VOL. 159, NO. 2 THE AMERICAN NATURALIST FEBRUARY 2002

Spatial Heterogeneity and Irreversible Vegetation

Change in Semiarid Grazing Systems

Johan van de Koppel,">* Max Rietkerk,"**' Frank van Langevelde,">* Lalit Kumar,"*
Christopher A. Klausmeier,”! John M. Fryxell,>* John W. Hearne,”"" Jelte van Andel,>""
Nico de Ridder,*** Andrew Skidmore,** Leo Stroosnijder,”!l and Herbert H. T. Prins“*

1. Tropical Nature Conservation and Vertebrate Ecology Group,
Wageningen University, Bornsesteeg 69, 6708 PD Wageningen,
Netherlands;

2. Department of Plant Biology, University of Groningen, P.O. Box
40, 9750 AA Haren, Netherlands;

3. Erosion and Soil and Water Conservation Group, Wageningen
University, Nieuwe Kanaal 11, 6709 PA Wageningen, Netherlands;
4. Plant Production Systems Group, Wageningen University, P.O.
Box 430, 6700 AK Wageningen, Netherlands;

5. School of Mathematics, Statistics, and Information Technology,
University of Natal, Private Bag X01, Scottsville, Pietermaritzburg
3209, South Africa;

6. International Institute for Aerospace Survey and Earth Sciences,
Hengelosestraat 99, P.O. Box 6, 7500 AA Enschede, Netherlands;
7. Swiss Federal Institute for Environmental Science and Technol-
ogy, Seestrasse 79, CH-6047 Kastanienbaum, Switzerland;

8. Department of Zoology, University of Guelph, Guelph, Ontario
N1G 2W1, Canada

Submitted December 4, 2000; Accepted July 16, 2001

* Corresponding author. Address for correspondence: International Institute
for Infrastructural, Hydraulic, and Environmental Engineering, P.O. Box 3015,
2601 DA Delft, Netherlands; e-mail: kop@ihe.nl.

" Present address: Environmental Sciences and Hydro-ecology, Utrecht
University, P.O. Box 80.115, 3508 TC Utrecht, Netherlands; e-mail:
m.rietkerk@geog.uu.nl.

# E-mail: f.vanlangevelde@alterra.wag-ur.nl.
$ E-mail: kumar@itc.nl.

I E-mail: cklausme@princeton.edu.
* E-mail: jfryxell@uoguelph.ca.

** E-mail: hearne@math.unp.ac.za.

" E-mail: j.van.andel@biol.rug.nl.

# E-mail: nico.deridder@users.agro.wau.nl.
E-mail: skidmore@itc.nl.

1" E-mail: leo.stroosnijder@users.tct.wau.nl.
E-mail: herbert.prins@staf.ton.wau.nl.

Am. Nat. 2002. Vol. 159, pp. 209-218. © 2002 by The University of Chicago.
0003-0147/2002/15902-0007$15.00. All rights reserved.

ABSTRACT: Recent theoretical studies have shown that spatial re-
distribution of surface water may explain the occurrence of patterns
of alternating vegetated and degraded patches in semiarid grasslands.
These results implied, however, that spatial redistribution processes
cannot explain the collapse of production on coarser scales observed
in these systems. We present a spatially explicit vegetation model to
investigate possible mechanisms explaining irreversible vegetation
collapse on coarse spatial scales. The model results indicate that the
dynamics of vegetation on coarse scales are determined by the in-
teraction of two spatial feedback processes. Loss of plant cover in a
certain area results in increased availability of water in remaining
vegetated patches through run-on of surface water, promoting
within-patch plant production. Hence, spatial redistribution of sur-
face water creates negative feedback between reduced plant cover and
increased plant growth in remaining vegetation. Reduced plant cover,
however, results in focusing of herbivore grazing in the remaining
vegetation. Hence, redistribution of herbivores creates positive feed-
back between reduced plant cover and increased losses due to grazing
in remaining vegetated patches, leading to collapse of the entire
vegetation. This may explain irreversible vegetation shifts in semiarid
grasslands on coarse spatial scales.

Keywords: grazing, herbivory, positive feedback, spatially explicit
model, vegetation collapse, vegetation patterns.

