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ABSTRACT: In the past decade, theoretical ecologists have empha-
sized that local interactions between predators and prey may invoke
emergent spatial patterning at larger spatial scales. However, empir-
ical evidence for the occurrence of emergent spatial patterning is
scarce, which questions the relevance of the proposed mechanisms
to ecological theory. We report on regular spatial patterns in young
mussel beds on soft sediments in the Wadden Sea. We propose that
scale-dependent feedback, resulting from short-range facilitation by
mutual protection from waves and currents and long-range com-
petition for algae, induces spatial self-organization, thereby providing
a possible explanation for the observed patterning. The emergent
self-organization affects the functioning of mussel bed ecosystems
by enhancing productivity and resilience against disturbance. More-
over, self-organization allows mussels to persist at algal concentra-
tions that would not permit survival of mussels in a homogeneous
bed. Our results emphasize the importance of self-organization in
affecting the emergent properties of natural systems at larger spatial
scales.

Keywords: regular patterns, spatially explicit models, self-organiza-
tion, emergence.

In recent years, a large number of theoretical studies have
pointed to the possibility of self-organized spatial pat-
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terning in predator-prey systems (Hassell et al. 1991; de
Roos et al. 1998; Gurney et al. 1998). In spatially explicit
models, predator-prey interactions may create large-scale
coherent spatial structures that are either dynamic (e.g.,
spiral waves) or stable (e.g., stationary lattice or patchy
patterns), starting from random initial conditions. Spatial
patterns may have important consequences by facilitating
persistence of otherwise unstable predator-prey interac-
tions, stimulating coexistence of competing species, and
increasing stability on large spatial scales (Hassell et al.
1994; Rohani et al. 1997; de Roos et al. 1998; Gurney et
al. 1998; Gurney and Veitch 2000).

An important mechanism underlying patterning in
most of the published predator-prey models is a strong
interaction between predator and prey. Strong predation
leads to local depletion of the prey, invoking heterogeneity
in the prey population. Depending on the relative dispersal
rates of prey and predator, this leads to stable occurrence
of prey patches (de Roos et al. 1998) or to local collapse
of the predator, which produces unstable wavelike spatial
patterns in which the prey and predator are locked in an
endless pursuit (Hassell et al. 1991; Gurney et al. 1998).
Stable prey patches were predicted to occur if prey dis-
persal is much smaller than predator dispersal. Wave pat-
terns traveling in space dominated the predator-prey in-
teraction if dispersal rates were about equal (Hassell et al.
1991, 1994).

Despite an abundance of theoretical articles, empirical
evidence for the occurrence of self-organized spatial pat-
terns in predator-prey systems is scarce (Rohani et al.
1997). Noteworthy exceptions are empirical studies on the
formation of patchy patterns in the Western tussock moth
(Maron and Harrison 1997) and on traveling waves in the
Canadian lynx (Ranta et al. 1997), vole (Ranta and Kaitala
1997; Kaitala and Ranta 1998), and larch bud moth (Bjorn-
stad et al. 2002). Spatial patterning such as traveling waves
has therefore been dismissed as little more than a pecu-
liarity of theoretical models (Rohani et al. 1997). Hitherto,
the lack of empirical support has limited recognition of
self-organized spatial patterns as an important determi-



nant of predator-prey interactions and ecosystem func-
tioning.

In this article, we report on regular patterning, con-
sisting of banding patterns perpendicular to the flow of
the water, in beds of young blue mussels (Mytilus edulis).
Spectral analysis confirms visual observations that mussel
beds exhibit regularly spaced, bandlike patterns. Then we
present a theoretical analysis of a mussel-algae system, sug-
gesting that scale-dependent interaction of positive and neg-
ative feedback, involving coarse-scale competition for algae
and fine-scale facilitation between mussels, induces spatial
self-organization, which provides a potential explanation for
the observed patterns. The model analysis shows that self-
organized spatial heterogeneity improves productivity, re-
sistance, and resilience of mussel beds. Our study adds to
a growing body of studies from a wide range of systems
emphasizing the importance of self-organization for eco-
system functioning (Levin 1992; Wootton 2001; Guichard
et al. 2003).

