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Drying trends driven by climate change and the water stress they entail threaten ecosystem functioning and the services
they provide to humans. To get a better understanding of ecosystem response to drying trends, we study a mathematical
model of plant communities that compete for water and light. We focus on two major responses to water stress:
community shifts to stress-tolerant species and spatial self-organization in periodic vegetation patterns. We calculate
community bifurcation diagrams of spatially uniform and spatially periodic communities and find that while a spatially
uniform community shift from fast-growing to stress-tolerant species as precipitation decreases, a shift back to fast-
growing species occurs when a Turing bifurcation is traversed and patterns form. We further find that the inherent
spatial plasticity of vegetation patterns, in terms of patch thinning along any periodic solution branch and patch dilution
in transitions to longer-wavelength patterns, buffers further changes in the community composition, despite the drying
trend, and yet increases the resilience to droughts. Response trajectories superimposed on community Busse-balloons
highlight the roles of the initial pattern wavelength and of the rate of the drying trend in shaping the buffering community
dynamics. The significance of these results for dryland pastures and crop production are discussed.

Global warming and climate change are accompanied
by drying trends worldwide due to decreased precipita-
tion and increased evaporative demand1,2. Understanding
the response of plant communities to these trends is cru-
cial for mitigating losses of essential ecosystem services3,
such as pastures in drylands, which constitute 78% of the
rangelands worldwide4, and crop production5. Two com-
mon response mechanisms are spatial self-organization of
plant communities in vegetation patterns6,7 and commu-
nity shifts to stress-tolerant species, which generally in-
volve loss of productivity5,8. However, the complex in-
terplay between these mechanisms has hardly been ad-
dressed9. In this work, we study a model for pattern-
forming communities of plants that make different trade-
offs between fast growth and tolerance to water stress.
We find that the spatial plasticity of vegetation patterns
during drying trends, in terms of variable vegetation
patch size and number, buffers shift to stress-tolerant
less-productive species without compromising resilience,
thereby bearing positively on dryland pastures, agricul-
ture, and food security.

I. INTRODUCTION

Ecosystem response to drying trends may involve multi-
ple mechanisms operating at different levels of ecological or-
ganization10. At the single-plant level, phenotypic changes
can occur, such as stomata closure to reduce water loss or
growing deeper roots to reach moister soil layers11–13. At
the many-plants population level, vegetation pattern forma-
tion can occur, involving partial plant mortality and increased
water availability to the surviving plants7,14. At the many-
populations community level, community reassembly involv-

ing shifts from fast-growing species to stress-tolerant species
may occur8,15. These mechanisms are likely coupled as stress
relaxation by one mechanism affects the driving forces of
other mechanisms.

While the interplay between different response mechanisms
has been addressed and studied10, the consideration of veg-
etation patterning in this context has escaped attention de-
spite its wide occurrence in drylands16–18 and non-drylands
as well6,19. Exceptions include studies of the interplay be-
tween vegetation patterning and phenotypic changes20, and
between vegetation patterning and community reassembly9,21.
The significance of vegetation pattern formation in relation to
its interplay with other response mechanisms lies in its high
spatial plasticity. Vegetation patterns adapt to water stress by
reducing vegetation patch size, keeping their number constant
(patch thinning), and eliminating patches (patch dilution).
These adaptation forms correspond to trajectories within the
range of stable vegetation patterns of different wavelengths
as precipitation decreases, the so-called “Busse Balloon”22,23.
The trajectories assume stair-case forms where the horizon-
tal parts correspond to patch thinning in patterns of a given
wavelength and the vertical parts to patch dilution induced
by crossing out the Busse-Balloon’s boundaries and crossing
back into stable longer-wavelength patterns24. This spatial
plasticity may buffer changes in the composition and diver-
sity of plant communities along the rainfall gradient, as it acts
to relax water stress and preserve water availability despite the
reduced rainfall, but this effect has hardly been studied9.

