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ABSTRACT

We study a mathematical model for the dynamics of patterned dryland veg-

etation in the presence of rainfall intermittency, adopting a spatially-explicit

approach. We find that most results found for constant precipitation carry over

to the case of intermittent rainfall, with a few important novelties. For intermit-

tent precipitation, the functional forms of the water uptake and consequently of

the vegetation growth rate play an important role. Nonlinear, concave-up forms

of water uptake as a function of soil moisture lead to a beneficial effect of rain-

fall intermittency, with a stronger effect when vegetation feedbacks are absent.

The results obtained with the explicit-space model employed here are in keeping

with those provided by simpler, implicit-space approaches, and provide a more

complete view of vegetation dynamics in arid ecosystems.

Subject headings: Vegetation dynamics, drylands, rainfall, ecosystem modeling,

spatial-temporal patterns
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1. Introduction

Arid and semi-arid regions of the world are characterized by scarce, sporadic and

strongly intermittent rainfall (Noy-Meir 1973, Chesson et al. 2004). In this hydrological

regime, long periods of dry conditions are punctuated by short events of intense

precipitation. In the highlands of the Negev Desert (Israel), for example, the total annual

rainfall volume (typically below 200 mm) usually comes in about ten to twenty individual

events with duration of up to eight hours at most (Shanan et al. 1967).

Vegetation cover in arid and semi-arid regions is limited by water and nutrient

availability, and it is highly sensitive to the temporal intermittency in rainfall (see e.g.

Rodriguez-Iturbe and Porporato 2005, Katul et al. 2007). The sporadic occurrence of

precipitation events leads to the presence of intermittent resource pulses, associated with

the irregular alternance between short periods of abundant resource availability and long

periods of high stress conditions. In this regime, the role of competition and facilitation can

be very different from what happens under temporally constant conditions (e.g., Noy-Meir

1973, Goldberg and Novoplansky 1997, Gebauer et al. 2002, Chesson et al. 2004), and the

susceptibility to invasion by exotic species can depend on the frequency and timing of the

pulses (James et al. 2006). Analogous effects can be generated by stream flow intermittency

on semiarid riparian vegetation (Stromberg et al. 2005).

Experimental observations indicate that rainfall intermittency in space and time

usually plays a positive role for the survival of vegetation under water stress (Lundholm

et al. 2004; Sher et al. 2004). One of the arguments used to rationalize this result is that

intermittent rainfall leads to levels of soil moisture that are much higher, albeit only locally

and for short times, than for constant precipitation. In addition, during a rainfall event the

water infiltrating in the soil can easily reach deeper soil layers, where it is shielded from the

intense evaporation that takes place close to the surface.
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Modelling studies of homogeneous vegetation cover in water-limited ecosystems

revealed that the statistical properties of rainfall at intra-annual scale affect the probability

distribution of soil moisture and evapotranspiration and thus determine the plant water

stress (Laio et al. 2001; Porporato et al. 2001; Daly et al. 2004). Using an implicit-space

approach, Baudena et al. (2007) showed that, for a fixed value of the total annual rainfall,

the average fraction of soil covered by vegetation depends on the frequency of intense

precipitation events. In turn, the statistical properties and the temporal variability of

precipitation are expected to vary due to climate change (Katz and Brown 1992), possibly in

the sense of increased intermittency. Owing to the sensitivity of the soil-vegetation system

to the level of rainfall intermittency, these changes could significantly affect plant-soil-water

interactions (Hillel 1998; Wainright et al. 1999; Porporato 2006).

In arid lands, however, vegetation cover is often characterized by the presence of spatial

patterns such as spots, stripes and gaps, and spatial mixtures thereof (Valentin et al. 1999;

von Hardenberg et al. 2001; Rietkerk et al. 2004; Barbier et al. 2006), which can make

implicit-space approaches insufficient to describe the full spectrum of vegetation behavior.

For this reason, in the past fifteen years spatial vegetation dynamics has been intensively

studied by adopting various types of explicit-space approaches (Thiéry et al. 1995; Lefever

and Lejeune 1997; Klausmeier 1999; HilleRisLambers et al. 2001; Okayasu and Aizawa

2001; von Hardenberg et al. 2001; Rietkerk et al. 2002; Shnerb et al 2003; Gilad et al.

2004; Meron et al. 2004; Rietkerk et al. 2004; Sherratt 2005; Yizhaq et al. 2005; Barbier

et al. 2006; Gilad et al. 2007a; 2007b; Kefi et al. 2007; Sherratt and Lord 2007). Usually,

modeling studies of the dynamics of patterned vegetation have considered either a constant,

or a time-periodic rainfall input (Ursino and Contarini 2006; Guttal and Jayaprakash 2007;

Sheffer et al. 2007), focusing on the effects of vegetation feedbacks such as differential

infiltration, facilitation and competition. An important exception is the work of D’Odorico

et al. (2006), who associated some of the pattern formation processes to random climatic
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fluctuations in rainfall.