Patterning in Young Mussel Beds

Mussels typically appear on soft sediment in dense aggre-
gations, occurring at various spatial scales (Snover and
Commito 1998; Kostylev and Erlandsson 2001). Mussels
settle in dense beds that range in size from tens of meters
to square kilometers. Within these beds, mussels form ag-
gregations, in which dense patches alternate with sediment
containing hardly any mussels. Within high-density
patches, mussels in turn form clumps, in which they are
interconnected via byssal threads. The adaptive value of
aggregation mainly relates to reduction of wave distur-
bance and predatory losses (Bertness and Grosholz 1985;
Okamura 1986; Cote and Jelnikar 1999; Hunt and Schei-
bling 2001, 2002). Aggregation, however, also imposes dis-
advantages because depletion of pelagic food in larger
patches can severely reduce mussel growth (Newell 1990;
Svane and Ompi 1993) and even lead to strongly distorted
shell growth (Bertness and Grosholz 1985). These findings
suggest that the spatial structuring of mussel beds may
affect the growth of individual mussels.

Aerial surveys of beds of blue mussels in the Wadden
Sea following strong mussel recruitment events in 1994
and 2001 revealed that aggregation in many young mussel
beds resulted in the formation of regular patterns (e.g.,
fig. 1). Patterns were observed in young mussel beds in
October, which implies that they developed in just a few
months after the settling of larvae in May/June. Patterned
beds are a temporary phenomenon because most young
mussel beds in the Wadden Sea are either severely damaged
or entirely removed by winter storms or fisheries. Those
beds that survive the winter are heavily marked by wave
disturbance, which is likely to destroy any regular pat-
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terning that has emerged during the prior growing season.
Regular patterns range from sharply defined banded pat-
terns to more diffuse patchy fragments (fig. 2, first row, A
and B vs. C). Most banded patterns appeared to be aligned
perpendicular to the flow of the water and appeared not
to be associated with underlying structures in the sed-
iment.

Regularity in Mussel Band Patterns

The formation of complex irregular patterns in mussel
beds on rocky substrates has been described frequently
(Paine and Levin 1981; Wootton 2001). Studies on pattern
formation on sedimentary substrates are less abundant
(but see Snover and Commito 1998), and regular pat-
terning has not been reported from mussel beds on either
soft or hard substrates. We studied patterned mussel beds
in the Wadden Sea using digitized photographs to establish
that the observed patterns were periodic and to provide a
rough estimate of their spatial wavelength and orientation.
Pictures were taken during an aerial survey on October
12, 2001, at an altitude of about 900 m above sea level,
each picture covering an area of about 480 m x 620 m.
Visual inspection indicated that about 25% showed clear
regular patterning, about 50% revealed some degree of
regularity, and 80% of the photographs containing mussel
beds were clearly patchy. We analyzed a small subset of
the obtained images because our analysis aims just to show
that regular patterning is a possible aspect of soft-sediment
mussel beds. A thorough analysis of mussel bed patterns
observed in the Wadden Sea is beyond the scope of this
article. We tested for regularity in the observed patterns
by applying two-dimensional spectral analysis (Renshaw
and Ford 1983; Couteron and Lejeune 2001). Two
128 x 128-pixel and one 256 x 256-pixel subsections
were selected from the images, covering a surface of about
25 x 25 m and 50 x 50 m, respectively. The first two of
the subsections were taken from images with (visually)
clear regular bands (fig. 2A, 2B). The last one was obtained
from an image where patterning appeared less regular (fig.
2C). The subsections were taken from beds in the Wadden
Sea located at 1.7, 1.0, and 2.8 km from the coastline,
respectively. All subsections covered at least four wave-
lengths, confirmed by later analysis, which conforms to
similar spectral analyses in the literature (Renshaw and
Ford 1984; Couteron and Lejeune 2001). Moreover, en-
larging of the subsections gave qualitatively similar results.
All images were rescaled to 128 x 128 pixels and con-
verted to gray-scale values (0-255). Dark pixels correspond
to areas dominated by a dense mussel cover, whereas bright
areas correspond to bare sediment.

