeds
throughout the lattice. A fraction of the seeds is dispersed locally, while the rest is dis-
persed globally [102]. The recruitment of a new individual has a probability of being
successful only if the seeds reach a {o}-cell and depends on global competition for re-
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Figure 3.1: Effect of grazing on the patch size distribution of vegetation (plotted on a log-
log scale) in three Mediterranean ecosystems. Increasing grazing intensity from left to right (see
Table 3.1 for the grazing intensities). A-C, Spain. D-F, Greece. G-I, Morocco. The p-value of
the sum of square reduction test, the R2 of the best-fitted model (either power law, PL, or truncated
power law, TPL), C and Sx (see text) are given.

sources (negative density-dependence). The mortality of a {+}-cell occurs at a density
independent rate and may turn a {+}-cell into a {o}-cell. A {o}-cell may undergo further
degradation, for example, by processes such as erosion and soil crust formation. This may
turn a {o}-cell into a {−}- cell in a density-independent manner. Regeneration of a {−}-
cell is faster when there are more {+}-cells in its neighborhood, because of the positive
effect of vegetation on its micro-environment; this is how local facilitation is modeled.
We call a system with no vegetation cells a desert. Local positive interactions include
local facilitation and local seed dispersal. We model grazing pressure as higher mortality
of {+}-cells, which is the minimal possible way of including grazing in our model [181].
Grazing may include other effects, such as soil trampling or non-random movement of
the animals that we do not take into account in our model. We present the model results
for varying grazing pressure, but varying aridity has the same qualitative effect.
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Figure 3.2: Effect of local positive interactions and grazing pressure on the patch size distribu-
tion (plotted on a log-log scale) in the model. A-C, Decreasing local positive interactions from left
to right. D-F, Increasing grazing pressure from left to right. p, R2, C and Sx are given (see legend to
Fig. 3.1). The first value given for Sx is a number of grid cells. Taking the square root of this value,
and considering 50 cm as the length of a grid cell, leads to the second value, in centimeters. Insets
are snapshots of the system at the end of the simulation. Black, vegetation; grey, recolonizable;
white, degraded. See Appendix A for the parameter values.

The model results showed that in systems with low grazing pressure strong local pos-
itive interactions (that is, strong local facilitation and a large proportion of seeds locally
dispersed) led to a patch size distribution characterized by a power law (Fig. 3.2 A). When
we decreased the strength of local positive interactions, the patch size distribution devi-
ated from a power law (Fig. 3.2 B, C). In other words, strong local positive interactions
are needed in our model to produce a power-law distribution at low grazing pressure.
Without local positive interactions, power laws are never observed in our model. Thus,
local positive interactions can explain the spatial organization of vegetation in the form of
power laws in the three arid Mediterranean ecosystems with the lowest grazing pressure.
We do not intend to prove here that local facilitation is the only possible mechanism gen-
erating the observed power laws. However, local facilitation is generally recognized as
a dominant ecological mechanism driving the dynamics of arid ecosystems, and is more
specifically known to operate in the three ecosystems where we collected the data [5,198].
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So, our model results suggest that local facilitation is (at least) one of the mechanisms at
the origin of the observed power laws.

When we increased grazing pressure in our model, while keeping the local positive in-
teractions strong, the patch size distribution deviated from a power law in a way similar to
what was observed (Fig. 3.2 D-F). In the model, the effect of increasing grazing pressure
appeared to be similar to the effect of decreasing the strength of local positive interactions
(Fig. 3.2). This can be understood intuitively because local positive interactions are cru-
cial in maintaining vegetation in the model system, and even more so when the level of
grazing pressure is high. If grazing pressure increases, stronger local positive interactions
are required to maintain the system in a similar vegetation state. If the strength of local
positive interactions remains the same (no plant adaptation), there is a level of grazing at
which local positive interactions cannot prevent the vegetation from extinction. Thus, our
model results are in agreement with our observations from Mediterranean arid ecosystems
that increased grazing pressure leads to patch size distributions that deviate from power
laws, because of a decrease in the frequency of large patches.

The scaling exponents C of the power laws obtained in the model are similar to the val-
ues observed in the data, although slightly higher (compare Fig. 3.2 A, D with Fig. 3.1 A,
D and G). Consistent with the data, the scaling exponent C estimated for the truncated
power law is always smaller than the one estimated for the power law (Fig. 3.2 B, C, E
and F). The Sx values are of the same order of magnitude as the values estimated for the
field data.

The model simulation results also showed that transitions from a vegetated to a desert
state could be continuous or discontinuous (Fig. 3.3). At low grazing pressure, the density
of vegetation gradually decreases towards zero with increasing aridity (Fig. 3.3 A). The
transition is then called continuous. However, if the grazing pressure is high, the density
of vegetation undergoes discontinuous transitions with increasing aridity (Fig. 3.3 B).
This is because the system becomes bistable close to transition (Fig. 3.3 B). Indeed, when
mortality is higher because of grazing, vegetation cells might not have time to form viable
patches before they die. Whether vegetation can survive in the system may then depend
on the initial vegetation density, leading to bistability. In this case, a decrease in aridity
to the values for which the transition occurred does not necessarily lead to a recovery
of the vegetation (hysteresis). Both along continuous and discontinuous transitions, our
model simulations showed that the patch size distribution deviates from a power law just
before the transition point to a desert (Fig. 3.3). Thus, these deviations from a power law
are a general behavior of the model system close to transition, independent of the type of
transition (Fig. 3.3), and regardless of the vegetation cover (Fig. 3.2 C, F).
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Figure 3.3: Localization of the deviation to a power law along transitions in the model. Bi-
furcation diagrams numerically obtained from a correlation approximation of the model (Appendix
A; see Chapter 2 [118]). A, Continuous transition, low grazing. B, Discontinuous transition, high
grazing. Vertical axis: fraction of the lattice occupied by vegetation at equilibrium. Horizontal
axis: a lower b value reflects higher aridity. Black line, stable equilibria. Grey dashed line, un-
stable equilibria. Dark grey areas, deviation from power law. Light grey areas, power law. The
limit value of b between the dark grey and the light grey areas was determined numerically by
running the model for different b values, and by then testing which was the best-fitted model (A,
b = 0.34 ± 0.01; B, b = 0.50 ± 0.01). White arrows indicate the direction of change of the system
if the equilibrium is perturbed. See Appendix A for the parameter values.

Discussion

As far as we know, power laws have not previously been described for patch size distri-
bution of vegetation in arid ecosystems. Power laws are commonly found in a number
of biological systems [29, 80, 150, 234, 257, 263] and physical systems (e.g. [14]), but the
mechanisms generating them are not clearly understood in the case of ecosystems. Our
study showed that local positive interactions can be responsible for power-law distribu-
tions of vegetation patches in arid Mediterranean ecosystems with a low grazing pressure.
Deviations from power laws because of a deficiency of large patches in systems with high
grazing pressure always occur closer to transitions than do the power laws themselves.
Our model behaves differently from classical critical systems [235], where power laws
only occur at the transition point. This may be explained by a major mechanistic differ-
ence between our model and classical critical models that we now address.

In classical critical systems, such as wind-disturbed tropical forests or wave-disturbed
intertidal mussel beds, the abiotic disturbance (for example, wind or waves) removes the
susceptible cells (occupied by trees or mussels) from the system, thereby creating dis-
turbed cells (empty cells that are recolonizable). The intensity of the abiotic disturbance
increases with the local density of disturbed cells, leading to “active” propagation of the
disturbance [187]. In those systems, the spread of the disturbance shapes the patch size
distribution. Therefore it makes sense that power laws occur for strong disturbances, cor-
responding to systems close to extinction. In our system, the vegetation spread (rather
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than the propagation of the disturbance) determines the patch size distribution. In our
system, the disturbance is a degradation process that only affects recolonizable cells cre-
ating degraded cells; so the disturbance does not directly affect the susceptible cells (in
our model, the vegetation cells). The existence of a third status, recolonizable, as a nec-
essary stage between susceptible and disturbed constrains the spatial propagation of the
disturbance. We thus expect power laws to occur for high vegetation densities, corre-
sponding to systems far from extinction.

Arid ecosystems are among the most sensitive ecosystems to global climate change
[225]. High grazing pressure pushes arid ecosystems towards the edge of extinction [158].
Increased aridity can then lead to desertification in a discontinuous way, where the pos-
sibility of recovery will be low (Chapter 2; [118, 181, 207, 218]). How the consistent
deviations from power laws exactly relate to desertification in the field is an important
and urgent question for future research, because our model results suggest that such devi-
ations may be early warning signals for desertification of arid ecosystems.
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Appendix A: Methods 1

Data collection
The data were collected in three Mediterranean ecosystems, in Spain, Greece and Mo-
rocco (Table 3.1). For each of these areas, the grazing history is well-known, and the
grazing system is traditional. Three grazing pressures were identified in each study area:
low, medium and high. Animals (goats and sheep) were followed in the field. Their
movement (position located by GPS and transferred to a map in a GIS) and the time spent
in each site were recorded. Effective stocking rate was calculated as the average stock-
ing rate multiplied by the percentage of time each grazing site was used [6]. Vegetation
surveys were conducted in 2000 during the vegetation cover peak period, from April to
June [6]. Analyses were performed on 30 random transects per site (i.e., per area and per
grazing treatment) using the line-intercept method. Transects were laid out, and the vege-
tation cover under the tape was recorded by measuring the starting and end points (in cm)
of each species. Note that this is a one-dimensional measure, but the transect methods is
meant to give us an estimation of the patch sizes.

Data analysis
We define a “patch” as a distance on a transect that is totally covered by vegetation. For
each transect the number and the sizes of all the patches were calculated. We examined
the resulting non cumulative patch size distribution, i.e. the relationship between patch
number and patch size. For each transect, the number and the sizes of the patches were
calculated. For each site, we examined the non cumulative patch size distribution, that is
the relationship between patch number and patch size. The two possible (nested) models
for the patch size distribution on a logarithmic scale - power law or truncated power law -
were compared with a sum of square reduction test at a 5% significance level [223]. If
the p-value of the test was inferior to 0.05, the truncated power-law model was kept as the
best model describing the data at a 5% significance level. For these statistical analyses, we
removed the patch sizes that were only present once to minimize the effect of the transect
sizes (those which in Morocco were different from those in Greece and Spain). Being
only present for a small fraction of the year, annuals were excluded from the analyses.

Model definition
At the cell level, our model is stochastic: each of the possible events that applies to a
cell occurs with a probability per unit of time (that is, a rate). These rates can depend
on the state of the four nearest neighbors (z = 4). We call ρσ the fraction of {σ}-cells in
the lattice (σ is +, o or −), and qσ|σ′ the fraction of {σ}-cells in the neighborhood of a
{σ′}-cell. We expressed the colonization rate of a {o}-cell as:

wo,+ = β

[
δρ+ +(1−δ)q+|o

]
G(ρ+)

1 A detailed protocol is published in Nature protocols [117]
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where β represents the intrinsic seed production rate per vegetation site multiplied by
the survival and the germination probabilities; δ is the fraction of seeds dispersed all
over the lattice (1-δ is the fraction dispersed in the nearest neighborhood); G describes
how seedling establishment depends on competition for resources. For simplicity, G is
expressed as a linear function of ρ+: G(ρ+) = ε− gρ+, where ε is the establishment
probability of seeds in a system without vegetation and g is the competitive effect of
{+}-cells on the establishment of new individuals. Let b be βε. We assume that mortality
is density-independent: w+,o = m. The degradation of the soil of a {o}-cell occurs at a
density-independent rate: wo,− = d. Seeds cannot germinate on the {−}-cells. Regen-
eration of a {−}-cell occurs at rate w−,o = r + f q+|−, with r the regeneration rate of a
{−}-cell without vegetation in its neighborhood. Local facilitation, f , is the positive ef-
fect of neighboring {+}-cells on regeneration. A higher local facilitation means that, for
a given number of {+}-cells in the neighborhood of a {−}-cell, the regeneration of the
{−}-cell is faster. See Table 2.1 (page 34) for the parameters and their interpretation.

Model analysis
The model simulations were carried out on grids of 100×100 cells by using a stochas-
tic asynchronous update algorithm of the cellular automaton [101]. Once the densities
reached a stationary state, the number and size of the vegetation patches were calculated
at each time step during 2000 time steps. Patch size distributions were obtained by av-
eraging the values of these 2000 time steps [188]. Two {+}-cells are part of the same
patch if they have one of their four edges in common, which is consistent with the data
analysis. The size of a patch is the number of cells that constitutes it. To derive the
non-cumulative patch size distributions, we used size-classes of 5 cells, and evaluated the
number of patches in each class. The comparison between the two models for the patch
size distributions on a logarithmic scale was done in the same way as for the data. Patch
size distributions have a different range of ordinate values in the model and in the data.
In the model, we indeed averaged the distributions over 2000 time steps, whereas in the
data we only have one distribution per site. The aridity level was estimated by b, the
probability of recruitment of a new vegetation cell in a system without competition. We
modeled grazing pressures as a higher mortality of {+}-cells. We used the correlation
approximation [152] to analyze our model (see Chapter 2; [118]). This method allowed
the numerical derivation of bifurcation diagrams with the software CONTENT [118,129].
Along the transitions, we numerically determined the value of the bifurcation parameter
at which the best-fitted model switches from power law to truncated power law. We did
that by running the model for different aridity levels, plotting the patch size distribution,
and testing which of the two models best fits statistically.

Parameter values used for the simulations
In the top row of Fig. 3.2 (local interactions decreasing from left to right): m = 0.15,
b = 0.8, d = 0.2, c = 0.3, r = 0.0001. In Fig. 3.2 A, f = 0.52, δ = 0.58. In Fig. 3.2 B,
f = 0.45, δ = 0.65. In Fig. 3.2 C, f = 0.4, δ = 0.7. A qualitatively similar result is obtained
if f is varied and δ remains constant. In the bottom row of Fig. 3.2 (grazing pressure
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increasing from left to right): δ = 0.1, b = 0.6, f = 0.9, d = 0.2, c = 0.3, r = 0.0001. In
Fig. 3.2 D, m = 0.12. In Fig. 3.2 E, m = 0.13. In Fig. 3.2 F, m = 0.15. A qualitatively
similar result is obtained if aridity b is varied, with increasing aridity from left to right.
In Fig. 3.3, r = 0.9, δ = 0.1, c = 0.3, d = 0.2, r = 0.0001. In Fig. 3.3 A, m = 0.05. In
Fig. 3.3 B, m = 0.1.
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Abstract
Power laws have been described in a wide range of physical and biological systems,

including ecosystems. Recently, power laws have been observed in the patch size distri-
bution of vegetation in arid ecosystems, and it has been proposed that a deviation from
power laws could indicate the threat of desertification. In these systems, power laws have
been attributed to local positive interactions among plants. Here, we show that power
laws originate at a percolation point, where a giant vegetation patch spans though the
lattice from one edge to the other. Local positive interactions per se are not required for
power laws as we show that these patterns also arise in a neutral model without spatial
interactions. However, patch size distributions clearly differ between neutral and local
facilitation models. Moreover, we identify two successive general indicators along transi-
tions toward extinction. This behavior could be widespread in a broad range of ecological
systems that have been described as robust critical, with important consequences for the
understanding of drastic shifts in ecosystems.



Introduction

Under increasing environmental change at global scales, it becomes more and more ur-
gent to detect ecological systems that are at the edge of extinction [158]. For spatially
organized systems, spatial patterns could provide important indicators of how far a sys-
tem is from extinction (Chapter 3; [116, 207]).

Recently, two papers reported on power law patch size distributions of vegetation in
arid ecosystems, over a wide range of environmental conditions, and proposed that lo-
cal facilitation among plants could be a mechanism for the origin of these power laws
(Chapter 3; [116, 216]). Additionally, in Chapter 3 [116], we observed deviations from
power laws towards fewer large patches, referred to as “truncated power laws”, in arid
Mediterranean ecosystems. Using a spatially-explicit model, we further proposed that
these deviations only and always occur as the system moves towards the extinction thresh-
old corresponding to desertification. Therefore, these truncated power laws could serve
as indicators of the threat of desertification.

It has been argued that the “robustness” of power laws, that is, their occurrence over
a range of environmental conditions, is a signature of local interactions [188, 279], and
power laws are usually interpreted as evidence of self-organization [233, 257]. However,
the fact that power laws are so widespread in nature [14,29,80,150,234,257,258,263,279]
raises a number of questions about their origin and robustness. What is the exact role of
local interactions? In other words, how do patch size distributions in systems with local
interactions differ from those in neutral model systems lacking such interactions? More-
over, can we identify general indicators of extinction thresholds based on these distribu-
tions?

From this perspective, we address the above questions by comparing simulation re-
sults from the model of Chapter 2 [118] that includes spatially localized facilitation (from
now on called “local facilitation model”) with a neutral model that lacks any form of
spatial interaction. We describe the full range of patterns that emerge from the local facil-
itation model when the system progressively approaches extinction, and we identify two
successive indicators of extinction thresholds related to the patch size distribution. We
compare these patterns to those produced by the neutral model with the same total cover,
and we show how local facilitation affects the patch size distribution.
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Methods

Local facilitation model

The local facilitation model is an asynchronous, stochastic cellular automaton or interact-
ing particle system [57], in which the ecosystem is represented as a grid of cells each of
which, at any given time, can be in one of the three possible states: vegetated (+), empty
(o) or degraded (−). The first one designates patches that are occupied by plants. The
second state designates empty patches whose soil is still fertile. The third one refers to
degraded soil that is unsuitable for colonization by plants. At each time step, the status of
each cell can change with a probability per unit of time, which is governed by dynamical
rules depending on the state of neighboring cells (Fig. 4.1 A). The positive effect of lo-
cal facilitation allows degraded cells (−) close to vegetated cells to revert to fertile cells
(empty, o) that can later be colonized by locally dispersing seedlings. See Chapter 2 and
Appendix A of Chapter 3 (section “Model definition”, page 48) for a detailed description
of the the model. Table 2.1 (page 34) provides an overview of the parameters and their
interpretation.

Neutral model

The neutral model is an asynchronous, stochastic cellular automaton in which the cells
can be in one of two states, vegetated (+) or empty (o). A fraction of the lattice is initially
filled randomly with vegetated cells. At each time step, an empty cell is recolonized at a
rate r, and a vegetated cell becomes empty at rate m (Fig. 4.1 B). The fraction of vegetated
sites at steady state is determined by the ratio r/(r +m).
This model is “neutral” in the sense that there is no process governing the spatial distri-
bution of vegetated cells.
The purpose of the derivation of the neutral model is to check how local positive interac-
tions affect the spatial organization of the vegetated cells compared with the neutral case
for a given fractional cover. The values of r and m were therefore adjusted so that the
vegetation cover in both models match.

Analysis

A patch is a connected set of vegetated cells (this definition assesses connectivity based
on the same neighborhood that is used for the range of local interactions, i.e. the four
nearest neighbors). We sampled the patch size distribution after a stationary state was
reached in 100×100 lattices [117]. This size is chosen for its relevance to the field sites
in nature. The patch size distributions were obtained as follows. Simulations were run for
12000 time units. The first 2000 transient time steps were discarded. Thereafter, patch
size data were recorded after every 20 snapshots, to minimize any temporal correlation
among successive snapshots. Data from 500 such snapshots were used to plot the patch
size distribution. We ran the local facilitation model for different aridity levels along the
transition to desert, and plotted the corresponding patch size distributions at the stationary
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Figure 4.1: Schematic representation of the local facilitation and of the neutral models. A,
Local facilitation model of Chapters 2 and 3. Each cell of the stochastic cellular automaton is
occupied by vegetation (+), empty (o), or degraded (−). The recruitment of an empty cell (or
colonization) depends on global competition for resources. The mortality of vegetation converts a
vegetated cell into an empty cell. An empty cell may undergo further degradation, reflected in the
transition from an empty cell into a degraded one. Regeneration of a degraded cell is faster when
there are more vegetated cells in its neighborhood, because of the positive effect of vegetation on
its micro-environment (i.e., local facilitation). Figure adapted from [233]. B, Neutral model. The
cells of the lattice in the stochastic cellular automaton are now either vegetated (+) or empty (o).
At each time step, vegetated cells might become empty, and empty cells might become vegetated.

state. We then considered the patch size distributions generated by the neutral model that
corresponds to exactly the same fractional cover.

Results
For the local facilitation model, the sequence of patch size distributions with increasing
environmental stress exhibits regions characterized by the three distinct patterns (Fig. 4.2,
4.3): (1) two widely separated scales of patch sizes, corresponding to large “spanning”
patches (of the order of the system size) and remnant small patches; (2) power-law be-
havior extending from small to large patches, and (3) a deviation from power law toward
fewer large patches than expected. We call the third type of pattern “truncated power law”.

The progressive loss of the largest patches is a general phenomenon that occurs along
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the transition toward extinction. This loss is punctuated by two identifiable distinct points,
the percolation point and the truncation point, which we describe in the following para-
graphs. These two points can be detected empirically and occur successively along the
transition towards extinction, always in the same order. These points set the limits of the
range of conditions under which the patch size distribution appears to fall of as a power
law.

Figure 4.2: Analyses of the local facilitation model. Black solid line and grey dotted line: bi-
furcation diagram numerically obtained from a correlation approximation of the model depicting
the fractional cover at equilibrium as a function of the bifurcation parameter b (black: stable equi-
libria; grey: unstable equilibria). See Chapter 2 for details. Horizontal axis: a lower b value
reflects higher aridity. Black dashed line: probability P that a spanning patch appears in the grid
(computed as the proportion of 500 snapshots that have at least one spanning patch). The black ar-
rows on top of the figure correspond to the numerically obtained truncation and percolation point.
The percolation point is numerically defined as the value bp of the parameter b, at which P = 0.5.
On a 500×500 grid (a bigger grid yields better estimate) bp w 0.535, which corresponds to a
cover of w 0.555 (less than the percolating cover w 0.595 in the neutral model of the same size).
The truncation point was statistically determined (b = 0.50 ± 0.01; see Appendix A of Chapter 3,
page 48; [116, 117]). The black arrow at the bottom of the figures indicates the extinction point.
Parameter values: f = 0.9, δ = 0.1, c = 0.3, d = 0.2, r = 0.0001, m = 0.1. See Table 2.1 (page 34)
for the interpretation of the parameters.

For favorable environmental conditions, the patch size distribution is characterized by
the presence of very large patches of the size of the system itself. When environmental
conditions deteriorate, there is a point at which the giant clusters of connected vegetation
sites that “span” the lattice from one edge to the other disappear: the percolation point.
The power laws are born at this point (Fig. 4.2, 4.3 A; [237]). Interestingly, at this point
there is a drastic change in system-wide connectivity, as the probability that a spanning
patch appears in the system suddenly drops (Fig. 4.2), but the ecological variables of inter-
est, the vegetation cover and the persistence of bare soil and plant patches, vary smoothly
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with no apparent shift (Fig. 4.2).

From the percolation point, toward less favorable environmental conditions, the large
patches are progressively lost. However, the patch size distributions are in practice not
distinguishable from power laws under a range of conditions. This has been earlier “re-
ferred to as “robustness” of the power-law behavior [187, 213]. The deviations from the
power law become stronger as we approach extinction, and the tail of the distribution
exhibits increasingly fewer large patches than expected at the percolation point. For prac-
tical purposes, we can thus define a second indicator as the point at which significant
deviations from power laws, towards fewer large patches, become empirically detectable.
Moving away from the percolation point towards less favorable environmental conditions,
the patch distribution can be described by the following curve [116, 213, 234]:

N(S) = CS−γe
−S
Sx (4.1)

where N(S) is the number of patches of sizes S, γ (> 0) is the estimated scaling exponent,
Sx the cut-off above which patch size N(S) decreases faster than in a power law, and C is a
constant. At the percolation point, Sx goes to infinity and Eq. 4.1 reduces to a power-law
distribution. Away from this point, Sx begins to decrease and this function combines a
power-law behavior with an exponential decay.
Patch size distributions can be fitted with two models, power laws and truncated power
laws, and statistical analysis can be used to ask whether the patch size distribution is bet-
ter described by Eq. 4.1 (a truncated power law) than by a power law [116, 117]. We call
the point at which this change is statistically detectable, and one no longer recognizes the
patterns as power laws from empirical data, the truncation point.

The two points, the percolation point and the truncation point, provide two potential
indicators of the extinction threshold. By considering the patch size distribution and se-
quential changes in the spatial patterns from the percolation to the truncation point, one
can infer that the system is moving towards less favorable conditions and therefore assess
a relative distance to the extinction point.

Interestingly, power laws and deviations from them occur in the neutral model as well.
Figure 4.3 B shows the same succession of patch size distributions, in the same order,
than in model with local facilitation. Thus, local positive interactions are not required
for power-law behavior to occur in this system, but they affect the patch size distribution
that emerges for a given fractional cover. The role of local facilitation can be assessed
more specifically by comparing the patch size distributions generated by the neutral and
the local facilitation models with the same fractional cover. Given a certain cover, the
patch size distributions of the neutral model show a deficiency of large patches compared
to those in the local model (Fig. 4.3 A, B). In other words, in the local facilitation model
more large patches occur than expected on the basis of the neutral model. This finding is
in agreement with Scanlon et al. (2007) [216], and can be intuitively understood from the
process of local facilitation.
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Figure 4.3: A, Patch size distributions of the local facilitation model along an aridity gradient
(i.e., for different b values). Top: snapshots of the system at the end of the simulation. Black,
vegetation; grey, recolonizable; white, degraded. The fractional cover of vegetated site is given
above each snapshots. Bottom: non cumulative patch size distribution (i.e., number of patches
as a function of patch size) on a logarithmic scale. See the Methods section for plotting details.
Parameter values: f = 0.9, δ = 0.1, c = 0.3, d = 0.2, r = 0.0001, m = 0.1. B, Patch size distributions
of the neutral model derived for the same fractional cover as A. Percolation theory predicts that in
a neutral model for a square lattice with a von Neumann neighborhood (i.e., four nearest neighbors)
percolation occurs at a fractional cover of 0.593 [237]. In these plots, the value of m is fixed at
m = 0.25 and r is changed using the relationship r = mp/(1− p), where p is the steady state cover.
See Table 2.1 (page 34) for the interpretation of the parameters.
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Discussion
Current proposed indicators of ecosystem shifts rely on temporal quantities [36, 37, 83,
260]. Here, we propose complementary quantities based on the change of spatial patterns.
Specifically, the proposed set of two indicators is based on the patch size distribution of
the system at a snapshot in time; they provide a relative measure of the distance to an
extinction threshold. It is now important to verify the usefulness of these indicators in the
field, for instance by analyzing aerial photographs or satellite imagery. The results from
Scanlon et al. (2007) [216] suggest that this could be a promising perspective.

The models analyzed here show that along the transition to extinction, starting from
favorable environmental conditions, the connectedness of the system suddenly drops at
a percolation point. This point is the origin of the power-law behavior in the patch size-
distribution [237]. At this point there is a drastic change in the geometry and connectivity
of the system, but not in the fractional cover of vegetation or any other physical property.
The presence of power-law behavior, associated with the high connectedness of the veg-
etation still reflects a healthy state of the system, away from extinction. The value of the
percolation point as an indicator of movement towards extinction becomes apparent when
we observe this percolation point followed by a second general indicator. In this order,
these two points reflect the increasing likelihood of extinction.

The second general indicator, closer to the extinction threshold as environmental con-
ditions deteriorate further, is the point where the patch size distribution changes from a
power law to a truncated power law, because of the loss of the larger patches of the power
law itself. When these truncated power laws with remnants of the scaling for the smaller
patches occur, the power-law pattern has degenerated sufficiently to indicate that the sys-
tem is now closer to extinction. There is not technically speaking an exact point which
defines the truncated power laws; its exact location depends on the choice of the statistical
test and power (in this sense, the percolation point has a stricter definition). However, this
does not affect its empirical usefulness. The exact position of this point is subject to the
statistical test and to the power of the test chosen.

We conjecture that this behavior of the patch distribution, the sequence of changes in
the spatial patterns, is present in a wide range of systems, independently from the specific
mechanisms involved. Similar percolation-type transitions were described in other lattice
models in ecology with power laws in a broad region of parameter space, including the
predator-prey model studied in Roy et al. (2003) [213], the mussel bed model of Guichard
et al. (2003) [80], and the ant-nest model in an agro-ecological system of Vandermeer et
al. (2008) [258]. Roy et al. (2003) [213] have shown in a predator-prey model with local
antagonistic interactions that the size distribution of prey clusters exhibits a power-law
decay for a broad range of parameter values, and that the decay of the power laws occurs
more slowly than for classical percolation as we move away from the percolation point.
Hence, the name of robust criticality [187, 213]: even though strict power-law behavior
occurs only at the percolation point, in practice one would observe patterns that are statis-
tically indistinguishable from power laws in a broader region. This behavior depends on
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the presence of local interactions which expand the scaling region around the percolation
point [213].

Even though the percolation point is not linked to a transition in the biological state
of the system, it is noteworthy that the sudden change in the geometry and connectivity
of the system might have important functional consequences. Indeed, the spatial organi-
zation and connectivity of a system modulate whether “contagious disturbances” such as
fires, diseases, insect outbreaks, species invasions, or fluid shear can propagate through-
out the system [177, 178, 192]. We give some examples hereafter. In many arid ecosys-
tems, patches of vegetation play an important function by capturing and retaining limited
resources such as rainwater, organic matter, soil sediments and nutrients [222, 243]. Lud-
wig et al. (2002) [149] propose that the functionality of an arid ecosystem can be evalu-
ated as its ability to retain vital ecological resources such as rainwater and soil: healthy
or functional landscapes conserve water and soil resources, whereas dysfunctional land-
scapes easily lose these resources. The vegetation cover and the spatial configuration
of the patches are therefore likely to play an essential role in the functionality of arid
ecosystems. The percolation point can be seen as a point at which the leakiness of the
system will undergo dramatic changes: once the percolation point passed and the vege-
tation cover becomes essentially fragmented, landscapes become leakier and will poorly
retain resources. The percolation concept has also been used to address the issue of habitat
fragmentation. Bascompte and Solé (1996) [16] showed that as the fraction of destroyed
sites reaches a threshold value in a habitat, a percolation cluster of destroyed sites forms,
crossing the lattice from one edge to the other. At this point, the effect of destroying an
extra site is not only quantitative, but also qualitative: the fraction of destroyed sites is
high enough to isolate patches of available habitat. The landscapes connectivity affects
the survivorship of populations by influencing their dispersal success. Space and its ex-
plicit topology are especially relevant for populations with limited dispersal [1]. From the
perspective of an individual trying to pass through a landscape composed of patches of
suitable habitat, especially a poorly dispersing individual, the landscape is experienced as
completely connected if each suitable patch is linked to any other by a sequence of adja-
cent suitable patches. Otherwise, the landscape is experienced as a collection of isolated
suitable patches [1].

