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Four Decades of Progress in Monitoring and Modeling of Processes in the Soil-PlantAtmosphere System: Applications and Challenges
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Abstract
The formation of vegetation patterns has been widely studied and discussed over the years and it has been related to
two different mechanisms: depletion of water in the center of vegetation patches and production of toxicity by the
decomposition of plant residues in soil. In this work we present a spatially explicit model that combines these two
processes showing that negative plant-soil feedbacks can explain the development of different vegetation patterns
also when water is not a limiting factor. This also demonstrates that the toxicity effects may change the stability
properties of the vegetation patterns.
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1. Introduction
Regular vegetation patterns fascinated plant ecologist since long time [1]. The occurrence of spotted
vegetation patches, fairy rings, tiger bush bands, and stripes have been reported in different environmental
conditions, especially for semiarid ecosystems (review in [2]). As a consequence, in order to explain such
vegetation patterns, water limitation has been proposed as the causal mechanism in both empirical and
modeling studies.

* Corresponding author.
E-mail addresses: stefano.mazzoleni@unina.it (S. Mazzoleni).

1878-0296 © 2013 The Authors. Published by Elsevier B.V
Selection and/or peer-review under responsibility of the Scientific Committee of the Conference
doi:10.1016/j.proenv.2013.06.016

140

Addolorata Marasco et al. / Procedia Environmental Sciences 19 (2013) 139 – 147

Several models were formulated as systems of partial differential equations (PDE) representing plant
biomass, soil-water and surface water [3]. In such conditions, the emergence of regular vegetation
patterns is related to the positive feedback mechanisms between biomass and water, with plant patches
increasing the infiltration rate of surface water thus promoting plant growth. In other words, in these
models, the balance between water infiltration, evaporation, plant uptake and surface runoff is considered
the key process for the emergence of regular patterns.
An alternative explanation for the occurrence of regular vegetation patterns has been related to the so
called plant-soil negative feedback (NF). Species-specific NF has been defined as the development of
negative conditions for plants induced by the accumulation in the soil of toxic compounds released by
decomposing litter of the same plant species [4]. Several mechanisms are involved in such negative plantsoil feedback including soil-borne pathogens, the changing composition of soil microbial communities
[5], and the accumulation of autotoxic compounds from decomposing plant litter [6]. It is well established
that negative plant-soil feedback affects plant coexistence and allows the maintenance of species diversity
at community scale [7]. In this context, a recent theoretical study explored the possibility that negative
plant-soil feedback may explain the formation of ring patches in clonal plants [8]. Based on a simple
theoretical PDE model, this study demonstrated that plant-soil negative feedback alone may lead to the
formation of ring patches in clonal plants, also where water is not a limiting factor.
Previous studies considered water limitation and negative plant-soil feedback as alternative
explanations for the development of regular vegetation patterns. Here, for the first time, we explored the
hypothesis that both water limitation and negative plant-soil feedback contribute in the formation of
regular and irregular vegetation patterns. In detail, we present a spatially explicit model that studies
biomass dynamics related to the impact of water and toxicity. First, we developed a stability analysis of
the homogeneous steady-state solutions, then, we perform a linear stability analysis to spatially
heterogeneous perturbations, supposing a direct effect of toxicity on biomass dynamics. The same
analysis was also done by assuming no toxicity effects on biomass dynamics. This allowed us to compare
our model with other previous published work based only on the water limiting hypothesis [2].
2. The mathematical model
We develop a new model for vegetation patterns starting from the Klausmeier [9] and Cartenì et al. [8]
models. We recall that in the Klausmeier model the vegetation pattern formation is only a result of
positive feedbacks between biomass and water in semi-arid ecosystems. Differently, in the Cartenì et al.
[8] it is proved that also in ecosystems without limiting water conditions the negative plant–soil feedback
leads to the emergence of vegetation patterns. In our opinion, the mechanisms underlying the vegetation
pattern formation are a result of both positive and negative local scale feedbacks.
The Soil-Plant-Atmosphere System is schematically represented in Figure 1. Soil water content is
affected by the rain, evaporation and plant uptake (considered as equal to transpiration). Plant biomass
grows according to water availability. Litter produces toxic compounds that are degraded in the soil
according to environmental conditions (precipitation and temperature), exerting a negative effect on plant
growth performance.
2.1. Model description
The proposed model consists of three nonlinear partial differential equations describing the dynamics
of three state variables: plant biomass B (kg/m2), water W (kg/m2) and toxic compounds T (kg/m2) (see
Fig. 1). The plant biomass, representing the whole system of roots and shoots (as in clonal plants),
exponentially grows proportionally (c) to water availability. Plant mortality is due to a constant loss rate d
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and an extra loss induced by the NF of T concentration. The NF effect depends on parameter s. Plant
vegetative propagation is represented by a dispersal term of coefficient DB. Furthermore, water W
representing both soil and surface water, is supplied uniformly due to precipitation at rate p and lost due
to evaporation at rate lW; plants take up water at rate rB2W, and, finally water diffusion is modeled as in
Von Hardenberg et al. [10] in which the coefficient DW is reduced by the presence of the plant biomass
with a constant factor β. Moreover, toxic compounds are produced by a fraction of the dead biomass γ and
are reduced by decay and water precipitation process by means of the parameters k and ε, respectively.
For simplicity no diffusion of T is considered.