Given the potential importance of rainfall intermittency, one may wonder whether

the results found for constant rainfall carry over to the more realistic case of sporadic

rainfall events. The present work is devoted to an exploration of this issue from an

explicit-space modeling viewpoint. In particular, we study how rainfall intermittency affects

the dynamics of patterned vegetation, and how an inhomogeneous vegetation cover responds

to a temporally intermittent resource availability. Both issues are essential for properly

modeling vegetation dynamics in arid ecosystems, owing to the ubiquitous presence of

spatial vegetation patterning and the high sensitivity of the soil-plant system to temporal

rainfall intermittency. None of these issues has been previously explored. As we discuss in

detail below, the results indicate that vegetation dynamics in an intermittent rainfall regime

is similar to what has been found for constant precipitation, with the additional beneficial

effect of rainfall intermittency for nonlinear, concave-up forms of vegetation growth rates,

according to Jensen’s inequality (Ruel and Ayres 1999). Interestingly, the results found

with the spatially-explicit model for vegetation dynamics used here are similar to those

found with implicit-space approaches, paving the way to future comparisons between the

two types of models.

The rest of this paper proceeds as follows. In Section 2 we discuss the explicit-space

soil-vegetation model. Section 3 reports the results of the simulations, for different types of

precipitation input. Section 4 is devoted to a detailed discussion of the results, and Section

5 provides summary and conclusions.
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2. Soil-vegetation model

The soil-vegetation model adopted here is based on a modification of the approach

discussed by Gilad et al. (2004; 2007a). The model describes vegetation dynamics in

a water-limited system and includes three state variables: above-ground biomass, B, in

kg/m2; average relative soil moisture, s, in the soil layer with depth d meters containing

the plants’ roots; and water height above the soil surface, H . Water height is measured

in millimeters, or equivalently, assuming water density to be ρw = 103 kg/m3, in kg/m2.

Relative soil moisture is defined as s = W/WMAX where W is soil water density in kg/m2

and WMAX is the saturation value of soil water in the layer considered, determined by

WMAX = ρwnd, where n is soil porosity (Hillel 1998; Rodriguez-Iturbe and Porporato 2005).

An important assumption of the model is that the main limiting factor for plant growth is

water availability.

The system equations, in the case of a flat soil surface, are

∂B

∂t
= GB[s]B

(
1− B

K

)
− MB +DB∇2B (1)

∂s

∂t
=

IH

WMAX

− N s

1 +RB/K
− Gs[B]F(s) +DW∇2s (2)

∂H

∂t
= P − IH +DH∇2

(
H2

)
(3)

where t is time, x = (x, y) is space, and ∇2 = ∂2/∂x2 + ∂2/∂y2.

In the first equation, GB is the biomass growth rate per unit biomass, K is the

maximum standing biomass, M is the mortality rate per unit biomass, and the diffusion

term represents short-distance seed dispersal with diffusivity DB.

The second equation determines the evolution of relative soil moisture; here IH

represents infiltration into the soil, Ns is evaporation from bare surfaces, and the last term

on the right-hand-side (r.h.s.) measures soil-water diffusion with diffusivity DW (Hillel
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1998). The functional form F(s) is discussed in detail below. In the second equation we do
not include a leakage term because we verified that even during the most intense rainfall

events average soil moisture remains lower than soil field capacity, sfc, defined as the

value beyond which water is lost by gravitationally-induced leakage to lower layers (Hillel

1998). In the following, we take sfc = 0.5 and soil porosity n = 0.45. Other choices in the

physically reasonable range lead to qualitatively equivalent results.

In the third equation, P is the precipitation rate, assumed either constant or variable

in time but always homogeneous in space. The last term on the r.h.s. measures surface

water redistribution due to runoff on the surface. This form of runoff is not simple diffusion

of surface water and it can be obtained by assuming runoff water to be described as a

shallow fluid layer in the lubrication approximation, see e.g. Gilad et al. (2004).

The model includes three main feedbacks, namely, the shading feedback, the infiltration

feedback, and the water-uptake feedback, which are discussed in detail below (see Gilad

et al. 2007a and D’Odorico et al 2007 for further details and Barbier et al. 2008 for

quantitative estimates of these effects obtained in a semi-arid self-organized shrubland).

Shading feedback. Evaporation from vegetated soil is lower than from bare soil, owing to

the shading effect of vegetation. This feedback is represented by the factor 1/ (1 +RB/K),

which reduces evaporation from the soil surface where B �= 0. The increase in soil moisture

below the plant contributes to an island of fertility under the plant canopy (Charley and

West 1975; Ehrenfeld et al. 2005). If R = 0, this feedback is absent.

Infiltration feedback. Infiltration is larger in vegetated areas than in bare areas, leading to

larger values of soil moisture and contributing to the creation of an island of fertility below

and around vegetation patches. This difference in infiltration is due to two main factors,
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(i) the presence of physical or biogenic crusts that reduce infiltration in bare soil (West

1990, Eldridge et al. 2002), and (ii) the fact that plant litter and soil mounds intercepting

runoff and plant roots cracking the soil facilitate infiltration in vegetated areas (Shachak et

al. 1998; Shachak and Lovett 1998; Bergkamp et al. 1999). This feedback is modeled by

assuming the infiltration rate to be modulated by the presence of biomass (Walker et al.