Interestingly, in a system characterized by power laws in the patch size distribution,
patches of all sizes (or a broad range of sizes as we move away from the percolation point)
are present in the system. Under stress, when the patch size distribution is best described
by a truncated power law, the range of possible sizes of these patches is reduced. Systems
with local facilitation are able to survive under harsher conditions than systems without
local facilitation. This means that under very harsh conditions vegetation can survive
thanks to local facilitation by forming patches. The fact that the range of patch sizes be-
comes smaller under these harsh environmental conditions suggests that the vegetation
patches might tend toward a characteristic size and shape.

Looking at a given system in the field and knowing its fractional cover, the patch size
distribution can then be compared to the patch size distribution generated by a neutral
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model for the same fractional cover. An excess in large patches compared to the neutral
model would mean that local interactions might be at play, as a mechanism promoting
longer spatial correlations than expected otherwise. These results open up the prospect
of comparing predicted and observed patch size distributions to infer the health of the
ecosystem, or equivalently the level of stress exerted on it, as well as the dominant mech-
anisms that might be at play.

To that end, however, we need to better understand the characteristics of the systems
referred to as robust critical systems [187]. How to identify the systems that behave as
such: what are their essential ingredients? We also need to better understand the mecha-
nisms that determine the characteristics and origins of power laws in nature, including the
exponents that characterize their decay. Another related question is what is the relation-
ship between the percolation point at which the power laws arise, and the extinction point?
Further efforts should be directed at quantifying the distance from extinction points. We
know that the vegetation patch size distribution changes towards the extinction point, and
that the proposed indicators reflect this. However, we do not know yet how to evaluate
(and what determines) the absolute distance in parameter space between these points and
extinction. Further investigation of the effect of system size is also warranted. From an
empirical perspective, finite size effects are not something we want to get rid off, they are
a relevant effect we need to understand. We know so far that the sequence of changes,
but not the exact position of the indicator points, is independent of system size. Further
studies should clarify how the locations of the two indicator points and the separation
between, which quantifies the robustness of the scaling, differ with system size. Another
open question is the role of global constraints in the behavior of robust critical systems,
for example, the role of global competition at larger spatial scales than that of local com-
petition and facilitation.
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Abstract
In harsh environments, sessile organisms can make their habitat more hospitable by

buffering environmental stress or increasing resource availability. Although the ecological
significance of such local facilitation is widely established, the evolutionary aspects have
been seldom investigated. Yet addressing the evolutionary aspects of local facilitation is
important because theoretical studies show that systems with such positive interactions
can exhibit alternative stable states and that such systems may suddenly become extinct
when they evolve (evolutionary suicide). Arid ecosystems currently experience strong
changes in climate and human pressures, but little is known about the effects of these
changes on the selective pressures exerted on the vegetation. Here, we focus on the evo-
lution of local facilitation in arid ecosystems, using a lattice-structured model explicitly
considering local interactions among plants. We found that the evolution of local facili-
tation depends on the seed dispersal strategy. In systems characterized by short-distance
seed dispersal, adaptation to a more stressful environment leads to high local facilitation,
allowing the population to escape extinction. In contrast, systems characterized by long-
distance seed dispersal become extinct under increased stress even when allowed to adapt.
In this case, adaptation in response to climate change and human pressures could give the
final push to the desertification of arid ecosystems.



Introduction

Many sessile organisms can make their habitat more hospitable for themselves and others
by buffering environmental stress or increasing resource availability [21, 97, 236]. This
ability of organisms to modify the conditions of their local environment plays an impor-
tant role in many ecosystems, in particular harsh environments [35]. For instance, in arid
ecosystems, severe stress results from water and nutrient deficiency, extreme tempera-
tures, wind desiccation, and soil erosion [35, 222]. In these extreme conditions, physi-
cal protection, shade, and increased resource availability under the canopy of a “nurse
plant” [179] significantly improve the conditions for establishment or growth of other
individuals close to the nurse plant [4, 221]. In subalpine and alpine plant communi-
ties, plant interactions are facilitative at high elevations [34] because surrounding vegeta-
tion maintains warmer temperatures, prevents frost, and provides protection from strong
winds and desiccation [39]. In salt marshes, species tolerant of extreme edaphic condi-
tions prevent salt accumulation in the soil because their cover limits surface evaporation
by shading [22]. Certain species also aerate anoxic soils by rhizosphere oxidation [23].
On rocky shores, shading by conspecifics buffers heat and desiccation stress and increases
survivorship [23]. In intertidal areas, aquatic and marine vascular plants reduce physical
disturbance of the flow and enhance deposition and stabilization of the substrate [30].

All these mechanisms of habitat amelioration are cases of niche construction [184] and
ecosystem engineering [105, 106], where sessile organisms buffer the stressful environ-
ment for themselves and others locally. We use the term “local facilitation” to describe
this assortment of physical and biological mechanisms that affect the space below and
close to a sessile individual because of its physical structure (Chapter 2; [118]). In this
term, “local” stresses the spatial component of these mechanisms, and “facilitation” refers
to the positive effect on other individuals [31, 236].

Local facilitation can have profound effects on the spatial distribution of organisms,
on their abundance, and on ecosystem resilience [23, 116]. Theoretical studies show that
systems involving such positive interactions between their component parts can exhibit
alternative stable states, meaning that two stable states can be reached by the population,
depending on the initial conditions and given the same parameter values (Chapters 2,
3; [90, 116, 118, 210, 218]). Moreover, ecosystems with local positive interactions often
show striking spatial patterning, such as regular bands of blue mussel beds perpendicular
to the flow of the water [256] or regular stripes (“tiger bush”), labyrinths, spots (“leopard
bush”), and gaps in the vegetation cover of arid ecosystems [206]. In some ecosystems,
such pattern formation and alternative stable states are directly linked [207].



Chapter 5: Evolution of local facilitation

Although the ecological importance of local facilitation is widely established, the evo-
lutionary aspects have received less attention [130]. Yet the consequences of the evolution
of habitat amelioration are potentially far-reaching. By locally modifying the level of en-
vironmental stress, organisms performing local facilitation modify the sources of natural
selection and can therefore affect their own evolution as well as that of any other organ-
isms that happen to be neighbors [130, 131, 184]. Laland et al. (1996, 1999) [130, 131]
were the first to explore the evolutionary consequences of niche construction. Using a
two-locus frequency-dependent selection model, their analysis suggested that the changes
that organisms bring about in their own selective environment (or niche) can be an im-
portant source of modified natural-selection pressures. A limit of their approach for the
ecosystems previously cited is that it does not take the spatial aspects into account. The
observed spatial organization of individuals in harsh environments suggests that the spa-
tial context could be very important for understanding the evolutionary aspects of local
facilitation.

This article studies the evolutionary dynamics of local facilitation in harsh environ-
ments, explicitly addressing the spatial context and focusing on the case of arid ecosys-
tems. Currently, arid ecosystems experience increasing external pressures by human ac-
tivities and climate change [44, 111, 204]. Models of arid ecosystems including local
positive feedbacks investigated how these ecosystems might respond to changes in exter-
nal conditions, such as grazing pressure or precipitation, but ignore the possibility that
plants could adapt to new external conditions [52,118,140,206,267]. Empirical evidence
suggests that strong external changes can induce rapid adaptive evolution of life-history
traits [172, 242], meaning that consideration of evolutionary processes might be essential
for understanding ecosystems responses to external changes. Consideration of evolution-
ary processes is particularly important because it has been shown that nothing prevents
adaptive evolution from causing population declines or extinctions [53]. Gyllenberg and
Parvinen (2001) [86] demonstrated, in the context of the evolution of dispersal, that for
adaptation to cause extinction, the population should exhibit alternative stable states, one
of them corresponding to extinction. Evolution to extinction (also known as evolutionary
suicide) is a process during which a viable population adapts in such a way that it can
no longer persist [60, 85]. This phenomenon might happen when cheaters - which do not
facilitate and are not viable alone - grow in a population of facilitators (thus benefiting
from the facilitation performed by the facilitators) and by competition push the facilitator
population away from its original stable state into the basin of attraction of the other stable
state, the extinction state; eventually, the cheaters become extinct as well. Without leading
to extinction, adaptation may also cause substantial reduction in population size [53,153],
which renders populations more susceptible to extinction by stochastic causes.

Because of the links between local facilitation and alternative stable states on the
one hand and between alternative stable states and evolution to extinction on the other
hand, it is of particular interest to investigate the possibility that plants of arid ecosys-
tems could adapt to changes in external conditions by modifying their investment in local
facilitation and to analyze the consequences of such adaptation for the dynamics of arid
ecosystems. Here we use a lattice-structured model of arid ecosystems, explicitly con-
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sidering local interactions among plants [118], and we study the evolutionary dynamics
of local facilitation, using the framework of adaptive dynamics [70, 163, 164]. Evolution
of local facilitation is expected to depend strongly on the strategy of the plants’ seed dis-
persal (see [134, 135, 252] for examples of studies highlighting the role of dispersal on
the evolution of helping), which is, together with local facilitation, the trait driving the
spatial organization of the system. We therefore analyzed the effects of changes in exter-
nal conditions here aridity and grazing pressure on the evolutionary dynamics of local
facilitation for different seed dispersal strategies. We looked at the consequences of this
adaptation for the spatial organization and the viability of the population. More specifi-
cally, if after changes in external conditions the system happens to be close to a transition
to extinction, we investigated whether evolution would cause the system to move away
from this boundary or toward it. In the latter case, adaptation would exacerbate the con-
sequences of changes in external conditions.

Model and analysis

Vegetation dynamics in arid ecosystems

We base our analysis on the model developed in Chapter 2 [118]. This spatially-explicit
model was designed to study the ecological aspects of local facilitation. Here we extend
the model to address its evolutionary aspects.

States of the system

Consider an arid ecosystem as a lattice- structured habitat consisting of an infinite num-
ber of sites, each roughly a square meter in size. Each site can be in one of three possible
states: occupied by vegetation, unoccupied by vegetation but colonizable, and degraded
soil that cannot be recolonized by vegetation. In addition to global competition for re-
sources, we assume that a plant directly interacts with its nearest neighbors. All sites have
the same number of nearest neighbors, z (z = 4). At each time instant, a site has a cer-
tain probability of realizing a transition from one state to another, depending on the state
of its neighboring sites. To obtain more insight into the dynamics of the lattice model,
we derived an analytic approximation, called “correlation dynamics” or “pair approxima-
tion” [90,102,152,199,251,252]. We now briefly review this correlation dynamics model.

Following Iwasa’s (2000) [102] notation, the state of a site is denoted by σ, which is +
(occupied by vegetation; plus sign), o (unoccupied but recolonizable), or − (degraded
soil; minus sign). Let ρσ be the probability that a randomly chosen site is a {σ}-site;
this is a global density. Let the local density qσ|σ′ be the conditional probability that
a randomly chosen nearest neighbor of a {σ′}-site is in state σ. According to Bayes’s
formula, this local density can be expressed in terms of the doublet density ρσσ′ , which is
the probability that a randomly chosen pair of nearest neighbor sites is in state {σσ′}:
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ρσσ′ = ρσ′σ = ρσqσ′|σ = ρσ′qσ|σ′ (5.1)

Dynamics of the system

It is well known that vegetation in arid ecosystems improves its micro-environment [4,35,
77,206,221,243]. Therefore, we consider that there is a higher probability that a degraded
site becomes recolonizable by vegetation when it is surrounded by vegetation [116, 118].
In the model, regeneration of a degraded site occurs at a rate w−,o, with

w−,o = r + f q+|− (5.2)

where r is a positive constant corresponding to the regeneration rate of a site without
vegetation in its neighborhood; f is the maximum facilitative effect of vegetation on the
regeneration of neighboring degraded sites, realized when all nearest-neighbor sites are
{+} ( f is a positive constant). Hereafter, f is called “strength of local facilitation”.

Local facilitation is likely to be costly, in terms of either increased mortality or reduced
fertility. For example, plants of arid ecosystems have to invest in a root system that not
only is efficient for taking up water and nutrients but also can hold the soil (preventing
erosion) and increase water infiltration. The actual cost will, of course, depend on the
precise mechanism by which plants achieve facilitation. As detailed knowledge about
the precise shape of the relationship is lacking, we assume a general positive relationship
between a plant’s investment in facilitation and its mortality rate. We chose the same
shape of the relationship as Le Galliard et al. (2003) [134],

w+,o = mo +α f γ (5.3)

where mo is the baseline mortality rate, a characteristic of the vegetation that may be in-
fluenced by grazing; α is the sensitivity of the cost; and γ determines the shape of the
cost function. The relationship can be curved in such a way that mortality accelerates
(γ > 1), decelerates (γ < 1), or varies linearly (γ = 1) with investment in facilitation. As
long as this relationship is positive, our results do not change qualitatively, depending on
the precise shape of the relationship. After the death of the vegetation occupying a given
site, the site reverts to the recolonizable state.

A recolonizable site can be either recolonized by vegetation or eroded by rain and
wind. To keep the model simple, we assume that degradation is a chance process not
dependent on the neighboring sites:

wo,− = d (5.4)

Plants reproduce by spreading seeds across the lattice. The recruitment of a new
individual has a probability of being successful only if the seeds reach a recolonizable
site. We suppose that a fraction of the seeds produced by a vegetated site are locally
dispersed, while the rest are globally dispersed [90, 261]. An assumption of our model
is that the probability of seedling establishment depends negatively on the total number
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of {+}-sites in the lattice because of global competition for water and other limiting
resources (negative density dependence). When these mechanisms are taken into account,
colonization of a recolonizable site by vegetation occurs at rate wo,+, with

wo,+ = β

[
δρ+ +(1−δ)q+|o

]
G(•) (5.5)

where β is a positive constant that represents the intrinsic seed production rate per vege-
tated site multiplied by the survival and the germination probabilities; 1 - δ is the fraction
of seeds dispersed in the nearest neighborhood of a vegetated site, and δ is the fraction dis-
persed all over the lattice; G is a competition function describing the effect of the global
density of {+}-sites on seedling establishment. Again, to keep the model simple, G is
expressed as a linear function of ρ+,

G(ρ+) = ε−gρ+ (5.6)

where ε is the establishment probability of seeds that have reached a recolonizable site in
a system without vegetation (ε is a positive constant) and g is the competitive effect of
the global density of {+}-sites on the establishment of new individuals (g is a positive
constant). The particular shape of this competition function does not affect our results
qualitatively. For brevity, let b be βε and c be βg. Then we have:

wo,+ =
[

δρ+ +(1−δ)q+|o

]
(b− cρ+) (5.7)

The full model and the derivation of its five ordinary differential equations are pre-
sented in Appendix B of Chapter 2 (section “Pair approximation model”, page 35). See
table 5.1 (page 83) for an overview of parameters and variables. Figure 5.1 displays a
schematic representation of the model.

Spatial invasion of mutants

Consider a population of individuals characterized by a certain local facilitation strength
f (we call this population the “resident population”). Suppose now that one of the exter-
nal conditions changes (e.g., grazing pressure or aridity increases). How will this change
affect the selective pressures on local facilitation, and what will be the consequences? We
used the framework of Adaptive Dynamics to address this question [70, 163, 164].

The theoretical approach commonly called Adaptive Dynamics seeks to describe the
phenotypic evolution of a population through the successive substitutions of mutations.
Mutations that differ from the monomorphic resident population occur randomly and re-
currently. These can be thought of as attempting to “invade” the resident population.
Mutations are supposed to be small and rare [164]. The basic principle of the approach is
to follow the fate of rare mutants with a local facilitation strength slightly different from
that of the resident population. When rare mutants appear, they experience the environ-
ment created by the common type in the resident population. Their evolutionary success
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Chapter 5: Evolution of local facilitation

Figure 5.1: Transition rules among the different states of the model. Each cell of the cellular
automaton is occupied by vegetation (plus sign), empty (o), or degraded (minus sign). See Table 5.1
(page 83) for a description of the parameters and variables.

is determined by the mutant’s invasion fitness, the initial per capita growth rate of the mu-
tant when rare in this environment [62, 70, 163]. In spatially heterogeneous populations,
the invasion fitness depends on the local spatial context around the mutants and is called
“spatial invasion fitness” [62, 252]. If this spatial invasion fitness is positive, the mutant
f ∗ will invade the resident population f and (in most cases) becomes the new resident.
If it is negative, the mutant cannot invade and will eventually become extinct, so that the
situation remains the same as before the mutation. Mutants with different trait values
succeed each other until a situation is reached in which no new mutant can invade. The
value of local facilitation strength at this point is the evolutionarily stable level of f .

Note that local facilitation is indiscriminate: it occurs not only among residents and
among mutants but also between residents and mutants. Local facilitation indeed favors
the creation of recolonizable sites, which has benefits for both mutants and residents.

When a mutant appears in the resident population at equilibrium, a site can be in
any of four states: {+}, {o},or {−}, as before, or {∗} if it is occupied by a mutant.
Incorporating all possible transitions leading to gains or losses of {∗} sites, the equation
for the global density of the mutant is given by

dρ∗
dt

=
[

δρ∗+(1−δ)q∗|o

]
(b− cρ+− cρ∗)ρo− (mo +α f )ρ∗ (5.8)
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The entire system of equations corresponding to the dynamics of the mutant is presented
in Appendix B. Using q∗|oρo = ρo∗ = qo|∗ρ∗, we can express the spatial invasion fitness
of a rare mutant with trait f ∗ in a resident population at equilibrium with trait f :

1
ρ∗

dρ∗
dt

= ϕ f ( f ∗)≈
[

δρo +(1−δ)qo|∗

]
(b− cρ+)− (mo +α f ∗) (5.9)

The spatial invasion fitness of the mutant depends on the local density of recolonizable
sites in the neighborhood of the mutants (qo|∗), which implies that the spatial structure that
develops soon after the introduction of a mutant will play a crucial role in the invasion
success of the mutant.

More information is provided by the “selection derivative” [62, 151], also called the
“fitness gradient” [70], which determines the (local) direction of adaptive change, that is,
whether adaptation will lead to an increase or a decrease of local facilitation strength in
a resident population of trait f . In other words, the selection derivative determines what
type of mutants can invade in a given resident population:

∂ϕ f ( f ∗)
∂ f ∗

∣∣∣∣
f ∗= f

= (1−δ)(b− cρ+)
∂qo|∗
∂ f ∗

∣∣∣∣
f ∗= fes

−α (5.10)

When the selection derivative is positive, mutants with a trait f ∗ slightly higher than f
will have an advantage, compared with the residents. Considering the components of the
selection derivative helps in identifying the selective pressures driving the evolutionary
dynamics of local facilitation. The first term on the right-hand side of the equation quan-
tifies the pressure for increasing the quantity of {o}-sites created in the neighborhood of
mutants when f ∗ increases. The second term measures the pressure to decrease the cost
of local facilitation, α. One key element of the evolution of local facilitation therefore lies
in the way local facilitation influences the creation of empty sites (either by mortality of
vegetation or by regeneration of degraded sites) for the spread of the mutants. Trait val-
ues f ∗ that satisfy (∂ϕ f ( f ∗)/∂ f ∗)

∣∣
f ∗= fes

= 0 are called “evolutionary singularities”, fes,
and correspond to values of the trait at which the two selective pressures exactly balance.
These are the points we are interested in because they are possible end points for the evo-
lutionary process. In principle, evolutionary singularities may be unstable in a variety of
ways [70], but in our model, they are always evolutionarily stable and convergence stable.
In the rest of the article, we therefore simply use the term “evolutionary equilibria”.

Analysis
A full analysis of the equilibria of the resident population is not possible, since the dy-
namics of that population is governed by five nonlinear ordinary differential equations
(see Appendix B of Chapter 2, section “Pair approximation model”, page 35). However,
analytical conditions could be derived under which an initially rare state ({+}, {o}, or
{−}) can increase into a system dominated by another state (see Appendix C of Chap-
ter 2 [118] for details). Bifurcation diagrams of the resident model were derived numer-
ically with the software package CONTENT [129]. Spatially-explicit simulations of the
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model were run on lattices of 100×100 cells with periodic boundary conditions (proba-
bilistic cellular automaton). The initial spatial distributions were random for given initial
densities. Simulations were carried out using a stochastic asynchronous update algorithm.

The value of the spatial invasion fitness of a mutant in a resident population at equi-
librium was numerically obtained (see Appendix B of this chapter for details). Pairwise
invasibility plots (PIPs) portray the sign structure of the spatial invasion fitness across all
possible combinations of the mutant trait value, f ∗, and the resident value, f . PIPs in-
dicate the location of potential evolutionary equilibria, fes, and can be used to infer the
evolutionary dynamics of the trait [70]. We looked at the effect of changes in external
conditions on the value of the evolutionary equilibrium, fes, for different seed dispersal
strategies (δ).

We studied the likely evolutionary consequences of changes in aridity and grazing
pressure. Aridity is assumed to affect b, the probability of recruitment of a new vege-
tated site in a system without competition. A lower b value reflects a higher aridity level.
Higher grazing pressure was modeled by higher plant mortality, mo.

The “viability area” is defined as a set of local facilitation strength values ( f ) for
which there exists at least one non-zero-population stable equilibrium. The “extinction
boundary” is the boundary of the viability area.

We also looked at an “area of extinction risk”, which we defined as a parameter space
where the vegetation cover is less than a threshold value. In this area (parameter space),
extinction risk is high because of genetic and environmental stochasticity. Consequences
of adaptation for the viability and the stability of the system were addressed by analyz-
ing the characteristics of the populations at the evolutionary equilibria. Bifurcation dia-
grams displaying the vegetation density at equilibrium for all possible values of f were
traced for different external conditions (i.e., different levels of aridity or grazing pres-
sure). On these diagrams, the value of the evolutionary equilibrium was plotted for each
external condition, which revealed the characteristics of the population at the evolution-
ary equilibrium. To quantify the clustering intensity of vegetation, we calculated the ratio
c++ = ρ++/ρ+

2 [251]. If there is no spatial correlation in the system, ρ++ = ρ+
2

and c++ = 1. If vegetated sites aggregate, the probability that two nearest neighbors are
{+} is higher than in a random lattice and c++ > 1. The curves of variation of c++ at
equilibrium when f varies were traced for different external conditions. Plotting on the
same graph the fes corresponding to each external condition allowed us to address the
consequence of adaptation on the spatial organization of the vegetation.

Results
The resident system has two kinds of stable equilibria: a desert equilibrium (ρ+ = 0) and
a vegetation equilibrium (ρ+ > 0; Fig. 5.2 A), which co-occur for a certain range of pa-
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Figure 5.2: Effect of local facilitation strength on the resident population. A, Effect of local
facilitation strength on the bifurcation diagram of the resident population. The global density of
vegetated sites at equilibrium, (ρ+)eq, is displayed as a function of b, which decreases when aridity
increases. The local facilitation strength, f , is the effect of neighboring vegetated sites on the
regeneration of a degraded site. Black, stable equilibria; gray, unstable equilibria. B, Effect of
local facilitation strength on the characteristics of the resident population. Light gray, extinction
of the resident population (desert system at equilibrium); black, bistable resident population; dark
gray, maintenance of the resident population independent of the initial conditions (vegetation system
at equilibrium); white, the population density at equilibrium is less than 0.1 (risk of extinction). C,
Spatial organization of the resident population. Outcome of a spatially-explicit simulation (grid
of 100×100 cells). Black, sites occupied by vegetation; gray, recolonizable sites; white, degraded
sites. b = 0.34, f = 0.8. Other parameter values: c = 0.2, d = 0.1, r = 0.001, mo = 0.1, δ = 0.1,
α = 0.01, and γ = 1. See Table 5.1 (page 83) for the interpretation of the parameters.

rameter values (Fig. 5.2 A, B). In the latter case, the system has two alternative stable
states, meaning that the system can reach one of these two alternative states, depending
on the initial population density. If such an area of alternative stable states is crossed
under changes in external conditions (i.e., changes in aridity level or grazing pressure),
the system undergoes a sudden transition to extinction, mathematically called “discontin-
uous transition” (Fig. 5.2 A, B). In the absence of alternative stable states, the transition
is continuous, and under changes in external conditions, the population density gradu-
ally decreases until extinction. Strong local facilitation ( f ) favors continuous transitions
(Fig. 5.2 B). The extinction risk area, that is, the parameter space where the vegetation
cover at equilibrium is less than 10%, is extremely small and limited to continuous tran-
sitions to extinction. This indicates that whenever extinction is imminent in our system,
vegetation cover is usually high. The resident system, moreover, exhibits vegetation clus-
tering as an outcome of internal dynamics only, which therefore can be considered as
spatial self-organization (Fig. 5.2 C). Detailed analyses of the ecological dynamics of the
system without cost (i.e., such that α = 0) are presented in Chapter 2 [118].

When aridity increases (lower b), the plant population will eventually die out and the
system will become a desert (Fig. 5.2 A, B). The same will happen if grazing pressure
increases (higher mo). However, the plant population may adapt to the new external con-
ditions, leading to new plant trait values and thus to different dynamics. We are interested
in the consequences of such adaptation for the population. Here, we first briefly describe
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Figure 5.3: Effect of external conditions (b, mo) on the evolution of local facilitation ( fes). A,
D, Pairwise invasibility plots (PIPs). Dark gray, invasion of the mutant (positive fitness); white,
extinction of the mutant (negative fitness). The light gray rectangles at the left of the panels corre-
spond to value of the resident strategy, f , for which the population is not viable (i.e., where a desert
system is the only stable equilibrium). PIPs allow the determination of flim (the minimum value of
f for which the resident population is viable) and fes (the value of the evolutionary equilibrium). A,
Example of evolutionarily stable and attractive singularity; b = 0.35. D, Example of extinction as a
result of adaptation; b = 0.33. B, C, E, F, Effect of external conditions on the evolutionarily stable
strategy. A lower b value reflects a higher aridity level. A higher mo value reflects higher grazing
pressure. Light gray, extinction area (whose upper limit is flim); black, fes. δ is the proportion of
seeds globally dispersed. A-C, δ = 0.1. D-F, δ = 0.6. A, B, D, E: mo = 0.1. C, F: b = 0.3. Other
parameter values: c = 0.2, d = 0.1, r = 0.001, α = 0.01, and γ = 1. See Table 5.1 (page 83) for the
interpretation of the parameters.

in an intuitive way the adaptive dynamics approach that we used to tackle this question.
We look at a resident population whose local facilitation trait is at its evolutionary equilib-
rium, fes. One of the external conditions changes (i.e., either grazing pressure or aridity
increases), and we investigate how the evolutionary equilibrium subsequently changes.

Therefore, we study the outcome of multiple mutations occurring in the initial popu-
lation, and we check at which value of the trait the population eventually stabilizes. We
do that by investigating the fate of rare mutants f ∗ in the initial resident population char-
acterized by the trait value fes. An evolutionary equilibrium is reached when no mutants
(with an f different from that of the resident population) can invade. To predict the out-
come of invasions in a resident population, the necessary information can be summarized
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in a PIP [70]. Invasion of a rare mutant of trait f ∗ in a resident population of trait f at
equilibrium is determined by the sign of the spatial invasion fitness, ϕ f ( f ∗). PIPs display
the sign of the spatial invasion fitness for different values of f and f ∗ (Fig. 5.3 A). In PIPs,
intersections between the first bisectrix (where ϕ f ( f ∗) = 0) and the limiting contour lines
of the dark gray area (where the mutant invades, ϕ f ( f ∗) > 0) and the white area (where
the mutants disappears, ϕ f ( f ∗) < 0) define the potential evolutionary equilibrium, fes. On
the PIP in Figure 5.3 A, at f values less than fes, the dominant selective pressure is due to
the presence of {o}-sites in the neighborhood of mutants. Mutants with a slightly higher
f ∗ will invade (dark gray area) and replace the resident. Thus, increased local facilitation
strength is favored until f reaches fes. In the same vein, at f values greater than fes, the
selective pressure induced by the cost of local facilitation leads to a decrease in f , and the
evolutionary dynamics of the trait converges to fes. Thus, in the case of Figure 5.3 A, fes
is an attractive stable singularity. The value of fes obtained with PIPs can then be followed
when the external conditions vary.

For plants characterized by local seed dispersal, when external conditions deterio-
rate (b decreases or mo increases), fes increases until it reaches 1, its maximal value
(Fig. 5.3 B, C). Thus, under severe external conditions, the selective pressure for increas-
ing the amount of {o}-sites in the neighborhood of mutants is more important than de-
creasing the mortality of the mutants. Indeed, establishment of new vegetated sites is
difficult under stressful conditions, and because a high proportion of seeds are locally dis-
persed, it becomes important to have {o}-sites close by. As a consequence of adaptation,
vegetation can maintain itself under harsher environmental conditions (because adapta-
tion keeps f in the viability area; Fig. 5.3 B, C).

For plants characterized by global seed dispersal, when external conditions deteri-
orate, the evolutionary singularity progressively tends toward the extinction boundary
(Fig. 5.3 E, F). Selection eventually moves the facilitation strategy across the extinction
boundary into the interior of the extinction area, and the population becomes extinct even
when it is allowed to adapt (Fig. 5.3 D). Investing in the creation of recolonizable sites in
its neighborhood (by having a high f ) indeed provides little advantage to a mutant with
global seed dispersal.

As the external conditions deteriorate, the viability area shrinks to such an extent
that the population would become extinct in the absence of evolution, but at the same
time directional selective pressures are induced that allow the evolutionary equilibrium
fes to progress in the same direction as the extinction boundary, toward higher values of f
(Fig. 5.4 A, C). The outcome of adaptation to changes in external condition is determined
by the relative speed of changes of the evolutionary equilibrium and the extinction bound-
ary. In the case of local seed dispersal, the evolutionary equilibrium advances faster than
the extinction boundary. Adaptation keeps the system away from the extinction bound-
ary and protects the population from extinction (Fig. 5.4 A). In the case of global seed
dispersal, however, the evolutionary equilibrium is caught up by the extinction boundary,
and the population becomes extinct (Fig. 5.4 C). In both cases, the populations that have
reached their evolutionary equilibrium ( f = fes) are spatially more clustered under harsher
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Figure 5.4: Consequences of the evolution of local facilitation on the functioning of arid ecosys-
tems. A, B, Population survival as a result of adaptation. C, D, Extinction as a result of adaptation.
A, C, Effect of local facilitation strength on the stability of the system. A higher mo value reflects
higher grazing pressure. The global density of vegetated sites at equilibrium, (ρ+)eq, is displayed
as a function of f , the local facilitation strength. Black, stable equilibria; light gray, unstable equi-
libria; dark gray bars, values of the evolutionary equilibrium, fes. Qualitatively similar results are
obtained with decreasing b instead of increasing mo. B, D, Effect of local facilitation strength on
the spatial organization of the vegetation. Vertical axis: clustering intensity of vegetated sites, c++.
For each value of the external condition, the value of the fes is indicated on the bifurcation curve.
Arrows show how fes varies with increasing mo. B, For mo = 0.03, fes = 0.24 and c++ = 1.09; for
mo = 0.06, fes = 0.55 and c++ = 1.21; for mo = 0.09, fes = 1 and c++ = 1.55. D, For mo = 0.03,
fes = 0.14 and c++ = 1.08; for mo = 0.06, fes = 0.31 and c++ = 1.17; for mo = 0.09, evolution to
extinction (just before extinction: fes 0.65 and c++ = 1.36). δ is the proportion of seeds globally
dispersed. A, B, δ = 0.1. C, D, δ = 0.6. Other parameter values: c = 0.2, d = 0.1, r = 0.001,
b = 0.3, α = 0.01, and γ = 1. See Table 5.1 (page 83) for the interpretation of the parameters.

external conditions (Fig. 5.4 B, D).