In this paper, we use a plant-community model in one space
dimension (1d) to unravel the complex bifurcation structure
of community vegetation patterns of different wavelengths
and study trajectories in the Busse Balloon of plant commu-
nities for drying trends of different rates. In doing so, we
demonstrate the roles of patch thinning and patch dilution in
buffering community composition and mitigating transitions
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to less-productive stress-tolerant species while increasing the
systems’ resilience to droughts.

II. A MODEL FOR PATTERN-FORMING PLANT
COMMUNITIES

We study a trait-based model for water-limited plant com-
munities that captures pattern-forming feedback associated
with increased overland-water flow toward denser vegetation
patches7. The model has been introduced in length in an ear-
lier study9 and is briefly reviewed here.

We characterize the community using a trait-based ap-
proach, where the focus is not on plant species but rather on
selected plant traits and functional groups of species that share
the same trait values9,25,26. This approach is more geared to-
ward questions of ecosystem functioning and performance un-
der drying trends. We consider a community divided into N
functional groups of plant species that make different trade-
offs between investment in shoot growth and investment in
tolerating water stress. We quantify these tradeoffs through
the values of a dimensionless trait parameter χ defined on the
unit interval25–27, so that χ = 0 represents plants with high-
est investment in growth and lowest investment in tolerating
water stress, while χ = 1 represents the opposite extreme of
plants with lowest investment in growth and highest invest-
ment in tolerance. The ith functional group, χi, i = 1,2, ...,N,
then represents plant species with χ values within the interval
∆χ = 1/N that precedes χi = i∆χ . The community is quanti-
fied by N biomass variables, Bi (i = 1, ...,N), where Bi repre-
sents the spatial density of the above-ground biomass (shoot)
of all plant species within the ith functional group.

The model consists of a system of partial differential equa-
tions (PDEs) for the N biomass variables and two water
variables, W and H, representing spatial densities of below-
ground and above-ground water, respectively, all in units of
kg/m2. The system of PDEs reads:

∂tBi = ΛiWBi −MiBi +DB∂
2
x Bi +Dχ ∂

2
χ Bi , (1a)

∂tW = IH −LW −ΓW
N

∑
j=1

B j +DW ∂
2
x W , (1b)

∂tH = P− IH +DH∂
2
x H , (1c)

where the second ‘trait derivative’, ∂ 2
χ Bi ≡ N2(Bi+1 − 2Bi +

Bi−1), represents mutations at a very small rate Dχ . In these
equations the growth rate of the ith functional group, Λi, the
infiltration rate of above-ground water into the soil, I, and the
evaporation rate, L, are given by the expressions:

Λi =
Λ0Ki

B̄+Ki
, I =

A( ¯̄B+ f Q)
¯̄B+Q

, L =
L0

1+RB̄
, (2)

where B̄ = ∑
N
j=1 B j and ¯̄B = ∑

N
j=1 YjB j. The expression for

the growth rates, Λi, models growth attenuation due to shad-
ing, quantified by the parameters Ki, which stand for the ca-
pacity of functional groups to capture light. Thus, functional
groups investing preferably in shoot growth have high Ki val-
ues and are less affected by shading. The expression for the

infiltration rate, I, is higher in vegetation patches compared to
bare soil, quantified by the dimensionless parameter 0≤ f ≤ 1
and the parameter Q. Low f values ( f ≪ 1) represent highly
differential infiltration and constitute an essential element in
the pattern-forming feedback associated with overland water
flow towards denser vegetation patches7. The specific contri-
butions of different functional groups to the infiltration con-
trast are quantified by the parameters Yi. Finally, the expres-
sion for the evaporation rate, L, describes reduced evaporation
in vegetation patches due to shading. A list of all model pa-
rameters, their descriptions, units, and their values are given
in Table 1.

We use the mortality parameters Mi to quantify tolerance
to water stress, as lower Mi values allow for positive fitness
and growth with lower values of soil-water content (see Eq.
(1a)). The tradeoffs χi, i = 1, ...,N between investments in
shoot growth and in tolerance to water stress are defined using
the parameters Ki and Mi as follows:

Ki = Kmax +χi (Kmin −Kmax) ,
Mi = Mmax +χi (Mmin −Mmax) .