1981; HilleRisLambers et al. 2001),

I = A
B(x, t) +Qf

B(x, t) +Q
, (4)

where A, Q and f are constant parameters. In bare soil, one has I = Af . In fully vegetated

soil, I → A. Thus, f ≤ 1 measures the reduction of infiltration in bare soil compared to

vegetated soil. The lower is f , the stronger is the infiltration feedback.

Water-uptake feedback. Larger plants have more extended root systems, enabling them

to take up more soil water. The root-uptake feedback has two facets, one negative and

one positive (Gilad et al. 2007a, Meron et al. 2007a). On one hand, larger plants lead to

a stronger reduction of the water content at any given point in space, leaving less water

for further biomass increase. On the other hand, there is a positive feedback which can

be called a “root-augmentation” feedback. As the above-ground biomass grows, the root

system extends in size and probes new regions. As a result, the amount of water available

to the plant increases, which further increases the above-ground biomass.

These two effects are modeled by the forms of the vegetation growth rate, GB, and

of the water uptake from the soil, Gs. The vegetation growth rate is assumed to be an

increasing function of the extension of the root system, which in turn is assumed to be

proportional to the above-ground biomass. As a result, GB depends on the water uptake

by the root system and it is modeled as

GB[s] = ΛMAX

∫
G(x,x′, t)F (s(x′, t)) dx′ , (5)
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where ΛMAX is the maximum biomass growth rate. In the soil water equation, the water

uptake is assumed to depend on the root extent, and it is modeled as

Gs[B] = Γ

∫
G(x′,x, t)B(x′, t)dx′ (6)

where Γ measures soil water uptake per unit biomass.

Water uptake is described by nonlocal terms, owing to the spatial extension of the root

system. The kernel G represents the root system and it is given by

G(x,x′, t) =
1

2πS0

exp

[
− |x − x′|2
2 [S0(1 + EB (x, t))]2

]
. (7)

The parameter S0 measures the minimum (linear) horizontal extent of the roots, while E

quantifies the root augmentation per unit biomass: The larger E, the stronger the feedback.

This process introduces an important nonlinearity in the model, as the vegetation growth

rate increases with biomass density. Analogously, water uptake at a point in space depends

on all roots that reach that point. Note that G(x′,x, t) �= G(x,x′, t). Details on the

numerical procedure adopted to compute the integral terms are given by Gilad and von

Hardenberg (2006).

In the definition of GB and in the soil moisture equation, F(s) is the functional form
of water uptake. In previous works (Gilad et al. 2004; 2007a), we always assumed a linear

dependence of the water uptake, F(s) = C0s. In addition to this choice, here we explore

the effects of a nonlinear, saturating form of water uptake, similar to a Holling type-III

functional dependence (e.g., Holling 1966),

F(s) = Cs4

1 + φs4
. (8)

The form chosen here is characterized by a concave-up part at low values of soil moisture,

and by a decelerating, concave-down part at larger values of soil moisture. This choice

implies that at very low levels of soil moisture plants do not efficiently use water, while
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at very large soil moisture values plants cannot consume all the available water. Figure

1 shows the linear and the nonlinear forms of water uptake adopted in this work. The

parameters C0, C and φ are fixed by requiring that, for both forms, F(s = sfc) = 1 and

that the bare state looses stability to the homogeneously vegetated state for the same value

of annual precipitation.

The introduction of a saturating form of water uptake is motivated by the fact that

during intense precipitation events, soil moisture can reach high values which cannot be

fully exploited by the plants’ roots. In addition, the functional form chosen here allows for

studying the role of nonlinearities in the growth rate, which have been shown to play an

important role in the case of implicit-space models (Baudena et al. 2007). In the Discussion,

we also comment on another nonlinear functional form of the water uptake term, namely a

Michaelis-Menten (Holling type-II) dependence (e.g., Kot 2001), characterized by a linear

growth at low values of soil moisture and saturation at large soil moisture values. For a

study of functional responses in arid ecosystems, see Chesson et al. (2004).

The model introduced above can be further simplified. Since the time scale of surface

runoff is much faster than either the time scale of infiltration or of vegetation growth, we

can assume that the surface water height adapts instantaneously to the precipitation input

and discard the time derivative in the surface water equation. In this way, we obtain a

diagnostic equation for H :

IH − DH∇2
(
H2

)
= P . (9)

With this approximation, the water height H above the surface is non-zero only during a

precipitation event when P �= 0. Whenever P = 0, the only solution is H = 0.