In principle, spectral analysis provides a measure of the
image variance explained by a simple cosine repeating itself
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Figure 1: Aerial photograph of a patterned mussel bank in the Wadden Sea, The Netherlands. The scale is about 400 x 600 m. The photograph

was taken in November 1994.

r times along a travel direction § (Couteron and Lejeune
2001), referred to as I. A plot of I in a two-dimensional
space is called a periodogram. In this periodogram, the
distance from the center (marked by a star) and the angle
relative to the vertical upward direction reflects the wave
number r and the angle 0 (fig. 2, second row). To further
investigate the periodogram, radial and angular spectra of
I are generated (fig. 2, third and fourth rows). The radial

spectrum depicts the dominant wave number, irrespective
of direction. The angular spectrum reveals the direction
of the dominant cosine wave, ranging from 0° to 180°
(note that angles beyond 180° are redundant). Detailed
treatments of the method can be found in articles by Ren-
shaw and Ford (1984), Mugglestone and Renshaw (1998),
and Couteron and Lejeune (2001).

The spectral analysis revealed clear regularity and di-
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rectionality in the first two photographs (fig. 24, 2B). The
dominant wave number was found to be 4-5, which cor-
responds to a wavelength of about 6 m. The smaller peaks
at higher wave numbers are likely to be resonance. The
bands were oriented to a dominant direction of 130° and
50°-60° relative to the top edge of the picture. The ori-
entation of the bands corresponded roughly with the di-
rection of the flood current (fig. 2; van der Wal 2002).
The patterning was less regular in the third photograph,
and a dominant wave number was not clearly distin-
guished. A possible cause of lack of regularity is higher
wave exposure. Despite its more patchy nature, the angular
spectrum revealed a dominant direction of about 50°,
pointing at a directional nature for potential explanatory
mechanisms.

A Simple Spatial Model

Mussel growth and survival in soft-sediment mussel beds
are strongly dependent on the availability of algal food
sources and on loss rates due to dislodgment and pre-
dation. A significant body of literature exists that shows
that, in soft-sediment or subtidal mussel beds, algal food
availability limits intake by mussels (Wildish and Krist-
manson 1984; Dolmer 2000; Widdows et al. 2002) and
mussel growth (Frechette and Bourget 1985; Page and
Hubbard 1987; Newell 1990; Muschenheim and Newell
1992; Frechette and Despland 1999; Oie et al. 2002). Dis-
lodgment and predation depend strongly on local mussel
density (Bertness and Grosholz 1985; Okamura 1986; Cote
and Jelnikar 1999; Hunt and Scheibling 2001, 2002) be-
cause nearby conspecifics are the main substrate for at-
tachment on soft-bottom sediment. The effects of com-
petition are spread out over much larger distances because
water depleted in algal stocks by mussels is carried over
the mussel bed by the tidal currents. We hypothesize that
the scale-dependent interaction between short-range fa-
cilitation and long-range competition for algae explains
the observed patterning in mussel banks. Here, we provide
support for this hypothesis by means of a simple spatially
explicit model describing changes in local population bio-
mass of algae and mussels.

Predation of algae by mussels on soft sediment occurs
mostly in the lower water layer (Wildish and Kristman-
son 1984; Muschenheim and Newell 1992). Predation is

matched by influx of algae from upper water layers and
by lateral transport of algae through tidal currents and, to
a lesser extent, turbulent diffusion. We furthermore as-
sume that the upper water layer is not affected by the
consumption of the mussels. Changes in the concentration
of algae A in the water layer overlying a particular spot
on the mussel bed can be described by

0A c
E = (ALlp —Af-— zAM — VVyA. 1)

Here A,, describes the concentration of algae in the upper
water layer, f is the rate of exchange between the lower
and upper water layers, ¢ is the consumption constant, h
is the height of the lower water layer, and M is the mussel
density. Advection by tidal current is represented by the
gradient operator VA multiplied by the advection constant
V. For this simple model, we assume a unidirectional flow
of water because the flood flow is likely to be most im-
portant in supplying algal food to the mussel bed.

The rate of change of mussel biomass per square meter
of sediment surface is described by

oM k
— = ecAM — dyy—"—M — DAM. 2
t ky + M

Here e is the conversion constant of ingested algae to
mussel production, d,, is the maximal per capita mussel
mortality rate, and D is the diffusion rate of the mussels.
The model assumes a simple predator-prey interaction be-
tween algae and mussels with a linear functional response.
The per capita mortality of the mussels is assumed to
decrease with increasing mussel density because of a re-
duction of dislodgment and predation in dense clumps.
This is represented by the term k,,/(k,, + M), where k,, is
the value of M at which mortality is half maximal. We
furthermore assume that movement of mussels is random
and therefore adopt the classical diffusion approximation,
where diffusion is a linear function of the Laplacian op-
erator AM (Holmes et al. 1994). Table 1 provides an over-
view of the parameter values used, their units, and sources.
We were able to obtain parameter values from the literature
for all parameters except for f, ky;, dy;, and D, which were
given plausible values.