(3)

Thus, χ1 = 0 represents the limit (as N → ∞) of a func-
tional group (Kmax,Mmax) with highest investment in growth
and lowest investment in tolerance (highest mortality), while
χN = 1 represents the functional group (Kmin,Mmin) with low-
est investment in growth and highest investment in tolerance.
This tradeoff is likely to affect the contributions, Yi, of the
various functional groups to the infiltration rate I as denser
roots associated with lower-χ species (increased investment
in shoot growth) make the soil more porous and increase the
infiltration rate. We therefore assume the following form for
Yi:

Yi = Ymax +χi (Ymin −Ymax) . (4)

We study the model using numerical continuation methods
based on the software package pde2path28, where, in the com-
munity model, the trait and real spaces were discretized using
finite difference and finite element schemes, respectively. As
a preparatory step for the community model (1), we also study
single-species models with just one functional group χi in (1),
for instance χ = 0 (stress-tolerant) or χ = 1 (fast-growing),
and in particular compare their Busse balloons with that for
the genuine community model (1). The numerical continu-
ation of the Busse Balloon boundaries of the single-species
model is calculated by bifurcation point continuation28,29 of
the bifurcation-point at which periodic solutions become sta-
ble due to the subcritical nature of the periodic branches. For
the community model we use the stability information com-
puted together with the patterned branches to plot (i.e., sam-
ple) the Busse balloon.

We further study the model by direct simulations. The one-
dimensional spatial domain of length 150 [m] is discretized
by 500 equally spaced points. In trait space, the commu-
nity consists of 35 functional groups. For the study of time-
dependent drying trends, two monotonically decreasing pre-
cipitation rates P are used; in the lower rate P is reduced by
0.1 mm/y every year, while in the higher rate P is reduced
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TABLE I. Model paremeters, their descriptions, numerical values and units.

Parameter Description Value Unit
Λ0 Growth rate at zero biomass 10.0 m2/(kg · y)
Γ Water uptake rate 8.0 m2/(kg · y)
f Infiltration contrast ( f ≪ 1 – high contrast) 0.01 -
A Maximal value of infiltration rate I 3000.0 y−1

Q Reference biomass at which I ≈ A/2 for f ≪ 1 12.0 kg/m2

L0 Evaporation rate in bare soil 200.0 y−1

R Evaporation reduction due to shading 0.7 m2/kg
Ki Capacity to capture light variable kg/m2

Kmin Minimal capacity to capture light 6.7 kg/m2

Kmax Maximal capacity to capture light 35.599 kg/m2

Mi Mortality rate variable y−1

Mmin Minimal mortality rate 14.15 y−1

Mmax Maximal mortality rate 22.515 y−1

Yi Relative contribution to infiltration rate variable -
Ymin Minimal contribution to infiltration rate 0.069 -
Ymax Maximal contribution to infiltration rate 0.11463 -
P Precipitation rate variable kg/(m2 · y) or mm/y
χ Tradeoff parameter [0,1] -
N Number of functional groups 35 -
DB Biomass dispersal rate 1.0 m2/y
DW Soil-water diffusion coefficient 80.0 m2/y
DH Overland-water diffusion coefficient 1800 m2/y
Dχ Trait diffusion rate 10−4 y−1

by 1 mm/y every year. The integration time step is set to
dt = 5 × 10−3. Additionally, we introduced fluctuations to
the overland water H with an amplitude of 1% of its value to
reflect spatial heterogeneities. During the patch dilution pro-
cess, the wavenumber of the patterns is computed by counting
the number of patches of the biomass in space. In the simula-
tions, when the biomass values go below 1×10−2 kg/m2, it is
considered bare soil, and the simulation stops.

In the following, we will often use the term “single species”
when referring to a single functional group, although the latter
may contain many species. This is because a functional group
is modeled in our formalism by a single biomass variable, as
a single species is often modeled.

III. SINGLE-SPECIES STATES

In order to study the response of pattern-forming plant com-
munities to drying trends, we need to understand the bifurca-
tion structure of community states along the rainfall gradient,
using the precipitation rate P as the bifurcation parameter. It
is instructive, however, to begin with bifurcation diagrams for
single species that make highly different tradeoffs.