Fig. 1: Soil-Plant-Atmosphere System: Schematic representation of the feedbacks/interactions among plant biomass ()ܤ, toxic
compounds (ܶ) and soil water (ܹ). The continuous and dashed lines indicate positive and negative effects, respectively.

The model parameters are summarized in Table 1; their values are chosen according to Klausmeier [9]
and Cartenì et al. [8]. or set to order-of-magnitude feasible values. The spatial variable is x=(x,y), while t
is the time variable.
Table 1. List of model parameters
Parameter

Description

Unit

ܿ

Growth rate of  ܤdue to water uptake

m4 day-1 kg-2

݀

Death rate of ܤ

day-1

ݏ

Plant sensitivity to ܶ

m2 kg-1 day-1

ܦ

Plan biomass propagation coefficient

m2 day-1



Rainfall

kg day-1 m-2

ݎ

Water uptake due to biomass growth

m4 day-1 kg-2

ͲǤ͵

݈

day-1

ͲǤͳ

ܦௐ

Water loss due to evaporation and
dWater
i diffusion coefficient

ߚ

Biomass effect on water diffusion

-

ߛ

Proportion of toxic products by litter
d
i ܶ
Decay
ratei of

-

݇

day-1

Between ͲǤͲͳ and ͲǤʹ

ߝ

Washing effect due to precipitation

m2 kg -1

Between Ͳ and ͲǤͲͲͳ

2

Assigned value
ͲǤͳ

-1

m day

According to the above description, the model equations are

ͲǤͳ
Between Ͳ and ͲǤͳ
ͲǤͲͷ
Between ͲǤͳ and ͲǤͷ

ͲǤͺ
Between Ͳ and ͲǤͳ
ͲǤͲͳ
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߲ܤ
ൌ ܿ ܤଶ ܹ െ ሺ݀  ܶݏሻ ܤ ܦ οܤǡ
߲ݐ
߲ܹ
ൌ  െ  ܤݎଶ ܹ െ ݈ܹ  ܦௐ οሺܹ െ ߚܤሻǡ
߲ݐ

(1)

߲ܶ
ൌ ߛሺ݀  ܶݏሻ ܤെ ሺ݇  ߝሻܶǤ
߲ݐ
In the model, we assume only positive values for the parameters ܿǡ ݀ǡ ǡ  ݎand ߛ , whereas
݈ǡ ߚǡ ݏǡ ߝǡ ݇ǡ ܦ ǡ ܦௐ are non negative.
Introducing the dimensionless variables
ݎ
ܿ
ͳ ݎ
݀
݀
෩ ൌ
ܤ෨ ൌ ට ܤǡܹ
ܹǡܶ෨ ൌ ට ܶǡݔ ൌ ඨ
ݔǡݕ ൌ ඨ
ݕǡݐǁ ൌ ݀ݐǡ
݀
ߛ
ܦ
ܦ
݀
ξ݀ݎ
ௐ
ௐ
we obtain the following non-dimensional form of the model (for convenience, we omit the superscript)
߲ܤ
ൌ  ܤଶ ܹ െ ߜ ܶܤെ  ܤ ߴοܤǡ
߲ݐ
߲ܹ
ൌ ߮ െ  ܤଶ ܹ െ ߣܹ  οܹ െ ߞο ܤǡ
߲ݐ

(2)