In equation (2), the assumption of soil-water diffusion with a Laplacian term is a

simplified one. In our model, however, soil water diffusion plays a secondary role as the

main redistribution term for water comes from surface runoff, which is much faster than
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water diffusion within the soil. Another drawback of the model, which we accept here

in order to keep the description simple, is that we assume a single layer of soil with a

bucket-type hydrology. We do not explicitely model the propagation of the wetting front

within the soil and we do not distinguish a surface shallow layer where evaporation takes

place from a deeper layer where only plant roots consume water. Model experiments with

an implicit-space model with multiple soil layers suggest that these assumptions do not

lead to qualitative changes in the results with respect to bucket-type models (Baudena

and Provenzale 2008). Future developments of the model discussed here should take into

account the vertical structure of the soil.

3. The role of rainfall intermittency

To study the effects of rainfall intermittency on vegetation dynamics, we numerically

integrate the model described above. Although its mathematical formulation is quite

general and can be used for describing different vegetation life forms, here we consider

a set of parameter values that are appropriate for the case of shrubs in drylands, with

special attention to the conditions where shrubs act as ecosystem engineers (Jones et al.

1994; Gilad et al. 2004; 2007a; 2007b; Cuddington et al. 2007, Meron et al. 2007b). The

study area is a square box with lateral size L = 5 meters. The depth of the soil layer

containing the plants’ roots is assumed to be d = 3.5 meters, consistent with observational

results in arid regions (Canadell et al. 1996). Table 1 reports the values of the other model

parameters, in accordance with those already employed in previous studies (Gilad et al.

2007a, Sheffer et al. 2007, Meron et al. 2007a and references therein).

Precipitation is either assumed to be constant in time, or to be intermittently

distributed in a small number of intense events. The latter case is simulated by randomly

positioning in time NP = 12 precipitation events per year, each event having duration of
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TP = 8 hours. The precipitation volume of each of these Np events is initially extracted

from an exponential distribution (see e.g. Rodriguez-Iturbe and Porporato 2005). To avoid

any differences in the total annual precipitation from one year to another, we repeat the

same Np events in each year, varying only the randomly chosen time of their occurrence

during the year. In this way, the total annual rainfall, obtained by adding the precipitation

falling during each of the NP events, is the same in the different years.

For intermittent precipitation, we consider two cases: (i) the events are evenly

distributed over the whole year; and (ii) rainfall events are concentrated in a period of 4

months that we call the “wet season”. In this latter case, we include the effects of both

rainfall intermittency and seasonality.

The first, interesting result is that the overall behavior of the system does not change

much when passing from constant precipitation to intermittent rainfall. We observe the

presence of spots, stripes and gaps, with the transition to denser patterns when annual

rainfall increases. Of course, with intermittent precipitation there is no stationary state,

and the whole system oscillates with the availability of water in correspondence of rainfall

events. Figure 2 shows a snapshot of the spatial distribution of vegetation biomass, B, for

constant precipitation (upper panels) and for intermittent precipitation without seasonality

(lower panels), for a linear form (left panels) and for a type-III form of the water uptake F
(right panels). In all cases, we have included a strong infiltration feedback, f = 0.1. The

annual precipitation has been fixed at 300 mm yr−1, in the spot regime (Gilad et al. 2004;

2007a). Figure 3 shows the time evolution of the spatially-averaged biomass, 〈B〉, and of
the fraction of area covered by vegetation, for the same cases. Here and in the following, we

numerically integrate the coupled soil-vegetation system for 166 years. To be sure of having

reached statistical stationarity, we discard the first half of the runs and compute statistical

quantities only over the last 83 years of the simulation. For the purpose of quantifying the



Acc
ep

ted
 m

an
usc

rip
t 

 

 

 

 

 

 

 

 

 

– 13 –

fraction of area covered by vegetation, the soil is considered to be occupied by vegetation if

B ≥ 0.05 kg/m2; note that, inside fully-developed spots, B has a value of about 0.7 kg/m2.

The threshold value has been chosen consistently with our focus on shrubs; other choices

of the threshold on B lead to qualitatively analogous results (the exact value of the area

fraction occupied by vegetation varying slightly with the threshold).

The curves of figure 3 indicate that the fraction of area covered by vegetation is larger

for intermittent precipitation than for constant rainfall. For a type-III form of the water

uptake, also the average biomass is larger in the case of intermittent precipitation. To test

whether this behavior also holds for other rainfall rates, we show in Fig. 4 the average

biomass and area coverage of vegetation as functions of the annual precipitation for strong

infiltration feedback, for a linear form of F (panels a and c) and a type-III form (panels b

and d). Panels a and b show the spatial average of biomass, and panels c and d show the

fraction of area covered by vegetation, versus the annual precipitation volume in mm yr−1.

The three curves in each panel indicate the cases with constant precipitation, intermittent

precipitation without seasonality and intermittent, seasonally-distributed rainfall.

When F is linear, there is a very small difference in average biomass and in vegetation

cover for constant or intermittent (non-seasonal) precipitation, with a slight positive

effect of intermittency at all values of annual rainfall for the fraction of area covered by

vegetation and, at low values of annual rainfall, for the average biomass. On the other

hand, seasonality and intermittency together have a detrimental effect on average biomass

at larger values of annual rainfall.