A typical characteristic of many semiarid grazing systems
is their sensitivity to degradation of the soil (Sinclair and
Fryxell 1985; Graetz 1991). Despite the low absolute
amount of rain, rainfall typically occurs in intense showers.
The capacity of the soil to absorb water is, however, rel-
atively low, especially in more clayey soils (Rietkerk et al.
2000). Vegetation, however, promotes the infiltration of
water, which is an important limiting factor for plant
growth in semiarid systems (Elwell and Stocking 1976;
Kelly and Walker 1976; Breman and De Wit 1983). The-
oretical models predict that feedback between infiltration
of water and plant growth leads to alternate stable states
in the vegetation, one state with a high plant standing
crop, and one without vegetation that is considered to be
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degraded (van de Koppel et al. 1997; Rietkerk and van de
Koppel 1997). Once the vegetation has reached the bare
state, it is not easily restored (Le Houerou 1989; Walker
et al. 1981). This may explain the occurrence of alternating
patches of vegetation and bare soil that is characteristic of
many rangelands (Wilson and Agnew 1992; van de Koppel
et al. 1997).

Degradation occurs in many semiarid regions all over
the world (van de Koppel et al. 1997). The scale at which
degradation occurs, however, varies among sites (Ludwig
and Tongway 1995). In many systems, the degradation
feedback results in the formation of fine-scale patterns
(1 m*~100 m? Belsky 1986; Montana 1992; Ludwig and
Tongway 1995; Rietkerk et al. 2000). Run-off of water from
bare patches leads to increased water availability in veg-
etated patches (Montana 1992; Bromley et al. 1997), which
may allow vegetated patches to cope with increased graz-
ing. Hence, spatial redistribution of water appears to com-
pensate for the detrimental effects of grazing. In other
systems, degradation is a phenomenon occurring over
large areas and may result in a dramatic collapse of pro-
duction at scales of hectare to square kilometers (Oldeman
et al. 1991). In these systems, local redistribution of water
seems to have little effect, and plant production is lost.

Recent theoretical studies investigate the consequences
of spatial redistribution of water in semiarid systems
(Klausmeier 1999; HilleRisLambers et al. 2001). These
studies show that spatial interaction, in particular run-on
and run-off of water, can induce regular patterns of veg-
etation alternating with bare soil. Their results imply that
spatial redistribution of water cannot explain the collapse
of primary production that is observed in many semiarid
grazing systems (Sinclair and Fryxell 1985; Friedel 1991;
Laycock 1991; van de Koppel et al. 1997), as plant growth
is maintained at coarse scales. Moreover, simplifying as-
sumptions that underlie their models, such as a spatially
homogeneous herbivore presence, preclude analysis of this
aspect of semiarid grazing systems. Hence, the implications
of spatial heterogeneity for concepts explaining irreversible
vegetation shifts remain unexplored.

In this article we investigate the consequences of spatial
interactions among patches for the dynamics of semiarid
plant-herbivore systems. We base our analysis on a water-
plant-herbivore model in which spatial interactions are
explicitly included using partial differential equations. We
first analyze a simplified, conceptual version of the model
in which complexity is strongly reduced. This model allows
us to gain basic insight into the functioning of spatial
interaction using graphical techniques. Then, we assess the
robustness of the results by analyzing a more complex
simulation model. Our analysis specifically addresses the
question whether spatial interactions induce positive feed-

back to vegetation degradation and hence induce coarse-
scale and irreversible vegetation change.

A General Spatially Explicit Model of a
Semiarid Grazing System

The dominant cause of patch formation in semiarid grass-
lands is, trivially, spatial differences in abiotic character-
istics such as soil type or elevation. Vegetation patterning,
however, also occurs on soils that are relatively homoge-
neous and flat (Belsky 1986; Rietkerk et al. 2000). These
patterns do not relate to variation in the soil but instead
reflect interactions between vegetation and the abiotic en-
vironment (Belsky 1986; Montana 1992; Wilson and Ag-
new 1992; Ludwig and Tongway 1995; Klausmeier 1999).
Surface water that accumulates during rain showers is sub-
ject to rapid lateral exchange between patches (Anderson
and Hodgkinson 1997; Bromley et al. 1997). Surface flow
quickly compensates for local differences in the infiltration
of surface water between patches, for instance, induced by
differences in plant standing crop. Hence, vegetation
patches interact by influencing water redistribution.
Patches may furthermore interact via the herbivores. An
important determinant of the grazing pressure within a
patch of vegetation is the availability of alternative forage
in surrounding patches (Charnov 1976; Wallisdevries
1996). In other words, patches affect the grazing pressure
in other patches by influencing the distribution of her-
bivores within the area. Finally, patches may influence
other patches by the spread of seeds and tillers. Hence, a
model that describes the spatial interactions between
patches of vegetation should consider the spatial and tem-
poral dynamics of surface water, soil water, vegetation, and
within-patch herbivore abundance.