A spatially uniform population of a plant species can go
through a Turing instability to periodic patterns as the precip-
itation rate P drops below a threshold PT

7. Figure 1 shows bi-
furcation diagrams for the fastest growing species, χ = 0, and
for the most tolerant species, χ = 1. The instability is subcrit-
ical in general, implying the persistence of stable periodic pat-
terns before their onset, that is, up to the saddle-node bifurca-

tion point, Phigh > PT , where the most persistent pattern disap-
pears. In the bistability range of uniform vegetation and peri-
odic patterns, PT < P < Phigh, localized pattern solutions exist
(not shown in Fig. 1), which snake back and forth between the
uniform and patterned solution branches30. As P further de-
creases, additional periodic patterns with longer wavelengths
appear22,31. These patterns persist to significantly lower P val-
ues than the (unstable) uniform state does before the longest-
wavelength pattern disappears in a saddle-node bifurcation at
Plow. In the low precipitation range of their existence, their
solution branches assume isola-like forms; the two points at
which the periodic solution branch connects to the (unstable)
uniform solution branch are very close to one another.

A comparison of the periodic solution branches (PP) for the
two extremal functional groups in Fig. 1a,b reveals several
aspects by which stress-tolerant species (χ = 1) differ from
fast-growing species (χ = 0): (1) The Turing bifurcation point
PT is shifted to a lower P. (2) The saddle-node bifurcation
point Phigh is also shifted to lower P. (3) The range of peri-
odic patterns Phigh −Plow decreases. (4) The biomass density
decreases. These differences can be understood as follows.

The lower PT value for χ = 1 in comparison to χ = 0 is
a consequence of the lower water stress that stress-tolerant
species experience compared to fast-growing species, which
weakens the driving force for vegetation patterning. The ex-
istence of stable vegetation patterns of the χ = 0 species at
higher precipitation rates compared to the χ = 1 species, that
is Phigh(χ = 0)> Phigh(χ = 1), can be attributed to the higher
biomass density of the fast-growing species and the corre-
sponding sharper infiltration contrast between bare soil and
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FIG. 1. Partial bifurcation diagrams of a single-species model for the ex-
tremal functional groups, χ = 0 (a) and χ = 1 (b). The vertical axis de-
notes the maximal value of the biomass density across the whole system.
The black and green lines describe the bare-soil and uniform-community
solutions, whereas the other colors describe periodic solutions of different
wavenumber, as stated in the legends. Thick (thin) lines denote stable (un-
stable) solutions. The label PT denotes the Turing bifurcation at which the
uniform community becomes unstable to a patterned community (blue line).
The labels Plow and Phigh define the precipitation range where periodic pat-
terns exist.

vegetation patches that favors the onset of patterns7. The nar-
rower range Phigh − Plow for χ = 1 is a consequence of the
small difference between the Plow values of the two species,
which can be attributed to the existence of counter-acting pro-
cesses. On one hand, stress-tolerant species should tolerate
lower P values than fast-growing intolerant species. On the
other hand, the higher biomass density in vegetation patches
of the fast-growing species reduces soil-water evaporation and
increases the amount of water plants can draw from their
bare-soil surroundings because of a higher infiltration con-
trast. As a result, the water stress for fast-growing species
is reduced. The lower productivity (smaller B) of the stress-
tolerant species is a consequence of the inherent tradeoff be-
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FIG. 2. Example of an asymptotic spatially averaged biomass distribu-
tion along the trait axis χ . The distribution contains information about
community-level properties, such as the community composition χmax, and
the functional diversity quantified by the distribution width at half the
maximal biomass density. The biomass distribution is calculated for P =
418.9[mm/y].

tween fast growth and stress tolerance.
A complementary view of the existence ranges of stable

periodic patterns and their multi-stability is provided by the
Busse balloons shown in Fig. 422,32. The Busse balloon pro-
vides information about the wavenumber range of stable pe-
riodic patterns as a function of the precipitation. This range
begins at P = Phigh and ends at P = Plow (see Fig. 1). The
wavenumber range at a given precipitation P provides infor-
mation about the degree of multi-stability of periodic pat-
terns at that precipitation value. Under conditions of dry-
ing climates, where the mean annual precipitation slowly de-
creases in time, the Busse balloon provides essential infor-
mation about transitions to longer-wavelength patterns24 and,
thus, stress-relaxation by patch dilution.