For a given grazing pressure (mo), there is a critical fraction of seeds globally dis-
persed (δ), above which adaptation leads to population extinction (Fig. 5.5). Consider
the ecological characteristics of populations that reached their evolutionary equilibrium
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Figure 5.5: When does adaptive evolution lead to the extinction of the population? Evolution-
ary outcome as a function of grazing pressure (mo) and fraction of seeds globally dispersed (δ).
Light gray indicates extinction area for the resident population (desert system is the only stable
equilibrium). For the combinations of values of mo and δ for which the resident population was
viable, we derived the value of the evolutionary equilibrium, fes (through the pairwise invasibility
plots). If the result of adaptation was the survival of the population, we looked at the characteris-
tics of the corresponding resident population: resident populations characterized by two alternative
stable states are displayed in black, and populations characterized by one stable state (i.e., main-
tenance of the resident population independently of the initial conditions) are displayed in dark
gray. The zone where adaptation rescues the population from extinction corresponds to the dark
gray and black areas. We checked whether the vegetation density at equilibrium was below 0.1
(independent of whether there were one or two stable states), but this did not happen for any of the
parameter combinations in this figure. White indicates adaptation-driven extinction. Qualitatively
similar results are obtained with decreasing b instead of increasing mo. Parameter values: c = 0.2,
d = 0.1, r = 0.01, α = 0.01, b = 0.4, and γ = 1. See Table 5.1 (page 83) for the interpretation of the
parameters.

( f = fes): the system always crosses an area of alternative stable states before going into
the area of evolution to extinction (Fig. 5.5). Thus, when extinction as a result of adapta-
tion is imminent, the resident population has two attractors: both extinction and an equi-
librium corresponding to strictly positive vegetation density are stable. Increasing aridity
(decreasing b) has a qualitative effect similar to that of increasing grazing pressure (mo).
The area of extinction risk (where the vegetation cover is less than 10% at equilibrium)
does not occur, meaning that evolution of local facilitation does not lead to populations
with low vegetation cover that would be susceptible to extinction by stochastic processes.

To understand how adaptation can lead to extinction, we consider a population char-
acterized by global dispersal at the extinction boundary (such as in Fig. 5.3 D). A mutant
with a lower local facilitation strength, f , has an advantage compared to the resident be-
cause it pays fewer costs than the resident, and its population initially grows. Because
dispersal is global, the mutant population does not form clusters and benefits from the
{o}-sites created by the resident for its expansion. Its spatial invasion fitness is therefore
initially positive. This invasion, however, decreases the creation of {o}-sites, thus robbing
the population of an essential resource (Fig. 5.6 B). When the mutant population invades,
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Figure 5.6: Spatially-explicit simulations (cellular automaton) displaying the invasion of a mu-
tant in case of short-distance seed dispersal (A) and long-distance seed dispersal (B). Introduction
of a mutant (A, f ∗ = 0.9. B, f ∗ = 0.25) in a resident population at equilibrium (A, f = 0.8. f = 0.3).
In both cases, the mutants were introduced at t = 400. A, Invasion and replacement of the resident.
Black, density of mutants; dark gray, density of residents; light gray, local density of recoloniz-
able sites in the neighborhood of a mutant (qo|∗). A1-A3, Snapshots of mutant invasion in the
resident population. Black, vegetated (resident) sites; red, vegetated (mutant) sites; gray, recolo-
nizable sites; white, degraded sites. A few mutant sites were randomly introduced into the resident
population at equilibrium. Time after introduction of the mutant: A1, t = 100; A2, t = 1000; A3,
t = 10000. Parameter values: f = 0.8, f ∗ = 0.9, c = 0.2, d = 0.1, r = 0.001, α = 0.01, mo = 0.1,
b = 0.35, δ = 0.1, and γ = 1. B, Evolution to extinction. Black, density of mutants; dark gray,
density of residents; light gray, local density of recolonizable sites in the neighborhood of a mutant
(qo|∗). B1-B3, Snapshots of mutant invasion in the resident population. Time after introduction of
the mutant: B1, t = 100; B2, t = 600; B3, t = 1000. Parameter values: f = 0.3, f ∗ = 0.25, c = 0.2,
d = 0.1, r = 0.01, α = 0.01, mo = 0.1, b = 0.4, δ = 0.9, and γ = 1. See Table 5.1 (page 83) for the
interpretation of the parameters.
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it pushes the resident population into the basin of attraction of the extinction equilibrium
(Fig. 5.6 B). However, once the resident has disappeared, there are not enough {o}-sites
in the neighborhood of the mutant for its maintenance, and its fitness becomes negative.
In the end, both the mutant and the resident populations become extinct (Fig. 5.6 B1-B3).
In contrast, in a situation where evolution allows the population to escape extinction, mu-
tants with an f higher than that of the resident population can increase in size because
of their positive fitness, and they finally replace the resident (Fig. 5.6 A, A1-A3). This
happens because these populations are characterized by local dispersal. So the mutant
population forms clusters, and only mutants viable on their own can invade the resident
population.

Discussion
Local facilitation allows plants to ameliorate their local environment and thus to favor
the installation of new individuals in their neighborhood.We carried out an analysis of
the adaptive evolution of local facilitation, and we investigated the consequences of this
adaptation under increasing external pressure in arid ecosystems.

As external conditions deteriorate (increasing aridity or increasing grazing pressure),
the range of local facilitation strength values for which the plant population can survive
(i.e., the viability area) shrinks. Whether the population survives under the new external
conditions depends on whether adaptation can keep the new value of local facilitation
strength in the viability area. Survival of the population is therefore a race between the
extinction boundary and the evolutionary equilibrium of local facilitation strength.

Our results suggest that the outcome of the evolutionary dynamics of local facilitation
depends on the seed dispersal strategy. Two contrasting cases emerge. For systems char-
acterized by local seed dispersal (low δ), adaptation to more stressful external conditions
leads to an increase in local facilitation strength (higher fes) and drives the population
away from the extinction boundary. The evolution to strong local facilitation under in-
creased external pressure has major consequences for the ecological functioning of the
system. Vegetation can maintain itself under harsher conditions because of adaptation,
and it becomes spatially more clustered because of increased stress. Moreover, strong
local facilitation decreases the probability of discontinuous transitions so that the popula-
tion is more resilient to short-term climatic fluctuations.

In contrast, systems characterized by global seed dispersal (high δ) tend to move to-
ward and across the extinction boundary under increased external pressure, which ulti-
mately results in the extinction of the entire vegetation population. In this case, natural
selection drives a population that is viable at the ecological timescale to extinction. This
phenomenon has become known as evolutionary suicide [60]. Evidence of evolution to
extinction in natural systems is still scarce (but see [200] for a discussion about three re-
cent empirical studies that lend support to the evolution-to-extinction hypothesis).
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Under the assumption that there is no coevolution of seed dispersal with local facil-
itation, the latter result has two main implications. First, species characterized by long-
distance seed dispersal are not expected to be common in arid ecosystems because they
may have been driven to extinction as a result of adaptation under the changes in external
conditions that occurred in the past. This result is consistent with the field observations
that plants of arid environments have often developed survival strategies to restrict dis-
persal (reduction of dispersal structures in seeds and development of anchorage mecha-
nisms), also called “proxichory” [66, 261]. Long-distance seed dispersal can indeed be
a disadvantage in systems with severe environmental conditions, where many suitable
sites are in the neighborhood of the mother sites and could be reached by local disper-
sal. Our results are consistent with observed dispersal strategies in the field. However,
we acknowledge that this is no proof that the evolution of local facilitation is responsible
for these observed dispersal strategies (see [58] for a discussion). Second, even for plants
characterized by short-distance seed dispersal, our model shows that any factor that would
artificially increase the number of seeds dispersed far away (e.g., water runoff after rain
shower, strong winds, or even grazing in some cases [250]) could drive the system toward
extinction as a result of adaptation. When such factors are operating, adaptation could be
the final push to the desertification of arid ecosystems.

The mechanisms by which individual adaptation can lead to the extinction of the en-
tire population in our model are related to the fact that the spatial invasion fitness is fre-
quency dependent (i.e., the fitness depends on the frequencies of individuals with different
trait values [86, 121, 153, 164]). The fact that a mutant does well in the initial environ-
ment determined by the resident population does not guarantee the success of the mutant
once its trait is widespread in the population. At the extinction boundary, mutants with
a lower investment in local facilitation can increase in the resident population because
they benefit from the {o}-sites created by the resident population. Selection then favors
strategies that are initially beneficial for the individuals (individuals with a lower f have
a lower mortality) but harmful for the population as a whole (the mutant population is not
viable alone because of a lack of {o}-sites available for the installation of new individu-
als [86, 121, 153, 164]). Evolution to extinction has been observed in other evolutionary
models in the context of the evolution of body size under asymmetric competition [86],
the evolution of mutualism [62], and the evolution of altruism [134].

Interestingly, evolution of local facilitation does not lead to low population densities
at which the population is seriously threatened by extinction due to stochastic processes.
But populations can evolve toward trait values that are not viable. We found that these
populations are always characterized by alternative stable states. This result is consis-
tent with the findings of Gyllenberg et al. (2000) [85], who demonstrated in a structured
metapopulation model that the extinction boundary is evolutionarily repelling if the tran-
sition to extinction is continuous. A system undergoing a continuous transition has a very
low population density close to the extinction boundary. In this context, only mutants that
are viable in the absence of the resident (i.e., mutants characterized by strong local facili-
tation in our case) can invade. In this way, the strategy is kept in the interior of the viability
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area. Thus, when the transition to extinction is continuous, extinction due to adaptation
cannot occur. A sudden transition to extinction (i.e., alternative stable states) is therefore
a necessary (but not sufficient) condition for evolution to extinction to occur [85].

The evolution and persistence of positive interactions, in particular mutualism and al-
truism, have long been puzzling because of their apparent evolutionary instability [13,88].
In a mutualistic interaction, each of the two partner species receives a net benefit. Cheaters
who benefit from partner species without investing in costly commodities to exchange
with the partner species should be favored by selection [13]. In altruistic interactions, a
donor increases a recipients fitness at the expense of its own. Nonaltruists, who do not
pay the cost associated with altruism, should always outcompete the altruists.

In many cases, local facilitation can be seen as a specific case of altruism, where indi-
viduals that invest in local facilitation do not directly increase the fitness of the recipient
but do indirectly increase the probability of its recruitment into the system by creating fa-
vorable sites. In this sense, the example of local facilitation presented here resembles the
case of group augmentation [125], where individuals are assumed to survive and repro-
duce better in large groups and therefore receive a direct benefit from raising new mem-
bers even if they are unrelated. However, local facilitation as it is modeled here implies,
at most, a delayed benefit for the facilitator (i.e., there is no direct benefit). The facilita-
tor favors the recruitment of individuals in the system. These individuals will eventually
contribute to the creation of favorable sites in their neighborhood (the facilitative effect
being local only) that could be used by the facilitators offspring. The seeds of the facil-
itator will be able to reach these favorable sites if dispersal is local. This means that the
facilitator has a chance of getting its investment back only if dispersal occurs at a spatial
scale similar to that of facilitation. In our model, the evolution of local facilitation is there-
fore crucially dependent on the spatial component of the different ecological mechanisms.

As early as 1964, Hamilton [89] proposed that cooperation should evolve more read-
ily in populations with limited dispersal, which he referred to as “viscous” populations
(Hamilton 1964). This led to many theoretical studies addressing the evolution of altru-
ism in spatially heterogeneous populations (see [144] for a recent review ). In populations
with limited dispersal, offspring tend to remain close to their parents and individuals are
likely to have relatives in their neighborhood. According to kin selection, altruism can
evolve in such populations (see [138] for a review of the necessary conditions for the
evolution of altruism and cooperation). However, population viscosity also increases the
intensity of competition for space or resources among neighbors, which can impede the
evolution of altruism [272]. Le Galliard et al. (2005) [135] showed that habitat saturation,
which measures the strength of competition on altruists, is a crucial factor mediating the
evolution of altruism but need not be detrimental to the evolution of altruism in viscous
populations. In a review of recent theoretical advances on the evolution of altruism, Lion
and van Baalen (2008) [144] pointed out that the conditions for the evolution of altruism
are in general more favorable in viscous populations where dispersal is local than in well-
mixed populations that lack spatial structure. When population viscosity decreases (e.g.,
because dispersal increases), the investment in altruism decreases and eventually vanishes
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or even reverses [134, 135, 138, 143].

In a recent study, Lehmann (2007) [136] investigated what happens when an altruis-
tic act has not only a spatial component but also a temporal one. This study addressed
the case where individuals create physical alteration of the habitat that can last over sev-
eral generations (ecological inheritance [184]). In this way, individuals can (positively
or negatively) affect the fitness of individuals in the future, which can be referred to as a
niche-constructing behavior [184]. By posthumously helping relatives living in the future,
an actor is helping individuals that are not in direct competition with itself, which decou-
ples kin competition and kin selection benefits. Lehmann (2007) [136] showed that in this
case, the evolution of altruistic helping is favored under limited dispersal. This study is a
very interesting step in understanding how the way individuals modify their environment
might feed back on the selective pressures they experience.

Although recent theoretical advances have increased our understanding of the evo-
lution of helping and altruism (see [138, 143] for recent reviews), few models take the
underlying mechanisms of altruism explicitly into account as we do here in the case of
local facilitation. Our model results show how adaptation could modify the response
of an ecosystem to changing external conditions, by comparison with what would be
expected from the ecological dynamics only. Consider an ecosystem at the edge of a
transition to extinction. If only the ecological dynamics are taken into account, further
changes in external conditions are necessary to push the ecosystem beyond the extinc-
tion threshold. However, adaptation could lead the system to either move away from the
extinction threshold or move across it, resulting in extinction without further changes in
external conditions. Local facilitation by sessile organisms is also ubiquitous in physi-
cally harsh habitats other than arid ecosystems, such as salt marshes, alpine areas, and
intertidal zones [21, 23, 34, 236, 256], and our results may be further generalized to study
the evolution of local facilitation in a wider range of ecosystems. To further link adaptive
and ecological dynamics of ecosystems in a changing world is essential not only for in-
creased understanding of degradation processes but also for the development of adequate
conservation strategies.
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Appendix A: Table of parameters

Class Symbol Interpretation

Parameter m mo + α f

mo Baseline mortality rate of a vegetated cell
α Sensitivity of the cost of investing in local facilitation
f Local facilitation, i.e. maximum facilitative effect of vegetation on the regeneration

of neighboring degraded cells, realized when all the nearest-neighbors are {+}-cells
β Intrinsic seed production rate per vegetated cell× survival probability× germination

probability
ε Establishment probability of seeds on {o}-cell in a system without competition
b βε

δ Fraction of seeds globally dispersed
g Competitive effect of the global density of {+}-cells on the establishment of new

individuals
c β g

r Regeneration rate of a {−}-cell without vegetation in its neighborhood
d Degradation rate of {o}-cells
z Number of nearest neighbors of a cell (here, z=4)

Variable ρ+ Density of vegetated cells (residents)
ρ∗ Density of vegetated cells (mutants)
ρ− Density of degraded cells
ρo Density of recolonizable cells
ρσλ Density of pairs of neighboring cells {σλ}

(σ and λ can be +, o or −)
c++ Clustering intensity of the vegetation

Table 5.1: Table of parameters

83



Chapter 5: Evolution of local facilitation

Appendix B: The mutant model

The model of the mutant for the evolution of f

Let m be mo +α f , and let m∗ be mo +α f ∗.

dρ∗
dt

=
[

δρ∗+(1−δ)q∗|o

]
(b− cρ+− cρ∗)ρo−m∗

ρ∗ (5.11)
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[
δρ∗+
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z

(1−δ)q∗|o

]
(b− cρ+− cρ∗)−ρ∗+(m+m∗)

Derivation of the spatial invasion fitness

The spatial invasion fitness depends only on qo|∗ and the variables of the resident at equi-
librium. Thus, simulations of the resident equations (Appendix B of Chapter 2, section
“Pair approximation model”, page 35) until equilibrium is reached provide the value of
the resident variables at equilibrium. The following method allows us to obtain the value
of qo|∗.

The statistic qo|∗ converges very rapidly to equilibrium, compared to ρσ∗ (relaxation
property [134, 152, 252]). Therefore, to obtain a measure of the spatial invasion fitness,
we can write an auxiliary system of differential equations for the variables q∗|∗, q−|∗ and
q+|∗ (qo|∗ can be obtained with the conservation equations). Taking into account the facts
that the resident population is at equilibrium and that the mutant is rare (ρ∗ negligible in
front of ρ+), this system can be written as a closed system of three equations (using the
equations of Appendix B of Chapter 2, section “Pair approximation model”, page 35) and
the fact that ρσ1σ2 = qσ1|σ2σ2:
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dq∗|∗
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Let qo|∗ be w. At equilibrium: dq∗|∗/dt = 0, dq−|∗/dt = 0 and dq+|∗/dt = 0.

dq∗|∗
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z w
]
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Here, q∗|∗, q−|∗ and q+|∗ are functions of qo|∗ only.

qo|∗ = w = 1−q∗|∗−q−|∗−q+|∗ (5.20)
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that is,

0 = w−1+q∗|∗+q−|∗+q+|∗ (5.21)

Let ζ be: ζ(w) = w− 1 + q∗|∗ + q−|∗ + q+|∗. Here, ζ is continuous and derivable
between 0 and 1. Moreover, ∀ w ∈ [0,1] ζ′(w) > 0, ζ(0) < 1 and ζ(1) > 1. There is
thus a unique solution of the equation ζ(w) = 0 between 0 and 1 (Intermediate values
theorem). The solution (i.e., qo|∗) can be numerically obtained (e.g., by the method of the
tangent of Newton).
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Abstract
Regular patterns, similar to markings found on animal coats, have been observed

in a broad range of ecosystems. The variety of these patterns can be explained by so-
called resource-concentration mechanisms. Resource-concentration occurs when organ-
isms modify their environment in such a way that they increase the lateral flow of a re-
source toward them, leading to a local concentration of this resource and to its depletion
farther away. In resource-concentration systems, it has been proposed that regular pat-
terns are linked to bistability, and that certain vegetation patterns could indicate that an
ecosystem is close to a discontinuous shift from one stable state to another. This hypoth-
esis is important because sudden shifts between ecosystem states can lead to important
ecological and economic losses.
In this paper, we explore whether regular spatial patterns can be used as indicators of bista-
bility and discontinuous transitions in ecosystems with a resource-concentration mecha-
nism. We used a model of vegetation dynamics in arid ecosystems, in which the driving
mechanism is that water infiltrates faster under vegetation than in bare soil, leading to a
higher soil water availability under vegetation patches. We derived the conditions leading
to bistability and pattern formation, using both analytical tools and numerical simulations.
We found that some patterns, namely labyrinths and spots, always occur in the bistabil-
ity area, coexisting with homogeneous desert. If regular vegetation patterns occur in our
model, they always indicate that the system is along a discontinuous transition, meaning
that the system would go extinct in a discontinuous way if rainfall would decrease. Spots
are the last patterns to occur before a discontinuous shift to desertification, and thus they
indicate proximity to a discontinuous shift. In our model, where resource-concentration is
the only mechanism driving the feedback between vegetation and soil water availability,
bistability and regular pattern formation are linked. Yet, simply observing spot patterns
in nature might not be enough to conclude that the ecosystem is at the edge of a discon-
tinuous shift, because similar patterns can emerge from different ecological mechanisms.



Introduction

Regular pattern formation occurs in a variety of physical, chemical and biological sys-
tems [48,142]. Most illustrative examples are the typical markings found on animal coats,
such as spots on leopards, or stripes on zebras [173]. In the context of morphogenesis,
Turing (1952) [244] studied reaction-diffusion equations describing a system composed
of two substances: an activator, which promotes its own production (positive feedback)
and an inhibitor, which slows down the activation process (negative feedback). He demon-
strated that when the inhibitor diffuses much more rapidly than the activator, the system
can be unstable to small spatially heterogeneous perturbations, and subsequently evolve to
stationary regular spatial patterns. Such activator-inhibitor models, including short-range
activation and long-range inhibition, can reproduce a large variety of regular patterns ob-
served in nature (e.g., animal coating [9, 174, 227]; patterns on seashells [159]; spatial
organization of vegetation [123, 140, 185, 206, 207, 267]; spatial organization of mussel
beds [256]).

A particular case of activator-inhibitor systems are the so-called activator-depleted
substrate systems. In these systems, the inhibiting effect results from the depletion of a
substrate consumed during the production of the activator [159]. In ecosystems, organ-
isms (e.g., plants) can modify their environment in such a way that they increase the flow
of a resource (e.g., water) toward them, leading to a local concentration of this resource.
The resource is harvested from the surrounding areas, and its movement toward the organ-
isms consequently leads to its depletion from further away from them. We refer to this par-
ticular case of activator-depleted substrate interactions as resource-concentration mecha-
nism. Rietkerk et al. (2004) [207] and Rietkerk and van de Koppel (2008) [211] proposed
that a variety of patterns in ecosystems can be explained by resource-concentration mech-
anisms.

Interestingly, activator-depleted substrate systems can exhibit bistability [26,109,174,
206, 267], meaning that two stable states can be reached by the population, depending
on the initial conditions and given the same parameter values. We call bistability area
the set of environmental factors and attributes of the system under which bistability oc-
curs. It has been proposed that bistability and regular pattern formation are linked in
activator-depleted substrate systems, meaning that specific shapes of the regular patterns
could signal bistability [207]. This hypothesis is of particular interest for ecosystems
where bistability can lead to sudden shifts between ecosystem states under gradual exter-
nal changes, implying potential ecological and economic losses [207, 218]. Identifying
patterns that only occur in the bistability area could lead to indicators of imminent shifts
from healthy to degraded state in ecosystems.
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The links between resource-concentration, bistability and regular pattern formation
are still unclear, although specific aspects have been addressed in previous studies [140,
206,219,267]. In particular, under which conditions (i.e., the range of parameter values re-
ferring to environmental factors and attributes of the system) does resource-concentration
lead to bistability of the system? Is the history of the system (especially previous spatial
organization of the system) playing a role in the size of the bistability area? Are there
shapes of the regular patterns that only occur in the bistability area? The aim of this study
is to test the hypothesis that regular patterns and bistability are linked, using a modeling
approach. Our ultimate goal is to find out whether regular spatial patterns can be used as
indicators of bistability, and consequently of possible discontinuous transitions, in ecosys-
tems with resource-concentration. We used a modified version of Rietkerk et al.’s (2002)
model [206], which describes the vegetation dynamics in arid ecosystems based on one
main driving mechanism: water infiltrates faster into vegetated ground than into bare soil,
leading to a positive feedback between soil water availability and vegetation locally, and
the depletion of water from farther away from the plant. We studied both a non-spatial
version of the model, and a spatially-explicit version of the model, where vegetation and
water diffuse through space. Rietkerk et al.’s (2002) model is a good compromise between
ecological realism and mathematical tractability. However, in its original form, no bista-
bility occurs in the non-spatial version of the model. This is because all the surface water
that can possibly infiltrate in the soil will eventually infiltrate, as surface water cannot be
lost by the system in this model. So, in the non-spatial model, the positive feedback is
not active, which explains why bistability does not occur. Bistability and pattern forma-
tion simultaneously emerge in the spatial model. To adequately study the link between
resource-concentration, bistability and regular vegetation patterns, we need an operational
positive feedback, also in the non-spatial model. We thus modified Rietkerk et al.’s (2002)
model by adding a loss term for surface water: water that does not infiltrate can be lost,
for instance by drainage to gullies or rivers, or by evaporation. In this modified model,
both the non-spatial and the spatial models present bistability.

We derived the conditions leading to bistability and discontinuous transitions in the
non-spatial model. We then calculated analytically the conditions under which regular
patterns are expected to occur, using the so-called Turing method [93], and we compared
these analytical results with spatially-explicit numerical simulations. We deduced the
area of bistability of the spatial model, and consequently the link between bistability and
regular vegetation patterns. Finally, we checked how the history of the system, meaning
the spatial organization of the system in the past, affects vegetation pattern formation
and the stability of these patterns under environmental changes, including the size of the
bistability area.
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The model

A description of Rietkerk et al.’s (2002) model can be found elsewhere [206]. We briefly
reiterate here Rietkerk et al.’s (2002) model formulation, including a description of how
the surface water budget was revised. In Rietkerk et al.’s (2002) model, three state vari-
ables are considered: plant density P (g m−2), soil water W (mm) and surface water O
(mm). Rietkerk et al.’s (2002) model assumes that rainfall events in arid and semi-arid
ecosystems occur at an intensity exceeding the infiltration capacity of the soil. Hence,
part of the rainwater infiltrates into the soil, while the remainder produces surface water
and runoff routed to other spatial locations.

In arid ecosystems, vegetation cover is often a two-phase mosaic composed of densely
vegetated patches and bare soil areas [52]. The two phases of the mosaic mainly differ
in their infiltration capacity for water [67, 243]. Vegetation improves the structure of the
soil because it stimulates the biological activity in the soil, its root system forms chan-
nels and aerates the soil, and its canopy intercepts raindrops and prevents crust forma-
tion [98,120,198]. Thus, infiltration is higher under vegetation than in bare soil [209]. In
this model, the infiltration rate is assumed to asymptotically approach a maximum with
increasing plant density [269], an assumption supported by field observations reported in
Rietkerk et al. (2000) [209]. Thus, after a rain event, water runs off in bare areas and
mainly infiltrates in vegetated patches, which act as sinks of water.

As already mentioned, in Rietkerk et al.’s (2002) model, surface water cannot be lost
by the system. However, especially during rainstorms, part of the surface water can run
off or evaporate [67]. Thus, we added a loss term, lo, for surface water to Rietkerk et al.’s
(2002) model. With such a loss term, water availability for plants relies on the capacity of
vegetated areas to drain runoff water from bare areas. This depends on a balance between
the infiltration rate of water in vegetated areas (and thus on the density of vegetation)
relative to the rate of surface water loss by the system. With the loss term for surface
water, the vegetation-infiltration positive feedback thus plays a more important role in the
capacity of the system to maintain vegetation.

In the absence of terrain variations, the dynamics of surface water depth are modeled
as:

∂O
∂t

= R−αO
P+ k2Wo

P+ k2
− loO+Do∆O (6.1)

with R the rainfall (mm d−1), α the maximum infiltration rate (d−1), k2 the saturation
constant of water infiltration (g m−2), Wo a measure of the infiltration contrast between
vegetated and bare soil (dimensionless), lo the surface water loss rate (d−1), Do the dif-
fusion coefficient of surface water (m2 d−1), and ∆ is the Laplace operator in x and y.
We chose the simplest formulation possible for the loss term, a linear dependency on the
surface water, O. This formulation is well justified for modeling losses of surface water
by evaporation [123, 161]. lo O is the only term that was changed compared to Rietkerk
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et al.’s (2002) model.

The infiltrated soil water is lost due to plant uptake, to evaporation and drainage, and
to lateral subsurface flow because of capillary forces. Soil water dynamic is modeled as
follows:

∂W
∂t

= αO
P+ k2Wo

P+ k2
−g

W
W + k1

P− rwW +Dw∆W (6.2)

with g the maximum specific water uptake (mm g−1 m−2 d−1), k1 the half-saturation
constant of specific growth and water uptake (mm), rw the specific soil water loss due to
evaporation and drainage (d−1) and Dw the diffusion coefficient for soil water (m2 d−1).

The dynamics of plant biomass are modeled as:

∂P
∂t

= cg
W

W + k1
−dP+Dp∆P (6.3)

with c the conversion of water uptake by plants to plant growth (g mm−1 m−2), d the
specific loss of plant density due to mortality (d−1) and Dp the plant dispersal (m2 d−1).

For all parameters apart from lo, we used the parameter value of Rietkerk et al.
(2002) [206]. lo was calibrated so that the shape of the patterns exhibited by the model
correspond to the patterns observed in West-Africa by Barbier et al. (2006) [15] for the
same rainfall. Table 6.1 (page 101) provides an overview of the parameters and variables
and their interpretation.

Analysis

Non-spatial model
The non-spatial model was analyzed for equilibria and their stability using standard meth-
ods for ordinary different equations. Calculations are presented in Appendix B.

Turing analysis
Linear stability analysis was used to determine whether regular patterns can form. The
principle of this analysis is to investigate the fate of a small initial heterogeneity in an
otherwise uniform system [93, 174, 244].

In more intuitive terms, the principle of the analysis is as follows. We start from a
spatially homogeneous steady state of plant density, soil water and surface water (i.e.,
from the non-trivial equilibrium of the non-spatial model) in the conditions where this
equilibrium is stable with respect to spatially homogeneous perturbations. Then, the lin-
ear stability analysis consists in adding or removing a small but spatially heterogeneous
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amount of plants, soil water and surface water. If these perturbations grow spatially, the
system will develop to a new, spatially patterned steady state.

We call the patterns predicted by this method “Turing patterns” and the range of pa-
rameter value in which they occur “Turing instability range”. The Turing instability range
can be analytically calculated, and the details of the analytical derivation are presented in
Appendix C.

Spatially-explicit simulations
Two-dimensional numerical simulations were also performed, to compare with the Turing
analysis predictions. They correspond to Euler integration of the finite-difference equa-
tions resulting from the discretization of the diffusion operator.