We formulate a spatially explicit model of a bounded
flat area of grassland of size A square meters (e.g., a hec-
tare), in which the dynamics of surface water, water in the
top centimeters of the soil, plant standing crop, and her-
bivore abundance are described at the fine scale of a square
meter. Lateral exchange of surface water is determined by
differences in the amount of accumulated water on top of
the soil, which in turn depends on the balance between
rainfall and losses such as infiltration. If we assume that
rainfall is constant and homogeneous, ignoring seasonal
aspects (following HilleRisLambers et al. 2001), the rate
of change of surface water at Cartesian coordinates x and
y can be described by the following differential equation:
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Here, O is the amount of surface water at a given location
and R is the rainfall rate; F(O, P) describes the rate of
infiltration of surface water, which is an increasing func-
tion of both surface water O and plant density P; r, de-
scribes the specific (e.g., per unit of water) loss of surface
water to evaporation or drainage. The last term in the
equation describes the net exchange of water with the
surroundings as a function of the local gradient in surface
water level, where the “diffusion coefficient” D, (Edel-
stein-Keshet 1988) relates the net flow rate of water to
spatial differences in surface water level. For an explana-
tion of the use of partial differential equations for surface
water flow, see HilleRisLambers et al. (2001). In this anal-
ysis we assume a simple linear relation between infiltration,
surface water, and plant density: F(O, P) = (a + bP)O,
where a is the specific rate of infiltration of water in the
absence of plants and b is a constant relating plant density
to infiltration rate.

Soil water changes are determined by infiltration, uptake
by plants, losses through evaporation and percolation, and
lateral exchange with the surroundings through diffusion
through the soil. Changes in the amount of soil water W
over time can be modeled by
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where r,, is the specific rate of water loss through evap-
oration and percolation, and U(W, P) describes uptake by
plants, which is a monotonically increasing function of
both soil water content and plant density. In our analysis,
we adopt a linear uptake function: UW, P) = uWP, where
u is an uptake constant. Finally, D,, is the diffusion co-
efficient of soil water.

The rate of change of plant biomass is determined by
plant production, senescence, consumption by herbivores,
and spatial propagation of plants due to seed fall or spread-
ing out of tillers:

;TI: = G(W,P) - D(P) — C(RH)
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Here G(W, P) describes plant growth, which is assumed
to be an increasing function of both soil water and plant
density, D(P) describes plant senescence, C(B H) describes
herbivore consumption rate as an increasing function of
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plant density and local herbivore abundance H, and the
last term of equation (1c) describes propagation of plants
to the neighborhood. Since we assume water-limited plant
growth, G(W, P) is assumed to be proportional to
U(W, P): G(W, P) = gWP, where g is a plant growth con-
stant. Senescence is assumed to be a density-dependent
factor due to, for instance, self-shading at high plant den-
sity: D(P) = d(1 + 6P)P, where d is the specific mortality
rate when plant density is low and 6P represents the in-
crease of specific mortality due to density-dependent ef-
fects. Finally, consumption by herbivores is modeled as
C(B H) = cPH, where H is local herbivore abundance and
¢ is a consumption constant.

Lateral exchange of water and plant propagules is mod-
eled assuming simple passive diffusive motion (Holmes et
al. 1994). In principle, herbivore movement could be mod-
eled in a similar way, assuming that herbivores move in
a direction depending on the local gradient of plant stand-
ing crop. However, this ignores the fact that herbivore
behavior may be influenced by vegetation at distances be-
yond that of their direct surroundings. For this sort of
behavior, partial differential equations are inappropriate
(Mclaughlin and Roughgarden 1992). We used an alter-
native and more simple approach to describe herbivore
movement. We assume that the rate at which herbivores
emigrate from a particular location is a function of local
plant density and decreases as plant density increases (fol-
lowing Nisbet et al. 1997). We furthermore assume that
herbivores that move away from a particular location re-
distribute evenly over the area. Hence, herbivore immi-
gration is determined by the total numbers of emigrants
from the total area. The rate of change of local herbivore
density H, therefore, is