߲ܶ
ൌ  ܤെ ߩܶ  ߜܶܤǡ
߲ݐ
where the new non-dimensional parameters are:
ߜൌ

ߛݏ
ξ݀ݎ

ǡ

ߴൌ

ܦ
ǡ
ܦௐ

߮ൌ

ܿ
݀ξ݀ݎ

ǡߣ ൌ

݈
ܿߚ
ሺ݇  ߝሻ
ǡߞ ൌ
ǡߩ ൌ
Ǥ
݀
ݎ
݀

(3)

3. Results
In order to study the mechanisms underlying the vegetation pattern formation as a result of both
positive feedback between biomass and water and negative plant–soil feedback due to the presence of the
toxic compounds T, we perform a stability analysis of the spatially homogeneous equilibria of Eqs. (2). In
addition, we numerically integrate Eqs. (2) fixing the dimensionless parameters ߜǡ ߴǡ ߣǡ ߞ and varying the
precipitation  and the decay rate ݇ of ܶ, i.e., the numerical values of ߮ and ߩ, respectively.
In the following, we prove that our model not only exhibits multiple stable states as in the Klausmeier
[9] original model, but unlike this model the presence of irregular patterns can be explained by the
interplay between positive and negative feedbacks and not only by slight topographic soil variation
(represented in [9] by the advection term).
3.1. Stability analysis of the spatially homogeneous equilibria
In this section, we perform a stability analysis of the spatially homogeneous equilibria in two cases:
a) the parameter ( ݏand consequently the non-dimensional parameter ߜ) is strictly positive, i.e., we
assume that the negative plant–soil feedback affects biomass dynamics;
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b) the parameters  ݏand ߜ are zero, i.e., the nonlinear partial differential Eqs. (2) are decoupled respect
to the toxic compounds (Klausmeier [9] model in which no topographic soil variations are considered).
Since b) is a particular case of a), we limit our analysis to the general case a) and summarize in Table
2 the results on the stationary solutions for these two different cases.
The first stage in our study consists of finding the stationary solutions of the spatially homogeneous
system, i.e., the solutions of the algebraic equations
 ܤଶ ܹ െ ߜ ܶܤെ  ܤൌ Ͳǡ
߮ െ  ܤଶ ܹ െ ߣܹ ൌ Ͳǡ
 ܤെ ߩܶ  ߜ ܶܤൌ ͲǤ
Biologically feasible equilibrium points are the non-negative solutions of the above system, i.e.,
ఝ

x if ߣ  Ͳ ֜ ሺܤଵ ǡ ܹଵ ǡ ܶଵ ሻ ൌ ቀͲǡ ǡ Ͳቁ Ǣ
ఒ

ఘఝ

x if ߣ ൌ Ͳ ֜ ሺܤଶ ǡ ܹଶ ǡ ܶଶ ሻ ൌ ቀఘାఋఝ ǡ

ሺఘାఋఝሻమ ఝ

ǡ ఘ ቁ;

ఘమఝ

ସఋఒఝ

x if ߣ  Ͳǡߜ  Ͳǡ߮  ʹξߣǡߩ  െ ସఒିఝమ ֜
ሺܤଷ ǡ ܹଷ ǡ ܶଷ ሻି ൌ
൬

ఘఝିඥିସఒఘ మ ିସఋఒఘఝାఘ మ ఝ మ ଶఋఒఘାଶఋమ ఒఝାఘሺఘఝାඥఘሺఘఝ మ ିସఒሺఘାఋఝሻሻ
ଶሺఘାఋఝሻ

ǡ

ଶఒሺఋమ ఒାఘ మ ሻ

ǡെ

ଶఋఒିఘఝାඥఘሺఘఝ మ ିସఒሺఘାఋఝሻሻ

൰ǡ

ଶሺఋమ ఒାఘ మ ሻ

ሺܤଷ ǡ ܹଷ ǡ ܶଷ ሻା ൌ
൬

ఘఝାඥିସఒఘ మ ିସఋఒఘఝାఘ మ ఝ మ ଶఋఒఘାଶఋమ ఒఝାఘሺఘఝିඥఘሺఘఝ మ ିସఒሺఘାఋఝሻሻ ିଶఋఒାఘఝାඥఘሺఘఝ మ ିସఒሺఘାఋఝሻሻ
ଶሺఘାఋఝሻ