Different grid sizes and boundary conditions were used depending on the type of sim-
ulations performed. When simulations were run on grids with changing parameter values
along the x- and y-directions (mimicking gradients), the spatial mesh consisted of a grid
of 500×500 cells and a “no flux of matter boundary condition” at the border cells was as-
sumed. The use of “periodic boundary conditions” instead was not intuitively appealing
because some parameter values change along the two directions. Otherwise, the spatial
mesh consisted of a grid of 100×100 cells with periodic boundary conditions. In case of
periodic boundary conditions, any biomass that crosses a boundary of the simulated grid
(e.g., last column) is reinserted at the opposite side (e.g., first column).

Patterns were followed along transitions of decreasing rainfall. For each rainfall value,
simulations were run until stationary patterns were reached (i.e., steady state). The initial
conditions of the simulations were either “random” or “sticky” (the initial condition used
is mentioned in the legends of the figures). In case of random initial conditions, simu-
lations were started by randomly introducing vegetation in 1% of the cells (for each of
those cells: P = 50 g m−2, W and O: spatially homogeneous equilibrium). In case of
sticky initial conditions, the outcome of the model for a different rainfall value was used
as an initial condition.

The spatial domain is such that one cell is about 2×2 square meters, and the integra-
tion time step is daily.

Results
We start with the non-spatial model. As a consequence of the loss term for surface water
and the stronger positive feedback between vegetation and soil water availability, bista-
bility occurs in the non-spatial model (Appendix B), which was not the case in Rietkerk
et al.’s (2002) model [206]. Bistability means that two states, one corresponding to a
high vegetation density and the other to a desert deprived of vegetation, can coexist for
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the same set of rainfall conditions. The transition from one state to the other occurs
through a discontinuous transition. The main mechanism driving the bistability of the
non-spatial model is Wo, a measure of the infiltration contrast between vegetated and bare
areas (Fig. 6.1; Appendix B). When the infiltration rate of water in bare soil is high, wa-
ter can infiltrate everywhere in the system, independently of the presence of vegetation,
and the feedback between vegetation and water is weak. On the contrary, when the in-
filtration rate of water in bare soil is low, the amount of water that can infiltrate depends
crucially on the presence of vegetation, which increases the infiltration rate. This creates
a large difference in soil water availability between bare and vegetated areas, and the pos-
itive feedback between vegetation and water is strong. For high value of Wo, meaning a
weak positive feedback, the transition to desert is continuous and no bistability occurs.
When Wo decreases, the strength of the positive feedback increases and bistability arises
(Fig. 6.1). So, a stronger positive feedback between vegetation and soil water leads to a
larger bistability area in the non-spatial model (Fig. 6.1). The other parameters affect the
size of the bistability area, but not its existence.

In the spatial model, the homogeneous desert is stable under the same range of condi-
tions than in the non-spatial model, but vegetation can survive under harsher environmen-
tal conditions than predicted by the non-spatial model (Fig. 6.1). This is associated with
pattern formation of the vegetation, which we explore in Figure 6.2.

Starting with a homogeneous vegetation cover, Turing analysis provides information
about when regular patterns are expected to form by investigating the fate of a small ini-
tial heterogeneity in this uniform vegetation cover [142, 174, 244]. The Turing patterns,
predicted by this analysis, occur always in a small zone under the harshest environmental
conditions where the non-spatial model predicts vegetation maintenance (Fig. 6.2 B; see
Appendix C for the analytical calculations of the Turing instability range). Turing pat-
terns occur both in conditions where vegetation is expected to coexist with homogeneous
desert (Fig. 6.2 B; on the left of the dashed white line), and in a range of conditions where
vegetation is expected to be the only stable state of the system (Fig. 6.2 B; on the right of
the dashed white line). Thus, Turing patterns do not always occur in bistable conditions.

Spatially-explicit simulations of the model show that vegetation patterns, more pre-
cisely labyrinths and spots, arise outside the Turing instability range (Fig. 6.2 C). These
non-Turing patterns arise due to the non linearities of the model, which are not taken into
consideration when calculating analytically the Turing instability range, where the non-
spatial model is linearized in the vicinity of the homogeneous vegetation equilibrium (Ap-
pendix C). Non-Turing patterns prolong the Turing patterns in the desert area, where the
non-spatial model did not predict a possible maintenance of the vegetation (Fig. 6.2 E). In
the spatial model, vegetation can survive in the form of non-Turing patterns under harsher
conditions than predicted by the non-spatial model. These stable non-Turing patterns are
in a parameter zone, where the homogeneous desert equilibrium is also stable (compare
Fig. 6.2 E and A). Numerical simulations confirm that the homogeneous desert state is
stable under the same range of conditions in the spatial and in the non-spatial models
(e.g., Fig. 6.1). Therefore, non-Turing patterns belong to the bistability area of the spa-
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Figure 6.1: Effect of the infiltration rate of water in the soil (Wo) on the bifurcation diagrams
of the non-spatial and of the spatial models. Black/grey lines: Vegetation density at equilibrium
(vertical axis) as a function of rainfall, R (horizontal axis) in the non-spatial model. Black: stable
equilibria, grey: unstable equilibria (which mark the limit between the basin of attraction of the
desert equilibrium and the other stable branch corresponding to vegetation (black line)). Bistability
occurs in the range of R values where the unstable equilibrium exists. For readability, the desert
equilibrium was not plotted. For Wo = 0.9, the transition is continuous (no bistability), whereas it
is discontinuous for Wo = 0.2. Using the parameter settings of HilleRisLambers et al. (2001) [93]
and Rietkerk et al. (2002) [206], and lo = 0.06, the non-spatial model exhibits bistability, and
thus discontinuous transitions, for Wo < 0.70. Green lines: Vegetation density (average vegetation
biomass per cell of the lattice) at steady state as a function of rainfall R for Wo = 0.2 with sticky
initial conditions. Simulation grids were 100×100 cells, and boundary conditions were periodic.
To obtain the dark green line, we started at a value of R where patterns are expected to occur, we
ran the simulation from random initial conditions (1% of the sites, randomly chosen in the lattice
initially contained a density of vegetation of P = 50; W and O were at their value of the spatially
homogeneous equilibrium). We then followed the branch up (resp. down) by increasing (resp.
decreasing) the value of R of 0.1, and running each of the simulations for 3000 time steps. We used
the final state of the former simulation as an initial state for the following. The desert equilibrium is
stable from R = 0 to R = 2.5. Patterns go extinct at R = 1 and recover at R = 2.5. The dashed light
green line (not numerically obtained) represents the unstable equilibrium between the two stable
equilibria in the bistability area. Note that for Wo = 0.9, the transition is the same in the spatial and
in the non-spatial model because no spatial pattern occur along the transition. c = 10, g = 0.05,
k1 = 5, α = 0.2, d = 0.25, lo = 0.06, k2 = 5, rw = 0.2. See Table 6.1 (page 101) for the interpretation
of the parameters.

tial model. The spatial bistability area is thus composed of the non-spatial bistability and,
additionally, the area of the non-Turing patterns (Fig. 6.2 D). In this case, the spatial bista-
bility is therefore always larger than the non-spatial bistability due to the emergence of
the non-Turing patterns in the spatial model.

As mentioned earlier, non-Turing patterns always coexist with stable homogeneous
desert, but this is not necessarily the case of the Turing patterns. We traced bifurca-
tion graphs with rainfall, R, as a bifurcation parameter for different values of Wo, and
we found that Turing patterns always prolong into non-Turing patterns under decreasing
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Figure 6.2: Turing and non-Turing vegetation patterns, spatial and non-spatial bista-
bility. A, Sate diagram of the non-spatial (NS) model. Black: homogeneous vegetation,
grey: bistability, white: desert. Homogeneous vegetation survives until the hysteresis curve:
d = (RcgαWo)/(RαWo + rwk1(αWo + lo)) (Appendix B). On the left of the white dashed ver-
tical line (Wo = 0.70), transitions to desertification are discontinuous in the non-spatial model,
whereas they are continuous on its right. B, Analytical solution for the Turing instability range
(Appendix C). Black: homogeneous vegetation cover, grey: Turing patterns, white: homogeneous
bare soil. The white dashed vertical line in the same as in A. C, Spatially-explicit simulations.
Simulation grid: 500×500. Simulation time: 5000 time steps. D, Bistability area of the spatial
model obtained by combining panels 6.2 A and C: black: homogeneous vegetation and no bista-
bility, dark green: homogeneous vegetation coexisting with homogeneous desert (i.e., bistability of
the non-spatial model), light green: Turing and non-Turing patterns coexisting with homogeneous
desert (bistability). The bistability area of the spatial model is the total green area (dark and light
green). E, Areas of Turing and non-Turing patterns obtained by combining panels 6.2 B and C.
Black: homogeneous vegetation, light grey: Turing patterns predicted by the linear analysis, dark
grey: non-Turing patterns predicted by the spatially-explicit simulation. The spatially-explicit pat-
terns of panel C can be seen in transparency behind the light and dark grey areas. The white dashed
vertical line is the limit between discontinuous and continuous transitions in the non-spatial model
(same as in A and B), and the green dashed one is the same in the spatial model. c = 10, g = 0.05,
k1 = 5, α = 0.2, d = 0.25, lo = 0.06, k2 = 5, rw = 0.2. Note that the different zones in D and E were
obtained by comparison of the figures, not by direct numerical analysis. See Table 6.1 (page 101)
for the interpretation of the parameters.

rainfall. This happens at the right of the white dashed line as well, although the range
of conditions under which non-Turing patterns occur is then very small (Fig. 6.2 E). This
has two important implications.

The first implication is that, in this model, the occurrence of vegetation patterns indi-

96



Figure 6.3: Patterns occurring before extinction along discontinuous transitions. Spatially-
explicit simulations. Simulation grid: 100×100. Simulations time: 2000 time steps. First row
(A-E): patterns from random initial condition. From left to right: R = 1.8, R = 1.5, R = 1.3,
R = 1.2, R = 1.00. Second row (F-J): patterns from sticky initial conditions (initial condition =
final situation of R-0.05; see legend of Fig. 6.1). From left to right R = 1.8, R = 1.5, R = 1.35,
R = 1.25, R = 1.00. Other parameter values: Wo = 0.2, k2 = 5, α = 0.2, rw = 0.2, Dp = 0.1,
Do = 100, Dw = 0.1, d = 0.25, k1 = 5, g = 0.05, c = 10, lo = 0.06. See Table 6.1 (page 101) for
the interpretation of the parameters. K, Zoomed view of the low-rainfall extremity of the bifurcation
graph, plotted with sticky initial conditions (as in Fig. 6.1) in solid line and with random initial
conditions in dashed line.

cates that the system is along a discontinuous transition. In particular, labyrinths and spots
occur in the bistability area, meaning that they occur when the system is degrading, but
once the system collapsed to the desert state they would not occur if the system is recov-
ering. So, the succession of patterns (in time) indicates whether the system is degrading
or restoring, and the shape of the patterns indicates how far the system is from discontin-
uous transition to extinction. When rainfall decreases, the vegetation cover changes from
homogeneous to gaps, to labyrinth and to spots before becoming extinct (Fig. 6.2 C). The
spot patterns are thus the last patterns to occur along discontinuous transition to desertifi-
cation. So, they indicate proximity to abrupt desertification in this resource-concentration
system, as already suggested by other model studies [161, 206, 207, 267].

The second implication is that the parameter range under which discontinuous tran-
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sitions occur in the spatial model is larger than in the non-spatial model (Fig. 6.2 E). In
particular bistability occurs in the spatial model under higher values of Wo, meaning for
weaker positive feedbacks between vegetation and water, compared with the non-spatial
model. Moreover, in the spatial model, a stronger positive feedback leads to a larger bista-
bility area (Fig. 6.2 D).

Simulations show that there is another phenomenon that affects the area of regular
vegetation pattern occurrence, and consequently the area of spatial bistability: the type
of initial condition (random or sticky; see the Analysis section for details), i.e. the his-
tory of the patterns (Fig. 6.3). Along a transition (e.g., R decreases), the usual sequence
of patterns obtained from a random initial condition is homogeneous vegetation cover,
gaps, labyrinths, spots and desert when rainfall decreases (Fig. 6.3 A-E; as commonly
observed in other models of vegetation dynamics in arid ecosystems [140,185,206,267]).
However, with sticky initial conditions (i.e., using patterns obtained under other rainfall
conditions as initial state), the patterns remain under harsher conditions (“stickiness of
the patterns”) (compare Fig. 6.3 E and J; Fig. 6.3 K). This means that the spatial organi-
zation of the vegetation makes the system more resistant to harshness of environmental
conditions. Moreover, different pattern shapes emerge (new topology) with sticky initial
conditions (Fig. 6.3 F-J). Even band-like patterns are found on bare ground (Fig 6.3 I; as
also observed by Lejeune et al. (1999) [140]).

Discussion
We analyzed a model of vegetation dynamics, including a positive feedback between
vegetation density and surface water infiltration, which leads to an increase in soil wa-
ter availability locally and its consequent depletion from the plants’ surroundings. The
strength of this feedback depends on the infiltration contrast between vegetated and bare
soil. Adding a loss term for surface water in Rietkerk et al.’s (2002) model [206], we
show that bistability can arise in the non-spatial and in the spatial models, leading to po-
tential discontinuous transitions between vegetation and desert states. We provide the first
complete analysis of the link between the resource-concentration mechanism, bistability
(non-spatial and spatial) and regular vegetation patterns in a model of vegetation dynam-
ics in arid ecosystems. Note that in this model, it is very likely that different shapes of
patterns coexist under certain ranges of conditions [229]. However, here, we are only
interested in the bistability that occurs between a homogeneous desert state and a vege-
tated state, which is of relevance for understanding the behavior of systems approaching
desertification.

In both the non-spatial and the spatial models, bistability arises if the positive feedback
is strong enough. Bistability arises because a threshold vegetation biomass is necessary
to activate the feedback between vegetation and water availability: if vegetation density
is too low, vegetation is not able to concentrate enough water for its own survival. More-
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over, a stronger positive feedback leads to a larger bistability area. We also show that the
bistability area in the spatial model is always larger than in the non-spatial model, mainly
because of the non-Turing patterns. Vegetation can live under harsher environmental con-
ditions in the form of spatial patterns, but under these harsh conditions the system is also
bistable and thus likely to suddenly collapse to another stable state if perturbed.

The resource-concentration mechanism leads to regular vegetation patterns [140,185,
206, 267], of which a large proportion occurs in the bistability area: if regular vegetation
patterns are observed in our system with resource-concentration as the only mechanism
driving the positive feedback between vegetation and soil water availability, they indicate
that the system is along a discontinuous transition to desertification, meaning that the
model system would go extinct in a discontinuous way if the external conditions would
deteriorate. In particular, spots are the last patterns to occur before an extinction in a
discontinuous way, and thus they indicate proximity to a discontinuous shift in our model
system with resource-concentration, mathematically formalizing the hypothesis of Rietk-
erk et al. (2004) [207].

Another interesting result is that the patterns are sticky, meaning that the patterns are
relatively similar to the patterns they originate from. Moreover, because of the stickiness
of the patterns, starting from a spatially organized system and gradually decreasing rain-
fall, vegetation can persist long into conditions where simulations starting from random
initial conditions do not lead to vegetation maintenance. However, this only happens if
the changes in rainfall are very small and slow; otherwise, the system collapses to a desert.

Both bistability and stickiness imply that the history of the system can affect the shape
of the vegetation patterns observed under a given external condition. Although the pat-
terns are static, looking at their shape at a snapshot in time could thus already provide
information about the history of the system. Stickiness could also play an important role
in restoration of degraded systems, where planting seeds or seedlings in spatial patterns
might increase the recolonization success.

Irregular patterns have also been observed in nature, whose patch size distribution
can be characterized by a power law (Chapter 3; [116, 216]). A proposed ecological
mechanism for these patterns is local facilitation, where vegetation improves the abi-
otic conditions of its local environment favoring the recruitment of other individuals
nearby [116, 118]. This positive effect does not trigger negative effect further away, con-
trary to models based on resource-concentration, where the intensity and spatial scale of
the positive feedback are closely coupled with competition intensity and spatial scale.
Models with such local facilitation mechanism predict that local facilitation is stabiliz-
ing and decreases the chance of discontinuous transitions. In our resource-concentration
model, bistability and regular patterns appear simultaneously in space, meaning that veg-
etation patterns occur only along discontinuous transition. On the contrary, in local facil-
itation models, vegetation patchiness occurs along both types of transitions. In particular,
irregular spots-like patterns are not linked to bistability.
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It seems quite well established that spots or irregular spot-like patterns are indi-
cator of imminent desertification, in continuous and discontinuous ways (e.g. Chap-
ter 2; [118,161,206,207,267]). However, their role as indicators specific to discontinuous
transitions depends on the ecological mechanism generating them. Different ecological
mechanisms can lead to apparently similar patterns. Gilad et al. (2004) [71] developed a
model of arid ecosystem dynamics quite similar to ours, but in which they included a pos-
itive feedback mechanism between above-ground and below-ground biomass (so-called
root-augmentation feedback) besides the infiltration feedback. As plants grow, their roots
become longer, which allows them to take up more water and grow faster. In this model,
the authors showed that the general sequence of biomass patterns (i.e. gaps, labyrinths
and spots) is not affected, but their model does allow for monostability of spot patterns:
there is a precipitation range where the bare soil state is no longer stable but spots are still
stable. Observing spots in nature is thus not enough to infer whether the system is close to
a continuous or discontinuous transition to desertification. We need to know the underly-
ing ecological mechanism to be able to conclude about the value of spots as indicators of
proximity from discontinuous shifts. If the resource-concentration mechanism operates,
for example, soil water availability should be higher under vegetation patches than in bare
areas.

Finding indicators specific to discontinuous transitions has attracted lots of attention
in ecology lately, the main reason being the unexpected aspect of these transitions and
their potential irreversibility. It is noteworthy though, that transitions that are mathe-
matically discontinuous are not always relevant for field ecology. In spatially organized
systems, with consumer-resource positive feedback, the appearance or disappearance of
individuals may occur in patches of individuals, which are the spatial units of the system.
This would lead to a mathematically discontinuous transition, but this would not be per-
ceived as such in the field. Moreover, even if the transition is discontinuous, a very small
hysteresis loop is still very easy to reverse. In our model, we show that for weak positive
feedback, transitions to desert are discontinuous but the area of bistability, and therefore
the size of the hysteresis loop, is very small. Besides finding indicators of imminent shifts,
a challenge for systems exhibiting catastrophic shifts is to be able to estimate the size of
the hysteresis loops.
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Appendix A: Table of parameters

Class Symbol Interpretation Unit

Parameter R Rainfall mm d−1

α Maximum infiltration rate d−1

k2 Saturation constant of water infiltration g m−2

k1 Half-saturation constant of specific growth and water uptake mm d−1

Wo Measure of the infiltration contrast between vegetated and bare
soil

Dimensionless

lo Surface water loss rate d−1

g Maximum specific water uptake mm g−1 m2 d−1

rw Specific soil water loss due to evaporation and drainage d−1

c Conversion coefficient of water uptake by plants to plant
growth

g mm−1 m−2

d Specific loss of plant density due to mortality d−1

Dp Plant dispersal m2 d−1

Dw Diffusion coefficient of soil water m2 d−1

Do Diffusion coefficient of surface water m2 d−1

Variable P Plant density g m−2

W Soil water mm
O Surface water mm

Table 6.1: Table of parameters

Appendix B: Spatially homogeneous solutions

There is one trivial spatially homogeneous solution (i.e., lacking spatial structure): P∗ = 0,
W ∗ = αWoR/

[
(αWo + lo)rw

]
, O∗ = R/(αWo + lo), which is stable if:

d >
cgαWoR

αWoR+ k1rw(αWo + lo)
(6.4)

In the following, we call this equilibrium desert equilibrium. The stability condition
of the desert equilibrium can be re-written as follows:

R <
rwdk1(lo +αWo)

αWo(cg−d)
(6.5)

At this point, there is a transition towards a homogeneous vegetated state. This tran-
sition can be continuous or discontinuous. When the water infiltration feedback is strong
enough, the transition is discontinuous, meaning that for a range of rainfall rates, the
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model exhibits bistability between a uniform vegetated state and a bare state. The transi-
tion is discontinuous if:

Wo <

lo

[
dk2− c(gk2 + k1rw)

]
+
√

ϑ

2αk2(cg−d)
(6.6)

In which:

ϑ = lo

(
4αc(cg−d)k1k2rw +

[
k2(cg−d)+ ck1rw

]2lo

)
Non trivial spatially homogeneous equilibria are solutions of the system:

W = dk1
cg−d

O = R(P+k2)
α(P+k2Wo)+lo(P+k2)

AP2 +BP+C = 0 (Pol)

With:

A =
d
c
(α+ lo)

B =
d
c
(αk2Wo + lok2)+(α+ lo)rw

dk1

cg−d
−Rα

C = rw
dk1

cg−d
(αk2Wo + lok2)−Rαk2Wo

The polynomial Pol is convex. It has two solutions (one stable and one unstable
equilibrium) as soon as its minimum value (Pmin = -B/(2A)) is negative. See Fig. 6.4 for
the effect of lo, d and k1 on the bifurcation graph of the non-spatial model.

Figure 6.4: Effect of the parameters (other than Wo) on the bifurcation diagrams of the non-
spatial model. Black: stable equilibria, grey: unstable equilibria. c = 10, g = 0.05, Wo = 0.2,
k1 = 5, α = 0.2, d = 0.25, lo = 0.06, k2 = 5, rw = 0.2. See Table 6.1 (page 101) for the interpretation
of the parameters.
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Appendix C: Stability to spatially heterogeneous pertur-
bations
We linearize the system of equation around the non trivial equilibrium (P∗, W ∗, O∗).

P = P∗+ ε(x,y, t) (6.7)
W = W ∗+ϕ(x,y, t) (6.8)
O = O∗+θ(x,y, t) (6.9)

∂P
∂t

=
∂ε

∂t
= f (P,W,O) =

∂ f
∂P

(P−P∗)+
∂ f
∂W

(W −W ∗)+
∂ f
∂O

(O−O∗) (6.10)

(the same for the two other equations)

We choose [93]:

ε(x,y, t) = ε(t)cos(
x
l1

)cos(
y
l2

) (6.11)

ϕ(x,y, t) = ϕ(t)cos(
x
l1

)cos(
y
l2

) (6.12)

θ(x,y, t) = θ(t)cos(
x
l1

)cos(
y
l2

) (6.13)

By replacing the partial derivatives (∂ f /∂P, ∂ f /∂W , ∂ f /∂O, ...) with their expression,
we obtain:

∂ε

∂t
= P∗

(cg−R)2

cgk1
ϕ− εQ2Dp (6.14)

∂ϕ

∂t
=

(
Rk2(1−Wo)α[

α(P∗+ k2Wo)+ lo(P∗+ k2)
]
(P∗+ k2)

− d
c

)
ε (6.15)

−
(

P∗
(cg−d)2

k1c2g
+ rw

)
ϕ

+α
P∗+ k2Wo

P∗+ k2
θ−ϕQ2Dw

∂θ

∂t
= − αRk2(1−Wo)[

α(P∗+ k2Wo)+ lo(P∗+ k2)
]
(P∗+ k2)

ε−
(

α
P∗+ k2Wo

P∗+ k2
+ lo

)
θ

−θQ2Do (6.16)

with Q2 = 1/l12 +1/l22.
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We use the quasi-steady-state approach, i.e., we assume that the dynamics of surface
water act on a much faster scale than the changes in W and P [93]. θ is expressed as a
function of ε and ϕ by solving ∂θ/∂t = 0. We replace θ by its expression in the two other
equations. J, the Jacobian matrix at equilibrium, of the resulting system of two equations
is given by

J =

−DpQ2 P∗ (cg−d)2

cgk1

J3 −P∗ (cg−d)2

c2gk1
− rw−DwQ2

 (6.17)

With J3 = E
(

1− α(P∗+k2Wo)
(DoQ2+l)(P∗+k2)+α(P∗+k2Wo)

)
− d

c

and E = Rk2(1−Wo)α

(P∗+k2)
[

α(P∗+k2Wo)+lo(P∗+k2)
]

Trace(J) < 0. Thus, pattern formation occurs when Det(J) < 0. Det(J) is given by:

Det(J) = F(Q2) = DpQ2

(
P∗(cg−d)2

k1c2g
+ rw +DwQ2

)
(6.18)

P∗(cg−d)2

k1cg

(
d
c

+E
α(P∗+ k2Wo)

(P∗+ k2)(Q2Do + lo)+α(P∗+ k2Wo)

)
−P∗(cg−d)2

k1cg
E
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Abstract
Seed dispersal and establishment are critical stages for plants in arid environments,

where vegetation is spatially organized in patches with suitable and unsuitable sites for
establishment. Theoretical studies suggest that the ability of vegetation to self-organize
in patchy spatial patterns is a critical property for plant survival in arid environments
and is a consequence of a scale-dependent feedback between plants and resource avail-
ability. Field observations show that plants of arid environments evolved towards short-
distance dispersal (proxichory) and that the investment in reproduction increases along
an aridity gradient. Here, we investigated how plant dispersal strategies affect spatial or-
ganization and associated scale-dependent feedback in arid ecosystems. We addressed
this research question using a model where the spatio-temporal vegetation patterns were
driven by scale-dependent feedbacks between plants and soil water availability. In the
model, water availability limited vegetation growth, seed production, and establishment
ability. Seed dispersal was modeled with an integro-differential equation that mimicked
important plant dispersal characteristics (i.e., fecundity, mean dispersal distance and es-
tablishment ability). Results showed that, when the investment in fecundity was relatively
high, short-distance seed dispersal helped maintaining higher mean biomass in the sys-
tem, improving the vegetation efficiency in water use. However, higher fecundity induced
a large cost, and high mean biomass could be sustained only with high establishment abil-
ity. Considering low establishment ability, intermediate fecundity was more efficient than
low fecundity in maintaining high plant biomass under the most arid conditions. Consis-
tently, plant dispersal strategies that maintained more biomass were related to a vegetation
spatial organization that allowed the most efficient soil water redistribution, through the
strengthening of the scale-dependent feedback. The efficient dispersal strategies and spa-
tial patterns in the model are commonly observed in plants of arid environments. Thus,
dispersal strategies in arid environments might contribute to a favorable spatial organiza-
tion and associated scale-dependent feedback.



Introduction

Arid ecosystems are spatially heterogeneous, with “islands of fertility” [198, 221] neigh-
boring unsuitable places for plant establishment. Seed dispersal and establishment play an
important role in such harsh and spatial heterogeneous environments [3,63]. At these ini-
tial stages of a plant’s life, environmental limitations can be especially constraining [122].
In addition, the place of seed arrival and establishment determines the surrounding envi-
ronmental conditions for the plant lifespan [17, 226].

Besides environmental limitations, biotic interactions among seedlings, and between
adults and seedlings, influence plant community dynamics [10,147]. The role of competi-
tion in the establishment stage has been acknowledged by several studies as an important
factor determining the species colonizing ability [8, 96]. However, in arid ecosystems
the role of local positive interactions among plants shaping plant community dynam-
ics has been widely recognized [35, 198]. For seedling establishment, the “nurse plant
syndrome” [63], i.e. seedling emergence under an adult plant’s canopy due to amelio-
ration of the micro-environment, is determinant [10, 63]. On the other hand, resources
(especially water) are extremely limited, leading to competition at a larger range. As a
consequence of the interplay between local positive interactions and competition for lim-
iting resources, a scale-dependent feedback operates, locally positive and negative farther
away [211]. Models show that because of this scale-dependent feedback, a two-phase
mosaic of vegetation and bare soil emerges, in a patchy spatial pattern that allows veg-
etation survival under low rainfall [207]. The scale-dependent feedback between plant
biomass and resource availability has been recognized as an important driving force in
arid ecosystems [71, 207, 209]. However, these interacting forces have been neglected by
general models of plant dispersal strategies, usually based only on competitive interac-
tions among plants [8, 24].

Not surprisingly, plants living in arid environments developed adaptations to increase
the probabilities of finding good micro-sites to germinate and establish. A large number
of field studies showed that in arid environments, plants evolved towards short-distance
dispersal, also called “proxichory” [58, 261]. The reduction of dispersal structures in
seeds and the development of anchorage mechanisms are widely observed in dry areas,
but their evolutionary advantage remains controversial. Some authors argue that short-
distance dispersal must be an advantage in arid ecosystems. This is the “nurse effect”
hypothesis, that claims that staying close to the adult plant is the best strategy for seed
establishment [261]. However, other authors argue that there is no such adaptation to
stay close to the adult plant, but that short-distance dispersal is a side-effect of anchor-
age mechanisms, whose primary function is to enhance germination or to avoid preda-
tion [58].
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Another reproductive strategy observed in some plants living in arid environments is a
higher investment in reproduction (i.e., a higher biomass allocated to reproductive struc-
tures and to a larger seed number), compared to populations from less arid conditions,
such as from Mediterranean populations [11, 266]. Again, this observation is not fully
understood, and several alternative hypotheses have been suggested. Firstly, it has been
proposed that the competitive interactions among plants in harsh environments are less
important [78, 79], and thus, plants would not need to invest in local competitiveness by
allocating biomass to vegetative structures. Then, following the competition-colonization
trade-off, plants could invest more in reproduction, although the allocation of resources
to reproduction could be subordinated to the investment in resource acquisition [232]. An
alternative hypothesis is that when increasing the investment in reproduction, plants in-
crease their chances of finding an appropriate micro-site for seedling establishment [11],
and this could be a key trait in ecosystems with low availability of micro-sites, such as
arid ecosystems.

In this study, we aimed at understanding the ecological implications of different dis-
persal and establishment strategies in arid ecosystems. There, scale-dependent feedbacks
between vegetation and resource availability are key mechanisms. It constrains plant pop-
ulation dynamics and could explain the dispersal traits observed in the field. More specif-
ically, we addressed the following research question: how do plant dispersal strategies
affect spatial organization and associated scale-dependent feedback in arid ecosystems?