In the above model, we ignore many details of the es-

Figure 2: Spectral analysis of three digital photographs of mussel bed patterns. The first two pictures represent25 x 25-m sections of clearly banded
mussel banks, whereas the last photograph represents a50 x 50-m pattern with less clear directionality. The arrows above the photographs represent
northern direction and flood current direction (obtained from tidal current charts), respectively. The second row represents the periodograms of
the above pictures, its center indicated by a star. The third and fourth rows represent the radial and angular spectra of the periodograms and indicate
the dominant wave number (number of waves in the photographs) and dominant direction of the pattern. Note that the lower section of the
periodogram is a rotated copy of the upper section. Angles above 180° are therefore redundant.



Table 1: Parameter values used in the simulation

Symbol Value Unit Source®

A, 1 g/m’ Cadee and Hegeman
2002

h 1 m Wildish and Krist-
manson 1984;
Muschenheim and
Newell 1992

f 100 m’/m’/h Estimated

c .1 m*/g/h Scholten and Smaal
1998; Riisgard
2001

e 2 g/g Sukhotin et al. 2002

dy .02 g/g/h Estimated

kye 150 g/m* Estimated

\%4 360 (10) m/h (cm/s) Brinkman et al. 2002

D .0005 m’/h Estimated

Note: Parameter values were based on empirical studies in literature.
No data were available for f, d,,, k;, and D, which were estimated. Note
that mussels in young mussel beds have low individual weight, which
explains the high weight-specific filtration rate.

* Values obtained or derived.

tablishment of juvenile mussels on the sediment, such as
the physiological changes in young mussels that occur dur-
ing early development. Nevertheless, the model allows us
to investigate the consequences of the scale-dependent
feedback that is imposed by short-range facilitation and
long-range competition on the development of a mussel
bed. We investigated the development of mussels using
two-dimensional numerical simulation with forward Euler
integration of the finite difference equations. We used a
rectangular spatial grid consisting of 100 x 100 cells, with
a unidirectional water flow in the y direction. We assume
the simulated domain to be a section of a larger mussel
bed. For this reason, we adopted periodic boundary con-
ditions in the flow direction (y) to mimic predepletion of
the water by the bed surrounding the simulated domain.
Reflecting boundaries were adopted in the other (x) di-
rection. Starting conditions consisted of a homogeneous
equilibrium that was randomly perturbed.

The numerical solution revealed that for low values of
A,,» the homogeneous equilibrium was unstable against
small spatially heterogeneous perturbations. Under these
conditions, even the smallest amount of spatial hetero-
geneity leads to the development of regular patterns of
dense mussel bands consisting of dense mussel bands al-
ternating with almost bare sediment and low mussel den-
sities (fig. 3). In the mussel bands, algal concentrations in
the lower water layer are quickly depleted, whereas in be-
tween the bands, concentrations are replenished by the
mixing of the lower and upper layers. The bands slowly
move upstream as mussels are able to establish in front
of the bands. This leads to starvation of mussels on the
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downstream side of the bands. If simulations are allowed
for an extended time, the model evolves toward a solution
of straight parallel bands. During transient dynamics,
banding is irregular, closely resembling the patterns ob-
served in the field (fig. 3).

The occurrence of self-organized patterning is strongly
affected by both biotic or abiotic conditions such as the
availability of algae in the overlying water. For this reason,
we investigated the sensitivity of the model to changes in
parameter values. To focus on the parameters essential to
the model behavior, we derived a nondimensional version
of the above model based on equations 1 and 2:

Ja

— =710 - a) — au — ¥Va,

T

oy 2

B pap— 6+ Ap. 3
PP ®

Here o = A A, p = kyM, vy = fT™, v = VD '*T'2,
6 =dyT ', n = eA,T ", and spatial dimension is re-
scaled to T"?D~"?x, where T = ck,,/i ' is the characteristic
rate of filtration by the mussels to which time ¢ is rescaled
(7 = Tt). Hence, the nondimensional model has only four
essential parameters that determine the dynamics of the
model: renewal rate y, water flow rate », scaled potential
growth rate n, and mussel maximal mortality 6.

