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An important unanswered question in ecology is whether pro-
cesses such as species interactions that occur at a local scale can
generate large-scale patterns seen in nature1,2. Because of the
complexity of natural ecosystems, developing an adequate theo-
retical framework to scale up local processes has been challenging.
Models of complex systems can produce a wide array of outcomes;
therefore, model parameter values must be constrained by
empirical information to usefully narrow the range of predicted
behaviour. Under some conditions, spatially explicit models of
locally interacting objects (for example, cells, sand grains, car
drivers, or organisms), variously termed cellular automata3,4 or
interacting particle models5, can self-organize to develop complex
spatial and temporal patterning at larger scales in the absence of
any externally imposed pattern1,6±8. When these models are based
on transition probabilities of moving between ecological states at
a local level, relatively complex versions of these models can be
linked readily to empirical information on ecosystem dynamics.
Here, I show that an empirically derived cellular automaton

model of a rocky intertidal mussel bed based on local interactions
correctly predicts large-scale spatial patterns observed in nature.

Mussel beds characterize many temperate, rocky intertidal shores
throughout the world9, and can exhibit complex patterning. This
patterning is thought to result from the interplay between inter-
actions among sessile species and external disturbance agents,
particularly large waves10±15. Along the Paci®c coast of North
America, California mussels (Mytilus californianus) seem to interact
locally with other organisms in two ways. First, mussels invade
bare rock or displace species adjacent to them by overtopping
their neighbours as they grow, and by creeping into adjacent areas
by means of sequential attachment of new byssal threads in
uncolonized areas as old byssal threads in colonized areas break
or become detached12. Second, because mussels attach to each other
with byssal threads, when waves dislodge a mussel from the rock
that mussel pulls its neighbours along with it, thereby transmitting
the disturbance through the mussel bed in much the same way as
forest ®res propagate when sparks from a burning tree ignite
neighbouring trees12. Wave disturbance also acts differentially on
mussel beds of different ages, with beds of old, multi-layered
mussels being more prone to disturbance, owing to the high ratio
of mussel mass per unit attachment area to the rocks, and to the
high fraction of byssal threads attached to other mussels, rather than
the rock12,14,15. Other sessile species and their mobile associates
colonize the bare rock created by disturbance events, and exhibit
a complex set of interactions among themselves and with
mussels10,12,13,16±19. Because of its rapid dynamics and macroscopic
organisms of modest size and mobility, the rocky intertidal zone is
an unusually tractable model system in ecology for experimental
investigations and for readily observing spatial and temporal
dynamics in a complex natural ecosystem19. These features make
mussel beds particularly suitable for the purpose of developing and
testing different versions of models with empirical parameters, such
as cellular automata.

Data on the dynamics of mussel beds were collected over a six-
year period (May 1993 to May 1999) at 1,400 ®xed points in the
mussel bed of Tatoosh Island in Washington State20. The data were
taken from 14 quadrats (60 ´ 60 cm) positioned with ®xed corner

Figure 1 Photograph of spatial patterning in the mussel bed of Tatoosh Island,

Washington.
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pins, containing a 10 ´ 10 coordinate grid that was de®ned by
mono®lament lines spaced 6 cm apart. The ecological state (bare
space, species identity, or size class of a species) of each point was
determined at both a spring (May) and autumn (late August to early
September) census each year. The occurrence or absence of a
disturbance event after the previous census was noted for each
point. These data were converted into transition probabilities and
applied to a cellular automaton model of the mussel bed. The model
was based on a 100 ´ 300 array of 6 ´ 6 cm cells with absorbing
boundaries, which is similar in scale (6 ´ 18 m) to the average-sized
mussel bed on individual rock benches in the intertidal zone of the
study site12. The full model included 15 ecological states (see
Methods), substantially more than many cellular automata6. It
also incorporated seasonal differences in transition and disturbance
rates, and effects of having neighbouring mussels on transition rates
(see Methods). The model ran for 500 simulated years, which
minimized transient dynamics, and model output was collected
on the cumulative average proportion of ecological states and on the
distribution of gap sizes. Gap sizes were de®ned as the number of
consecutive steps in random transect lines through the simulated
mussel bed taken without encountering a cell ®lled with a mussel.
These model predictions were tested against the size frequency
distribution of gaps and the proportional composition of ecological
states observed in independent transects taken in the mussel zone of
the study site (see Methods).

Real mussel beds exhibit strong spatial patterning (Figs 1 and 2;
n = 876). Results of the full model with empirical parameters self-
organized to produce strong spatial patterning (Fig. 3). The dis-
tribution of gap sizes from random transects that were generated
from the model followed a distribution similar to that observed
from real mussel beds (Kolmogorov±Smirnov test, P . 0.25; Fig. 2).
Additionally, the model accurately predicted the composition of
ecological states observed in the study site (Fig. 4; 92.5% of the
variance in composition correctly predicted).