%I = % f f E(P(x, y))H(x, y)dxdy — E(P)H,  (1d)
x,yeD

where the left term describes the rate of immigration of
herbivores to that location, A is the size of the area under
consideration, E(P) is the per capita rate of emigration
from that location, and D defines the computational area.
Herbivore immigration is determined by the total number
of animals that start to move over the entire area. In this
analysis, we adopt that the rate of herbivore emigration
from a certain location is inversely proportional to the
local plant density: E(P) = e/P, where e is the rate of em-
igration when P is equal to 1. Note that growth and mor-

tality of herbivores are not considered in our model.
Models that follow the general structure as described
above allow us to simulate the dynamics of semiarid grass-
land as a system of grid cells. Their complexity, however,
precludes mathematical analysis aimed at gaining a con-
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ceptual understanding of its dynamics, as it is technically
a multidimensional nonlinear system. In the following sec-
tion, we will make a series of simplifying assumptions that
will allow us to reduce the complexity and analyze equa-
tions (1) graphically. Finally, we will assess the robustness
of our graphical results by comparing the predictions of
the simplified analytical model with the result of simu-
lations of a spatially explicit model as described by equa-
tions (1).

A Simplified Model

Although there are strong interactions between the com-
ponents of the model presented above, there are distinct
differences in the time scale at which the rate of change
of water, plants, and herbivores occurs. Growth of plants
occurs at time scales of days to weeks. Processes that relate
to the dynamics of surface or soil water or to the move-
ment of herbivores occur at time scales that range from
seconds to hours. We could argue, therefore, that surface
water, soil water, and herbivore numbers react virtually
instantaneously to vegetation change when viewed on the
time scale at which vegetation changes occur. Hence, for
surface water, soil water, and herbivore numbers, we can
adopt the quasi—steady state assumption (Edelstein-Keshet
1988) that allows the amount of O, W, and H to be rep-
resented by their equilibrium values. Moreover, the rate
of lateral exchange of surface water far exceeds other pro-
cesses such as infiltration. Consequently, on a flat surface,
we can assume that surface water levels are approximately
equal for all patches. On the scale of meters or above,
lateral exchange of soil water through diffusion through
the soil is minimal, and hence we will ignore it in our
simplified model. We will, moreover, not explicitly con-
sider diffusion of plant propagules and seeds. These as-
sumptions are relaxed in the simulation analysis in the
second part of this article.

Surface Water

Assuming that dO/dt = 0, we can formulate the balance
of surface water in the total area. Rainfall in the area will
equal the sum of infiltration in the soil and losses to drain-
age and evaporation:

[

x,yeD x,yeD
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which implies that, on the scale of the area that is con-
sidered, the rain either infiltrates depending on local stand-

ing crop or is lost to drainage and evaporation. Amount
O s equal for the entire area D, so for a particular location,
the fraction f(P) of the rainfall that infiltrates can be ex-
pressed as

a+ bP
fp) = - ’ 3)
a+ X_Ux, yen P(x, y)dxdy + 1,

where (1/A) [[.,ep P(x, y)dxdy represents the average bio-
mass of the vegetation in the entire area under consid-
eration. After some rearranging, and adopting that k =
(a+ ry)/band W, = a/(a + 1), we can express infiltration
F in equation (la) as

4)

where P, = (1/A) [[«yep P(x, y)dxdy, k is a half-saturation
constant, and W, is the proportion of the rainfall that

infiltrates in bare soil (Rietkerk and van de Koppel 1997).

Soil Water

Considering equation (4), and assuming that diffusion of
soil water through the soil can be ignored, equation (1b)
simplifies to

W _ PR,
ot P kW

avg

W—uWP = 0. 5)

At the time scale of plant growth, soil water content can
be expressed algebraically as

W(ERP.) = M; ©6)
e P+ kry+ uP’

Herbivore Grazing

Considering that herbivore numbers are close to equilib-
rium, local fine-scale herbivore density can be approxi-
mated as a function of plant density:

[Jeyer E(P(x, y))H(x, y)dxdy
H = AE(P) : @

Given that E(P) = e/P, equation (7) can be reduced to

H(P) = J J Ho D) gyt @®)
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The immigration rate is equal for the entire area, as migrating
herbivores are assumed to redistribute randomly. Hence,
H = CP, where C = [[(H(x, y)/P(x, y)dxdy/A. (For con-
ciseness, we left out the notation under the integral.) The
total density of herbivores in the area is [[H(x, y)dxdy =
[[(CP(x, y))dxdy = C[[P(x, y)dxdy. Hence, C can be ex-
pressed as C = [[H(x, y)dxdy/ [[ P(x, y)dxdy. We assumed a
fixed number of herbivores in the total area. The local, fine-
scale number of herbivores can now be expressed as a func-
tion of local plant density:

p
H(P’ Pavg) = P_Havg3 (9)
avg
where H,,, is the density of herbivores averaged over the
area.