In arid ecosystems, the main limiting resource for vegetation is water. The local pos-
itive feedback between plant biomass and water infiltration has been widely recognized
as an important mechanism [46, 71, 93, 120, 207, 209]. We used the model of Rietkerk et
al. (2002) [206] developed for arid ecosystems, where the dynamics of vegetation and
of one the main limiting resource, water, were modeled based on the observation that
water infiltrates faster under vegetation [209], which in turn favors vegetation growth.
Concentration of water in vegetation patches leads to its depletion farther away [206].
This model successfully reproduced some of the observed vegetation patterns (i.e., gaps,
labyrinth and spot patterns), but did not include important seed dispersal characteristics.
In the model of Rietkerk et al. (2002) [206], dispersal was included as a diffusion term.
This might be appropriate for vegetative growth, but a model of plants dispersed by seeds
needs to include important dispersal traits, such as the quantity of seeds falling in non-
suitable places, the ability to germinate, and the reproductive effort. Accordingly, we
modified Rietkerk et al’s (2002) model [206] to explore the effect of reproduction traits
on spatio-temporal dynamics of the population. A spatially-explicit integro-differential
model was developed to add important plant dispersal characteristics. The relevance of
our approach is that seed dispersal was incorporated in a model where water availability
determined the vegetation growth, seed production, germination and establishment.
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The model
In the model, rain water runs off or infiltrates in the soil, depending on the local plant
biomass. Vegetation growth, in turn, is dependent on soil water availability. Vegetation
invests biomass in seeds, which are dispersed throughout the lattice. In the next time step,
seedlings can establish depending on the local soil water availability. More specifically,
the model described the following processes explicitly: (1) vegetation growth as a satura-
tion function of water uptake, (2) water flow and runoff in unsaturated soil layers and on
the surface respectively, and (3) plant dispersal in three sequential steps: seed production
(proportional to plant biomass), seed dispersal (depending on the distance to the plant),
and plant establishment by seed colonization in the place of arrival (depending on water
availability).

We incorporated an integro-differential equation for seed movements to capture non-
local dynamics (i.e., seed dispersal farther away), which seemed more appropriate than
diffusion for modeling seed dispersal. Indeed, while diffusion can only be local (i.e.,
among adjacent sites), integro-differential equations can account for arbitrary and non-
local (i.e., non-adjacent sites) distributions of propagules [8], including important seed
dispersal characteristics for species with separated growth and dispersal stages [7, 176,
195, 270]. As a consequence, models with integro-differential equations are particularly
applicable for population dynamics of seed-dispersed plants [7] and support a broader set
of ecological conditions than reaction-diffusion models [176].

Modeling seed dispersal
Let P(y, t) represent plant density in space and time. Plant dispersal by seeds occurs
in two stages. First, plant growth and seed production occur during a density-dependent
sedentary stage. Then, seed dispersal can be represented as a redistribution kernel, k(x,y).
The two stages determine the seed density, S, at point x at time t, and can be summarized
in the equation:

S(x, t) =
Z

Ω

k(x,y) func(P(y, t))dy (7.1)

where the seed density on each point of the domain Ω, is determined by the seed produc-
tion and seed dispersal in the whole domain. The number of seeds produced is a function,
func, of plant density, P [7]. k(x,y)dy is the probability of finding S seeds at x originated
from dy about y (location of the plant density P). If the kernel only depends on the dis-
tance between x and y, the seed dispersal is considered homogeneous and isotropic [166],
and Eq. 7.1 can be rewritten as a convolution integral [176]:

S(x, t) =
Z

Ω

k(x− y) func(P(y, t))dy (7.2)

The kernel k(x− y) is a symmetric probability density function satisfying

k(x− y)dy = 1 (7.3)
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We used a negative exponential dispersal kernel [41, 175]:

k(x− y) =
2

πL2 e
−2|x−y|

L (7.4)

where L is the mean dispersal distance and |x− y| is the distance from the source y.

Recruitment and establishment
Seed production was determined by the fecundity, f , the seed biomass produced per plant
biomass per unit of time. After seed redistribution, seed mortality and germination rate
determined the seedling density at the start of the next step. We summarized the seed
mortality and the germination rate in the “recruitment” term, Rc, as a proportion of the
seeds that become seedlings. Another parameter represented the establishment ability, gs.
It was employed to convert seed biomass in seedling biomass, and thus, plant density in
the next step.

Previous studies modeled a density-dependent establishment, with local effects of
competition on plant population dynamics [8, 195]. The local competition in the es-
tablishment was modeled delimiting a maximum seed density or carrying capacity, as
competition among seedlings [166] or competition with adults [8]. Here, besides on the
intrinsic establishment ability, gs, survival in the establishment depended on the local
water availability.

Equations
Besides the above mentioned seed dispersal traits, the model followed HilleRisLambers
et al. (2001) [93] and Rietkerk et al. (2002) [206] in order to be able to attribute the model
behavior to the added effects of seed dispersal traits. The equations then read:
Plant density, P (g m−2)

∂P
∂t

= cg
W

W + k1
P− (d + f )P+Rc

W
W + k1

gs

Z
Ω

f P(x′, t)
2

πL2 e
−2|x−x′ |

L dx′ (7.5)

Soil water, W (mm)

∂W
∂t

= αO
P+ k2Wo

P+ k2
−g

W
W + k1

P− rwW +Dw∆W (7.6)

Surface water, O (mm)
∂O
∂t

= R−αO
P+ k2Wo

P+ k2
+Do∆O (7.7)

where c is the conversion of water uptake to plant growth, g is the maximum specific
water uptake, k1 is the half-saturation constant of specific growth and water uptake, d is
the specific loss of plant density due to mortality, f is the fecundity, Rc is the maximum
specific recruitment probability, gs is the specific conversion rate of seeds in seedlings, L
is the mean dispersal distance, α is the maximum infiltration rate, k2 is the saturation con-
stant of water infiltration, Wo is a measure of the infiltration contrast between vegetated
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and bare soil, rw is the soil water loss due to drainage and evaporation, Dw is the diffusion
coefficient of soil water, R is rainfall and Do is the diffusion coefficient of surface water.
∆ is the Laplace operator in x and y [93, 206]. Table 7.1 (page 121) provides an overview
of the parameters and their interpretation. This model would apply to any arid ecosys-
tem with a scale-dependent feedback between vegetation and soil water availability. Plant
density, P, encompassed all plant species potentially present in the system. In a multi-
species plant community, some vegetation types (e.g., woody vegetation) would present a
stronger scale-dependent feedback than others (e.g. herbaceous vegetation). The strength
of the scale-dependent feedback could be regulated through the parameter k2 in case one
specific type of vegetation is modeled. Here, we did not take into account interactions
among species. We modeled a mono-specific plant population that would represent an
average scale-dependent feedback between the plant species in a multi-species arid plant
community composed of woody and herbaceous vegetation. Thus, we used data of both
woody and herbaceous plant species from the literature to parameterize the model, ex-
ploring a wide range of parameter values.

Parameter values

Realistic ranges of values for the parameters related to seed dispersal were determined
from the literature. Vile et al. (2006) [264] analyzed the functional traits of 34 perennial
and annual herbaceous species from a Mediterranean old-field. They found a trade-off be-
tween the investment in plant biomass and seed number. Using Vile et al.’s (2006) [264]
values of the vegetative and reproductive mass, the seed mass and the number of seeds
produced during the flowering season (30 days), we calculated an average fecundity, f
of 1.7×10−2 gseeds g−1

plant d−1. Considering only the perennial plant species, the fe-
cundity was 9×10−3 gseeds g−1

plant d−1. For the annual plant species, we calculated an
average fecundity of 0.02 gseeds g−1

plant d−1. The maximum fecundity was considered
as 0.05 gseeds g−1

plant d−1. For Larrea tridentata, a common shrub in North American
deserts, the average total biomass is 200 g per plant [190], the seed weight is 1.89 mg per
seed, there are 3 seeds per fruit and 800 fruits per plant [38]. This gave a fecundity of
7×10−4 gseeds g−1

plant d−1. For the perennial grass Bouteloua gracilis, common in desert
grasslands, we found an average value of 30 seeds per gram of biomass [191], and an aver-
age weight of 0.28 mg per seed [42]. This gave a fecundity of 2.8×10−4 gseeds g−1

plant d−1.
The investment of biomass in seedling was included by subtracting the seed production
from the plant biomass in the mortality term.

The establishment ability, gs, is the conversion rate of seed biomass in seedling biomass
per day. For L. tridentata, the seedling weight after one year was 1 g [190], and the seed
weight 1.89×10−3 g [38]. This gave a conversion rate equal to 1.45 gplant g−1

seed d−1. In
B. gracilis, the seedling weight after one year was 3.5 g [190], and the seed weight was
2.8×10−4 g [42]. Thus, the conversion rate was 34.25 gplant g−1

seed d−1.

The mean dispersal distance, L, depends mostly on the dispersal mode. For wind
dispersed species, the mean dispersal distance ranges between 10 and 40 m [41]. We
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considered a mean dispersal distance ranging from 1 to 30 m, to include short dispersal
syndromes (atelechory and antitelechory).

In a study conducted by Peters (2002) [190], the maximum germination probabil-
ity, Rc, in field conditions ranged between 4×10−3 and 0.15 (dimensionless). In another
study, considering 178 species from 56 families, the survival through the seed to seedling
transition in natural conditions ranged between 5×10−4 and 0.9, depending on the plant
species [167].

We considered an intermediate value of specific germination probability (Rc = 0.6)
that was modulated with water availability. The effect of different values for fecundity, f ,
establishment ability, gs, and mean dispersal distance, L, were explored within the realis-
tic range of values.

The rest of parameter values were chosen according to Rietkerk et al. (2002) [206].

Analysis

The non-spatial model

The non-spatial model is an approximation of the spatial model where the spatial compo-
nent has been eliminated, that is: Do∆O = Dw∆W = 0 and S = f P. The equilibrium points
of the non-spatial model were analytically calculated (Appendix B). Comparison between
the results of the non-spatial and of the spatial models allowed understanding the role of
space on the outcome of the simulations.

Spatially-explicit simulations

The spatial model was analyzed performing two-dimensional numerical simulations. The
diffusion operators of soil and surface water movements were discretized, and the finite-
difference equations obtained were integrated with the Euler method. The convolution
integral of the seed dispersal was approximated implementing the Fourier convolution
theorem and the Fast Fourier transform [8]. The spatial mesh was a rectangular grid of
128×128 cells (Fast Fourier transform is more efficient for computations involving 2n el-
ements), with periodic boundary conditions. Each cell corresponded to about 2×2 square
meters, and the integration step was daily. Simulations were started by introducing ran-
dom plant biomass peaks (in 1% of the grid elements) in homogeneous surface and soil
water conditions (W = R/rw, O = R/(αWo)). Simulations were performed until a steady
state was reached. A large mean biomass in the whole lattice at steady state was con-
sidered an indicator of the successful dispersal strategies at population level. The results
of the non-spatial model were compared to the results of the spatial simulations. The ef-
fect of biomass investment in reproduction (the fecundity, f ) was also investigated along
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an aridity gradient (determined by the amount of rainfall, R) to test for the mechanisms
underlying field observations.

Figure 7.1: A, B, Spatial vegetation patterns. A, R=0.95. B, R=1.2. C, R=1.5. Black: vegetation.
White: bare soil. D, Cross section of panel B (grey line) showing the plant biomass, seed biomass,
soil water and surface water at steady state. R = 1.2. Other parameter values: α = 0.2, Wo = 0.2,
rw = 0.2, c = 10, g = 0.05, d = 0.25, k1 = 5, k2 = 5, L = 10, Rc = 0.6, gs = 1, f = 0.01. Seed
biomass multiplied by 50. See Table 7.1 (page 121) for the interpretation of the parameters.

Results

Self-organized vegetation patterns

In the spatial model, the vegetation self-organized in patterns from an initial random sit-
uation (Fig. 7.1 A-C). The spatial patterns occurred for an intermediate range of rainfall.
Below this range, the system ended in a non-vegetated state, and above this range the veg-
etation formed a homogeneous cover (not shown). Compared to the non-spatial model, the
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vegetation patterns maintained a higher biomass at steady state for the same rainfall. The
plant biomass inside the patches was unevenly distributed, especially in the large patches,
where the biomass clearly peaked at the edge of the patches (Fig. 7.1 D). Another char-
acteristic of our model was that the vegetation patterns had irregular shapes (Fig. 7.1).
Only regular vegetation patterns, i.e. spatially periodic patterns with a characteristic
patch size [211], were obtained in models with a diffusion term for plant dispersal [206].
Plant biomass diffusion only occurs among adjacent cells, where soil water availability is
higher due to the scale-dependent feedback between plant biomass and water availability.
Seed establishment, which depends on local soil water availability, is more heterogeneous
when seed dispersal takes place over a larger range, because the scale-dependent feedback
leads to heterogeneous soil water availability through the lattice. Thus, our irregular pat-
terns appear to be the consequence of the interchange of biomass in the lattice through
seed dispersal and heterogeneous plant establishment. Besides, our model system showed
bistability for certain ranges of parameter values, meaning that for the same rainfall, two
states were possible, non-vegetated or vegetated, depending on the initial biomass condi-
tions [207].

Figure 7.2: Plant biomass at steady state (2000 time steps) as a function of the mean dispersal
distance (L) in numerical simulations from initial random plant biomass peaks. Black line, f = 0.05.
Dark grey line, f = 1×10−3. Light grey line, f = 1×10−4. Other parameter values: R = 1.1,
α = 0.2, Wo = 0.2, rw = 0.2, c = 10, g = 0.05, d = 0.25, k1 = 5, k2 = 5, Rc = 0.6, gs = 1. See
Table 7.1 (page 121) for the interpretation of the parameters.

The effect of plant dispersal strategies
First, we explored how mean dispersal distance, L (1-30 m), affected the mean biomass of
the system at steady state, depending on the investment in fecundity, f . For intermediate
and high investment in fecundity, we found that mean biomass at steady state decreased
when mean dispersal distance increased, while the reverse was true for low investment
in fecundity (Fig. 7.2). Cross-sections of the lattice revealed the mechanisms respon-
sible for the opposed effects of increased mean dispersal distance for populations with
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Figure 7.3: Cross-section of a patch showing plant biomass, seed biomass, and soil water at
steady state. A, Short-distance dispersal (L = 3) and high fecundity ( f = 0.05). B, Long-distance
dispersal (L = 20) and high fecundity ( f = 0.05). C, Short-distance dispersal and low fecundity
( f = 1×10−4). D, Long-distance dispersal (L = 20) and low fecundity ( f = 1×10−4). Seed biomass
multiplied by 20 in A and B and by 1×104 in C and D. Other parameter values: R = 1.1, α = 0.2,
Wo = 0.2, rw = 0.2, c = 10, g = 0.05, d = 0.25, k1 = 5, k2 = 5, Rc = 0.6, gs = 1. See Table 7.1 (page
121) for the interpretation of the parameters.

low and high investment in fecundity (Fig. 7.3). A high investment in fecundity meant
a large quantity of plant biomass removed from the patches and distributed throughout
the lattice by dispersal. In this case, short-distance dispersal implied that most of the
biomass invested in seeds was dispersed within the vegetation patches, where soil water
availability was high (Fig. 7.3 A). On the contrary, populations with long-distance disper-
sal distributed the seed biomass more evenly throughout the lattice, also into bare areas,
where soil water availability was low (Fig. 7.3 B). On the other hand, a low investment in
fecundity implied a large investment in local growth. Given this situation, biomass peaked
at very high values in the patches, implying lower soil water availability just around the
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vegetation patch as compared to farther away (Fig. 7.3 C). In this case, short-distance
seed dispersal implied that seeds arrived at areas with low soil water availability. On the
contrary, long-distance dispersal gave a chance of finding a more suitable site (i.e., with
a higher soil water availability) farther away (Fig. 7.3 D). This explained the increase in
biomass when mean dispersal distance increased for low investment in fecundity.

Figure 7.4: A, B, Plant biomass at steady state (2000 time steps) as a function of fecundity ( f )
in numerical simulations from initial random plant biomass peaks. A, Low establishment ability
(gs = 1). B, High establishment ability (gs = 20). C, Plant biomass at steady state as a function
of establishment ability (gs) in arid conditions. f = 0.005. Insets are snapshots of the system at
the end of the simulations. Other parameter values: R = 1, α2 = 0.2, Wo = 0.2, rw = 0.2, c = 10,
g = 0.05, d = 0.25, k1 = 5, k2 = 5, Rc = 0.6, L = 10. See Table 7.1 (page 121) for the interpretation
of the parameters.

The relationship between biomass and fecundity was dependent on the establishment
ability, gs. Looking first at the results with low establishment ability, we found that in
the non-spatial model, the equilibrium state was non-vegetated (Fig. 7.4 A). In the spatial
model, spatial redistribution of water led to a patchy vegetated state for the same param-
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eter values, and there was a fecundity value that maximized the population biomass at
intermediate fecundity values (Fig. 7.4 A). On the other hand, when the establishment
ability was high, the biomass in the non-spatial model linearly increased with fecundity
(Fig. 7.4 B). High establishment ability more than compensated the loss of vegetative
biomass caused by the high investment in fecundity. In the spatial model, mean biomass
was higher, and there was a decreasing trend from low to medium fecundity values, as-
sociated with spatial patterns (Fig. 7.4 B). Along a gradient of establishment ability, we
found a similar pattern (Fig. 7.4 C).

To explain these patterns, we looked at the relation between the maximum biomass
accumulated in vegetation patches, and the mean biomass maintained in the whole lattice
along a gradient of fecundity, and we found hump-shaped relationships (Fig. 7.5 A). This
suggested that there was a spatial repartitioning of biomass among the patches, which
maximized the biomass that the system could maintain. The corresponding vegetation
spatial configuration led to water spatial pattern that allowed the maximum vegetation
growth and the best water conversion into vegetation. Indeed, this configuration corre-
sponded to the lowest remaining soil water after vegetation uptake (Fig. 7.5 B). This con-
figuration occurred for intermediate fecundity with low establishment ability and for low
fecundity with high establishment ability, explaining why both combinations of dispersal
traits sustained the highest mean biomass. These results suggested that all reproductive
traits or combination of them leading to such a spatial configuration would imply a larger
biomass.

Figure 7.5: A, Relationship between maximum biomass per patch and mean biomass in the
lattice at steady state (2000 time steps) in numerical simulations from initial random plant biomass
peaks. B, Relationship between maximum biomass per patch and mean soil water content in the
lattice. Low gs = 1. High gs = 20. f ranged from 1×10−4 to 0.02. Insets are snapshots of the
system at the end of the simulations. Other parameter values: R = 1, α = 0.2, Wo = 0.2, rw = 0.2,
c = 10, g = 0.05, d = 0.25, k1 = 5, k2 = 5, Rc = 0.6, L = 10. See Table 7.1 (page 121) for the
interpretation of the parameters.
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Finally, we analyzed the response of the model to changes in fecundity and estab-
lishment ability along a rainfall gradient. The spatial simulations showed that, only at
low rainfall conditions, populations with low fecundity and low establishment ability had
low mean biomass and difficulties in forming patches (Fig. 7.6 A). Higher investment
in fecundity under the same conditions led to the development of a more efficient patch
spatial configuration (Fig. 7.6 A). Whenever the rainfall or the establishment ability was
high, this problem of forming patches was not observed for low fecundity (Fig. 7.6 A, B).
Thus, the role of fecundity on the spatial self-organization of vegetation only occurred
under the most arid conditions and for low establishment ability (Fig. 7.6 A). For high
establishment ability, the increase in fecundity led to lower biomass further along the
rainfall gradient (Fig. 7.6 B). Again, the vegetation spatial organization, shaping a diffuse
biomass pattern, was less efficient in water spatial redistribution allowing smaller water
uptake by vegetation.

Figure 7.6: Plant biomass at steady state along a rainfall (R) gradient, with intermediate fecun-
dity ( f = 1×10−3; black line) and low fecundity ( f = 1×10−4; grey line). A, Low establishment
ability (gs = 1). B, High establishment ability (gs = 20). Insets are snapshots of the system at the
end of the simulations. Other parameter values: α = 0.2, Wo = 0.2, rw = 0.2, c = 10, g = 0.05,
d = 0.25, k1 = 5, k2 = 5, Rc = 0.6, L = 10. See Table 7.1 (page 121) for the interpretation of the
parameters.

Discussion

The modeling of population dynamics helped us understand the functioning and mecha-
nism involved in the successful dispersal strategies of vegetation in arid ecosystems. Our
model differed from previous models of arid ecosystems [73, 206] in that it gave us the
possibility to investigate the role of reproductive traits for population dynamics in a sys-
tem driven by a scale-dependent feedback. Also, general models of dispersal strategies
are based on competitive interactions among plants, and thus, they are not as applicable to
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arid ecosystems, where positive interactions are a major mechanism [35]. In our model,
the local positive feedback between plant establishment and soil water availability led to
the spatial organization of the vegetation, and the ability of vegetation to self-organize
and survive under these heterogeneous conditions was clearly shaped by the dispersal and
establishment traits. In this sense, our model agrees with studies on arid ecosystems that
stress the critical role of seed dispersal and establishment in the dynamics of the vegeta-
tion in space and time [3,63]. In particular, our simulation results showed the advantage of
short-distance dispersal whenever the local resources were not totally depleted by adults
and local facilitation by higher soil water availability prevailed. We also found that an
increment of reproductive effort led to increased biomass under arid conditions when safe
micro-sites were scarce, because this was associated with a more favorable spatial config-
uration allowing more efficient water use.

Field observations show that there is a general trend towards “proxichory” in desert
plants [58, 261]. The model allowed investigating the ecological mechanisms that could
play a role on these observations. Our results showed that, considering a mono-specific
system, short-distance dispersal is favorable because the ability to self-organize is en-
hanced, and the whole system benefits from it, meaning that a higher biomass can be
reached. This indicates that scale-dependent interactions among individuals, positive
locally and negative farther away, favor short-distance dispersal whenever the local re-
sources are not totally depleted by adult plants. Then, the local mortality is compensated
by the local recruitment. On the contrary, with long-distance dispersal, a considerable
quantity of biomass was lost in bare areas, where the establishment was difficult because
of low water availability.

The benefits of short-distance dispersal in spatially heterogeneous environments have
been considered in detail in a wide range of systems [25], although the mechanisms in-
volved are of different nature in each case studied. Community and population models
that explore trade-offs in reproduction traits are usually based on competitive interactions
only [25]. So, these conclusions are not easily extrapolated to arid ecosystems and, in
general, to systems where the main relationship among plants is not competition but the
interplay between local positive interactions and competition. In models where only com-
petitive relationships among plants are considered, the short-distance dispersal is benefi-
cial for plants with low local competitiveness [25]. Here, we showed that short-distance
dispersal is also a good strategy in systems where plants that grow next to each other have
a higher survival, as it is the case in arid ecosystems [118, 198, 206].

Plant establishment can be limited by availability of both seeds and safe sites [59,
203, 245]. In arid ecosystems, where the availability of safe sites for establishment is
scarce, field observations show that plants invest more in reproduction than in mesic en-
vironments [11]. Under drier conditions the number of seeds increases and the seed size
decreases [266] while the seedling establishment ability is lower [145]. Our model re-
sults were in agreement with these findings and went further, offering an explanation for
the advantages of investing more in reproduction, especially in the most arid conditions:
when aridity was high, populations with low fecundity and low establishment ability did
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not form patches properly. The investment in reproduction had an intermediate value
that allowed a high plant biomass, increasing the ability for self-organization, and at the
same time minimizing the loss of biomass in unsuitable sites for germination. On the
other hand, establishment ability is also a key parameter of the model. Other studies also
found the relevance of establishment ability, and investing in a high establishment ability
is considered to be a successful strategy in the competition-colonization trade-off [24]. In
the arid ecosystem modeled here, however, high establishment ability can also promote
spatial patterns with a weak scale-dependent feedback (i.e., plant biomass and water less
spatially aggregated), which is less productive for the whole population.

Indeed, similar dispersal strategies of different plant species such as in the case of arid
ecosystems can be the consequence of environmental stress [280]. However, this can also
be a side-effect of phylogenetic and historical constraints [92, 168, 273], or a side-effects
of other mechanisms, i.e. avoidance of seed predation or increased germination rates in
the case of anchorage structures [58,84]. We suggest that the dispersal strategies observed
in arid ecosystems could shape the scale-dependent feedback, thereby changing environ-
mental pressure, and that this would subsequently favor certain dispersal strategies. Still,
we would like to stress that we focused on the successful dispersal strategies at population
level, in terms of standing biomass sustained by the system, which does not necessarily
coincide with the strategies that are best for individuals.

Concluding, this work explored theoretically the successful dispersal strategies (and
combinations of them) in arid ecosystems. Our model predicted that short-distance dis-
persal and an intermediate investment in reproduction can be beneficial strategies for the
system in terms of standing biomass in combination with other dispersal traits, matching
the observations in the field [11,58,261,266]. The relevance of our approach is that it of-
fers a possible explanation for the dispersal strategies observed in arid ecosystems. Based
on our model results, we can conclude that the ability to self-organize could explain why
some reproduction strategies (i.e., short-distance dispersal and intermediate investment in
fecundity) are favored in arid environments. Further application of the present model is to
investigate whether different dispersal abilities are a good explanation for the coexistence
of different species in arid ecosystems. Indeed, most models of species coexistence are
based on competitive relationships among species, while the importance of positive inter-
actions have been systematically omitted. This study focused on vegetation dynamics in
arid ecosystems, but conclusions could be extrapolated to other spatially heterogeneous
harsh environment driven by scale-dependent feedbacks.
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Appendix A: Table of parameters

Class Symbol Interpretation Unit

Parameter R Rainfall mm d−1

α Maximum infiltration rate d−1

k2 Saturation constant of water infiltration g m−2

k1 Half-saturation constant of specific growth and water uptake mm d−1

Wo Measure of the infiltration contrast between vegetated and bare
areas

Dimensionless

lo Surface water loss rate d−1

g Maximum specific water uptake mm g−1 m2 d−1

rw Specific soil water loss due to evaporation and drainage d−1

c Conversion coefficient of water uptake by plants to plant
growth

g mm−1 m−2

d Specific loss of plant density due to mortality d−1

Dp Plant dispersal m2 d−1

Dw Diffusion coefficient of soil water m2 d−1

Do Diffusion coefficient of surface water m2 d−1

f Fecundity gseed g−1
plant d−1

L Mean distance travelled by dispersed seeds m
gs Specific conversion rate of seeds in seedlings gplant g−1

seed d−1

Rc Maximum specific recruitment probability Dimensionless

Variable P Plant density g m−2

W Soil water mm
O Surface water mm

Table 7.1: Table of parameters

Appendix B: Spatially homogeneous solutions
The equations of the non-spatial model are:

Plant density, P (g m−2)

dP
dt

= cg
W

W + k1
P− (d + f )P+Rc

W
W + k1

gs f P (7.8)

Soil water, W (mm)

dW
dt

= αO
P+ k2Wo

P+ k2
−g

W
W + k1

P− rwW (7.9)

Surface water, O (mm)
dO
dt

= R−αO
P+ k2Wo

P+ k2
(7.10)
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We assumed that the dynamics of surface water occurred at a much faster time scale than
the dynamic of soil water and plant density [93], and consequently, we adopted a quasi-
steady-state approach for the analytical analysis of the non-spatial model. We assumed
dO/dt = 0, i.e.:

R = αO
P+ k2Wo

P+ k2
. (7.11)

The system was then reduced to a system of two equations:

dP
dt

= cg
W

W + k1
P− (d + f )P+Rc

W
W + k1

gs f P (7.12)

dW
dt

= R−g
W

W + k1
P− rwW (7.13)

This system had two equilibria (the value for O is obtained from Eq. 7.11):

• a trivial equilibrium
(
P∗ = 0, W ∗ = R/rw, O∗ = R/(αWo)

)
which was stable when

R < [(d + f )k1rw]/(cg+gs f Rc−d− f )

• a non-trival equilibrium:

P∗ =
R(cg+gs f Rc)

(d f + f )g
+

k1rw(cg+gs f Rc)
g(d + f − cg−gs f Rc)

W ∗ =
(d + f )k1

cg+gs f Rc−d− f

O∗ =
R(P∗+ k2)

α(P∗+ k2Wo)

The non-trivial equilibrium existed when the trivial equilibrium was unstable.
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Abstract
Arid ecosystems are expected to be among the most sensitive ecosystems to climate

changes. Here, we explore via model calculations how regular vegetation patterns, widely
observed in arid ecosystems, respond to projected climatic shifts as provided by general
circulation model output. In our model, the photosynthesis and respiration terms are ex-
plicitly linked to physiological attributes of the plants and are forced with the primary
climatic drivers: atmospheric CO2, air temperature, and precipitation. Under future cli-
mate scenarios, our simulations show that the system’s fate depends on whether the en-
hancements to photosynthesis due to elevated atmospheric CO2 outweigh the increases in
respiration due to higher air temperatures and the increases in water stress due to lower
rainfall. A scalar measure is proposed to quantify this balance between the changes in the
three climate drivers. Our model results suggest that knowing how the three primary cli-
mate drivers are evolving may provide hints as to whether the ecosystem is approaching
desertification.



Introduction

The projected increase in atmospheric greenhouse gases within the coming century will
significantly impact global and regional temperatures with concomitant modifications of
precipitation patterns [99]. Arid and semi-arid ecosystems, which cover about 40% of
the Earth’s terrestrial surface, are expected to be among the most sensitive ecosystems to
such climatic changes [2, 225, 231, 241]. According to the United Nation’s Division for
Sustainable Development, there are growing concerns that these climatic changes may
lead to increased desertification, impacting approximately 25% of the world’s population.
Fingerprinting how arid ecosystems may respond to elevated atmospheric CO2, and to the
associated increases in air temperature and reduction in precipitation, remains a vexing
research problem well beyond the scope of a single study. Here, we focus on spatial or-
ganization of vegetation as a starting point to explore this problem.

Spatially regular vegetation patterns are well known in arid regions, where dense
patches of vegetation alternate with bare soil [15, 211]. Vegetation patches can consist of
grasses and/or shrubs and/or trees, and occur on soils ranging from silty to clayey [243].
Different shapes of the patches have been observed, such as stripe (“tiger bush”), gap,
labyrinth or spot patterns (“leopard bush”). These regular patterns have been described
throughout the world [249]. The spatial scale of the vegetation patches is on the order of
tens or hundreds of meters, depending on topographic gradients and rainfall [15, 140].