ǡ

ଶఒሺఋమ ఒାఘ మ ሻ

ǡ

ଶሺఋమ ఒାఘ మ ሻ

൰Ǥ

The Jacobian matrix ܬሺܤǡ ܹǡ ܶሻ associated to system (2) is given by

ܬሺܤǡ ܹǡ ܶሻ ൌ ൭

െͳ  ʹ ܹܤെ ߜܶ
ܤଶ
െʹܹܤ
െ ܤଶ െ ߣ
ͳ  ߜܶ
Ͳ

െߜܤ
Ͳ ൱.
ߜ ܤെ ߩ

Then, the linear analysis of stability allows us to obtain the following results
x the equilibrium ሺܤଵ ǡ ܹଵ ǡ ܶଵ ሻ(corresponding to bare soil) is asymptotically stable if and only if ߩ  ͲǤ
In fact, the Jacobian matrix at ሺܤଵ ǡ ܹଵ ǡ ܶଵ ሻadmits the eigenvalues ߣଵ ൌ െͳǡߣଶ ൌ െߣǡߣଷ ൌ െߩ;
x at the equilibria ሺܤଶ ǡ ܹଶ ǡ ܶଶ ሻand ሺܤଷ ǡ ܹଷ ǡ ܶଷ ሻേ (corresponding to uniform vegetation) the stability
properties involves all model parameters in a non trivial way. Then, the linear analysis of stability of
these equilibria should be examined only on varying the ecologically relevant parameters  and ݇
whereas for the other we assume that:
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ߜൌ

ͳ
ͳͲͲξ͵

ǡߴ ൌ

ͳ
ͳͲ
ǡߣ ൌ ͳǡߞ ൌ Ͳǡ߮ ൌ
ǡߩ ൌ ͳͲ݇
ͳ
ξ͵

(4)

Then, we obtain that ሺܤଶ ǡ ܹଶ ǡ ܶଶ ሻ does not exist (since ߣ ് Ͳ), ሺܤଷ ǡ ܹଷ ǡ ܶଷ ሻି is always unstable, and
ሺܤଷ ǡ ܹଷ ǡ ܶଷ ሻା is always stable to homogeneous perturbations.
Performing a linear analysis of stability in the case b) we obtain that the only stable equilibria are
ା
ି
൫ܤଵ ǡ ܹଵ ǡ ܶଵ ൯ and ൫ܤଷ ǡ ܹଷ ǡ ܶଷ ൯ , whereas ൫ܤଷ ǡ ܹଷ ǡ ܶଷ ൯ is always unstable.
Owing to the above results, in Sec. 3.2 we perform a stability analysis to non-uniform infinitesimal
perturbations only for the steady states ሺܤଵ ǡ ܹଵ ǡ ܶଵ ሻ and ሺܤଷ ǡ ܹଷ ǡ ܶଷ ሻା.
Table 2. Stationary solutions for model equations (2) with different biomass-toxicity dynamics