Plant Growth

We have now expressed surface water, soil water, and her-
bivore numbers as functions of local or fine-scale plant
standing crop P, average plant standing crop P,,,, and av-
erage herbivore density H,,, in the area. Hence, equation
(1c) can be expressed as

P = gW(B P, )P — d(P) — cPH(R P,,,)

a avg avg,
P+EkW, 1
=glR——F—— (10)
P+ kry+ uP

—d(1 + é6P)P — cP

p
—H,,|

avg

This equation allows us to use graphical techniques to
study the behavior of vegetation on a fine scale as a func-
tion of the local standing crop and the average standing
crop in the area. It has, however, an implicit assumption.
The model assumes that the surrounding vegetation can
be represented by the average over the whole area. This
implies that there are no effects of distance: locations that
are close to each other influence each other as much as
those far apart.

As a reference, we start with analyzing a system with
no fine-scale herbivore redistribution, similar to the mod-
els of Klausmeier (1999) and HilleRisLambers et al. (2001).
We then analyze a system where herbivore redistribute on
a small scale but the number of herbivores in the entire
area under consideration (H,, x A) is constant. Since
most semiarid region systems are under human manage-
ment, this assumption is applicable to current-day grazing
systems (Noy-Meir 1975). Finally, we will relax this as-
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sumption and consider coarse-scale movements of her-
bivores to other areas in response to changes in the forage
availability in the area. This last model is typical for semi-
natural or natural grazing systems.

Constant Herbivore Distribution

The consequences of changes in the average plant standing
crop of the entire area for plant growth on a fine scale
can easily be visualized if we plot the isocline at which
dP/dt = 0 in a P-P,, plane (fig. 1). To the left of the
dP/dt = 0 isocline, net local plant growth is positive. To
the right, local plant growth is negative. If average plant
standing crop in the entire area (P,,,) is low, local plant
growth is zero at only a single value of local plant standing
crop (fig. 1, P, < T,,). Under this condition, losses of
water to the surrounding vegetation are low, and there
may even be run-on of water. Consequently, plants can
invade bare patches, and no patterning is expected. When
average plant standing crop in the entire area increases
(Py, > T,,), however, the zero-growth isocline is folded.
Locations with a very low plant standing crop are prone
to loss of water to the surrounding vegetation. Bare spots
receive insufficient water, and as a result, plant growth is
negative (as indicated by the arrows in fig. 1). Above a
threshold plant standing crop, as given by the lower part
of the fold, infiltration is sufficient and plants can grow.
This indicates that there are two stable states, one without
vegetation and one with a high plant standing crop, as

represented by the upper part of the isocline. Depending

Local plant standing crop (P)

Mean area plant standing crop (P,,;)

Figure 1: Plane in which local plant standing crop P is expressed along
the horizontal axis, and the average plant standing crop of the entire
area under consideration (P,,,) is expressed along the vertical axis. The
solid line, called zero-growth isocline, represents all combinations of P
and P,,, at which net plant growth is zero. The dashed line represents a
homogeneous vegetation, where P = P, .. The arrows show the direction
of change of local plant standing crop.
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on initial plant standing crop, patches either develop a
dense vegetation or become bare. Hence, at P, > T,
pattern formation is expected.

An interesting property emerges if we compare the
growth of homogeneous (P = P, for the entire area) and
heterogeneous vegetation. In figure 1, the P = P,,, line
intersects only once with the zero-growth isocline, and
plant growth is positive when the entire area is bare (at
P =0, P, = 0). Consequently, no alternative stable states
occur if the system is disturbed homogeneously. If B, >
T, however, a stable pattern may develop after a signif-
icantly large spatially heterogeneous disturbance. Hence,
in this simple model with constant local herbivore num-
bers, the development of stable patterns can only be ex-

plained because of spatial interactions.

Fine-Scale Herbivore Redistribution

If we include herbivore redistribution, the zero-growth
isocline changes in shape (fig. 2). If the average density of
the vegetation in the total area (P,,,) drops to low values,
herbivore redistribution results in high grazing pressure
in remaining vegetated patches. Consequently, equilibrium
plant standing crop is low at low P,,. The dP/dt = 0 curve
drops at low P, values as a result of enhanced losses due
to grazing. If the proportion of rainfall that infiltrates in
bare soil, W, is relatively high, then plant growth remains
positive at low P, despite the high rate of herbivory (fig.
2). The shape of the dP/dt = 0 curve changes fundamen-
tally if W, is very low. In this situation, the dP/dt = 0
curve may close at low P, as is shown in figure 3. A
decrease of P, does not lead to restoration of growth on

Local plant standing crop (P)

Ta vg

Mean area plant standing crop (P,,,)

Figure 2: Shape of the zero-growth isocline in the P-P,,, plane for systems
with redistributing herbivores. Note the change at low P, as compared
with systems with constant local herbivore numbers, given in figure 1.
See figure 1 for further explanation.