Over the past decade, much progress has been made in linking observed spatial or-
ganization of the vegetation in arid ecosystems with positive feedbacks between plants
and limiting resources (mainly water) [207]. The origin and maintenance of these spa-
tial patterns received considerable attention, and several feedback mechanisms have been
explored, all successful at reproducing these patterns. Lefever and Lejeune (1997) [133],
Lejeune et al. (1999) [140] and Lejeune and Tlidi (2002) [141] developed a phenomeno-
logical model, where pattern formation relies on plant characteristics only. In their model,
pattern formation is due to short-range facilitation of plants under their aerial structures,
together with long-range competition between plants by overlapping root zones. The ratio
crown/root area determines the scale of the patterns. Klausmeier (1999) [123] proposed
a model that explicitly considers soil water dynamics: plants increase local water avail-
ability in the soil, which favors their growth (see [247, 248] for recent extensions of this
model). Von Hardenberg et al. (2001) [267], and Meron et al. (2004) [161] suggested a
model, also incorporating soil water dynamics, where two main processes are responsible
for the positive feedback. Higher biomass reduces evaporation and increases infiltra-
tion, leading to higher soil moisture availability and thus to higher biomass. Also, higher
biomass increases the extent of the rooting zone and thus leads to higher soil water uptake,
leading to higher biomass (so-called root-augmentation feedback). Okayasu and Aizawa
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(2001) [185] and Rietkerk et al. (2002) [206] (hereafter referred to as R2002) introduced
models in which the water budget is decomposed into a subsurface and a simplified sur-
face component, permitting these two reservoirs to interact differently with vegetation.
In these two models, surface water infiltrates faster into vegetated ground than into bare
soil, leading to net displacement of surface water to vegetation patches, which increases
vegetation growth. This leads to a positive feedback locally. At the same time, resource
concentration underneath the vegetation causes resource depletion farther away, and thus
a negative feedback. This results in a scale-dependent feedback, consisting of a short-
range positive feedback and a long-range negative feedback. Saco et al. (2007) [214]
coupled R2002 to a landform evolution model to account for erosion-deposition mecha-
nisms and their effect on vegetation patterns and micro-topography. Similarly to Okayasu
and Aizawa (2001) [185], Rietkerk et al. (2002) [206] and Saco et al. (2007) [214], Gi-
lad et al. (2004) [71] and Gilad et al. (2007) [73] studied a three-variable model that
distinguishes between soil water and surface water, but their model includes the root-
augmentation feedback additionally to the infiltration feedback.

Despite differences between the models in the precise description of the feedback be-
tween vegetation and water availability, they all share several mathematical features: 1)
their canonical structure resembles an activation-inhibition system [48], 2) when rainfall
decreases, a certain sequence of vegetation patterns emerges, namely a transformation
from uniform cover to gaps, to labyrinths, to spots and ultimately to a uniform bare soil,
and 3) transition from a vegetated system to a desert can happen in a discontinuous way -
often labelled as a “catastrophic shift”. From this, the hypothesis follows that certain pat-
terns, now observable from satellite remote sensing products (e.g. IKONOS or QUICK-
BIRD), could be used as indicators of proximity to desertification thresholds [207].

Currently, rainfall and evaporation rates are the only climatic parameters taken into
account in all these models. However, climate change also relates to persistent increases
in the concentration of atmospheric CO2 ([CO2]) and air temperature. Increases in [CO2]
are known to increase photosynthesis, biomass and water-use efficiency in many plant
species (e.g. [74,126,132,186,228,231]). Conceptual models suggest that arid and semi-
arid ecosystems, where primary productivity is strongly limited by water, may be highly
responsive to increased [CO2], because the increased plant water-use efficiency can alle-
viate water stress and contribute to increases in primary production (e.g. [160]). The inter-
play between changes in rainfall, air temperature and [CO2] determines how the coupled
carbon-water cycles will be altered, and subsequently, how the scale-dependant feedback
and its signature in the vegetation patterns will respond. In a recent analysis of remotely
sensed data from southern Niger, Barbier et al. (2006) [15] showed that the decrease in
rainfall over recent decades (1956-1996) has been accompanied by a detectable shift from
homogeneous vegetation cover to gap patterns. This finding is promising because of the
sequence of pattern shapes along gradients predicted by the models (from homogeneous
vegetation cover to gaps, labyrinths, spots and bare soil). Looking at the shape of the veg-
etation patterns can therefore provide clues as to how far the system is from desertification
thresholds (i.e., from a desert). When rising temperature and [CO2] are incorporated into
existing mathematical models of pattern formation, how do the three interacting climatic

126



drivers (CO2, air temperature, and precipitation) affect the vegetation patterns? Is the
range of predicted climate change over the next century sufficient to induce shifts in veg-
etation patterns of arid ecosystems?

To address these questions, we focus on the approach of R2002 because the main
driver for pattern formation does not require particular root distribution/uptake functions,
often difficult to determine a priori. The R2002 model retains the essential spatial pat-
terns in soil moisture and surface water, thereby providing a direct pathway to couple the
hydrologic (surface and sub-surface) and the carbon cycles. The main novelties of the
proposed study are (1) to relate the photosynthesis and respiration terms in R2002 explic-
itly to physiological attributes that can interact with the three climatic drivers: CO2, air
temperature, and precipitation, and (2) to explore the effect of projected climatic shifts,
as provided by general circulation models (GCMs), on vegetation patterns.

The model

For completeness, we provide a review of the basic formulation of the R2002 model, fol-
lowed by a description of how the hydrologic and carbon budgets are revised to account
for the three external climatic drivers: precipitation, temperature, and [CO2]. In R2002,
three state variables are considered: plant density P (g m−2), soil water W (mm) and
surface water O (mm). R2002 assumes that rainfall events in arid and semi-arid ecosys-
tems occur at an intensity exceeding the infiltration capacity of the soil. Hence, part of
the rainwater infiltrates into the soil, while the remainder produces surface water and
runoff routed to other spatial locations. The infiltration rate is assumed to asymptotically
approach a maximum with increasing plant density, an assumption supported by field ob-
servations reported in Rietkerk et al. (2000) [209]. There are two plausible reasons why
the infiltration rate increases with increasing biomass: 1) the presence of vegetation re-
duces the surface crust often characterized by low hydraulic conductivity values, and 2)
the rooting system increases the fraction of macro-pore sites near the soil surface [115].
Lateral flow of surface water is driven by static pressure differences and can be described
with a single diffusion term. In the absence of terrain variations, the dynamics of surface
water depth are modeled as:

∂O
∂t

= R−α O
P+ k2 Wo

P+ k2
+Do ∆O (8.1)

with R the rainfall (mm d−1), α the maximum infiltration rate (d−1), k2 the saturation
constant of water infiltration (g m−2), Wo a measure of the infiltration contrast between
vegetated and bare soil (dimensionless), ∆ is the Laplace operator in x and y, and Do the
diffusion coefficient of surface water (m2 d−1).

The infiltrated soil water is lost due to plant uptake, to evaporation and drainage, and
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to lateral subsurface flow because of capillary forces. Soil water dynamics are modeled
as follows:

∂W
∂t

= α O
P+ k2 Wo

P+ k2
−Tr− rw W +Dw ∆W (8.2)

with rw the specific soil water loss due to evaporation and drainage (d−1) and Dw the dif-
fusion coefficient for soil water (m2 d−1).

From now on, we start presenting new developments of the model compared to R2002.
Water uptake by plants is described by a transpiration term Tr, whose driving force is the
difference between saturated and actual specific humidity:

Tr ≈ gcanopy(q∗−qa) (8.3)

where gcanopy is the bulk canopy conductance to H2O transport (mm d−1), and q (dimen-
sionless) is the specific humidity. Here, gcanopy is assumed to be a saturation function of
soil water availability and can be expressed as:

gcanopy = gh2o
W

W + k1
LAI = gh2o

W
W + k1

α2 P = γ gco2

W
W + k1

α2 P (8.4)

where gh2o is now interpreted as a maximum leaf conductance to H2O (mm d−1) (i.e.,
stomatal conductance when all the stomatal pores are open to full capacity), LAI is the
leaf area index (dimensionless, LAI ≈ α2 P), α2 is the conversion coefficient of biomass
into LAI (m2 g−1), and gco2 is the maximum leaf conductance to CO2 (mol m−2 d−1)
related to gh2o by a conversion coefficient γ accounting for the difference in molecular
diffusivities of CO2 and H2O.

In Eq. 8.3, the specific humidity is defined as q = ρv/ρd with ρv and ρd being the
densities of water vapor and dry air, respectively (kg m−3). The relationship between q
and vapor pressure can be derived from Dalton’s law as follows:

ρd =
p− e
Rd Ta

(8.5)

ρv =
0.622 e
Rd Ta

(8.6)

where p is the total atmospheric pressure (Pa), e is the partial pressure of the water va-
por (Pa), Rd is gas constant for dry air (J kg−1 K−1), Ta is absolute temperature (K),
0.622 = 18/29 is the ratio of molecular weights of water and dry air.

Noting that p � e results in q ≈ 0.622 e/p, q∗ ≈ 0.622 e∗/p, and

Tr = γ gco2 α2
W

W + k1
P

0.622
p

e∗ (1− e
e∗

) (8.7)

The saturation vapor pressure (in kPa) can be determined from mean air temperature T
(in oC) using the standard Clausius-Clapeyron equation,
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e∗(T ) = 0.611 exp
(

17.502 T
T +240.97

)
(8.8)

In a first order analysis, we assume that the atmospheric pressure (in kPa) is hydrostatic,
thereby varying only with site elevation (EL, m ; in this study EL = 0), and is given by

p = 101.3 exp
(
−EL

8200

)
(8.9)

Noting that air relative humidity (Rh) is defined as e/e∗ explicitly yields

Tr = γ gco2 α2
0.622

p
e∗(T ) (1−Rh)

W
W + k1

P (8.10)

Hence, Tr is now unambiguously linked to the physiological attributes of stomata through
gco2 , and to the external drivers Rh and T .

Plant growth is modeled as an imbalance between carbon gain through photosynthe-
sis (which depends on [CO2]) and carbon loss by respiration (modeled as a function of
temperature and respiring biomass). Here, we assume that the total respiration term is
primarily controlled by autotrophic respiration, a reasonable first-order approximation in
arid and semi-arid ecosystems [275]. Research on seed dispersal indicates that the seed
bank is mainly concentrated in the vegetation patches [154, 171, 261]. It has been shown
that 90% of the seeds of F. Cernua, the dominant vegetation cover of bands in Mex-
ico, are beneath the adult crown, while 10% of the seeds are dispersed by runoff water,
wind, domestic and wild animals [171]. This order of magnitude is confirmed by other
studies [170]. Plant dispersal, through seeds or vegetated reproduction, may therefore
be approximated by a diffusion term. With these approximations, the dynamics of plant
biomass are modeled as

∂P
∂t

= Cgain−Resp P+Dp ∆P (8.11)

The global variable P encompasses all the vegetation biomass present (above and below
ground). The autotrophic respiration (second term) is well approximated by a Michaelis
Q10 function [132], given by

Resp = RbQ10
(Ta−273.15)−10

10 (8.12)

where Rb is a base respiration per unit of biomass (d−1).
The carbon gain (first term of Eq. 8.11) is proportional to the canopy photosynthesis,

Cgain = C1 Ancanopy (8.13)

where C1 is the conversion coefficient of photosynthesis into biomass (g mol−1), and
Ancanopy the canopy photosynthesis (mol m−2 d−1). Ancanopy is related to leaf physiological
attributes by
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Ancanopy = LAI Anlea f = LAI glea fco2
Ca (1− Ci

Ca
) (8.14)

with LAI = α2 P (i.e., foliage area per unit ground area is proportional to the standing
biomass), Anlea f is the leaf-level photosynthesis (mol m−2 d−1), glea fco2

, is as before,
the leaf conductance to CO2 (mol m−2 d−1), and Ca the ambient CO2 concentration
(mol mol−1), and Ci the effective canopy intercellular CO2 concentration (mol mol−1).
Hence,

Cgain = Ca (1− Ci

Ca
) α2 C1 gco2

W
W + k1

P (8.15)

With these approximations, the model can be formulated as:

∂P
∂t

= c α2 gco2

W
W + k1

P−Resp P+Dp ∆P (8.16)

with c = Ca (1−Ci/Ca) C1 and Resp = Rb Q10
(T−10)/10

∂W
∂t

= α O
P+ k2Wo

P+ k2
−α2 γ gco2

W
W + k1

q P− rw W +Dw ∆W (8.17)

with q = q∗−qa = (0.622/p) e∗ (1−Rh)

∂O
∂t

= R−α O
P+ k2Wo

P+ k2
+Do ∆O (8.18)

Table 8.2 (page 145) summarizes the model parameters and their units. Their values,
taken from the literature, are given in the legends of the figures and in Appendix A.

Model assumptions and physiological attributes
Given the time scale of pattern formation (years to decades), we do not intend to precisely
model short-term physiological processes on an event-by-event basis (e.g., immediately
after rainfall). Rather, the model seeks to account for the primary effects of long-term
climatic shifts on pattern formation. Rather than listing the numerous processes that we
do not explicitly include here, we highlight several generic ones:

1) Root-augmentation feedback. Besides the infiltration feedback, Gilad et al. (2004;
2007) [71, 73] introduced a root-augmentation feedback in their model. As plants grow,
their root system becomes larger. A larger root system allows the plants to probe larger
soil volumes and thus potentially increases the amount of resource that a plant at a given
point in space can access. This feedback does not affect the general sequence of biomass
patterns, but it does affect the soil-water distribution, and therefore can have implications
on questions such as ecosystem engineering and species coexistence (questions which
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are not addressed in this paper). In this paper, we decided to study the role of the infil-
tration feedback in isolation, which has been proved and measured in the field (e.g. [209]).

2) Erosion-biomass feedback. Saco et al. (2007) [214] coupled R2002 to a landform
evolution model to account for sediment redistribution in runoff surface water. They
studied the effect on vegetation patterns and on micro-topography. The model repro-
duced vegetation patterns, as obtained by other models of arid ecosystem dynamics, and
a stepped micro-topography, as observed in the field. Here, we focused on the vegetation
patterns and we did not address the erosion-deposition mechanisms.

3) Feedback processes from vegetation to local climate. The vegetation patterns oc-
cur at spatial length scales varying between a few tens of meters and a few hundred me-
ters [140], and hence we assume here that their impact on atmospheric boundary layer
processes is likely to be minimal, at least on the decadal time scales of interest. Dekker
et al. (2007) [50] studied how local precipitation could be affected by evapotranspiration
rates that, in turn, depend on the vegetation patterns.

4) Nutrient cycling (Nitrogen and Phosphorus) and their effects on photosynthe-
sis, respiration, and carbon allocation. Our model assumes that water is a much more
limiting resource than Nitrogen (and Phosphorus). Hence, we neglect nutrient cycling
and the soil Nitrogen budget. It would be possible to account for a simplified Nitrogen
balance budget, by making α2 vary with available Nitrogen (see [194]). However, given
the uncertainties in future Nitrogen deposition and the vast number of parameters needed
in the Nitrogen budget, we assume that α2 remains constant.

5) Effects of elevated [CO2] on physiological parameters (e.g. α2, gco2 , Q10, Ci/Ca,
and Rb). Important to global change models is whether elevated [CO2] alters leaf stomatal
characteristics (e.g. [69, 278]). A synthesis study by Reid and others (2003) [202] exam-
ined the phenotypic response of stomatal index (SI), stomatal density (SD), and stomatal
aperture (AP) to rising [CO2] in 15 species after four years exposure to a field [CO2]
gradient ranging from 200 to 550 ppm. They concluded that there was no clear evidence
that SI, SD, and AP significantly changed with increasing [CO2], suggesting that gco2 ,
the maximal leaf conductance in the revision to R2002, does not need to be altered with
elevated [CO2]. This assumption is further supported by FACE experiments in a pine plan-
tation and a hardwood forest, which suggest that the maximum bulk canopy conductance
was minimally affected by elevated [CO2] in South Eastern United States [217, 281]).
We do not have detailed measurements on how Ci/Ca, Q10, and Rb change with elevated
[CO2] in arid ecosystems. However, we note that preliminary FACE experiments in a
pine plantation [113] suggest that Ci/Ca remains approximately constant with elevated
[CO2]. Katul et al. (2000) [113] demonstrated that when stomatal conductance was
specified, the model with constant Ci/Ca performed no worse than the Farquhar model in
reproducing leaf-level assimilation over a three year period for ambient and elevated CO2
foliage. Moreover, these experiments suggest that Q10 increases under elevated [CO2] for
non-water stressed conditions. At the same stand, droughts tend to decouple respiration
responses to temperature, and hence there is no clear consensus how Q10 would be altered
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under elevated [CO2] in dry conditions. Given the uncertainty in how Q10 and Rb change
with elevated [CO2], we employ the simplest assumption and assume that they are inde-
pendent from [CO2]. In short, we will assume that increasing [CO2] will not significantly
alter Ci/Ca, Q10, and Rb from their present state.

6) Rainfall dynamics. It is well known that specific rainfall patterns may cause major
establishment and mortality events that change the state of arid ecosystems. The strong
variability and unpredictability of rainfall is an integral part of arid ecosystems. However,
in this study we only consider long-term average rainfall. We justify this choice because
we are interested in the long-term integration of biomass occurring at a different temporal
scale than the short-term rainfall dynamics. This approximation can be better justified
for species such as woody species whose growth occurs at a larger timescale than rainfall
variability [73]. Recently, Guttal and Jayaprakash (2007) [82] addressed the role of rain-
fall seasonality on vegetation dynamics in a model of semi-arid ecosystems. They show
that seasonality of rainfall affects the system’s dynamics in several ways, but the same
sequence of patterns occurs along transition toward desertification than when rainfall sea-
sonality is not included (the sequence is however shifted toward higher rainfall values).
Ursino (2005) [247] expanded the model of Klausmeier (1999) [123] and investigated the
effect of seasonal rainfall and intense showers on soils with limited storage capacity [248].
D’Odorico et al. (2006) [54] studied how random interannual climate fluctuations may
determine the emergence of vegetation patterns.

7) Vegetation. The model does not distinguish species or functional types. The vege-
tation is simply summarized in a unique variable, the plant biomass per unit ground area,
which can be a mixture of life forms (grasses, shrubs, trees). Considering a global variable
including all vegetal species present is justified for patterns formed by a one-species and
in all cases where genotypic differences and age classes can be neglected. When several
species are present, it amounts to assuming that the dominant species imposes its dynam-
ics [140]. Gilad et al. (2007) [72] recently proposed a model of arid ecosystem including
two types of species, shrubs and grasses (see also [262]).

8) Vegetation adaptation to climate change. As pointed by Jump and Peñuelas (2005)
[110], the predicted rate of climate change might overwhelm the adaptation rate in many
native plant populations within arid ecosystems. Furthermore, given that our objective
is to seek the maximum potential response of vegetation patterns to climate change, ne-
glecting any adjustments of plant physiological characteristics due to adaptation provides
a logical upper-limit.

Some of these assumptions have immediate consequences on the leaf (or canopy)
water use efficiency (WUE ), which is defined as the ratio of photosynthesis to transpiration.
In our model, WUE is given by
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WUE = γc
Ca(1− Ci

Ca
)

e∗(T ) (1−Rh)
(8.19)

where γc is a unit conversion factor. For a constant Ci/Ca (no adaptation), WUE becomes
independent of leaf (or canopy) conductance and only varies with climatic drivers. Hence,
if [CO2] increases, but T (and Rh) is not altered from its present climatic state (as it is the
case in FACE experiments), WUE will increase in proportion to Ca. However, if both
[CO2] and T increase, WUE does not need to necessarily increase, given the exponential
dependence of e∗ on T in the Clausius-Clapeyron equation. Hence, the interplay between
changes in T and [CO2] will have important consequences on the coupled carbon-water
cycles, the positive feedback and pattern formation, if Ci/Ca is kept constant (i.e., no
adaptation or down-regulation by the plant; see also [114]).

To sum up, our final model is essentially R2002 with changes in prefactors. Our
revised three-equation model cannot capture all the richness in ecosystem processes gov-
erning the cycling of carbon and water. In particular, the modelling of lateral movement
as diffusion terms is a rough approximation, which can be quite unrealistic. Neverthe-
less, the inclusion of more realistic movement terms does not fundamentally alter the
results [71, 197], and even such a simple model may be capable of discerning broad pat-
terns in terms of ecosystem responses to changes in climatic forcing and possibly provide
“measurable” indicators as to the onset of desertification.

Analysis
We first explored the spatially homogeneous solutions of the model. The parameter space
that may induce regular patterns and the onset of regular patterns in future climatic sce-
narios are then derived analytically from linear stability analysis (in space and time).
Spatially-explicit simulations are conducted afterwards to diagnose whether other pat-
terns form (due to nonlinearities in the model), as well as to compare the shape of the
patterns in current and future climatic conditions.

The non-spatial model
Equilibrium points of the non-spatial model can be analytically calculated by setting
all the equations Eqs. 8.16-8.18 simultaneously equal to zero (dP/dt = 0, dW/dt = 0,
dO/dt = 0). For steady and uniform conditions, the model has two types of equilib-
ria: an equilibrium consisting of no vegetation (or desert): P∗ = 0, W ∗ = R/rw, O∗ =
R/(αWo), and an equilibrium corresponding to a strictly positive vegetation density (also
called non-trivial equilibrium): P∗ = cgco2/(qgh2o)

[
R/Resp − rwk1/(cα2gco2 −Resp)

]
,

W ∗ = Respk1/(cα2gco2−Resp), O∗ = R/α
[
(P∗+ k2)/(P∗+ k2Wo)

]
that exists when

R >
rwk1Resp

cα2gco2 −Resp
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and
cα2gco2 > Resp

.
The non-trivial equilibrium is locally stable to spatially homogeneous perturbations when
it exists.

Linear stability analysis
Linear stability analysis is used to determine whether regular patterns can form. The
principle of this analysis is to investigate the fate of a small initial heterogeneity in an
otherwise uniform system [174, 244].

In more intuitive terms, the principle of the analysis is as follows. We start from a
spatially homogeneous steady state of plant density, soil water and surface water (i.e.,
from the non-trivial equilibrium of the non-spatial model) in the conditions where this
equilibrium is stable with respect to spatially homogeneous perturbations. Then, the lin-
ear stability analysis consists in adding or removing a small but spatially heterogeneous
amount of plants, soil water and surface water. If these perturbations spatially grow, the
system will develop to a new, spatially patterned steady state.

We call the patterns predicted by this method Turing patterns and the range of pa-
rameter value in which they occur Turing instability range. The Turing instability range
can be analytically calculated, and the details of the analytical derivation are presented in
Appendix B. We investigate the formation of Turing patterns for the “exogenous” climatic
parameters, and for the “endogenous” soil-plant physiological parameters.

Spatially-explicit simulations
Two-dimensional numerical simulations were also performed. They correspond to Euler
integration of the finite-difference equations resulting from the discretization of the diffu-
sion operator. The spatial mesh consists of a grid of 500×500 cells for Figures 8.2-8.3.
For these figures, a “no flux of matter boundary condition” at the border cells is assumed.
The use of “periodic boundary conditions” instead is not intuitively appealing because
some parameter values change along the two directions. For Figure 8.4, the spatial mesh
consists of a grid of 200×200 cells with periodic boundary conditions. In case of periodic
boundary conditions, any biomass that crosses a boundary of the simulated grid (e.g., last
column) is reinserted at the opposite side (e.g., first column).

For the current climate (Fig. 8.2, Fig. 8.3 A-C, and Fig. 8.4 A-C), simulations were
started by randomly introducing mature plants in 1% of the cells (for each of those cells:
P = 50 g m−2, W and O: spatially homogeneous equilibrium). For future climatic sce-
narios (Fig. 8.3 D-L and Fig. 8.4 D-L), the outcome of the model for current climate was
used as an initial condition. Simulations were run until stationary patterns were reached
(i.e., steady-state). The spatial domain is such that one cell is about 2×2 square meters,
and the integration time step is daily.
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Climatic scenarios
Three future climatic scenarios that bound the range of values predicted by the Hadley
Center (see [47]) were selected. These climatic predictions use a coupled atmosphere-
ocean general circulation model (HadCM3) and assume that future greenhouse gas emis-
sions follow the so-called IS92a scenario, in which the atmospheric concentration of car-
bon dioxide doubles over the course of the 21st century ([CO2] from 350 to 700 ppm).
This is referred to as the “business as usual” scenario, which assumes mid-range eco-
nomic growth but no measures to reduce greenhouse-gas emissions. The model predicts
the differences between the current climate, conventionally defined as 1960–1990, and
the climate of the end of the 21st century, taken to be 2070–2100.

For the Sahel, the Hadley Center projects long-term changes in annual temperature to
range from +3 to +10 oC, and annual precipitation to range from -0.2 to -0.5 mm d−1.
With these ranges, we summarize the climatic scenarios in Table 8.1.

[CO2] (ppm) T (oC) R (mm d−1)
Scenario 1 + 350 + 5 - 0.2
Scenario 2 + 350 + 7.5 - 0.35
Scenario 3 + 350 + 10 - 0.5

Table 8.1: Climate scenarios. Difference compared to current climate ([CO2] = 360 ppm, T =
28 oC and R = 1 mm d−1).

For the Sahel area, we used yearly average data for rainfall and temperature from
Dakar (Senegal), Nouakchott (Mauritania), Bamako (Mali), Ouagadougou (Burkina Faso),
Niamey (Niger), and Khartoum (Sudan) to estimate current climatic conditions. Averag-
ing these data results in a current climate with annual temperature and rainfall T = 28 oC,
R = 1 mm d−1, respectively, and mean relative humidity Rh = 0.4. Current [CO2] is taken
as the global mean of 360 ppm [47].

Based on several global climatic models (GCM), atmospheric relative humidity ap-
pears invariant to changes in greenhouse warming (e.g., see [128] for various references),
and we also assumed that Rh is unaltered in future climatic scenarios.

Results
The results section first describes the existence of stable Turing patterns for the plausible
range of climatic (exogenous) conditions and parameter (endogenous) space. The explicit
form of these patterns is presented next, using numerical simulations. We then track how
various climatic scenarios induce pattern shifts, starting from a known vegetation pattern
in equilibrium with the current climate.
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The linear stability analysis in Appendix B is used to identify the analytical range of
external forcing and parameter space that produces stable patterns. This analysis does not
predict the shape or the extent of the entire patterning area because it focuses on small
perturbation growth from a linear analysis. Nonetheless, it provides the minimum range
for which stable patterns can form. Using parameter values from Appendix A, the linear
stability analysis demonstrates a clear interplay between increased [CO2], and its con-
comitant effects - decreased rainfall and increased temperature (Fig. 8.1 A, B). A similar
analysis on physiological and soil parameters for current climate (Fig. 8.1 C-E) suggests
that the most sensitive parameters for pattern formation are Wo and k1 - both linked to the
positive feedback mechanism (one for water infiltration, the other for plant water uptake).
When taken together, Figure 8.1 suggests that for plausible physiological and soil param-
eter ranges, changes in climatic conditions intersect regions of pattern formation, thereby
motivating spatially-explicit pattern analysis.

Figure 8.1: Effect of climatic (first row) and soil/vegetation (second row) characteristics on the
Turing instability range. Black: homogeneous vegetation, grey: Turing instability range, white:
desert. Along the axes, R varies between 0.2 and 1.5, T varies between 28 and 38, Ca varies
between 350 and 700, Wo varies between 0.01 and 1, Rb varies between 0.05 and 0.15, k1 varies
between 3 and 7, and gco2 varies between 5×103 and 15×103. On graphs C and E, the Turing
instability range is present but very small, between the homogeneous vegetation (black) and the
desert (white) area. Other parameter values: T = 28, R = 1, Ca = 360. See Table 8.2 (page
145) for the interpretation of the parameters and Appendix A for the value of the parameters not
mentioned here.

Figure 8.2 shows the spatially-explicit simulation results for variations in the climatic
forcing. The spatial scale of the patterns generated by our model are in the range of a
few tens meters, which is in agreement with what is observed in the field [15, 140, 206].
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For specified mean annual rainfall (R) and air temperature (T ), increasing [CO2] leads
the system across an area of stable patterns, progressing from bare soil to homogeneous
vegetation. The opposite effects are realized with increasing T (but fixing R and [CO2])
or decreasing R (but fixing T and [CO2]). Going from homogeneous vegetation to bare
soil, a sequence of patterns is crossed: gaps, labyrinths and spots (Fig. 8.2 A, B; Fig. 8.4
displays each of the pattern shapes in isolation; [185, 267]). This sequence is common to
all scenarios whether induced by increasing [CO2] (at constant T and R), increasing R (at
constant [CO2] and T ), or decreasing T (at constant [CO2] and R). This result is in agree-
ment with Gilad et al. (2007) [73]. In their model, the authors showed the equivalence
of decreasing the precipitation rate or biomass growth rate on the one hand to increasing
the mortality rate or the evaporation rate on the other hand. A variation in any of these
rates has a similar effect on pattern shapes. This also applies to our model, in which
growth rate is a function of [CO2] and mortality is a function of T . Patterns very similar
to the labyrinths, gaps and spots obtained in the model have been observed in the field
(see aerial pictures of Africa in [15,206,207]). In the model results, soil moisture patterns
are strongly correlated to vegetation patterns (Fig. 8.2 C, D). This is because the positive
infiltration feedback is the only positive feedback mechanism between vegetation and soil
water availability in our model (see [162] for the effect of the root-augmentation feed-
back on the soil water patterns). Comparing with the analytical predictions of Figure 8.1,
there are clearly patterns “outside” the Turing instability range due to non-linearities of
the model. For example, spots (Fig. 8.2 A, B) occur in an area where bare soil is a sta-
ble equilibrium, i.e. a bistability area (Fig. 8.1; [207, 267]). The consequence of these
two possible states for the same parameter values (i.e., spots and bare soil) is that going
from homogeneous vegetation to bare soil, the system exhibits spot patterns before being
transformed to a desert. However, starting from a desert state, the system remains bare
(without spots) until transitioning to a labyrinth pattern.

The spatially-explicit model was also run for current climatic conditions but now vary-
ing the soil-plant parameters (Fig. 8.3 A-C) to further explore the general shape of the
patterns. While we did not conduct this analysis on the entire parameter space, the pa-
rameters of Figure 8.3 were selected to reflect the key soil (Wo), respiration (Rb), plant
hydraulics (k1), and leaf physiology (gco2 ) attributes. Plants characterized by low Rb (i.e.,
low respiration), low k1 (i.e., high resistance to drought) and high gco2 (i.e., high leaf con-
ductance) are referred to as high-performing plants, and conversely for low-performing
plants. For high water infiltration rate (high Wo) and low-performing plants, vegetation
is completely extinct under current climatic conditions (Fig. 8.3 A-C). Lowering Wo in
isolation allows vegetation to survive in a spatially organized way. Indeed, low Wo ini-
tiates runoff in bare areas that can be harvested by vegetation, leading to higher local
soil moisture and increasing plant density. So, low-performing plants can survive at high
densities by forming patterns. Starting from high-performing plants (e.g., low Rb, low
k1, and high gco2 ) and with decreasing plant performance on soils characterized by low
Wo, the system changes from homogeneous cover to gaps, labyrinths, spots, and desert in
that order. When transitioning from gaps to spots, the total vegetation cover decreases but
the maximum vegetation density increases, because of more water concentration under
vegetated patches.
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Figure 8.2: Effect of climatic parameters on explicit vegetation and soil water patterns. First
row: vegetation density. Second row: soil water. A white color indicates zero density. Darker colors
(from gray to black) indicate higher density. Along the axes, R varies between 0.2 and 1.5, T varies
between 28 and 38, and Ca varies between 350 and 700. A, C, T = 28. B, D, R = 1. See Table 8.2
(page 145) for the interpretation of the parameters and Appendix A for the value of the parameters
not mentioned here.