The situation is rather different for the case of a nonlinear, concave-up form of F(s),
as shown by the right panels in figure 4. With this form of F , the effect of rainfall
intermittency is always beneficial to the average biomass and to the fraction of area covered

by vegetation. In addition, vegetation can survive under harsher environmental conditions
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with rainfall intermittency. Note also that no substantial differences are observed between

seasonal and non-seasonal intermittent rainfall, except for the response of the average

biomass at high precipitation.

One cause of the behavior illustrated in figures 4b,d is the chosen nonlinear form of the

water uptake as a function of s (and, indirectly, of precipitation), as discussed by Baudena

et al. (2007) for implicit-space models. This is one more example of the application of

Jensen’s inequality in ecosystem dynamics (Ruel and Ayres 1999). This inequality simply

states that the average nonlinear response to a fluctuating input depends on the sign of

the second derivative of the response function. Although the explicit form of the growth

rate in our model is complicated, we see that for intermittent precipitation s also assumes

intermittent values and, keeping for simplicity the biomass B constant (since it has much

slower variability), we can write that

GB[s] = ΛMAX

∫
G(x,x′, t)F (s(x′, t))dx′ , (10)

where the overbar denotes a time average. Then,

F (s) = F (s+ δs) ≈ F (s) +
1

2

(
d2F
ds2

)
s=s

(δs)2 (11)

where δs is the random fluctuation in soil moisture owing to rainfall intermittency and we

have assumed δs = 0. For constant rainfall, δs = 0, s = s and F(s) ≡ F(s). For intermittent
rainfall, in the range where F is concave-up, (d2F/ds2)s=s > 0 and F(s) > F(s). For a
nonlinear, concave-up form of F , the time average of water uptake, F(s), is thus larger than
the water uptake for the average value of s, F(s). Since the biomass growth rate depends
on water uptake, one then observes a larger effective growth rate for intermittent rain than

for constant precipitation, provided that the average soil moisture is in the range where F
is concave-up. For a linear F , this effect is absent and the average biomass is basically the
same for intermittent and for constant precipitation.
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On the other hand, figures 4a,c show that even for a linear F , the fraction of area
covered by vegetation is slighty larger in the case of intermittent precipitation. The

spatial variability of the surface water height during a precipitation event comes from the

balance of differential infiltration, which tends to reduce H where there is biomass, and

the homogenizing effect of surface water redistribution by runoff. Surface runoff is more

effective for larger values of H , owing to the smaller friction of the surface fluid layer with

the ground. Thus, during the intense rainfall events of an intermittent precipitation regime,

the value of H grows large and the H field becomes more homogeneous than for lower

precipitation rates. This implies that H can be larger in proximity of vegetation patches,

with a beneficial effect for the biomass, especially at the edge of the spots. Overall, the

total biomass remains approximately the same, but the spots become slightly larger and

reach slightly smaller values of maximum biomass in their interior.

Soil moisture differences between vegetated and bare patches depend on the properties

of the balance between infiltration (which is increased in proximity of vegetation) and water

consumption. In bare patches, infiltration is lower and only evaporation takes place. In

vegetated patches, infiltration is larger but water consumption is due to both evaporation

and water uptake by plant roots. For most plants, the increase in infiltration and the

shading effect are not enough to balance the larger water uptake associated with plant

growth and evapotranspiration, and soil moisture becomes lower in vegetated patches than

in bare soil. For some shrubs, however, in dry conditions the balance can become positive,

evaporation can be reduced by shading effects, and the increase in infiltration is larger than

that of water uptake (Gilad et al. 2004; 2007a; 2007b; Meron et al. 2007b). As a result,

soil moisture becomes larger in vegetated areas than in bare soil, favouring the presence of

other plant species (e.g., Callaway and Walker 1997; Maestre and Cortina 2004; Pugnaire

and Luque 2006). This effect is an example of ecosystem engineering, a type of behavior

where some living species modify the abiotic environment in ways that create habitats for
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other species, thereby affecting the whole community structure (Jones et al. 1994; 1997;

Wright and Jones 2006; Cuddington et al. 2007).

One possible index of the intensity of the engineering effect is the ratio between the

maximum soil moisture density below shrubs and the moisture in bare soil; if this ratio

is larger than one, one can interpret the shrub action as ecosystem engineering. Figure

5 shows the ratio of maximum soil moisture in vegetated areas to the soil moisture in

bare soil, for the linear (left) and type-III (right) functional forms of water uptake. For

constant precipitation, the engineering effect disappears above about 150 mm/yr for the

linear uptake and above about 250 mm/yr for the nonlinear form of F . The effects of
rainfall intermittency are different in the two cases: for a linear F , intermittency does

not have substantial effects, and at most it weakly increases the engineering effect. For

the nonlinear, saturating form of F , the engineering effect is significantly reduced in the

presence of rainfall intermittency, and even more drastically so for seasonally-distributed

intermittent precipitation events. This is due to the fact that, with this form of F , for the
same value of annual precipitation the total biomass is significantly larger for intermittent

precipitation than for constant rainfall (see figure 4); consequently, the root systems and the

corresponding water uptake are larger for intermittent rain and soil moisture in vegetated

areas decreases.