Local plant standing crop (P)

Mean area plant standing crop (P,,,)

Figure 3: Consequences of partial loss of vegetation cover for the stability
of the remaining vegetation. The solid line depicts the zero-growth iso-
cline, the dashed line depicts the path of change of homogeneous veg-
etation, and the dotted lines depict the path of change of vegetation with
a partial cover. Line y = y, represents the threshold vegetation cover
below which the vegetation will collapse. The arrows depict the direction
of change for each cover, for the situation where the remaining vegetation
has equal plant standing crop per patch.

bare soil, as was the case when infiltration in bare soil,
W, was higher (fig. 2). At low P,,,, growth cannot com-
pensate for enhanced grazing at low P, ,, which may result
in a collapse of plant standing crop in the entire area.
Hence, such systems may have homogeneous vegetation,
may have a stable pattern with bare patches in response
to a mild spatially heterogeneous disturbance, or may col-
lapse to a state in which the total area lacks vegetation, in
response to a severe disturbance.

Figure 3 allows for prediction of changes in the stability
of vegetated patches if part of the vegetation has degraded
to bare soil. The equilibrium plant standing crop of ho-
mogeneous vegetation is given by the intersection of the
upper part of the zero-growth isocline with the P = P,
line (denoted as y = 1 line in fig. 3). If plant cover is
reduced, the equilibrium point is shifted to the left. The
line that connects this point with the origin allows us to
predict the behavior of the system if all vegetated patches
would change as one. This line is given by P = P, /y,
where y is the proportion of the area that is vegetated. A
homogeneous decrease in the standing crop of all vegetated
patches would move the system along this line. In the case
of 50% vegetation cover, as in figure 3, a slight decrease
of the standing crop of all vegetated patches would result
in an increase of plant growth, and the system would
return to the former state. Hence, the system is resistant
to a small homogeneous disturbance. If the proportion of
the area that is vegetated decreases, the P = P,,./y line
moves to the left (fig. 3). Below a threshold (y; in fig. 3),



no intersections with the zero-growth isocline occur. This
threshold is given by line y; in figure 4 (y = *=20%). If
the cover of the vegetation drops below this critical value
of y, the vegetation collapses, causing the total area to
become bare. Hence, a threshold vegetation cover exists,
below which the vegetation in the entire area collapses.

Coarse-Scale Herbivore Redistribution

In the model used above, it is assumed that herbivores are
confined to the area under consideration. This assumption
may be realistic for modern-day pastoral systems, where
the availability of land that can be used for grazing is
limited due to competition with arable farmers (De Bruijn
and Van Dijk 1995). In ecosystems where competition for
land is less stringent or in systems with wild grazers, her-
bivores may have the opportunity to leave the area in
response to local depletion of forage. In this section, we
extend the model to include migration out of the area
when local forage availability becomes low.

Changes in the number of herbivores due to movement
in and out of the area can be described in a similar fashion
as changes in fine-scale herbivore numbers. The model
describes immigration and emigration, but this time on a
coarse scale (in part following Nisbet et al. 1997):

dH,
? = Ia - Ez\(Pavg)HT>

1
where H, is the total amount of herbivores in the area
under consideration (= [[H(x, y)dxdy), I, is the immi-
gration of herbivores in the area, and E,(P,,,) is a function
describing the specific rate of emigration of herbivores
from the area as a function of average plant standing crop.
Obviously, this model crudely simplifies the true com-
plexity of immigration and emigration behavior of her-
bivores, as it does not consider the availability of alter-
native food sources in the landscape and assumes a
constant immigration. It is nevertheless sufficient in our
analysis since we only want to study the interactive effects
between herbivore numbers and forage availability in the
area.