Variants of the model were also explored to determine which
processes were essential to the results of the model (see Box 1).
Features of the full model that were altered included (1) eliminating
all spatial structure; (2) removing explicit consideration of all taxa
other than M. californianus; (3) eliminating the effects of mussel size
structure; and (4) altering how disturbance was treated in the model
by not explicitly considering the disturbance process. In all cases, the
observed distribution of gap sizes differed signi®cantly from model
predictions (Kolmogorov±Smirnov tests, all P , 0.0001; Fig. 2).
Therefore, details of species interactions, size structure, interactions
among neighbours and the nature of disturbance impact and
propagation were all essential in accurately predicting empirically
observed spatial patterning.

In contrast to spatial patterning, the taxonomic composition of
the community was accurately predicted by all model variants that
included multiple taxa (Fig. 4), including a non-spatial Markov
chain model20, which predicted 98.4% of the variance in taxonomic
composition. The high degree of predictive ability in this model
suggests either that the observed spatial patterning is not an
important determinant of the community composition of sessile
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Figure 2 Frequency distribution of gap size (length of consecutive non-M. californianus

points encountered in random transects) observed in mussel beds of Tatoosh Island,

Washington (®lled circles; n = 876), and generated by various versions of mussel-bed

models that had empirical parameters. a, Standard cumulative frequency distribution of

gap sizes. Pink line, local interactions and disturbance propagation (P . 0.25); purple

line, non-spatial Markov model (P , 0.00001); green line, local interactions only

(P , 0.00001); yellow line, mussels/no mussels, size structure (P , 0.0001); red line,

forest ®re model, mussel-bed parameters (P , 0.0001). b, Plot of log-reverse cumulative

frequency (log frequency of gaps larger than the gap size in question) versus log gap size.

Power law patterns appear as approximately linear curve segments in b. Colours are to

the same scheme as a.

Figure 3 Example of spatial structure generated by the mussel-bed simulation model with

external wave-initiated disturbance events. Black points are sites occupied by

M. californianus. New gaps are dominated by rock (grey) and ephemeral algae (green)

points. Older gaps with a variety of algal and invertebrate taxa are represented by different

colours (for example: pink, C. vancouveriensis ; blue, M. trossulus ; white, P. polymerus).
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species, or that its effects are adequately subsumed into the
parameter estimates of the non-spatial model. Furthermore, this
result indicates that developing spatially explicit models that are
data intensive may be unnecessary to understand and study com-
positional aspects of this system.

Model variants that differed in their treatment of disturbance
(Box 1) provided some insight into the role of disturbance in
pattern formation. A cellular automaton model variant in which
transitions depended on neighbours, but which did not explicitly
model disturbance, failed to produce patterning (Fig. 2), demon-
strating that local interactions alone were insuf®cient to generate
the observed, strong spatial patterning. In contrast, a model variant
that lacked size structure and did not account explicitly for other
species produced strong spatial patterning, but with a different
distribution of gap sizes than was observed (Fig. 2; more small gaps
and fewer very large gaps). This model, with parameters estimated
from the mussel bed, is identical to the well studied forest ®re
model7,21,22, for which self-organized critical behaviour has been
reported. Another variant of the full-mussel-bed model that
included all features of the full model except for other species
generated a gap-size distribution very similar to the distribution of
the forest ®re model. Therefore, the details of interactions among
other species within the community are primarily responsible for
the deviations in the pattern of gap size between the full model and
the forest ®re model.

The results of this study demonstrate that empirically observed
rates of species transitions and disturbance can produce self-
organized behaviour in a cellular automaton model of the intertidal
ecosystem. Furthermore, this self-organized patterning predicts
well the patterning seen in nature. The results also indicate that
details of size structure and species interactions are important in
accurately generating natural patterning. The development of
natural patterning only after incorporating external disturbance

propagation suggests, however, that conditions in the single-species
forest ®re models required to generate self-organized patterning,
including low disturbance probability and markedly slower rates of
recovery relative to disturbance propagation21, are important char-
acteristics of the system.

A principal unanswered question in ecology is whether interac-
tions at experimentally tractable local scales can be scaled up to
recreate larger-scale patterns. Finding approaches that can success-
fully scale up local processes in complex systems is vital to ensure
that detailed mechanistic studies are broadly relevant, and may be
essential to fully understanding and predicting the impacts of
environmental change1. Furthermore, such approaches must be
empirically accessible to be applied usefully. Using a cellular auto-
maton framework and transition probabilities derived from a study
of small-scale interactions (operating on an aerial scale of 36 cm2), I
successfully reproduced patterning over an area that was more
than four orders of magnitude larger. Therefore, it seems possible
under some circumstances to derive insight into regional patterns
from detailed studies of ecological processes at smaller, tractable
scales. M

Methods
Ecological states included in the model

The 15 ecological states included bare space (with and without diatoms); three size/age
classes of mussels (,2 cm wide (small mussel); .2 cm wide, newly occupying a site (new,
large mussel); .2 cm wide occupying a site for more than one consecutive census (old,
large mussel)); and 11 categories representing other common species (Balanus glandula,
Corallina vancouveriensis, Halosaccion glandiforme, Mytilus trossulus, Pollicipes polymerus,
Semibalanus cariosus) or clumped functional groups (®lamentous red algae, foliose red
algae, ¯eshy crustose algae, foliose ephemeral algae and all other taxa)20. Rarer species were
clumped into functional groups to ensure that sample sizes were suf®ciently large to
estimate transition probabilities.