IV. COMMUNITY STATES

The competition for water and light results in the emer-
gence of a steady-state community, where only a subrange
of the whole species pool, 0 < χ ≤ 1, has practically non-
zero biomass9. Figure 2 shows an example of a spatially uni-
form unimodal community, where the biomass is viewed as
a continuous distribution in trait space, B = B(χ,x, t), with
Bi = B(χi,x, t). Such solutions contain information about
several community-level properties9 including the community
composition, measured by the most abundant trait, χmax for
which the biomass assumes its maximal value, Bmax, and its
functional diversity, measured by the width of the biomass
distribution at Bmax/2.

Drying trends are expected to shift the community compo-
sition to stress-tolerant species, but also to induce vegetation
patterning, which may feedback on the community dynamics.
Figure 3a shows a bifurcation diagram of asymptotic station-
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ary community states, where the vertical axis is the χ value
of the most abundant functional group, χmax, obtained from a
spatially averaged biomass distribution. The bifurcation pa-
rameter is the precipitation rate P. At high P, the uniform
community state is stable and is dominated by fast-growing
species (low χ). As precipitation decreases, a shift toward
stress-tolerant species (higher χ) occurs, accompanied by a
significant biomass decline, as the biomass distributions in
the trait-space (χ −x) plane B(x,χ) and the spatially averaged
distributions B(χ) in Fig. 3a,b show. Below the precipitation
threshold PT , the uniform community state becomes unstable
in a Turing bifurcation, and periodic community patterns ap-
pear with increasing wavelengths as P decreases further.

The emergence of periodic patterns is characterized by a
significant decline of χ from the high value of the uniform
community state that lost its stability to much lower val-
ues associated with the stable parts of the patterned solution
branches. Ecologically, this decline represents a shift back to
fast-growing species, as the bare-soil patches that form pro-
vide an additional water resource to the surviving plants, in-
creasing the amount of water available to them.

The bifurcation diagram reveals another critical aspect of
patterned communities – the low χ values they can support
over a wide range of lower P values. This behavior is at-
tributed to the high spatial plasticity of self-organized pat-
terns, reflected here in two processes that involve partial plant
mortality: (1) Patch thinning along each solution branch of
a given wavelength, as the biomass distributions in the χ − x
plane in Fig. 3c-e show. (2) Patch dilution by transitions to
longer-wavelength patterns, as a comparison of the biomass
distributions in Fig. 3e and 3f indicates. These processes
maintain local water availability to the surviving plants, de-
spite the drying trend, and thereby buffer changes in commu-
nity composition over wide precipitation ranges.

The process of patch thinning is clearly visible by look-
ing at the periodic solution that bifurcates from the uniform
solution at PT (blue line in Fig. 3) and at the biomass distri-
butions in the χ − x plane shown in Fig. 3c-f; the number of
patches does not change but each patch becomes thinner as P
decreases. Patch thinning is effective in buffering community-
composition changes in a relatively wide P range where χmax
hardly changes, as Fig. 3c,d shows, but at sufficiently lower P
values it is no longer effective and a significant shift to higher
χ values (stress-tolerant species) occurs (compare Fig. 3d
and 3e). In this low P range, patch dilution by a transition
to a longer-wavelength solution can relax the water stress and
lower χmax. These transitions occur as the boundaries of the
community Busse balloon are crossed, as discussed in the next
section.

The periodic patterns can be divided into two groups: so-
lutions that connect to the uniform solution branch at distant
bifurcation points and exist in the high P range (blue, magenta
and red solution branches in Fig. 3), and solutions that con-
nect to the uniform solution branch at nearly the same point,
resembling isolas, and existing in the low P range (dark-blue
and brown solution branches). Notably, the latter are char-
acterized by pairs of equal χ values at different P values, as
the circles f ,g on the dark-blue solution branch and the cor-

responding χ − x biomass distributions in Fig. 3f,g indicate.
The higher biomass at the higher P value (Fig. 3f) implies
stronger uptake of soil water compared to the uptake at the
lower P value where the biomass is lower (Fig. 3g). The com-
bined effect of higher P and stronger water uptake can result
in equal levels of water stress at different P values and, thus,
equal χ values.