In a previous work with implicit-space models (Baudena and Provenzale 2008), it was

shown that the effects of rainfall intermittency on vegetation survival are larger in the

absence of vegetation feedbacks. To explore whether this is true also for the explicit-space

model adopted here, we have studied the case with f = 1, i.e., without infiltration feedback.

Figure 6 shows the results for the case with no infiltration feedback, f = 1, for the linear

form of F (panels a and c) and the type-III form (panels b and d). As before, panels a and

b show the spatial average of biomass, 〈B〉, and panels c and d show the fraction of area
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covered by vegetation, versus the annual precipitation volume in mm yr−1. The three curves

in each panel indicate the cases with constant precipitation, intermittent precipitation

without seasonality and intermittent, seasonally-distributed rainfall.

Without infiltration feedback, precipitation intermittency has a strong effect for a

type-III form of F , allowing for vegetation persistence at values of annual rainfall well

below those required for the survival of vegetation in the case of constant precipitation.

Comparing figures 4b,d with figures 6b,d, we see that the effect of rainfall intermittency

is stronger when there is no infiltration feedback. The overall effect of eliminating the

infiltration feedback is to decrease the ability of the vegetation to survive at low rainfall

rates. However, rainfall intermittency helps counterbalancing this effect significantly.

The beneficial effect of precipitation intermittency vanishes with a linear form of F ,
and becomes detrimental to vegetation especially at high precipitation rates. With a linear

F , there is no advantage coming from averaging the vegetation growth rate on widely

different values of soil moisture (as instead happens for the nonlinear, concave-up form of

F). Further, the joint effects of long periods of dry conditions (during which evaporation
is strong) and of the lack of infiltration feedback lead to lower values of soil moisture in

vegetated areas and ultimately to lower biomass. In the case of seasonally-distributed

precipitation, the long dry periods last long enough to lead to a significant reduction in the

model biomass and, consequently, to a reduction in water uptake with a further detrimental

effect on vegetation.

4. Discussion

The exploration of the dynamics of the spatially-explicit model introduced above has

revealed that the basic qualitative aspects of vegetation dynamics in the case of constant
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precipitation are similar to those for intermittently-distributed rainfall, providing confidence

in the results obtained so far with the analysis of spatially-explicit vegetation models with

constant precipitation input.

In addition, the results reported here indicate that precipitation intermittency can

favour vegetation persistence and survival, in keeping with experimental observations of

vegetation dynamics under water stress (Lundholm et al. 2004; Sher et al. 2004). Usually,

the beneficial effect of rainfall intermittency is ascribed to the fact that during episodic,

intense rainfall events some water infiltrates below the layer where rapid evaporation takes

place, and it can then be used by plants during later dry periods. This mechanism is

absent in our model as we do not explicitely distinguish between a surface layer with strong

evaporation and a lower layer where water does not evaporate. The results obtained with

this model indicate that another mechanism can be active, namely, the nonlinear response

of vegetation to water availability and resource pulses.

In the following, we discuss in some details this point and some of the related issues.

4.1. Jensen’s inequality and the beneficial effect of a concave-up water uptake

term

As shown in figures 4 and 6, in the model adopted here precipitation intermittency

does not necessarily play a positive role for vegetation persistence, unless the vegetation

growth rate is a nonlinear, concave-up function of soil moisture (and thus of precipitation

intensity). As discussed above, this is one more example of the relevance of Jensen’s

inequality in ecosystem dynamics (Ruel and Ayres 1999).

For a concave-up form of water uptake, the average growth rate for intermittent

precipitation is larger than the growth rate corresponding to the average (or constant)
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precipitation, and vegetation survival is enhanced. As a consequence, plants can survive in

drier conditions than for constant precipitation. In addition, for any given value of annual

rainfall both the biomass and the fraction of vegetated surface are larger than for constant

precipitation.

In keeping with Jensen’s inequality, vegetation is negatively affected by precipitation

intermittency in the case of a concave-down form of the growth rate. In this case, in fact,

(d2F/ds2)s=s < 0 and F(s) < F(s). Simulations with a type-II (or Michaelis-Menten) form
of the growth rate, F(s) = C ′s/(1 + φ′s), reveal that in this case, as expected, rainfall

intermittency is detrimental to vegetation, and both the average biomass and the fractional

vegetation cover are lower than for constant precipitation.