Model simulation procedure

First, potential disturbance-initiation events were assigned randomly to single grid cells on
the basis of previously reported numbers of disturbance events on rock benches of known
area12, divided by the observed proportion of points in the quadrats occupied by large, old
mussels. Second, a disturbance was initiated at any cell to which a disturbance event was
assigned if that cell contained an old large mussel. Third, for each newly disturbed cell that
had been occupied by an old, large mussel, the model transmitted disturbance to the four
nearest neighbours, on the basis of the observed probability that the disturbance was
transmitted locally, which was derived from the quadrat data. The third step was repeated
until no new disturbed cells were generated. Finally, transitions were randomly assigned to
each cell on the basis of empirically derived transition probabilities that depended on the
prior species identity of the cell, whether the cell was disturbed, and whether the cell
previously had at least one mussel as a neighbour. The entire procedure was repeated
alternately for parameters derived for summer (May±September) and winter
(September±May).

Derivation of empirically observed patterns to test model

Observed composition and gap-size data were collected from transects that were randomly
placed through the mussel bed at various spots throughout the study site. For composition
measures, the ecological state under points at 0.5 m intervals were recorded (n = 1,128)20.
In a second series of transects measuring gap sizes, the presence or absence of mussels was
noted at 5-cm intervals and gap size was de®ned as the number of sequential observations
of points without mussels (n = 876 gaps). These data were tested against model
predictions, which were best-®t functions for the cumulative gap size distributions
generated by the model using nonlinear least squares regression. The best-®t functions
were compared with the observed cumulative gap-size distribution using one-sample
Kolmogorov±Smirnov tests23.
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The brain is able to adapt rapidly and continually to the surround-
ing environment, becoming increasingly sensitive to important
and frequently encountered stimuli1±4. It is often claimed that this
adaptive learning is highly task-speci®c, that is, we become more
sensitive to the critical signals in the tasks we attend to5±15. Here,
we show a new type of perceptual learning, which occurs without
attention, without awareness and without any task relevance.
Subjects were repeatedly presented with a background motion
signal so weak that its direction was not visible; the invisible
motion was an irrelevant background to the central task that
engaged the subject's attention. Despite being below the threshold
of visibility and being irrelevant to the central task, the repetitive
exposure improved performance speci®cally for the direction of
the exposed motion when tested in a subsequent suprathreshold
test. These results suggest that a frequently presented feature
sensitizes the visual system merely owing to its frequency, not its
relevance or salience.

We repeatedly presented a dynamic random dot (DRD) display16

with a small number of temporarily, coherently moving (signal)
dots and a much larger number of randomly moving (noise) dots in
the background. During this display, subjects conducted an iden-
ti®cation task of letters that were presented at the centre of the
display17 so that motion was an irrelevant feature. The ratio of signal
to noise dots was a constant 5% during exposure. This signal
strength was below the thresholds on tests of direction identi®ca-
tion, direction discrimination and coherent motion detection tasks,
which were conducted before, during and after the exposure. This
suggests that attention and awareness had no access to the motion
signal during the letter identi®cation task. Nevertheless, after
repeated exposure to this `invisible', 5% level of coherent motion
in the background, a signi®cant performance improvement was
obtained only for the motion directions within a small range around
the exposed coherent direction when tested with a DRD display with
10% coherent motion. That is, this subsequent test revealed per-
ceptual learning as a result of mere exposure to an `invisible' motion
direction.

The ®rst experiment consisted of an exposure stage that was
preceded and followed by control test stages (Fig. 1a). In each trial of
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Figure 1 General procedure and exposure stage. a, In the exposure stage, dynamic

random dot (DRD) displays with 5% coherent motion were presented; these were

irrelevant to the task. In the test stages, DRD displays with 5% and 10% coherence were

presented; these were relevant to the task. b, Exposure stage procedure. A sequence

consisted of 8 black letters (0.5 cd m-2) and 2 light-grey letters (53.0 cd m-2) on a 18
diameter, dark-grey circle (32.0 cd m-2), which was within the 108 diameter, black

circular background (0.5 cd m-2). Each letter was presented for 33 ms and was followed

by a 17-ms blank interval. Thus, the duration of the sequence and the motion background

was 500 ms. c, Time course of the mean `correct' percentage (6 s.e.) for eight subjects

in the exposure stage in experiments 1±3. d, Mean percentage (6 s.e. for eight subjects)

of coherence detection as a function of coherence percentage in the preliminary
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