ࢾ്
if ߣ  Ͳ

if ߣ ൌ Ͳ

ቀͲǡ
ቆ

ࢾൌ
߮
ǡ Ͳቁ
ߣ

ߩ߮ ሺߩ  ߜ߮ሻଶ ߮
ǡ
ǡ ቇ
ߩଶ ߮
ߩ  ߜ߮
ߩ

if ߣ  Ͳ

ቀͲǡ

߮
ǡ Ͳቁ
ߣ

if ߣ ൌ Ͳ

൬߮ǡ

ͳ ߮
ǡ ൰
߮ ߩ

if
ߣ  Ͳǡ
߮  ʹξߣǡ
ߩ  െ

if
ߩ߮ േ ඥെͶߣߩଶ െ Ͷߜߣߩ߮  ߩଶ ߮ ଶ ߜߣߩ  ߜଶ ߣ߮  ߩଶ ߮ െ ߩሺߩ 
ቆ
ǡ
ʹሺߩ  ߜ߮ሻ
ߣሺߜଶ ߣ  ߩଶ ሻ

ߜ߮ሻܤଷേ

ǡ

߮െ

ߣܹଷേ
ߩ

ߣ  Ͳǡ
ቇ

Ͷߜߣ߮
Ͷߣ െ ߮ଶ

߮  ʹξߣǡ

߮ േ ඥെͶߣ  ߮ଶ ߮ െ ܤଷേ ܤଷേ
൭
ǡ
ǡ ൱
ʹ
ߣ
ߩ

ߩͲ

3.2. Linear stability analysis to spatially heterogeneous perturbations
In order to investigate the effect of the biomass and water diffusion on the model system (2) we
perform the linear stability analysis of the stationary homogeneous solutions ሺܤଵ ǡ ܹଵ ǡ ܶଵ ሻ and
ሺܤଷ ǡ ܹଷ ǡ ܶଷ ሻା to nonuniform infinitesimal perturbations.
We consider the perturbed solutions
ܤሺܠǡ ݐሻ ൌ  כܤ ܽ ሺݐሻ݁ ܠή ܐ ܿܿǡܹሺܠǡ ݐሻ ൌ ܹ כ ܽௐ ሺݐሻ݁ ܠή ܐ ܿܿǡܶሺܠǡ ݐሻ ൌ ܶ כ ்ܽ ሺݐሻ݁ ܠή ܐ ܿܿ
where ሺ כܤǡ ܹ כǡ ܶ כሻ is a spatially stable equilibrium solution,  ܠൌ ሺݔǡ ݕሻis the space variables vector,
 ܐൌ ሺ݄ଵ ǡ ݄ଶ ሻ is the wave vector of the perturbation, ܉ሺݐሻ ൌ ሺܽ ሺݐሻǡ ܽௐ ሺݐሻǡ ்ܽ ሺݐሻሻ is the perturbation
amplitudes vector and “ܿܿ” stands for complex conjugate.
Substituting the above perturbed solutions in (2) and keeping terms to first-order only, we obtain the
following system of linear ODEs for the perturbation amplitudes ܉ሺݐሻ:
݀ܽ
ൌ ሺെͳ  ʹ כܹ כܤെ ߜܶ כെ ݄ଶ ߴሻܽ   כܤଶ ܽௐ െ ߜ ்ܽ כܤǡ
݀ݐ
݀ܽௐ
ൌ ሺെ݄ଶ െ ʹ כܹ כܤ ݄ଶ ߞሻܽ െ ሺ כܤ ߣሻܽௐ ǡ
݀ݐ
்݀ܽ
ൌ ሺͳ  ߜܶ כሻܽ  ሺߜ כܤെ ߩሻ்ܽ ǡ
݀ݐ

(5)
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where ݄ ൌ ȁܐȁ is the perturbation’s wave number.
Assuming exponential growth for the perturbations amplitudes, i.e.,
ܽ ሺݐሻ ൌ ܽ ሺͲሻ݁ ఒ௧ ǡܽௐ ሺݐሻ ൌ ܽௐ ሺͲሻ݁ ఒ௧ ǡ்ܽ ሺݐሻ ൌ ்ܽ ሺͲሻ݁ ఒ௧ ǡ
we obtain the eigenvalue problem
ܬሺ݄ሻ ܉ൌ ߣ܉ǡ

(6)

where

ܬሺ݄ሻ ൌ ቌ

െͳ  ʹ ܹܤെ ߜܶ െ ݇ ଶ ߴ
ܤଶ
െ ܤଶ െ ߣ
െ݄ଶ െ ʹ݄ଶ ߞܤ
ͳ  ߜܶ
Ͳ

െߜܤ
Ͳ ቍǤ
ߜ ܤെ ߩ

(7)

The solution of problem (6) give the dispersion relations which provide information about the stability
of the stationary homogeneous solution ሺ כܤǡ ܹ כǡ ܶ כሻ . In fact, the growth rate of a perturbation
characterized by a wave number ݄ is given by the largest real part of the eigenvalues ߣ ൌ ߣሺ݄ሻ.
When we estimate the eigenvalues of the Jacobian matrix ܬሺ݄ሻat the steady-states we obtain
x when ߣ  Ͳ , at ሺܤଵ ǡ ܹଵ ǡ ܶଵ ሻ the Jacobian matrix admits the eigenvalues ߣଵ ൌ െͳ െ ݇ߴǡߣଶ ൌ
െߣǡߣଷ ൌ െߩ which are all negative if ߩ  Ͳ. Then, the bare soil equilibrium ሺܤଵ ǡ ܹଵ ǡ ܶଵ ሻ is stable to
heterogeneous perturbations if and only if ߩ  Ͳ and in this case it can never lead to Turing patterns;
ఝ
x owing to (4), the equilibrium ሺܤଷ ǡ ܹଷ ǡ ܶଷ ሻା exists only for ߮  ʹǡߩ  െ ଶହξଷሺସିఝమሻ , i.e.,  
ξଷ
ǡ݇
ହ