4.2. Ecosystem engineering

As illustrated in figure 5, for a type-III response form rainfall intermittency leads to a

reduction of the engineering capacity of the shrubs. In general, shrubs become ecosystem

engineers when the enhanced infiltration and reduced evaporation due to shading associated

with the presence of vegetation dominate the water uptake by the root system, and lead to

soil-moisture concentration under the shrub patch. In the case of a concave-up response

form, however, rainfall intermittency can tilt the water balance under a shrub patch towards

water uptake, by increasing the biomass growth rate and consequently the spatial extension

of the root system. Intermittent rainfall can therefore decrease the engineering capacity of

shrubs. Note that the effect of reduced engineering is weaker at higher rainfall rates where

the response form is no longer concave up.
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4.3. The role of vegetation feedbacks

The work of Baudena and Provenzale (2008) on implicit-space models of vegetation

dynamics has indicated that the beneficial effect of rainfall intermittency for a concave-up

vegetation growth rate is larger in the absence of shading and infiltration feedbacks. We

explored the same issue in the fully explicit spatial model studied here, obtaining similar

results. Figures 4 and 6 show respectively a case with strong infiltration feedback (f = 0.1)

and a case without infiltration feedback (f = 1). We found that for a type-III water uptake

form, with and without feedbacks, the presence of rainfall intermittency is always beneficial

to vegetation. However, the effect is stronger in the absence of infiltration feedback. We

can thus speculate that in the presence of intermittent rainfall, vegetation has at least

two strategies for enhancing its survival: either evolve the ability to setup and use the

infiltration feedback, e.g. by producing litter, and/or evolve a concave-up form of the

dependence of the intensity of the water uptake on soil moisture. This second option should

be favored in dry areas with limited crust cover. Field and laboratory measurements and

manipulation experiments could provide more insight into these issues.

4.4. The role of seasonality

Seasonality in the precipitation regime can have important effects on dryland vegetation

dynamics (Ursino and Contarini 2006; Guttal and Jayaprakash 2007; Sheffer et al. 2007).

We explored the role of seasonality in the case of intermittent rainfall, assuming the

precipitation events to be either uniformly spread over the whole year (no seasonality), or

concentrated in a wet season with duration of four months, with no rainfall during the dry

season. For a strong infiltration feedback (f = 0.1, see figure 4), there is no significant

difference between the seasonal and non-seasonal intermittent precipitation regimes for the

fraction of area covered by vegetation and, at low annual precipitation, for the average
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biomass. Only at larger values of the annual precipitation, the average biomass is lower for

the seasonal than for the non-seasonal case. No qualitative difference was found between

the linear and the type-III response forms.

Differences between the two forms of water uptake are instead observed for the

engineering effect, as illustrated in figure 5. For a linear form of water uptake, there is

hardly any difference between the seasonal and non-seasonal regimes of intermittent rainfall.

For a type-III water uptake form ecosystem engineering is significantly reduced by rainfall

intermittency, especially in the case of seasonally-distributed, intermittent precipitation.

As discussed above, this reduction of the engineering effect is due to the larger biomass

obtained in this case.

In the absence of infiltration feedback (see figure 6), the role of seasonality becomes

more evident. For a linear form of water uptake, intermittency and seasonal intermittency

are always detrimental to vegetation, even more so for larger values of annual precipitation.

For seasonally-distributed precipitation, the time scale of precipitation variability is

comparable to that of biomass mortality. During dry periods, plant biomass decreases

due to mortality and small growth rates associated with low soil humidity. As a result,

the overall extent of the active root systems (assumed to be proportional to the biomass)

becomes smaller,1 leading to further reduction of the water uptake and to still smaller

biomass growth rates. At large values of annual precipitation, the effect of seasonal

1This should not be interpreted in the sense of a reduction of the roots’ extension in dry

periods, but rather as a reduction of the active root biomass by mortality of the corresponding

plants. In this model, we do not describe the behavior of individual plants but rather

the above-ground biomass at a certain location, and assume below-ground biomass to be

proportional to above-ground biomass. We did not include any hysteresis in the relationship

between above- and below-ground biomass or plasticity of the root system.
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intermittency are more evident, because the root-uptake feedback is stronger (at low values

of precipitation, the root length is bounded from below by S0 and relative variations are

smaller). The larger rainfall intensity during wet periods does not compensate for dry

periods, owing to the 1−B/K factor in the nonlinear growth rate which becomes important

at high precipitation rates, where the growth is K-limited rather than limited by soil

moisture. The detrimental role of seasonality is especially evident for a linear form of the

water uptake term F , since in this case rainfall intermittency has little or no beneficial

effect. By contrast, for a nonlinear, concave-up form of water uptake, seasonal intermittency

is beneficial especially at low values of annual precipitation because the nonlinearity in

the water-uptake part of the growth rate dominates over the root-length feedback. In the

presence of a strong infiltration feedback (f = 0.1, figure 4), one observes similar results,

even though the role of rainfall intermittency is always reduced in this case.

5. Conclusions

In this work we have studied the properties of a spatially-extended model for dryland

vegetation exposed to intermittent precipitation. The main qualitative aspects of vegetation

dynamics obtained for constant precipitation, such as the existence of patterned states and

the role of shrubs as ecosystem engineers, carry over to the case of intermittent rainfall.