The analysis reveals the dependence of pattern forma-
tion on algal density in the overlying water A,,, which is
reflected in model 3 by #. We first analyzed behavior of
the homogenous solution of system 3, in which the gra-
dient and Laplacian operators are set to 0. A homogenous
equilibrium is found at n > 6, which increases strongly
with algal input 7 (fig. 4, blue line). Numerical analysis,
however, indicates that the homogenous equilibrium is
unstable to small spatially heterogeneous perturbations
when 7 < 0.188. These perturbations lead to the formation
of regular banded patterns (fig. 4, dashed red line). This
phenomenon is similar to a Turing bifurcation, but it dif-
fers in that it results in part from differential movement
due to advection instead of diffusion (cf. Rovinsky and
Menzinger 1992, 1993; Rovinsky et al. 1997). At high val-
ues of A,, (or ), no pattern formation occurs, because
the homogeneous equilibrium is resistant to small spatially
heterogeneous perturbations. Note that as a result of the
simplistic mortality function that was used, the model pro-
duces unrealistically high equilibrium mussel densities at
7> 0.20.

The model points to a number of ecologically important
consequences of the formation of regular patterns. First,
the total amount of mussels, averaged over the entire sim-
ulated domain, is increased by the formation of regular
patterns relative to the density predicted by the homo-
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Figure 3: Simulated spatial patterns in algal concentration (mg/L) and mussel density on the sediment (g/m?). The scale is about 25 x 25 m.
Original parameters as in table 1. Rescaled parameter values used: y = 0.667, » = 1,315, p = 1.33 x 107%, 6 = 1.33 x 107

geneous model (fig. 4, dashed blue line vs. dashed-and-
dotted green line). Consequently, the observed patterns are
predicted to increase the productivity of the mussel bed.
Second, the range at which banded patterns occurs extends
into a region where mussels are unable to persist if they
would have been homogeneously spread out because food
availability would be too low to support mussel growth
(e.g., m < 0.133). This has two important implications. Pat-
tern formation increases the resistance of mussel beds to
low algal concentrations. Moreover, below n = 0.133, the
system has two stable states, one characterized by regular
patterns, whereas in the other state mussels cannot survive.
Hence, mussel beds at very low algal input rates are pre-
dicted to be sensitive to disturbances and might be unable
to recover if human intervention or storms remove large
numbers of mussels.

We investigated the consequences of pattern formation
on the resilience of mussel bed systems to disturbances.
We imposed a disturbance on a banded mussel bed at
equilibrium biomass, in which the density of the mussels
was reduced to 60%. We compared the recovery time to
equilibrium in three simulation runs. In the first simu-
lation, we reduced the density but left the spatial patterning
intact. In the second simulation, we reduced the density,
evenly redistributed the remaining mussels over the sim-
ulated grid, and then imposed a random deviation on each
simulated cell of maximally 10% of the within-cell bio-
mass. In the last simulation, we reduced the density and
completely homogenized the bed, leaving no spatial var-
iability (e.g., all simulated cells had the same biomass).
We found that the simulation in which the patterns were
left intact quickly recovered to their former equilibrium
biomass (fig. 5, dashed line). The simulation in which the

mussels were randomly redistributed showed a significant
lag in its recovery (fig. 5, dotted line). At first, little recovery
occurred as the mussels reorganized into bands. After re-
emergence of the patterns, mussel density quickly recov-
ered to the equilibrium values that existed before the dis-
turbance. In the last simulation, all heterogeneity was
removed, and hence no patterns developed (small devia-
tions from homogeneity are required to initiate pattern
formation). Mussel density remained low, as little recovery
occurred (fig. 5, solid line). Hence, the simulation dem-
onstrates that self-organized spatial patterns strongly im-
prove the resilience of mussel bed systems to disturbances
that reduce mussel density relative to unpatterned beds.