In the bistability precipitation range of uniform-vegetation
and patterned solutions a subrange of homoclinic-snaking ex-
ists33, characterized by a high multiplicity of stable localized
patterns of different size. These localized patterns appear in
the bifurcation diagram shown in Fig. 3 as solution branches
(turquoise lines) that snake back and forth between the uni-
form solution branch (green line) and one of the periodic so-
lution branches (magenta line). The uppermost (highest χmax)
solution branch describes a spatially uniform community with
a single gap of bare soil (Fig. 3h), whereas the downmost
solution branch describes a community gap pattern with a sin-
gle missing gap (Fig. 3j). The solution branches in between
describe patterned domains in otherwise uniform community
or uniform domains in otherwise patterned community (Fig.
3i), where branches with lower χmax correspond to larger pat-
terned domains, where faster-growing species reside. The lo-
calized patterns give rise to significantly wider functional di-
versity as they contain two distinct niches: a uniform niche for
more stress-tolerant species and a patterned niche for faster-
growing species. This effect can be stronger with different pa-
rameter settings, and may lead not only to widened unimodal
B(χ) distributions, but also to bimodal distributions9.

Spatial patterning and community assembly mutually af-
fect each other; a community shift to stress-tolerant species
delays the onset of Turing patterns to a lower precipitation
rate, and the onset of patterns shifts the community back to
fast-growing species and buffers further community changes.
A comparison between the Busse balloons of a single species
and of a community uncovers additional aspects of these mu-
tual relations. As Fig. 4 shows, the community’s Busse bal-
loon occupies intermediate ranges in the (k,P) plane in com-
parison to the ranges of χ = 0 and χ = 1. The prominent
differences are in the high P range; the χ = 0 Busse balloon
extends to significantly higher P and k values than the com-
munity Busse balloon, while the opposite holds for the χ = 1
Busse balloon. This can be attributed to the stronger pattern-
forming feedback associated with the fastest-growing species
χ = 0, which form highly dense vegetation patches and strong
infiltration contrasts. The resulting stronger pattern-forming
feedback extends the stability range of periodic patterns to
higher P values. Interestingly, the community Busse bal-
loon extends beyond the Busse balloon of the stress-tolerant
species also at low P. This can be attributed to a community
facilitation effect, where faster-growing species in the com-
munity increase the infiltration rate in vegetation patches and,
thereby, the overland water flow toward these patches from
which all species benefit.
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FIG. 3. A community bifurcation diagram. Shown are solution branches (left) and examples of the corresponding biomass distributions (right). The green
solution branch describes a spatially uniform community, which loses stability in a Turing bifurcation at PT . Panels (a,b) show the shift to stress-tolerant species
as P decreases. The turquoise solution branches that snake back and forth describe localized patterned domains in otherwise uniform communities. Panels (h-j)
show examples of such localized patterns. The other colored solution branches represent patterned communities with wavenumbers decreasing as as stated in
the legend. Panels (c-e) demonstrate patch thinning. Panels (f,g) show different precipitation rates that give rise to the same community composition χmax albeit
different biomass densities. Thick (thin) lines denote stable (unstable) solutions. Hollow circles denote bifurcation points. Solid circles refer to the biomass
distributions shown in panels (a-j), which were calculated at the corresponding precipitation rates.
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FIG. 4. Single-species vs. community Busse balloons. Shown are Busse
balloons, depicting the ranges of stable periodic patterns in the precipitation-
wavenumber (P− k) plane, for the extreme functional groups χ = 0 (blue
line) and χ = 1 (red line) and for the community (black line). Notice that the
Busse-balloon boundaries do not extend to k = 0 because of the finite system
size used in the calculations.