 ିଷାଶହమ . Atሺܤଷ ǡ ܹଷ ǡ ܶଷ ሻା the Jacobian matrix (5) admits eigenvalues with negative real

part for every value of the wave number ݄. Then, the uniform vegetation state is asymptotically stable
for every discrete value of  different from ͲǤͳ,ͲǤ͵. Therefore, Turing conditions for vegetation
patterns formation are not satisfied. Nevertheless, numerical simulations will show that vegetation
patterns occur with our assumptions on parameters (see Fig. 2). These numerical results suggest us to
further investigate the spatio-temporal dynamics of the system on varying other parameters than  and
݇. Finally, we remark that for  ൌ ͲǤͳǡ ͲǤ͵ we have only the stable equilibrium ሺܤଵ ǡ ܹଵ ǡ ܶଵ ሻ. However,
since in our numerical simulations the initial data are outside the basin of attraction of ሺܤଵ ǡ ܹଵ ǡ ܶଵ ሻ,
the solutions do not converge toward bare soil, but tend to assume different vegetation patterns (see
Fig. 2 for ݇ ൌ ͲǤͲͳ).
4. Discussion
We numerically integrate Eqs. (2) fixing the non-dimensional parameters ߴǡ ߣǡ ߞ as in (4) and varying
the precipitation  , the decay rate ݇ of ܶ , and the plant sensitivity to toxic compounds  ݏ, i.e., the
numerical values of ߮, ߩ, and ߜ, respectively.
Figure 2 shows the simulated spatial distributions of plant biomass according to precipitation rate 
(rows), decay rate of toxicity ݇ (columns), and plant sensitivity to toxic compounds ݏ. Two values were
chosen for plant sensitivity to toxicity:  ݏൌ ͲǤͳ (first three columns) showing simulations of the complete
model;  ݏൌ Ͳ (last column) reporting simulations of the reduced model, which includes only two
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equations without NF effect. In this situation the model behaves independently of toxicity ܶ (any k),
reproducing the typical stable spatial patterns, reported in the literature for arid and semi-arid
environments ([2], [3] and [9]): as the precipitation rate increases, plant biomass spatial distribution goes
from bare soil to homogeneous cover, passing through spots, labyrinths and gaps.
On the other hand, in the presence of NF ( ݏൌ ͲǤͳ), the same stable patterns described above are
formed for sufficiently high values of ݇ (third column). In this case the toxicity is degraded too fast to
affect the biomass distribution on the vegetation pattern. Differently, reducing the decomposition rate
(second and first column), the longer permanence of toxicity in the soil produces increasing effects on the
system. In particular, the total plant biomass decreases with higher toxicity, and the transitions from one
spatial pattern to another are shifted towards higher values of precipitation. It is noteworthy that for
sufficiently low values of ݇ (݇ ൌ ͲǤͲͳ, first column), all spatial patterns change in time and space, i.e.,
spots and labyrinth stripes of plants constantly move, escaping from the accumulated toxicity in the
previously occupied soil patches.
This spatio-temporal dynamics is consistent with several empirical observations (e.g. [11]), but, so far,
it was never obtained with previous formulations of plant-water systems. Differently to the Klausmeier
model [9], our numerical simulations show the existence of these patterns when ǡ ݇ and  ݏassume values
in a finite range. In particular, our model can justify the occurrence of vegetation patterns even on flat
ground, whereas Klausmeier explained their emergence with the presence of topographic variations.
Future analytical and numerical studies are required in order to deeply comprehend the reasons beyond
the formation of vegetation patterns even when Turing conditions are not satisfied.
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Fig. 2: Model simulations at different values of ( ݏplant sensitivity to Toxicity),݇ (decay rate of toxicity) and( rain). Each panel
shows a grey-scale map of biomass distribution with darker shade representing higher biomass density. Simulations are performed
with numerical integration and stopped after 20000 time steps. Other model parameter values are shown in Table 1 with ߚ ൌ Ͳ and
ߝ ൌ Ͳ. Initial data: random plant peaks ሺ ܤൌ ͵ሻ in ͷΨ of a rectangular grid of 50x50 elements ǡ  ൌ ʹ,ܶ ൌ ͲǤ
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