Although our model is well able to explain pattern for-
mation, it is still a large simplification of the complexity
of mussel-algae interaction. First, we used a linear func-
tional and numerical response to describe the interactions
between mussels and algae. Although intake continues to
be high at high algal concentrations, mussels become more
selective, which results in the dumping of low-quality algal
material as pseudofeces. This leads to saturation of growth.
Inclusion of saturation affects model predictions quanti-
tatively, but our conclusions remained qualitatively the
same. Second, mussels actively move into the water cur-
rents, maximizing their exposure to algae-rich water. We
analyzed a model in which the mussels actively moved
toward a high concentration of algae. Similar patterns
emerged in this model, albeit on a shorter timescale. The
model presented in this article therefore underestimates
the rate at which patterns could develop in nature. We
chose to ignore these aspects of mussel ecology, however,
because we wanted to focus on the essential mechanisms
that could potentially explain pattern formation.
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Discussion

In this article, we report on clearly visible, regular spatial
patterning in a predator-prey system. Aerial photographs
of young mussel beds on soft-bottom sediment revealed
banded patterns, which were confirmed to be regular by
spectral analysis. We demonstrate by means of a simple
mathematical model that the patterns can potentially be
explained by the interaction of a small-scale positive and
large-scale negative feedback to the growth of juvenile
mussels. The positive feedback involves small-scale aggre-
gation of mussels due to the formation of byssal threads,
which protects mussels from erosion by waves and water
currents as their densities increase. Negative feedback re-
sults from depletion of algal food sources from the lower
water layers and acts at much larger distances. Self-
organization, resulting from the interaction between these
feedbacks, combined with a unidirectional flow of food

sources, potentially explains the formation of regular pat-
terns in young mussel beds.

Our explanation centers on a strong predator-prey in-
teraction between mussels and their algal food source,
leading to depletion of algal densities in the lower water
layer, even in relatively narrow mussel bands. This hy-
pothesis concurs with an extensive body of literature re-
porting that depletion of the algae in lower water layers
limits the growth of mussels in real (Frechette and Bourget
1985; Newell 1990; Muschenheim and Newell 1992; Frech-
ette and Despland 1999; Dolmer 2000) and artificial con-
ditions (Wildish and Kristmanson 1984; Widdows et al.
2002). Moreover, mussels were found to generate local
heterogeneity in the concentration of algae in the lower
water layers, even on spatial scales of <10 m (Asmus et
al. 1992; L. A. van Duren and J. K. Petersen, personal
communication). A number of studies emphasize the im-
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are nondimensional. Parameters as in table 1, apart from A,;: 1.2 g/m’.

portance of patch size and positions within a patch for
mussel growth (Okamura 1986; Svane and Ompi 1993).
Although adult mussels are relatively sedentary, juvenile
mussels are able to show extensive movement (Toomey et
al. 2002). Moreover, mussels are known to reorganize in
relation to wave disturbance or small-scale differences in
food availability (Hunt and Scheibling 2002), a property
essential for self-organization to occur. As mussels mature,
however, the ability of mussel beds to self-organize will
diminish; little within-patch movement has been observed
in mussels >20 mm (Okamura 1986).

There are several potential alternative explanations for
the heterogeneity of mussel distribution observed in the
Wadden Sea. First, banded patterns could result from dif-
ferentiated settling on sediment structures such as mega-
ripples. However, the water current velocities that are re-
quired for the formation of megaripples with a wavelength
of 8 m far exceed the conditions under which mussels
could settle and survive on soft substrate (Amos and King
1984). Second, increased turbulence over mussel beds
could create an incentive for mussel aggregation. Turbu-
lence may affect the influx of algae from higher water layers
and induce heterogeneity in the availability of algae. Al-
though this may contribute to aggregation of mussels, it

does not provide an explanation for the observed regularity
in the patterns. Finally, wave action may cause banding in
mussel beds. If this is true, then patterning should dis-
appear with increased distance from the bed edge because
the waves would be attenuated over the bed. This we did
not observe (see fig. 1). Since these alternative explanations
were unable to provide a strong alternative, we propose
that the interaction of prey depletion and local facilitation
is the most likely cause of the observed regular patterns.