In the previous section we used a local emigration func-
tion E(P) that decreased proportionally with local plant
standing crop. We thereby implicitly assumed that her-
bivore movements are unrestricted, as is the case on fine
spatial scales. For coarse scales we do not want to make
this assumption. Therefore, we use a slightly more com-
plicated function for between-area emigration, allowing
for movement restrictions that would cause between-area
emigration to decrease less than proportionally with in-
creasing plant standing crop: E (P) = ek, /(k, + P, — o),
where e and c¢ are arbitrary emigration constants and k,
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Threshold vegetation cover y,

Degree of limitation of herbivore movement (k,)

Figure 4: Relation between the threshold vegetation cover and the degree
of limitation of movement of the herbivores (k,). The vegetation collapses
if the cover is reduced to a level below the solid line, while a stable pattern
is predicted above.

reflects the effect of movement restriction on emigration
rate. This equation predicts that in areas with unlimited
herbivore movement (k, = ¢), herbivore numbers will
change in proportion to the availability of forage, assuming
that only forage availability determines herbivore distri-
bution. If herbivore movement is restricted (k, > ¢), her-
bivore numbers react less than proportionally to changes
in mean area plant standing crop.

Figure 4 depicts the effect of increase in herbivore move-
ment restriction (increase in k,) on the threshold vege-
tation cover. This threshold has been obtained by inserting
P = P, x yin equation (10) and then deriving for which
values of y below 1 equation (10) has a single solution.
At low k,, herbivores can move freely, which allows her-
bivores to migrate in case of low forage availability (low
P,.), and hence prevents overgrazing. As a result, the crit-
ical vegetation cover is found to be low or nonexisting.
This situation is similar to figure 1. The critical vegetation
cover is found to increase as movement limitations (k,)
increase (fig. 4). The critical cover levels off to a maximum
value at high k,, where severe movement restrictions ef-
fectively keep herbivores locked in the area. This situation
is similar to figure 3. Summarizing, the potential for
coarse-scale vegetation degradation is lowest in systems
where herbivores can range freely on coarse scales. The
potential for vegetation degradation increases when move-
ments on coarse scales are restricted.

The Robustness of the Graphical Analysis

We investigated whether the predictions made by the sim-
plified analytical model depend on the assumptions that
allowed for the graphic approach, using a spatially explicit
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version of system 1. In this model, the dynamics of surface
water, soil water, plants, and herbivores are simulated with-
out quasi-steady state assumptions. Furthermore, this
model more accurately considers local spatial interactions
by using partial differential equations. The analytical
model predicts that the vegetation tends to develop to a
two-phase mosaic, in which patches either are bare or tend
to a much higher standing crop, while only a few patches
have a stable intermediate standing crop. This implies that
the simulation model should develop a bimodal distri-
bution of plant standing crop values (van de Koppel et al.
2001). We tested this prediction by simulating the dynam-
ics of surface water, soil water, plants, and herbivores in
a 25 x 25 spatial grid in which 75% of the cells were given
a high positive initial value, randomly distributed over the
area, and 25% were given an initial density close to (but
not exactly) zero. Figure 5 shows the frequency distribu-
tion of plant standing crop in the cells after the total bio-
mass in the grid had reached equilibrium, resulting from
a simulation of the spatially explicit model. We also de-
picted the within-cell plant growth curve for the average
plant standing crop in equilibrium as predicted by the
analytical model. The analysis confirms that models with
local spatial interactions develop a bimodal biomass dis-
tribution, as was predicted by the analysis of the analytical
model. Moreover, we found that the plant growth curve
derived from the analytical model gave an accurate pre-
diction of the average within-cluster equilibrium standing
crop of the simulation model. Repetitions of the simula-
tions with slightly different initial cover gave qualitatively
similar results.

Our simulations confirmed that a threshold vegetation
cover could exist below which the vegetation in the entire
area would inevitably collapse. Furthermore, our simu-
lations showed that, as in the analytical model, the thresh-
old vegetation cover becomes higher as the herbivores are
more restricted in their coarse-scale movements (higher
k,). The exact position of the threshold in the simulation
model was found to be close to but slightly above that of
the value predicted by the analytical model. This is most
probably due to the effects of localized interactions.

Discussion

Recent theoretical investigations indicate that a positive
feedback between plant standing crop and local water in-
filtration, together with spatial redistribution of water, can
induce pattern formation in semiarid grasslands (Klaus-
meier 1999; HilleRisLambers et al. 2001). The results of
HilleRisLambers et al. 2001 implied that although collapse
of vegetation is possible on a scale of patches (square me-
ters), spatial redistribution of surface water prevents ir-
reversible vegetation collapse on coarser scales (hectares).