Rainfall intermittency is beneficial to vegetation in the case of a nonlinear, concave-up

form of the water uptake term and thus of the biomass growth rate. For a linear growth

rate, intermittency does not play any significant role at low rainfall rates. In the absence of

infiltration feedback, the effects of rainfall intermittency are stronger than for the case of

an active infiltration feedback.

The results obtained here with a fully spatially-explicit vegetation model are similar
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to what has been found with implicit-space models (Baudena et al. 2007; Baudena and

Provenzale 2008). Both types of models capture some of the basic aspects of vegetation

dynamics and of soil-vegetation-climate interactions, suggesting that the bulk properties

of patterned vegetation states can be approximately described by simpler models where

spatial dependence is treated implicitely. This can be especially interesting in the context

of climatic studies where the space and time scales involved often require the use of simple,

parameterized models, and one must take into account the feedback of vegetation and soil

moisture dynamics on atmospheric motions (Entekhabi et al. 1992; D’Andrea et al. 2006;

Dekker et al. 2007).

From an ecological standpoint, the results reported in this paper indicate that the

form of the water uptake, and consequently of the vegetation growth rate, is important

in determining vegetation survival and the vegetation response to intermittent resource

pulses. The beneficial effects of a concave-up water uptake form is stronger in the absence

of significant vegetation feedbacks such as differential infiltration, indicating that the two

effects are not fully cumulative.
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Fig. 1.— Functional forms of the water uptake term, F(s) where s = W/WMAX , adopted in

this work. The inset shows an enlargment of the region for small s.
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Fig. 2.— Snapshot of the spatial distribution of biomass, for constant precipitation (upper

panels), and intermittent rainfall without seasonality (lower panels), at the end of a 166-yr

long integration of the model. Left panels refer to the case with linear functional response,

F , and right panels to the case of a type-III form of F . In all cases, f = 0.1 and the annual

precipitation is fixed at 300 mm yr−1.
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Fig. 3.— Time evolution of the fraction of area covered by vegetation (upper curves) and

of the spatially-averaged biomass in kg/m2 (lower curves). The straight lines refer to the

case of constant precipitation, the fluctuating curves to the case of intermittent precipitation

without seasonality. The left panel is for a linear form of F , the right panel for a type-III
form of F . In all cases, f = 0.1 and the annual precipitation is fixed at 300 mm yr−1.
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Fig. 4.— Value of the spatial average of biomass, 〈B〉 (panels a,b), and of the fraction of soil
surface covered by vegetation (panels c,d) as functions of the annual precipitation volume in

mm yr−1. Panels a and c refer to a linear form of the water uptake term F(s), panels b and
d to a type-III form of F(s). In each panel, the solid curve refers to constant precipitation,
the dashed line to intermittent precipitation without seasonality and the dash-dotted line to

seasonally-distributed, intermittent precipitation. For all cases, f = 0.1.
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Fig. 5.— Ratio between the maximum soil moisture value in vegetated areas, Max(s), and

the soil moisture in bare soil, sbare, as functions of annual precipitation. This ratio provides

a measure of the engineering effect of the shrubs. The left panel refers to a linear form of the

water uptake term F(s), the right panel to a type-III form of F(s). In each panel, the solid
curve refers to constant precipitation, the dashed line to intermittent precipitation without

seasonality and the dash-dotted line to seasonally-distributed, intermittent precipitation.

For all cases, f = 0.1.
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Fig. 6.— Value of the spatial average of biomass (panels a,b) and of the fraction of soil

surface covered by vegetation (panels c,d) as functions of the annual precipitation volume in

mm yr−1. Panels a and c refer to a linear form of the water uptake term F(s), panels b and
d to a type-III form of F(s). In each panel, the solid curve refers to constant precipitation,
the dashed line to intermittent precipitation without seasonality and the dash-dotted line

to seasonally-distributed, intermittent precipitation. For all cases, there is no infiltration

feedback, f = 1.
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Table 1: List of model parameters and of their values. The chosen values are appropriate for

shrubs.

Symbol Meaning Value Units

L Lateral size of the domain 5 m

d Depth of the soil layer 3.5 m

n Soil porosity 0.45 -

WMAX Saturation water density in the soil

layer

1600 kg/m2

K Maximum standing biomass 1 kg/m2

M Mortality rate 1.2 yr−1

A Infiltration rate in fully vegetated soil 1200 yr−1

Q Reference value beyond which infil-

tration reaches its maximum

0.05 kg/m2

N Evaporation rate 6 yr−1

E Roots’ augmentation per unit

biomass point

3.5 (kg/m2)−1

S0 Minimal root system’s size 0.125 m

ΛMAX Maximum biomass growth rate 25.6 yr−1

Γ Soil water uptake rate per unit

biomass

10 kg/m2yr−1

DB Seed dispersal coefficient 6.25× 10−4 m2/yr

DW Soil moisture diffusivity 6.25× 10−2 m2/yr

DH Coefficient of above-ground water re-

distribution

100 m2/yr (kg/m2)−1

R Evaporation reduction due to shading 10 -

f Infiltration contrast beween bare and

vegetated soil

0.1-1 -