Figure 8.3 (D-L) shows the spatial patterns under the three future climatic scenarios,
using current climate as initial conditions (Fig. 8.3 A-C). Scenario 1 is characterized by an
enriched [CO2] environment with mild reduction in precipitation and mild increase in air
temperature (best-case scenario). Scenario 2 reflects moderate changes in air temperature
and precipitation (intermediate case). Scenario 3 is characterized by significant reductions
in precipitation and increases in air temperature (worst-case scenario). Upon comparing
Figures 8.3 (D-F) and Figures 8.3 (J-L), we find (as expected) that the best-case scenario
leads to homogeneous vegetation except for small Wo and low-performing plants, and that
the worst-case scenario leads to large desertification. When taken together, the best-case
scenario suggests that the enhancements due to elevated atmospheric [CO2] outweigh the
negative impacts of reduced precipitation and increased air temperature. Conversely, for
the worst-case scenario, the enhancements in [CO2] cannot offset the negative impacts of
reduced R and increased T . The intermediate scenario shows no major changes in pattern-
ing area, suggesting that the [CO2] enhancements roughly compensate for the reduction
in R and increase in T .
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Figure 8.3: Effect of plant and soil characteristics on explicit vegetation patterns for current
climate and for three future climatic scenarios. First row: current climate. The three following
rows correspond to the three future climatic scenarios (see Table 8.1 for the corresponding values of
the three climatic drivers). A white color indicates zero biomass density. Darker colors (from gray
to black) indicate higher biomass density. Along the axes, Wo varies between 0.01 and 1, Rb varies
between 0.05 and 0.15, k1 varies between 3 and 7, and gco2 varies between 5 and 15. For current cli-
mate: WUE = γc 95.3, Φ(0) = R × WUE = γc 95.3. For scenario 1: WUE = γc 156, Φ(1) = R × WUE
= γc 125, σ(1) = Φ(1)/Φ(0) = 1.3. For scenario 2: WUE = γc 128, Φ(2) = R × WUE = γc 83.2,
σ(2) = Φ(2)/Φ(0) = 0.87. For scenario 3: WUE = γc 106, Φ(3) = R × WUE = γc 52.8,
σ(3) = Φ(3)/Φ(0) = 0.55. For scenario 1, the increase in [CO2] outbalances the decrease in
P and the increase in T . For scenario 2 and 3, the effect of P and T dominates. See Table 8.2 (page
145) for the interpretation of the parameters and Appendix A for the value of the parameters not
mentioned here.
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Figure 8.4: Evolution of specific current pattern shapes in future climatic scenarios. First row:
current climate. The three following rows correspond to the three future climatic scenarios (see
Table 8.1 for the corresponding values of the three climatic drivers). A white color indicates zero
density (graphs K and L are desert systems, meaning that there is no vegetation at all). Darker
colors (from gray to black) indicate higher density. Left column: gap patterns (k1 = 3.3), center
column: labyrinth pattern (k1 = 4), right column: spot pattern (k1 = 6.5). A is an example of
gap pattern, B and H of labyrinth, and C and I of spot patterns. See Table 8.2 (page 145) for the
interpretation of the parameters and Appendix A for the value of the parameters not mentioned
here.

The ratio of WUE in future climate referenced to current climate is 1.64, 1.34, and
1.11 respectively for scenarios 1, 2 and 3. That is, the three climate scenarios result
in higher WUE compared to present. In Figure 8.4, we focus on the alteration of the
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spatial patterning shapes by the three climatic scenarios. We start with one of the three
basic patterns (gaps, labyrinths, spots) in equilibrium with current climate, and we subject
these patterns to the three future climatic scenarios. The temporal scale required for the
patterns to stabilize when climate changes from current climate to one of the three future
scenarios is of several years to decades. In reality, it might be slower because we do
not have seasonality in our model (we model a permanent spring). Figure 8.4 shows
that climatic scenarios 1 and 3 can induce pattern shifts with respect to the present state
while scenario 2 need not, though the biomass is greatly reduced. Hence, this analysis
demonstrates that pattern shifts can be caused by changes in climate forcing, except when
the increases in [CO2] are roughly compensated for by reduction in precipitation and
increase in air temperature. In such a case (cf scenario 2), spatial vegetation patterns do
not evolve despite moderate changes in climate, presumably because of the compensating
effects of increased [CO2] and T and decreased R, but the vegetation biomass is affected.

Discussion
By linking the parameters of our three-equation activation-inhibition model to physiolog-
ical and soil characteristics, we can begin to explore the ecosystem types that may exhibit
vegetation patterns, and the type of patterns that are likely to form under current and future
climatic scenarios. Our simulations suggest that high Wo (a surrogate for a dimensionless
infiltration capacity) prohibits pattern formation, because the positive feedback between
vegetation and resource is then too weak. Hence, we do not expect vegetation patterns to
exist on highly pervious soils such as sandy soil. The observation of vegetation patterns
on sandy soil in a given area would suggest that, in this area, other mechanisms than in-
creased infiltration with increasing vegetation biomass are operating and responsible for
pattern formation (e.g. [55]). Furthermore, at low Wo, the spatial patterns that occur ap-
pear to be sensitive to the soil-plant physiological attributes; a factor of three variation
in one of them is enough to span the entire spectrum of vegetation patterns (i.e., gaps,
labyrinths, spots). Such qualitative model results can be confronted with field studies and
measurements.

Another result is that spots indicate that the ecosystem is approaching desertification
when they arise from a regular pattern of higher vegetation cover (such as labyrinths, gaps
or homogeneous vegetation), a finding that is consistent with other pattern-forming mod-
els [71, 207, 267]. What is specific about the spot patterns in our model is that they are
always present in a bistability area. Hence, in this model including an infiltration positive
feedback between vegetation and soil water, their existence indicates imminent “catas-
trophic shifts” (i.e., a discontinuous transition to a desert system with hysteresis [207]).
This result is relevant because remote sensing technologies have now a global cover-
age that is sufficient to monitor these vegetation patterns at adequate spatial resolution
(about 1 m). However, spot-like patterns may arise from other ecological mechanisms
(e.g. Chapter 2; [71, 118]), and thus simply observing spot patterns in nature, might not
be enough and should be complemented with mechanistic insight to conclude that the
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ecosystem is at the edge of a discontinuous shift.

When analyzing the effects of the three climatic scenarios on WUE , we find that the
vegetation under future climate has a higher WUE when compared to its present state. The
WUE refers to the amount of water lost during the production of biomass or the fixation of
CO2 in photosynthesis. We defined it as the ratio between the carbon gain in photosyn-
thesis and the water loss in transpiration, meaning that here WUE only depends on [CO2]
and T (because of the constant Ci/Ca and Rh assumptions). Therefore, the WUE enhance-
ments in future climatic scenarios are clearly due to [CO2], whose increase outbalances
the increase in T in the three scenarios. This increase in WUE is responsible for the fact
that vegetation can survive under climatic scenario 2 with the same spatial organization
than under current climate, but with a much lower biomass.

We also showed that it is possible to induce pattern shifts with climatic changes pro-
vided that the enhancements in elevated [CO2] are not compensated for by increases in
temperature and reductions in rainfall. To quantify this compensation, we note that cli-
mate change affects the carbon ecosystem’s input primarily via R and WUE . The enhance-
ment in WUE in the three climatic scenarios (as compared to the current climate) cannot
be used to assess vegetation shifts alone because it does not take into account the reduc-
tions in R projected for future climates. By defining Φ = WUE × R, a logical measure for
assessing maximum carbon input into the ecosystem as a function of the three climatic
variables can be formulated. Upon comparing the ratio of Φ for current and future cli-
matic scenarios, we are able to assess to what degree elevated [CO2] will be compensated
for by changes in T and R in terms of maximum carbon input (i.e., ignoring carbon and
water losses or their redistribution mechanisms). For the three climatic scenarios here
(Φ(0) = present climate, Φ(i) is for climate scenario i, i = 1, 2, 3), we evaluate the ratio
σ(i) = Φ(i)/Φ(0) noting that σ(i) > 1 implies that the [CO2] enhancement outbalances the
adverse effects of T and R, σ(i)<1 produces the opposite outcome, and σ(i) ≈1 means
that the three external climatic forcings compensate each other. For scenario 1, σ(1)=1.3
explains why homogeneous vegetation dramatically increases when compared to its cur-
rent climate. For scenario 2, compensation occurs between the three climatic variables
(σ(2)=0.9) and the pattern area appears robust to climate change though the total biomass
is dramatically reduced. The fact that σ(2) is close to unity signifies the robustness of pat-
tern formation, not biomass. For the worst-case scenario, σ(3)=0.5 and the adverse effects
of T and R outbalance any photosynthesis enhancement due to elevated [CO2], thereby
explaining the increase in desert area.

To summarize, either the changes in [CO2], precipitation and temperature balance
each other, and the shape of the patterns is not affected but the biomass might drop (veg-
etation can then still survive because of the increased WUE under future climate), or the
three climate drivers do not outweigh each other and pattern shift occurs. The numerical
simulations performed in this study suggest that knowing/measuring how the three cli-
matic drivers are varying, we can evaluate σ and assess whether pattern shifts are going
to occur, and more precisely whether the system is going toward desertification (σ < 1).
This result is especially relevant because the three climatic drivers can be easily monitored
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at adequate spatial and temporal resolution. However, the model developed here makes
several simplifying assumptions about the effects of climate on physiological processes
and neglects adaptation and species diversity. FACE and gradient experiments are now
beginning to provide long-term data on how climatic shifts might affect these physiologi-
cal processes (e.g., Ci/Ca, Rb, Q10, gco2 ) and carbon allocation schemes (e.g., α2, C1) that
can guide future models. Furthermore, a limited number of FACE experiments are also
providing measurements on competition between species [231], though the outcomes of
such experiments have not been effectively incorporated into spatial patterning models.
Another important aspect not treated here is the speed of climate change. We focused
our efforts on expected equilibrium patterns in future climates. However, other important
issues must be confronted in future studies, such as the interplay between the time scale
of climate change and the time scale of spatial pattern adjustments. The time scale of the
spatial pattern adjustments is on the order of several years to decades in our model. This
is commensurate with the time scale for doubling of [CO2] (and its concomitant shifts in
climate), meaning that spatial vegetation patterns may not have ample time to adjust to
new climate.

The present study offers a simplifying framework to connect the key climatic vari-
ables such as precipitation, temperature, and [CO2] with vegetation and soil water spatial
patterns using basic physiological principles. This improved level of realism in the model
here makes it amenable to the inclusion of observable physiological parameters and cli-
matic forcing data or projections (e.g., vegetation characteristics as well as climatic char-
acteristics). Preliminary validation efforts using data from Barbier et al. (2006) [15] show
that the balance between the changes in three climate drivers is indeed a good measure
of how patterns shift as a result of climate change. Our model results provide interesting
hypothesis that need to be further tested in the field. If the mechanisms and model behav-
ior are validated, these results could help mapping vulnerable arid areas around the world
using aerial photographs or satellite images.
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Chapter 8: Vegetation patterns under rising atmospheric CO2

Appendix A: Table of parameters and parameter values
used for the figures

Parameter values that remain constant over the whole paper
Parameter values taken from Rietkerk et al. (2002) [206]:
k2 = 5, Wo = 0.2 [206, 209], rw = 0.2, Dp = 0.1, Dw = 0.1, Do = 100, α = 0.2.

Physiological parameters and their estimation:
C1 = 12 (1 molco2 ≈ 1 mol C ≈ 12 g of C)
gco2 = 10×10−3 [132]
α2 = 2.6×10−2, calibrated such that LAI has a realistic value (LAI ≈ 0.8 according to [274]
and [12], and realistic biomass is 30 g m−2 [209].
Ci
Ca

= 0.6 [113, 114], and as a consequence Ci = 0.6×Ca.
Q10 = 1.6 [32, 40, 76, 108].
p = 101.3 (at elevation 0).
Rh = 40% (see paragraph “Climatic scenarios” in the “Analysis part”).
γ = 2.59 (see explanation below)

Explanation for γ:
gh2o (mm d−1) = λ g′h2o (with g′h2o in mol m−2 d−1) and λ = 0.024 mm mol−1 m2 (follow-
ing [132])
g′h2o = θ gco2 (with gco2 in mol m−2 d−1) and θ = (1.08×104)/(10×103) = 1.08 (follow-
ing [132])
Thus: gh2o = γ gco2 with γ = λθ = 1.08×0.024 = 2.59×10−2 mm m−2 mol−1

When not varying along the vertical or horizontal axis: Rb = 0.1, k1 = 5, gco2 = 10×10−3,
and Wo = 0.1, except for Fig. 8.4 for which Wo = 0.2, and k1 = 3.3 in the first column,
k1 = 3.8 in the second column and k1 = 6.5 in the third column.

144



Class Symbol Interpretation Unit

Parameter R Rainfall mm d−1

α Maximum infiltration rate d−1

k2 Saturation constant of water infiltration g m−2

k1 Half-saturation constant of specific growth and water uptake mm d−1

Wo Measure of the infiltration contrast between vegetated and bare
soil

Dimensionless

rw Specific water loss due to evaporation and drainage d−1

Dp Plant dispersal m2 d−1

Dw Diffusion coefficient of soil water m2 d−1

Do Diffusion coefficient of surface water m2 d−1

C1 Coefficient of conversion of photosynthesis (mol) into biomass
(g)

g mol−1

gco2 Maximum leaf conductance to CO2 mol m−2 d−1

γ Conversion coefficient from maximum leaf conductance to wa-
ter vapor (mm d−1) to maximum leaf conductance to CO2
(mol m−2 d−1)

mm m2 mol−1

α2 Conversion coefficient of biomass into LAI g−1 m2

Ca Ambient CO2 mol mol−1

Ci Intercellular CO2 concentration (in the leaf) mol mol−1

Rb Respiration per unit of biomass d−1

Q10 Dimensionless
T Temperature oC
p Total pressure in the air kPa

e(T ) Vapor pressure at T kPa
e∗(T ) Saturated vapor pressure kPa

Rh Relative humidity, e(T )/e∗(T ) Dimensionless
WUE Water use efficiency. See Eq. 8.19, page 133 molco2 molh2o

−1

γc Unit conversion factor for water use efficiency kPa
Φ Measure for the carbon input to the system molco2 molh2o

−1 mm d−1

Φ = WUE ×R

Φ(i) is for climate scenario i

σ Measure of how the changes in Ca, T and R balance each other
in future climatic scenarios as compared to current climate

Dimensionless

σ(i) is for climate scenario i

σ(i) = Φ(i)/Φ(0)

Variable P Plant density g m−2

W Soil water mm
O Surface water mm

Table 8.2: Table of parameters
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Appendix B: Stability of the non trivial equilibrium to spa-
tially heterogeneous perturbations:
Calculation of the conditions for Turing pattern formation

We perturb the non trivial equilibrium (P∗, W ∗, O∗) with spatially heterogeneous pertur-
bations (ε, ϕ, θ) of wavelengths l1 in the x direction and l2 in the y direction:

P = P∗+ ε(x,y, t) (8.20)
W = W ∗+ϕ(x,y, t) (8.21)
O = O∗+θ(x,y, t) (8.22)

We choose:

ε(x,y, t) = ε(t)cos(
x
l1

)cos(
y
l2

) (8.23)

ϕ(x,y, t) = ϕ(t)cos(
x
l1

)cos(
y
l2

) (8.24)

θ(x,y, t) = θ(t)cos(
x
l1

)cos(
y
l2

) (8.25)

We linearize the system of equation around the non trivial equilibrium (P∗, W ∗, O∗).

∂P
∂t

=
∂ε

∂t
= f (P,W,O) =

∂ f
∂P

(P−P∗)+
∂ f
∂W

(W −W ∗)+
∂ f
∂O

(O−O∗) (8.26)

(the same for the two other equations)

By replacing the partial derivatives (∂ f /∂P, ∂ f /∂W , ∂ f /∂O,...) with their expression,
we obtain:

∂ε

∂t
= P∗

(c α2 gco2 −Resp)
2

c α2 gco2 k1
ϕ− εQ2 Dp (8.27)

∂ϕ

∂t
=

(
R k2 (1−Wo)

(P∗+ k2 Wo)(P∗+ k2)
−

gh2o q Resp

gco2 c

)
ε (8.28)

−
(

q P∗ gh2o
(c α2 gco2 −Resp)2

k1 α2 c2 gco2
2 + rw

)
ϕ

+α
P∗+ k2 Wo

P∗+ k2
θ−ϕQ2 Dw

∂θ

∂t
= − R k2 (1−Wo)

(P∗+ k2 Wo)(P∗+ k2)
ε−α

P∗+ k2 Wo

P∗+ k2
θ−θQ2 Do (8.29)

with Q2 = 1/l12 +1/l22.
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We use the quasi-steady-state approach, i.e., we assume that the dynamics of surface
water act on a much faster scale than the changes in W and P. θ is expressed as a function
of ε and ϕ by solving ∂θ/∂t = 0. We replace θ by its expression in the two other equations.
J, the Jacobian matrix at equilibrium, of the resulting system of two equations is given by

J =

−Dp Q2 P∗ (c g−Resp)2

c g k1

J3 −q P∗ (c g−Resp)2

c2 g k1
− rw−Dw Q2


With J3 = R k2 (1−Wo)

P∗+k2

(
1

P∗+k2 Wo
− α

Do Q2 (P∗+k2)+α (P∗+k2 Wo)

)
− q Resp

c

Trace(J) < 0. Thus, pattern formation occurs when Det(J) < 0

Det(J) = F(Q2)

= Dp Q2

(
q

gh2o P∗(c α2 gco2 −Resp)
2

k1 α2 c2 gco2
2 + rw +Dw Q2

)
(8.30)

+
P∗ (c α2 gco2 −Resp)

2

k1 c α2 gco2

×

(
gh2o q Resp

gco2 c
+

α R (1−Wo) k2

(P∗+ k2)
[
Do Q2(P∗+ k2)+α (P∗+ k2 Wo)

])

−
P∗ (c α2 gco2 −Resp)

2

k1 c α2 gco2

R (1−Wo) k2

(P∗+ k2)(P∗+ k2 Wo)

F ′′(Q2) = 2DpDw > 0

Thus F is concave and Det(J) < 0 iif F(Q2|F ′(Q2)=0) < 0.
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9
DISCUSSION AND PERSPECTIVES

With ongoing global change, ecosystems are rapidly changing. Some of them are unex-
pectedly breaking down, which coincides with losses of species, habitats and ecosystem
services [68, 158, 218, 265]. For instance, overgrazing and climate change can suddenly
turn drylands into deserts [205, 207, 222]. Often, these deserts cannot be easily restored
to their previous vegetation state. Desertification is a vital concern for more than a third
of the world population who live in drylands and rely on these ecosystems for their liveli-
hood [158, 205].

All ecosystems show some level of spatial patterning, some patterns being more ob-
vious to the human eye than others. Looking at an ecosystem and the way it is spatially
organized, what can we learn? What kind of information does the spatial organization of
an ecosystem give us about the ecological processes generating these patterns, about the
ecosystem’s history, and about its “health” (i.e. likelihood to switch to a desert)?

Vegetation patterns are known to play an important role in ecosystem functioning
[4,148,149]. It is thus not surprising that researchers have been looking for early-warning
signals of impending collapses in the spatial organization of ecosystems [207]. To learn
how to adequately read vegetation patterns in terms of early-warning signals, we first need
to have a good understanding of the ecological mechanisms underlying the formation of
these patterns.

The ecological mechanisms
Resource-concentration and local facilitation: two types of positive feedbacks between vege-
tation and the abiotic environment

In arid ecosystems, neighboring plants may buffer one another from the harsh environ-
ment, making the stressful habitat more hospitable [21, 35, 97]. Such ecological mech-
anisms play an important role in pattern formation, as plants have a higher chance to
establish and survive next to others. These mechanisms belong to a broader category of
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Chapter 9: Discussion and perspectives

interactions that has been referred to as “niche construction”, “ecosystem engineering” or
“habitat modification” in the literature [49,106,183,236] and that correspond to a positive
or negative effect on other individuals of the same or different species. In this thesis, I
focused only on the cases where individuals modify their environment in a way that fa-
vors themselves or others, thereby leading to positive feedback. I distinguished between
two types of positive feedback mechanisms: “resource-concentration mechanism” (Chap-
ters 6-8) and “local facilitation” (Chapters 2-5), which I discuss in the following sections.

Resource-concentration mechanism
In arid ecosystems, the amount of rainfall is often too low to allow for a complete vege-
tation cover (e.g. [4]). After a rain event, water accumulates on top of the soil and part
of it infiltrates locally while the rest runs off to other locations [148, 149]. Water infil-
trates the soil much faster under vegetation than in bare soil [209]. Indeed, vegetation
improves the soil structure by stimulating the biological activity, by forming channels
with its root system and by protecting the soil from erosion, thereby preventing crust
formation [98, 120, 198]. Consequently, surface water is harvested from bare areas and
flows towards vegetation patches, where soil water accumulates and is used by plants.
Thus, this resource-concentration mechanism results in a higher availability of water in
vegetation patches because of its depletion from areas farther away from these patches
(Chapters 6-8).

Water is thus redistributed in space, which allows vegetation to survive in a two-
phase mosaic, where bare areas act as sources and vegetation patches as sinks of wa-
ter [148, 180, 249]. While patches are forming, new plants settle around established
patches, where water availability is high (Chapters 6-8). Vegetation patches expand, until
they reach a size at which individuals in the center of the patch no longer get enough water,
because individuals at the edge of the patch preferentially get most of the water coming
from bare areas. As a result, the individuals at the center of the patch might die, causing
the patch to break up into several smaller patches. When patches are growing, there is
a point at which they start competing for water among each other. This corresponds to
the moment at which all the water coming from bare areas is used by vegetation patches.
At this point, the patches stop growing and remain stable. When rainfall decreases, the
surface of bare soil needed to supply water to a given surface of vegetation increases, the
vegetation cover that can be sustained by the system decreases, and the patches shrink in
size. This explains why the last patterns remaining before a system turns into a desert are
spots of vegetation, because vegetation patches are then completely surrounded by bare
soil and water can be drawn from adjacent, bare soil in all directions in space (Chapters 6,
8).

The resource-concentration mechanism allows vegetation to live under harsher envi-
ronmental conditions than would be expected (Chapter 6; [161, 206, 267]). Indeed, when
the total amount of water distributed over a large area would not allow for homogeneous
vegetation cover, this mechanism can allow vegetation to survive in patches by spatially
redistributing water. However, the biomass of a patch also needs to be sufficiently large to
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be able to concentrate enough water for its own survival. This means that, especially under
harsh conditions, this mechanism leads to bistability: vegetation can survive in patches
if there was initially enough biomass to activate the resource-concentration mechanism;
otherwise, the system is a desert (Chapter 6; [161, 206, 267]).

Local facilitation

Apart from the increased infiltration rate of water under vegetation, several other positive
feedback mechanisms that can be categorized as local facilitation operate in arid ecosys-
tems (Chapters 2-5). Fallen leaves and other plants’ detritus lead to increased organic
matter, which increases nutrient availability under vegetation [98, 198, 222]. Plants’ root
systems improve the soil structure and aerate the soil [120]. Plants create shade that pro-
tects themselves and others under their canopy from too much radiation and decreases the
temperature difference between day and night [4, 97]. The canopy provides also protec-
tion from desiccation by wind and from erosion by wind and water [193, 222, 249]. All
these positive effects from the plants on the environment occur on an area very close to
the plant (below or close to the canopy) and do not have any repercussions farther away.
In this way, local facilitation contrasts with the resource-concentration mechanism, where
the positive feedback is directly linked, through the flow of water with a negative feed-
back farther away from the patch.

Soil that is deprived of protection from vegetation and that remains bare for too long
will eventually be eroded by water or wind, and a soil crust might form [19,193,222,249],
which would make it unsuitable for recolonization by plants. Suitable sites for establish-
ment of new seedlings are almost all concentrated around adult plants. Therefore, plants
tend to form clusters (Chapters 2-5; [4, 116]). The growth of the patches is a balance
between regeneration, protection and recolonization of nearby empty patches, on the one
hand, and the degradation of empty patches, on the other hand. Additionally, resources
such as water are limiting and control the total biomass that can be maintained in the sys-
tem.

Local facilitation is similar to the resource-concentration mechanism in the way that
it allows vegetation to survive under harsher environmental conditions than would other-
wise be expected without this mechanism (Chapter 2; [118]). However, contrary to the
resource-concentration mechanism, local facilitation also decreases the chances of dis-
continuous transitions, i.e. local facilitation stabilizes the system (Chapter 2; [118]). This
is because when local facilitation operates, there are suitable sites around the plants, and
if at least part of the seeds are dispersed locally, some sites will have had time to be recol-
onized before the death of the mother plant. Even a single vegetation site might already
be enough to maintain the plant population. This is an important difference compared to
the resource-concentration mechanism, where a threshold in biomass needs to be passed
for the feedback to be activated and the population to be able to maintain itself.
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Types of emerging vegetation patterns

Survival of plant populations in arid ecosystems with a positive feedback mechanism de-
pends crucially on where the seeds are dispersed and whether they can reach suitable
sites for establishment. Different patterns emerge depending on the combination of seed
dispersal strategy and the type of feedback mechanism (resource-concentration or local
facilitation).

Both the resource-concentration mechanism and local dispersal (vegetative reproduc-
tion or local seed dispersal) favor regular pattern formation (Chapters 6, 8). These patterns
tend to show a characteristic patch size, with a constant distance between the patches, and
they have geometric shapes which are easily recognized by eye. They typically resemble
markings observed on animal coats, such as the spots on leopards and the stripes on tigers
or zebras (Fig. 9.1). Regular patterns emerge because the resource-concentration mecha-
nism and the resulting depletion in between patches control the expansion of the patches
(i.e. their size) and the distances between them.

In contrast, local facilitation, long-distance seed dispersal and stochasticity favor what
I call irregular pattern formation (Chapters 2- 5, 7; [116, 118, 119, 197]), meaning that
patches of all sizes occur, with different distances between them and with no discernable
geometric shapes (Fig. 9.1). Irregular patterns emerge primarily because of two reasons.
First, long-distance dispersal constantly allows for the creation of small patches, thereby
affecting the patch size distribution. Second, new patches emerge at different locations in
space, which affects the distance between patches and the shape of the patches.

Vegetation patterns can give us hints about the underlying ecological mechanisms
generating them. In nature, it is likely that a whole range of patterns exists between
the regular and the irregular patterns. Adequate criteria (i.e. statistical tests) need to be
developed to quantify the degree of regularity or irregularity of observed patterns. Semi-
variograms and two-dimensional spectral analysis reveal the periodicity and the scale
of the patterns [15, 45, 46], and thus inform us about their regularity. Looking at the
patch size distribution, the average patch size and its variance can be used to characterize
the irregularity of the patterns (Chapter 3; [116]). In many cases, simply observing the
vegetation patterns might not be enough to uncover the underlying mechanism, because
similar vegetation patterns can emerge from different mechanisms. Conversely, different
patterns may result from the same mechanism. To be able to make a conclusion about
the driving ecological mechanisms, we need to both analyze the vegetation patterns and
test for other properties, for example by checking for overlapping or contrasting spatial
patterns in other variables such as resources and soil characteristics.

Patterns under stress

When the pressure exerted on an arid ecosystem increases, for example when rainfall de-
creases, temperature increases (climate change) or grazing increases (human pressure),
the vegetation patterns respond by changing shape and size.

152



The ecological mechanisms

Figure 9.1: Top: Schematic representation of how local positive feedback can spread in space.
Left: In local facilitation, the positive feedback occurs at a spatial scale similar to the scale of
the individual. A stronger positive feedback corresponds to a faster and greater creation of suit-
able sites. The size of the facilitator determines the scale of the positive feedback. Right: In the
resource-concentration mechanism, the local positive feedback induces a negative effect farther
away and the scale of influence of the individuals exceeds the spatial scale of the individual. A
stronger positive feedback corresponds to a lower infiltration rate of water in bare soil and thus
a higher dependency on soil characteristic improvement by vegetation for infiltration of water in
the soil (which is then available for the vegetation). Bottom: Simulation results from different
models including local positive feedbacks. Top left: cellular automaton with local facilitation,
local dispersal and global competition for resources (Chapters 2, 3, [116, 118]). Bottom left: cel-
lular automaton with local facilitation, 1/3 of the seeds globally dispersed throughout the systems
(the rest is locally dispersed) and global competition for resources. Top right: partial differential
equation model with resource-concentration mechanism and clonal dispersal (Chapter 8). Bottom
right: partial differential equation model with resource-concentration mechanism and seed disper-
sal (Chapter 7; [197]).

Under increasing stress, regular vegetation patterns change from homogeneous veg-
etation cover to gaps, labyrinths, spots and, finally, desert [15, 161, 185, 206, 267]. In
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mathematical models, some of these patterns always occur in the bistability area (i.e. they
coexist with stable homogeneous desert) (Chapter 6; [161, 207, 267]). This means that
when the system is degrading, it goes through the full succession of patterns, whereas
when it is regenerating after a collapse, the system eventually goes back to exhibiting
labyrinths, gaps or homogeneous vegetation, but not to spots. This implies that spot
patterns arise only from the degradation of a pattern with a higher cover and that they in-
dicate proximity to a discontinuous shift toward a desert, in ecosystems where resource-
concentration drives the feedback between vegetation and soil water availability. It is
noteworthy that spot patterns can also emerge from different ecological mechanisms (e.g.
Chapter 2; [71, 118]). Thus, observing spot patterns in nature alone is not enough to
conclude that the ecosystem is close to a discontinuous shift; knowing the underlying
ecological mechanism is also necessary. Spatial patterns, however, do not provide any
information on the size of the hysteresis loop; the latter can be small, in which case the
discontinuous transition might be easily reversible. Moreover, the patterns are “sticky”,
meaning that under changes in external conditions, the shape that will emerge is relatively
similar to the original pattern (Chapter 6). Looking at the patterns can, therefore, provide
information about their history.