V. RESPONSES TO DRYING TRENDS OF INCREASING
RATES

The bifurcation diagram shown in Fig. 3 provides infor-
mation about the community response to an infinitely slow
drying trend in the course of which the community closely
follows the stable parts of the solution branches. The commu-
nity’s Busse balloon provides additional information; depend-
ing on the wavenumber of the initial pattern, different mixes of
patch thinning and patch dilution may occur. Figure 5 shows
community trajectories, superimposed on the Busse balloon,
starting from different initial wavenumbers and responding
to drying trends of different rates. The drying trends corre-
spond to decreasing precipitation P at rates of 0.1mm/y and
1mm/y every year. A horizontal trajectory part of a constant
wavenumber k, corresponds to a patch-thinning phase where
the number of vegetation patches remains constant, but their
size decreases. When the trajectory crosses the low-P bound-
ary of the Busse balloon, the periodic pattern loses its stability,
and a transition toward a stable pattern of lower wavenumber
thereafter occurs. This transition is described by a vertical
trajectory part and corresponds to patch-dilution events where
the number of vegetation patches is reduced. In practice, the
time span between patch-dilution events is often too short for
the convergence to strictly periodic patterns. In these cases,
the wavenumber value is determined by counting the number
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of patches. To expedite the transitions to longer-wavelength
patterns a weak heterogeneity in H is introduced.

Three initial wavenumbers are studied, representing nar-
rower precipitation ranges of stable solutions as the wavenum-
ber increases. As Fig. 5 shows, the mix of the two stress-
relaxation modes, patch thinning and patch dilution, changes
with the initial wavenumber; the higher the wavenumber, the
shorter the first patch-thinning phase, and the larger the num-
ber of patch-dilution events. A lower initial wavenumber at
high precipitation implies bigger patches and more room for
patch thinning as the precipitation decreases. Indeed, the low-
est initial wavenumber (Fig. 5a) gives rise to the longest
patch-thinning phase before the Busse-balloon boundary is
crossed. For most of this phase, the community compo-
sition χmax (encoded by the color) comprises fast-growing
species and hardly changes, but as the Busse-balloon bound-
ary is approached, a sharp shift to stress-tolerant species oc-
curs. By contrast, the patch-thinning phase for the highest
initial wavenumber (Fig. 5c) is the shortest and the number
of patch-dilution events is the largest. An intermediate case is
shown in Fig. 5b. Thus, as the initial wavenumber increases,
the time span of patch thinning decreases, and the number
of patch-dilution events increases. This change in the mix-
ture of the two stress-relaxation modes results in communities
of faster-growing species in the relatively low precipitation
range; shifts to stress-tolerant species by patch thinning are
weaker, and stress relaxation by multi-patch-dilution events is
stronger, favoring faster-growing species.

In the range of very low precipitation, all trajectories, irre-
spective of the initial wavenumber, culminate in highly stress-
tolerant species before collapsing to bare soil occurs. In this
range, the pattern wavelength becomes too long for patch thin-
ning and patch dilution to be effective in retaining water avail-
ability as the drying trend continues, as the inter-patch dis-
tance exceeds the typical length of overland water flow before
complete water infiltration into the soil occurs. The factors
that affect this length, denoted here by d, can be assessed us-
ing dimensional analysis34: d ∼

√
DH/A ·g(QA/P), where g

is an unknown function. According to this result d scales like
D1/2

H and like A−1/2 in cases where the function g approaches
a constant asymptotic value. This is often the case when its
dimensionless argument QA/P is either a very small or a very
large number. In the present case, it is pretty large, of order
102 ≫ 1.

The effect of a ten-fold faster trying trend is shown in Fig.
5d-f for increasing initial wavenumbers. Since the low precip-
itation Busse-balloon boundary is now reached faster, the time
span for community reassembly is shorter and patch dilution
events occur for faster-growing species. This results in more
moderate shifts to stress-tolerant species.