—&— Frequency of patch occurence
—— Within patch plant growth

120 A

Frequency
3
Local plant growth (g/g)

60 -
Local plant standing crop

Figure 5: Frequency distribution of plant standing crop within patches
(triangles) of vegetation, as is predicted by the spatially explicit simulation
model. The solid line depicts the growth rate as predicted by the analytical
model. Parameters used: R = 50 mm mo ' a = 0.02 mo 5 b = 0.02
g'mosro=1mor =01mo5u=00lmmg’>mo';g=
0.001 g"'mo™';d = 0.03mo 6 = 0.005g' mo5¢=0.0lg" ' mo';
e=001g'mo"; H,=08gm? D, =20,000 m*mo'; D, =1
m? mo™'; D, = 0.0l m*> mo™ .

Contrary to the results of Klausmeier (1999) and
HilleRisLambers et al. (2001), we found that coarse-scale
degradation and collapse of vegetation can be explained
if both redistribution of herbivores as well as redistribution
of surface water are taken into account. Disturbances that
only affect a small proportion of the vegetation will result
in the formation of a two-phase pattern of alternating bare
soil and vegetated patches, as predicted by Klausmeier
(1999) and HilleRisLambers et al. (2001). Severe distur-
bances that reduce vegetation cover beyond a threshold
level, however, will result in a positive feedback between
reduced cover, on the one hand, and increased herbivore
grazing, on the other hand. This will eventually lead to
the collapse of vegetation on a scale of hectares.

The discrepancy between our results and the results of
the models of Klausmeier (1999) and HilleRisLambers et
al. (2001) can be explained by the differences in the as-
sumptions that underlie the models. The models ignored
losses of surface water due to drainage and assumed that
within-patch herbivore abundance does not change with
changing within-patch standing crop (HilleRisLambers et
al. 2001) or is absent altogether (Klausmeier 1999). In
other words, losses due to herbivore grazing remain con-
stant despite changes in forage availability. This may hold
for herbivore redistribution on scales of hectares to square
kilometers but it is unlikely to be valid on the scale of
square meters. Although these assumptions are not critical
when explaining pattern formation, they severely limit the
ability of ecological models to assess the potential for deg-
radation on coarse spatial scales.

Our analysis shows that spatial interactions invoke feed-
back in response to a spatially heterogeneous disturbance.



Reduced plant cover in an area results in increased avail-
ability of water in remaining vegetated patches, thereby
increasing local plant growth. Hence, spatial interaction
through lateral exchange of water acts as a negative feed-
back to decreases in plant cover. Reduction of vegetation
cover, however, also results in focusing of herbivore graz-
ing in remaining vegetated patches. This may lead to over-
grazing in the remaining vegetated patches. Hence, her-
bivore redistribution creates a positive feedback between
reduced cover and increased within-patch herbivore graz-
ing, which may lead to a collapse of the vegetation. The
interplay of these two feedback mechanisms determines
the dynamic response of the vegetation to changes in veg-
etation cover. If water redistributes quickly and herbivore
density only responds weakly to changes in within-patch
plant standing crop, then the effect of enhanced water
availability exceeds that of increased grazing, and the sys-
tem compensates for the disturbance. If herbivores redis-
tribute quickly and in an ideal free manner to local changes
in plant standing crop, then the effects of enhanced grazing
may dominate that of enhanced water availability. Reduced
cover will lead to reduced production and finally to col-
lapse of the vegetation on scales exceeding that of patches.

The model shows that the sensitivity of semiarid veg-
etation is strongly dependent on the ability of herbivores
to respond to changes in plant density, both on fine and
on coarse scales. The potential for coarse-scale vegetation
degradation is lowest in systems where herbivore numbers
only react weakly to fine-scale differences in plant standing
crop, while they can range freely on a coarse scale. The
potential for vegetation degradation is highest when fine-
scale movements of herbivores are unlimited, but move-
ments are restricted on coarser scales. Pastoral systems in
many semiarid regions have become a striking example of
the latter type. In the Sahel region in Africa, expansion of
agricultural fields in what was formerly an entirely pastoral
landscape has severely reduced and fragmented the area
available to grazers (De Bruijn and Van Dijk 1995). Move-
ments of herbivores have been severely limited both be-
cause of blocked migration routes and, in cases of domestic
herbivores, because of the obligations of herders to remain
close to their agricultural fields (De Bruijn and Van Dijk
1995). Hence, in such systems, fine-scale movements, on
the scale of square meters, are unlimited, while coarse-
scale movements between fields are severely restricted. Our
model predicts that in such cases the potential for coarse-
scale vegetation degradation is large. In more natural sys-
tems where herbivores can move unrestricted, pattern for-
mation may occur, but negative feedback to loss of
vegetation cover will prevent coarse-scale degradation and
loss of production.
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