In contrast to regular vegetation patterns, there is no systematic link between irregular
vegetation patterns and bistability (Chapter 2; [118]). In the case of continuous transi-
tions, the vegetation cover is a good indicator of degradation. But this is not the case
for discontinuous transitions, where the system might collapse at an unknown and rela-
tively high cover. In our model driven by local facilitation, we showed that patch size
distributions deviating from a power law, toward fewer large patches than expected for
a pure power law, indicate proximity to transitions, both continuous and discontinuous
(Chapters 3, 4; [118]). The predicted patch size distributions indeed occur in arid ecosys-
tems [116, 216]. Whereas a healthy system is characterized by the presence of patches of
all sizes, the system tends toward a limited range of patch sizes (intermediate and small)
when stressed. This is because the largest patches fragment into smaller ones, while the
smallest patches die due to the high level of stress.

Positive feedback and ecosystems functioning
May (1973) [155] showed that positive interactions, such as mutualism and intra-specific
positive interactions, tend to be strongly destabilizing. However, as I showed in this thesis,
this does not necessarily hold when the positive interactions occur in a spatial context. On
the contrary, when they are associated with harsh environmental conditions, positive in-
teractions that have a spatial component can stabilize communities, by increasing biomass
production, making them more resilient and allowing population survival under a wider
range of environmental conditions in a spatially-organized way.

Indeed, local positive feedback mechanisms, and the consequent spatial organization,
lead to spatial heterogeneity in environmental conditions, which has several implications
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for ecosystem functioning. Spatial heterogeneity in the abiotic conditions arising from
positive feedback mechanisms leads to a higher biomass production than in the absence
of such positive interactions [206, 256, 267]. This is because under stressful conditions,
vegetation can be maintained in patches whereas it would not survive if homogeneously
distributed in space. In this thesis, I did not consider species diversity. However, when
local positive feedbacks are inter-specific, plants can allow different species that are less
stress-tolerant to survive under harsh environmental conditions, expanding their habitat
range (realized niche) [22, 31, 165]. As a consequence, local facilitation can lead to a lo-
cal increase in species number, especially under stressful conditions [31, 87, 165]. Model
studies also show that spatially organized systems have increased resilience, in terms of
the time required to return to equilibrium after perturbation [256].

Ecological theory has traditionally focused on understanding the role of competition
and predation in structuring natural communities. Evidence is growing that the role of
positive interactions might often be as important as negative interactions in shaping nat-
ural communities [21, 23, 27, 31, 34, 106, 165, 236]. However, a synthetic, consistent in-
tegration of positive and negative interactions is still lacking in current ecological the-
ory [21, 31, 106, 146, 236]. The next step towards increasing our understanding of the
role of positive interactions on ecosystem functioning could be to integrate them in multi-
trophic level food webs.

Other harsh environments

Positive interactions are ubiquitous in harsh environments other than arid ecosystems,
such as salt marshes, alpine and arctic plant communities and intertidal areas [35, 97],
where individuals are confronted with severe physical conditions and/or restricted re-
source access. Individuals can then modify their local environment and reduce the local
level of stress, allowing other individuals from the same or different species to establish in
the system, thereby leading to positive feedback at the system scale. Interestingly, when
the positive feedback is performed by sessile individuals such as plants, the change in the
environment occurs most often close to the individual, meaning that these positive effects
have a spatial component.

Evolutionary perspectives

When organisms modify their environment, they also change the sources of natural selec-
tion acting on themselves and on others experiencing the modified environment [49]. In
this way, organisms can generate an environmental feedback loop, from the individual to
the environment and back, that closely links ecological and evolutionary processes [61].
Recent models have revealed that such a feedback loop can make a considerable differ-
ence to the evolutionary process, such as creating a delay in the evolutionary response
of a population to changes or reversal of selection pressures [130, 131, 183]. Our results
on the evolution of local facilitation show how adaptation can modify the response of an
ecosystem to changing external conditions, compared to what would be expected from
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the ecological dynamics only (Chapter 5). Consider an ecosystem at the edge of extinc-
tion. If only the ecological dynamics are taken into account, further changes in external
conditions are necessary to push the system beyond the extinction threshold. However,
adaptation could lead the system to either move away from the extinction threshold or
move across it, the latter resulting in extinction without further changes in external con-
ditions. The evolutionary outcome depends on whether “cheating” mutants, which do
not participate in the improvement of the environmental conditions, can benefit from the
favorable sites created by others. Whether the mutants can profit from the original popu-
lation or not depends on ecological mechanisms such as dispersal (Chapter 5).

Applicability of the results
Indicators based on the spatial organization of ecosystems may help to evaluate the level
of stress experienced by ecosystems and, in particular, their likelihood to shift to an un-
desired alternative stable state. They might allow us to prevent ecosystem collapses by
adapting the management of threatened ecosystems before it is too late. The first step be-
fore implementing such indicators will be to test their value with field data. In this sense,
the increasing availability of high-resolution aerial photographs and satellite images from
all around the world is promising. Time series of such images will make it possible to
evaluate indicators by checking to see what ecosystems looked like before a collapse and
by observing whether or not they recovered from this collapse. Once the indicators are
validated, they would allow the determination of the level of degradation of ecosystems.
A potential far-reaching application of this would be to use the spatial organization of
ecosystems to pinpoint vulnerable areas of low resilience against global change.

After an ecosystem collapses, restoration measures seek to restore the original pop-
ulation, community and ecosystem processes. Restoration strategies aim primarily at
re-establishing the environmental (abiotic) conditions that existed before the ecosystem
collapse. In ecosystems with strong feedback mechanisms between organisms and their
physical environment, restoration attempts have often been unsuccessful [238]. This is in-
deed the case when feedback mechanisms stabilize the degraded state, making it resilient
to restoration. In this context, introducing certain facilitator species could help restore
degraded systems by using the positive feedback that these species bring about in their
physical environment. This could lead to increased restoration success [33]. Moreover,
it might be possible to use spatial patterns to restore degraded ecosystems, to maximally
profit from the positive feedback performed by plants, i.e. by planting vegetation in spa-
tial patterns as observed in healthy systems.

All organisms modify their environments. We are no exception. Humans’ alteration
of the Earth is substantial and growing. Climate is changing worldwide. Our ability
to successfully cope with environmental change and to avoid unexpected and undesired
changes to the structure and function of ecosystems relies on our capacity to anticipate
these ecosystems changes. Anticipating the ecosystem changes of the coming decades
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requires an improved scientific understanding of the ecological processes that confer re-
silience around desired and undesired ecosystem states. We need to understand how
changes in the environment can erode the resilience of ecosystems. Detecting the ero-
sion of resilience of an ecosystem state is critical to assessing the vulnerability of this
ecosystem to further changes and its ability to be restored after degradation. I hope that
this thesis contributes to a better understanding of the response of ecosystems to external
changes, both in terms of degradation and restoration, and to the identification of effective
indicators.
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[233] Solé, R. 2007. Scaling laws in the drier. Nature. 449, 151-153.

175



BIBLIOGRAPHY
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Générale des Modèles. W. A. Benjamin, Inc., Reading, Massachusetts, New York.

[241] Thomas, D. S. G., Knight, M., and Wiggs, G. F. S. 2005. Remobilization of south-
ern African desert dune systems by twenty-first century global warming. Nature. 435,
1218-1221.

[242] Thompson, J. N. 1998. Rapid evolution as an ecological process. Trends in Ecology
and Evolution. 13, 329-332.

[243] Tongway, D. J., Valentin, C., and Seghieri, J. 2001. Banded vegetation pattern-
ing in arid and semiarid environments. Ecological processes and consequences for
management. Springer, Berlin.

[244] Turing, A.M., 1952. The chemical basis of morphogenesis. Philosophical Trans-
actions of the Royal Society of London B: Biological Sciences. 237, 37-72.

[245] Turnbull, L. A., Crawley, M. J., and Rees, M. 2000. Are plant populations seed-
limited? A review of seed sowing experiments. Oikos. 88, 225-238.

[246] UNCCD. 1994. United Nations Convention to Combat Desertification. Elaboration
of an international convention to combat desertification in countries experiencing se-
rious droughts and/or desertification, particularly in Africa. U.N. Doc. A/AC.241/27,
United Nations.

[247] Ursino, N. 2005. The influence of soil properties on the formation of unstable veg-
etation patterns on hillsides of semiarid catchments. Advances in Water Resources.
28, 956-963.

[248] Ursino, N., Contarini, S., 2006. Stability of banded vegetation patterns under sea-
sonal rainfall and limited soil moisture storage capacity. Advances in Water Re-
sources. 29, 1556-1564.

176



BIBLIOGRAPHY

[249] Valentin, C., d’Herbès, J. M., and Poesen, J. 1999. Soil and water components of
banded vegetation patterns. Catena. 37, 1-24.

[250] van Auken, O. W. 2000. Shrub invasions of North American semiarid grasslands.
Annual Review of Ecology and Systematics. 31, 197-215.

[251] van Baalen, M. 2000. Pair approximation for different spatial geometries. Pages
359-387 in Diekmann, U., Law, R., and Metz, J. A. J., eds. The Geometry of Eco-
logical Interactions. Simplifying Spatial Complexity. Cambridge University Press,
Cambridge.

[252] van Baalen, M., and Rand, D.A. 1998. The unit of selection in viscous populations
and the evolution of altruism. Journal of Theoretical Biology. 143, 631-648.

[253] van de Koppel, J., Herman, P. M. J., Thoolen, P., and Heip, C. H. R. 2001. Do alter-
native stable states occur in natural ecosystems? Evidence from a tidal flat. Ecology.
82(12), 3449-3461.

[254] van de Koppel, J., Rietkerk, M., van Langevelde, F., Kumar, L., Klausmeier, C. A.,
Fryxell, J. M., Hearne, J. W., van Andel, J., de Ridder, N., Skidmone, A., Stroosnijder,
L., and Prins, H. H. T. 2002. Spatial heterogeneity and irreversible vegetation change
in semiarid grazing systems. The American Naturalist. 159(2), 209-218.

[255] van de Koppel, J., Rietkerk, M., and Weissing, J. 1997. Catastrophic vegetation
shift and soil degradation in terrestrial grazing systems. Trends in Ecology and Evo-
lution. 12, 352-354.

[256] van de Koppel, J., van der Wal, D., Bakker, J. P., and Herman, P. M. J. 2005.
Self-organization and vegetation collapse in salt marsh ecosystems. The American
Naturalist. 165(1), E1-E12.

[257] Vandermeer, J., and Perfecto, I. 2006. A keystone mutualism drives pattern in a
power function. Science. 311, 1000-1002.

[258] Vandermeer, J., Perfecto, I., and Philpott, S. M. 2008. Clusters of ant colonies and
robust criticality in a tropical agroecosystem. Nature. 451, 457-459.

[259] van Nes, E. H., Rip, W. J., and Scheffer, M. 2007. A theory for cyclic shifts between
alternative states in shallow lakes. Ecosystems. 10, 17-27.

[260] van Nes, E. H., and Scheffer, M. 2007. Slow recovery from perturbations as a
generic indicator of a nearby catastrophic shift. The American Naturalist. 169, 738-
747.

[261] van Rheede van Oudtshoorn, K., and van Rooyen, M. W. 1999. Dispersal biology
of desert plants. Cloudsley-Thompson, J. L., eds. Springer-Verlag, Berlin Heidelberg.

[262] Van Wijk, M. T., Rodriguez-Iturbe, I. 2002. Tree-grass competition in space and
time: insights from a simple cellular automaton model based on ecohydrological dy-
namics. Water Resources Research. 38(9), 1179.

177



BIBLIOGRAPHY

[263] Venegas, J. G., Winkler, T., Musch, G., Melo, M. F. V., Layfield, D., Tgavalekos,
N., Fischman, A. J., Callahan, R. J., Bellani, G., and Harris, R. S. 2005. Self-
organized patchiness in asthma as a prelude to catastrophic shifts. Nature. 434, 777-
782.

[264] Vile, D., Shipley, B., and Garnier, E. 2006. A structural equation model to integrate
changes in functional strategies during old-field succession. Ecology. 87, 504-517.

[265] Vitousek, P. M., Mooney, H. A., Lubchenco, J., and Melillo, J. M. 1997. Human
domination of Earth’s ecosystems. Science. 277, 494-499.

[266] Volis, S. 2006. Correlated patterns of variation in phenology and seed production
in populations of two annual grasses along an aridity gradient. Evolutionary Ecology.
21, 381-393.

[267] von Hardenberg, J., Meron, E., Shachak, M., Zarmi, Y. 2001. Diversity of vegeta-
tion patterns and desertification. Physical Review Letters. 87(19), 198101.

[268] Walker, B.H., Abel, N., Stafford Smith, D. M., and Langridge, J. L. 2002. A
framework for the determinant of degradation in arid ecosystems. Pages 75-94 in
Reynolds, J. F., and Stafford Smith, D. M., eds. Global desertification: do humans
cause deserts? Dahlem University Press, Berlin, Germany.

[269] Walker, B. H., Ludwig, D., Holling, C. S., and Peterman, R. M. 1981. Stability of
semi-arid savanna grazing systems. Journal of Ecology. 69, 473-498.

[270] Wang, M. H., Kot, M., and Neubert, M. 2002. Integrodifference equations, Allee
effects, and invasions. Jouranl of Mathematical Biology. 44, 150-168.

[271] Webster, R., and Maestre, F. T. 2004. Spatial analysis of semi-arid patchy vegeta-
tion by the cumulative distribution of match boundary spacings and transition proba-
bilities. Environmental and Ecological Statistics. 11, 257-281.

[272] West, S. A., Pen, I. and Griffin, A. S. 2002. Cooperation and competition between
relatives. Science. 296, 72-75.

[273] Westoby, M., Leishman, M., and Lord, J. 1996. Comparative ecology of seed
size and dispersal. Philosophical Transactions of the Royal Society of London B:
Biological Sciences. 351, 1309-1317.

[274] White, M. A., Asner, G. P., Nemani, R. R., Privette, J. L., and Running, S. W.
2000. Measuring fractional cover and leaf area index in arid ecosystems: digital
camera, radiation transmittance, and laser altimetry methods. Remote Sensing of
Environment. 74, 45-57.

[275] Williams, C., Albertson, J. D. 2005. Contrasting short- and long-timescale effects
of vegetation dynamics on water and carbon fluxes in water-limited ecosystems. Wa-
ter Resources Research. 41(6), W06005.

178



BIBLIOGRAPHY

[276] Wilson, J. B., and Agnew, A. D. Q. 1992. Positive-Feedback Switches in Plant-
Communities. Advances in Ecological Research. 23, 263-336.

[277] Wissel, C. 1984. A universal law of the characteristic return time near thresholds.
Oecologia (Berlin). 65, 101-107.

[278] Woodward, F. I. 1987. Stomatal numbers are sensitive to increases in CO2 from
pre-industrial levels. Nature. 327(18), 617-618.

[279] Wootton, J. T. 2001. Local interactions predict large-scale patterns in empirically
derived cellular automata. Nature. 413, 841-844.

[280] Wright, I. J., and Westoby, M. 1999. Differences in seedling growth behaviour
among species: trait correlations across species, and trait shifts along nutrient com-
pared to rainfall gradients. Journal of Ecology. 87, 85-97.

[281] Wullschleger, S. D., Gunderson, C. A., Hanson, P. J., Wilson, K. B., and Norby, R.
J. 2002. Sensitivity of stomatal and canopy conductance to elevated CO2 concentra-
tion interacting variables and perspectives of scale. New Phytologist. 153, 485-496.

179





SUMMARY

Human footprint on ecosystems is growing, and ecosystems cope with these changes in
different ways. Arid ecosystems are likely to shift abruptly to desert in a sudden and often
irreversible manner because of climatic changes or human activities. Such ecosystem
shifts can even happen when external changes are gradual, and the conditions under which
they occur are still not well understood. For about a third of the world’s population who
live in arid regions, these shifts are of great importance because they result in a substantial
reduction in the biological and economic productivity of these drylands.

Models have shown that positive feedbacks between vegetation and its abiotic envi-
ronment are important mechanisms explaining ecosystem shifts. In harsh habitats, such
as arid ecosystems, organisms can indeed alter the physical conditions, making a stressful
habitat more hospitable, e.g. by creating shelter or increasing resource availability. For
plants, such effects occur locally, below or close to their canopy. Consequently, vegetation
tends to grow in clumps which are scattered in an otherwise barren landscape, forming
spatial vegetation patterns.

This thesis addresses these spatial vegetation patterns: the ecological mechanisms un-
derlying their formation and their potential role as indicators of impending desertification.
How do vegetation patterns respond to increasing stress (e.g., increasing aridity), and in
particular, do ecosystems have a unique appearance just before a shift? Can specific veg-
etation patterns help predict when and how ecosystem shifts might occur?

We developed mathematical models of arid ecosystems’ dynamics including vegeta-
tion’s ability to improve the local environment, and we used these models to learn how
to interpret spatial vegetation patterns. We studied how different positive feedback mech-
anisms and dispersal strategies affect the type of vegetation patterns that emerges. We
analyzed how these patterns respond to changes in the climate and human pressures, such
as grazing, at ecological and evolutionary timescales.

We found that looking at spatial vegetation patterns gives insight into the ecological
mechanism responsible for their formation, the history of the ecosystem, and the ecosys-
tem’s “health” (i.e., likelihood to switch to a desert). In particular, we discovered patterns
which only occur when an arid ecosystem is about to become a desert, and that the char-
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acteristics of these patterns depend on the underlying ecological mechanisms. In systems
where plants relieve the local level of abiotic stress (so-called “local facilitation”), irreg-
ular patterns emerge, exhibiting patches of all sizes (Chapter 2). Our model and field
data analyses from Mediterranean ecosystems show that the patch size distribution of the
vegetation follows a power law when the system is healthy, but deviates from a power
law when the system is intensively grazed and close to desertification, with a significant
deficiency in large patches. This behavior holds whether the system is on the verge of
going extinct in a gradual, continuous way or in an abrupt, discontinuous way, and occurs
regardless of the vegetation cover (Chapter 3). This type of behavior could be widespread
in a broad range of systems with local positive interactions, independently of the specific
mechanisms involved (Chapter 4). Even when allowed to adapt to increasing external
stress by modifying their investment in local facilitation, plant populations can be rescued
or driven to extinction, depending on their seed dispersal strategy. Plant populations may
escape extinction through adaptation when dispersal occurs on a spatial scale similar to
the scale at which local facilitation operates (Chapter 5).

In systems where plants modify the flow and spatial distribution of water, their most
limiting resource, regular patterns tend to emerge when dispersal is local. In such systems
that are driven by a “resource-concentration mechanism”, pattern formation is always
linked to sudden, discontinuous (and potentially irreversible) desertification. In particu-
lar, spot patterns have been shown to be a signature of imminent shift (Chapter 6). Seed
dispersal, when not restricted to the immediate vicinity of the plants, breaks the regularity
of these patterns. Short-distance dispersal and intermediate investment in reproduction
increase the ability of vegetation to self-organize in spatial patterns which promote an
efficient spatial redistribution of water. This is crucial for vegetation’s survival under
the most arid conditions, where safe sites for establishment are lacking (Chapter 7). A
physiologically-explicit model suggests that, under the climate change projected by the
general circulation models, vegetation survival depends on whether the enhancement to
photosynthesis due to elevated atmospheric CO2 outweighs the increase in respiration
due to higher air temperatures and the increase in water stress due to lower rainfall. We
propose a scalar measure to quantify this balance between the changes in the three pri-
mary climate drivers (CO2, temperature and precipitation). Our model results suggest
that knowing how these drivers evolve may provide valuable insight as to whether the
ecosystem is approaching desertification (Chapter 8).

Further empirical tests are now needed to confirm that spatial vegetation patterns can
indeed be used as indicators of imminent desertification. Our findings are appealing be-
cause they could represent a significant step toward the development of a widely ap-
plicable desertification monitoring system. Since it is fairly straight forward to analyze
satellite images, such a monitoring system could help land managers in the near future to
map vulnerable regions, and adapt the management of these regions before a potentially
disastrous shift occurs.
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Het effect van menselijk handelen op ecosystemen neemt steeds meer toe en ecosystemen
reageren verschillend hierop. Droge ecosystemen kunnen plotseling en op een onomkeer-
bare manier veranderen in woestijn (discontinue verandering) door klimaatsverandering
of menselijk handelen. Dit type verandering kan zelfs optreden wanneer externe om-
standigheden langzaam en gradueel plaatsvinden. Het is nog onduidelijk onder welke
omstandigheden we discontinue veranderingen kunnen verwachten. Het is echter van
groot belang discontinue veranderingen te begrijpen en te voorspellen, omdat ze gepaard
kunnen gaan met groot verlies van ecologische en economische waarden. Er zijn ongeveer
twee miljard mensen die wonen in droge ecosystemen en die zijn op één of andere manier
afhankelijk van de natuurlijke bestaansbronnen in deze gebieden.

Modelstudies hebben laten zien dat positieve terugkoppelingen tussen vegetatie en het
abiotisch milieu belangrijke mechanismen zijn die discontinue veranderingen in ecosys-
temen kunnen verklaren. Organismen kunnen de fysische omstandigheden veranderen,
waarbij ze een habitat met veel stress geschikter kunnen maken voor hen zelf en an-
dere organismen, door bijvoorbeeld bescherming tegen stress of door toename van voed-
ingsstoffen en water. Dit komt voor in habitats met veel abiotische stress, zoals droge
ecosystemen. Bij planten treedt dit type effect lokaal op, onder of vlak bij het blader-
dak. Hierdoor heeft de vegetatie de neiging om in ’patches’ te groeien, verspreid over de
overigens kale grond, waarbij deze ’patches’ bepaalde ruimtelijke patronen vormen.

Dit proefschrift gaat over ruimtelijke vegetatiepatronen, de ecologische mechanismen
die ze kunnen verklaren en de mogelijkheid om deze patronen te gebruiken als indica-
toren voor dreigende verwoestijning. Hoe reageren ruimtelijke vegetatiepatronen op toen-
emende stress, bijvoorbeeld droogte, en hebben ze bepaalde eigenschappen vlak voor er
een discontinue verandering optreedt? Kunnen ruimtelijke vegetatiepatronen helpen voor-
spellen wanneer en waar discontinue veranderingen in ecosystemen kunnen vóórkomen?

We ontwikkelden wiskundige modellen die de vegetatiedynamiek in droge ecosyste-
men beschrijven, en waarmee we expliciet het mechanisme konden bestuderen dat veg-
etatie de lokale omgeving kan verbeteren. Deze modellen hielpen ons om ruimtelijke
vegetatiepatronen te interpreteren. We bestudeerden verder hoe het type vegetatiepatroon
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bepaald wordt door verschillende positieve terugkoppelingsmechanismen en verspreid-
ingsstrategieën. Vervolgens analyseerden we hoe deze patronen reageren op toenemende
stress door klimaatsverandering of menselijk handelen, zoals begrazing, op ecologische
en evolutionaire tijdschaal.

De vegetatiepatronen geven inzicht in de onderliggende ecologische mechanismen,
de historische ontwikkeling van het ecosysteem, en de ’gezondheid’ van het ecosysteem,
dat wil zeggen de waarschijnlijkheid van discontinue verandering in een woestijn. We
hebben vegetatiepatronen ontdekt die uitsluitend vlak voor een dergelijke discontinue ve-
randering vóórkomen. De eigenschappen van deze ruimtelijke patronen hangen af van de
onderliggende mechanismen. Zogenaamde onregelmatige vegetatiepatronen, bestaande
uit ’patches’ van allerlei en uiteenlopende grootte, ontstaan in ecosystemen waar planten
lokaal de mate van abiotische stress kunnen verminderen (’lokale facilitatie’, Hoofdstuk
2). Ons model en onze analyse van velddata uit verschillende Mediterrane ecosystemen
laten zien dat de frequentieverdeling van ’patchgrootte’ de vorm heeft van een machts-
functie indien het ecosysteem gezond is. Echter, er treedt een consistente afwijking op van
deze machtsfunctie wanneer het ecosysteem intensief wordt begraasd en kwetsbaar wordt
voor verwoestijning. Dit komt doordat de grotere ’patches’ uiteen vallen in meerdere
kleine ’patches’. Dit type gedrag treedt altijd op als de vegetatie in het ecosysteem bijna
op uitsterven staat, ongeacht de hoeveelheid biomassa en of dit op een continue of dis-
continue manier gaat gebeuren (Hoofdstuk 3). Dit type gedrag kan van nog algemenere
aard zijn, onafhankelijk van het type ecosysteem en het specifieke mechanisme wat de
ruimtelijke patronen bepaalt (Hoofdstuk 4). Het feit dat planten zich kunnen aanpassen
aan toenemende externe stress door te investeren in lokale facilitatie is niet bepalend of
planten uitsterven of dat dit kan worden voorkómen. Planten kunnen ontsnappen aan uit-
sterven en overleven door de ruimtelijke schaal van lokale facilitatie aan te passen aan die
van hun verspreiding (Hoofdstuk 5).

Ruimtelijk regelmatige vegetatiepatronen komen voor in ecosystemen waar vegetatie
de stroming en ruimtelijke verspreiding van water (de meest limiterende bestaansbron)
beı̈nvloedt en indien de verspreiding van planten lokaal is. In dit type ecosystemen
treedt een mechanisme op wat we ’resource-concentration’ noemen. Hier is de vorm-
ing van ruimtelijk regelmatige vegetatiepatronen gekoppeld aan discontinue verandering
naar woestijn. In het bijzonder laten we zien hoe een bepaald ’spotpatroon’ een indica-
tor vormt van dreigende discontinue woestijnvorming (Hoofdstuk 6). Indien verspreiding
van planten niet uitsluitend lokaal is, kan de regelmatigheid van de vegetatiepatronen ver-
stoord worden. Lokale verspreiding en middelmatige investering in reproductie leiden tot
een optimale ruimtelijke zelforganisatie van vegetatie, op een manier dat een effectieve
ruimtelijke herverdeling van water plaats vindt. Dit is cruciaal voor het overleven van
vegetatie in de meest droge gebieden, waar weinig geschikte plekken te vinden zijn voor
planten om zich te vestigen (Hoofdstuk 7). We hebben vervolgens een model ontwikkeld
waarin we expliciet rekening houden met de fysiologie van planten, om te voorspellen wat
er gebeurt met de vegetatiepatronen gedurende klimaatsverandering zoals wordt voorzien
door GCM’s (’general circulation models’). Het overleven van vegetatie zal afhangen
van de balans tussen toename van groei door toenemend CO2-gehalte aan de ene kant, en
toename van sterfte door hogere temperatuur en waterstress door afnemende regenval aan
de andere kant. We hebben een maat ontwikkeld om de balans tussen de verandering in
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de belangrijkste klimaatsvariabelen, CO2, temperatuur en regenval, te kwantificeren. Met
ons model kunnen we dreigende verwoestijning voorspellen, indien we weten hoe deze
belangrijkste klimaatsvariabelen zich zullen ontwikkelen (Hoofdstuk 8).

Onze theorie dat ruimtelijke vegetatiepatronen kunnen worden gebruikt als indica-
toren voor verwoestijning dient nu verder empirisch te worden getoetst. Onze resultaten
zijn van belang omdat het een duidelijke stap is naar de ontwikkeling van een wereldwijd
toepasbaar systeem om verwoestijning te monitoren. Vegetatiepatronen kunnen namelijk
steeds makkelijker worden geanalyseerd met behulp van satellietbeelden. De ontwikkel-
ing van een dergelijk systeem om verwoestijning te monitoren kan bijdragen aan het iden-
tificeren van gebieden die kwetsbaar zijn voor verwoestijning. Beheersinstanties kunnen
vervolgens maatregelen nemen om een dreigende rampzalige verandering naar woestijn
te voorkómen.
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RÉSUMÉ

L’impact des activités humaines sur les écosystèmes ne cesse de croı̂tre. Face à ces
changements, les réponses des écosystèmes diffèrent.

Les écosystèmes arides, qui représentent environ 40% de la surface terrestre, sont des
écosystèmes fragiles, particulièrement vulnérables aux perturbations d’origine humaine et
climatique. Ces écosystèmes sont en effet susceptibles de perdre leur couverture végétale
et de se transformer en désert de façon abrupte, inattendue, et souvent irréversible. De
telles transformations, en affectant la productivité biologique et donc économique des
écosystèmes arides, peuvent avoir des conséquences considérables sur la vie de près d’un
tiers de la population mondiale qui vit dans ces écosystèmes.

Dans les conditions environnementales stressantes des écosystèmes arides, les plantes
ont la capacité d’améliorer leur environnement local et de le rendre plus hospitalier pour
d’autres plantes. Ce mécanisme de facilitation s’opère par exemple par création d’ombre,
par protection contre le vent ou par augmentation de la disponibilité en ressources telles
que l’eau. En conséquence, les plantes ont tendance à s’agréger, formant ainsi des pa-
trons de végétation. La couverture végétale des écosystèmes arides est en effet souvent
caractérisée par une mosaı̈que de végétation et de sol nu.

Cette thèse a pour objectif d’étudier les mécanismes écologiques qui sont responsables
de la formation de ces patrons, d’observer si ces patrons ont un aspect particulier et unique
juste avant qu’un écosystème aride ne se transforme en désert, et enfin d’évaluer le rôle
potentiel de ces patrons comme indicateurs de désertification imminente.

Dans ce but, nous avons développé des modèles mathématiques d’écosystèmes arides
en tenant compte de l’effet de facilitation de la végétation sur son environnement local.
Nous avons utilisé ces modèles pour apprendre à interpréter les patrons de végétation
observés. Nous avons étudié le rôle de différents mécanismes écologiques (types de facil-
itation et stratégies de dispersion des plantes) dans la formation des patrons de végétation.
De plus, nous avons analysé la réponse de ces patrons à des changements de pressions cli-
matiques ou humaines, et ceci à une échelle de temps écologique et évolutive.

Nous avons pu établir que l’organisation spatiale de la végétation nous renseigne
d’une part sur les mécanismes écologiques responsables de la formation de ces patrons,
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et d’autre part sur le passé et la “ santé ” de l’écosystème, c’est-à-dire sa propension à se
transformer en désert. Nous avons en particulier identifié des patrons qui ne se forment
que lorsqu’un écosystème aride est sur le point de se transformer en désert et nous avons
montré que les caractéristiques de ces patrons dépendent des mécanismes écologiques
sous-jacents.

Des tests empiriques sont à présent nécessaires pour confirmer que les patrons de
végétation peuvent être utilisés comme indicateurs de dégradation des écosystèmes arides.
Nos résultats constituent un premier pas vers le développement d’outils de gestion durable
des écosystèmes arides. L’analyse d’images satellites pourrait à terme permettre de car-
tographier les régions vulnérables et d’adapter la gestion de ces régions avant que leur
dégradation ne se produise.
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qui m’ont transmis leur goût pour la recherche. L’aide de Paul m’a été extrêmement
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