VI. DISCUSSION

Vegetation patterning involves partial plant mortality and
soil-water redistribution and is therefore inherently related to
the assembly and dynamics of plant communities under condi-
tions of water stress. Our model studies suggest the existence

of two phases in the response of plant communities to decreas-
ing precipitation. The first phase occurs when the community
is still spatially uniform and experiences a shift from fast-
growing to stress-tolerant species. This shift delays the on-
set of patterns to lower precipitation rates. The second phase
begins with the onset of vegetation patterns at the Turing in-
stability threshold PT . It involves a shift back to fast-growing
species followed by a wide precipitation range (or time span)
where the community composition hardly changes. This be-
havior is attributed to the high spatial plasticity of vegetation
patterns, reflected in patch thinning along any solution branch
describing a periodic pattern, and in patch dilution when tran-
sitions to patterns of longer wavelengths occur. Both pro-
cesses involve partial plant mortality and act to increase water
availability to the surviving plants, which compensates for the
reduction in precipitation as the drying trend proceeds. As a
consequence, they buffer community composition changes.

We focused on vegetation pattern formation in 1d systems,
but the results are also applicable to vegetation bands in sloped
2d terrains, where 1d behaviors, such as the Busse balloon,
have been observed23. Flat 2d terrains differ from 1d systems
in that they allow for morphological changes. At the Tur-
ing instability hexagonal gap patterns typically emerge, and
as precipitation further decreases, morphological changes to
labyrinthine stripe patterns and hexagonal spot patterns occur,
rather than transitions to longer-wavelength patterns7. How-
ever, the general principle of spatial plasticity buffering com-
munity changes still apply; the morphological changes grad-
ually increase the bare-soil areas around vegetation patches
and thereby increase the availability of water to the surviving
plants, compensating for the reduction in precipitation.

For simplicity, we chose to analyze a model with a single
dominant water transport mechanism – overland water flow,
but the same bifurcation structure and spatial plasticity are
realized with other mechanisms as well35, either alone or in
concert36. We therefore expect the main conclusions to be in-
dependent of the particular water-transport mechanism.

Our results bear on agriculture and food security, as in that
context, the shift to stress-tolerant species may imply loss of
crop productivity. This is because of the inherent tradeoff be-
tween growth and tolerance5,8, and the consequent displace-
ment of fast-growing crops by stress-tolerant species as a drier
climate develops. The latter may not be edible, but even if
they are, their productivity is low. Attempts at increasing crop
productivity are currently made by means of genetic interven-
tion, but so far with limited success37,38. Here, we point to-
ward a conceptually different approach to this problem that,
in addition to plant-level mechanisms, also considers a ro-
bust population-level mechanism, namely, self-organization
in spatial patterns27. The onset of spatial patterns counter-
acts the shift to less-productive stress-tolerant species without
compromising tolerance to water stress, as it provides an ad-
ditional soil-water resource – the water plants draw from their
bare-soil surroundings.

The interplay between spatial patterning and community
dynamics may have significant implications for managing
ecosystems under conditions of drying climates. Spatial pat-
terning can be favored by introducing weak spatial periodic-
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FIG. 5. Community trajectories, superimposed on the Busse balloon. Shown are trajectories emanating from initial patterns of increasing initial wavenumbers
kInit at two rates of precipitation decrease, slow (a-d) and fast (d-f) as indicated in the figure. The changing colors of the trajectories denote community
composition changes according to the color bar on the right. Horizontal trajectory parts correspond to patch thinning wheres vertical trajectory parts correspond
to patch dilution. Patch dilution events are triggered when the trajectories cross the lower-P boundary of the Busse balloon and the corresponding pattern
becomes unstable.

ity under benign conditions when the vegetation is still uni-
form, to facilitate transitions to vegetation patterns of desired
wavenumbers in the bistability range of uniform and patterned
vegetation, and even below it39. Practices for that purpose
may integrate provisioning ecosystem services, such as the
provision of fodder for livestock, by non-uniform vegetation
clear-cutting. Under conditions of mild stress, when vegeta-
tion patterns already exist, such practices can be used to favor
particular wavenumbers, e.g. to obtain a strong community-
buffering effect by patch thinning, or to introduce mixed veg-

etation states, uniform and patterned or patterned states of dif-
ferent wavenumbers, to create different niches and thereby in-
crease functional diversity.
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