Although it essentially describes a predator-prey system,
our model clearly deviates from those used by most the-
oretical studies on spatial predator-prey dynamics (Hassell
et al. 1991; de Roos et al. 1998; Gurney et al. 1998). Spatial
patterning in most predator-prey systems results from the
interaction of a saturating functional response and logistic
prey growth, leading to spatiotemporal instability (i.e.,
population cycles and traveling waves). In our model of
mussel beds, patterning is due to an altogether different
mechanism: reduced mussel (i.e., the predator) mortality
at high mussel density, leading to intraspecific facilitation,
which stimulates aggregation of mussels. Overexploitation
of the prey, as in the classical models, limits the size of
mussel bands and generates the observed regularity. Our
study conforms with studies from arid ecosystems that



report on self-organized patterning in arid vegetation
(Klausmeier 1999; Couteron and Lejeune 2001; von Har-
denberg et al. 2001; Lejeune et al. 2002; Rietkerk et al.
2002). Both systems share a common principle explaining
pattern formation: growth of organisms induces a local
positive feedback (i.e., low loss in mussel beds), stimu-
lating further growth on a small spatial scale. Growth of
organisms also causes a negative feedback (i.e., depletion
of algae or water) that decreases growth and acts at larger
spatial scales. These scale-dependent feedback processes
are similar to Turing’s principle (Turing 1952), which ex-
plains pattern formation in a wide range of scientific dis-
ciplines, including structured rock distribution in polar
environments (Kessler and Werner 2003) and pattern for-
mation on sea shells (Meinhardt 1995).

Application of statistical mechanics to ecological systems
has recently led to a wave of studies emphasizing the im-
portance of self-organized criticality in determining the
spatial complexity of ecosystems (Malamud et al. 1998;
Clar et al. 1999; Pascual et al. 2001, 20024, 2002b; Wootton
2001; Seuront and Spilmont 2002; Sole et al. 2002). In
mussel beds on intertidal rocky shores, where mussels
compete mostly for space (Bertness 1999), spatial pat-
terning results from localized small-scale instabilities in
the form of unstable mussel bed edges (Guichard et al.
2003). These local instabilities percolate through the sys-
tem, generating self-organized scale-invariant patchiness.
The patterns predicted by models with criticality are prin-
cipally different from those predicted by the models pre-
sented in our study because regularity is absent in models
with criticality (Bak 1996). Hence, the patterns observed
in our system suggest that scale-dependent feedback rather
than percolating disturbance is the underlying cause of the
spatial complexity of our Wadden Sea mussel beds.

Our analysis points at important implications of spatial
complexity generated by self-organization for the func-
tioning of mussel bed ecosystems. Our model predicts that
mussel beds with self-organized spatial patterns have
higher productivity, in terms of realized biomass, and
higher resilience than models without patterns. Moreover,
the model predicts that self-organized patterning allows
mussels to persist at algal concentrations that would not
allow persistence in a homogeneous bed. A similar effect
of spatial patterning was found in arid ecosystems, in that
resilience, growth, and persistence of vegetation at low
rainfall levels were strongly improved (Ludwig et al. 1999;
von Hardenberg et al. 2001; Rietkerk et al. 2002; van de
Koppel and Rietkerk 2004). Spatial redistribution of sur-
face water between patches because of lateral flow im-
proved the efficiency of water harvesting by the vegetation,
increasing production and lowering water losses from the
system (Ludwig and Tongway 1995; Ludwig et al. 1999;
Valentin and d’Herbes 1999; Valentin et al. 1999). Hence,
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our study highlights that self-organization may influence
the flow of resources through the ecosystem and thereby
affects the functioning of ecosystems at larger spatial scales.

There is a growing body of studies pointing to the im-
portance of self-organization in natural ecosystems (Klaus-
meier 1999; von Hardenberg et al. 2001; Wootton 2001;
Rietkerk et al. 2002; Guichard et al. 2003). A common
property seems to link these systems: regular patterns are
mostly reported from systems where the abiotic environ-
ment is relatively homogenous at the scale at which pat-
terning occurs (i.e., a flat habitat lacking environmental
gradients). As a logical consequence, interactions between
organisms and their environment are the dominant struc-
turing force. In most ecosystems, however, the abiotic en-
vironment is far from homogenous because the landscape
is complex and dominated by gradients in physical or
chemical stress and resource availability. How important
self-organization is in such ecosystems will be a central
question for future research on complexity in ecological
systems.
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