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Abstract Sessile biota can compete with or facilitate each
other, and the interaction of facilitation and competition
at different spatial scales is key to developing spatial
patchiness and patterning. We examined density and
scale dependence in a patterned, soft sediment mussel
bed. We followed mussel growth and density at two
spatial scales separated by four orders of magnitude. In
summer, competition was important at both scales. In
winter, there was net facilitation at the small scale with
no evidence of density dependence at the large scale. The
mechanism for facilitation is probably density depen-
dent protection from wave dislodgement. Intraspecific
interactions in soft sediment mussel beds thus vary both
temporally and spatially. Our data support the idea that
pattern formation in ecological systems arises from
competition at large scales and facilitation at smaller
scales, so far only shown in vegetation systems. The
data, and a simple, heuristic model, also suggest that
facilitative interactions in sessile biota are mediated by
physical stress, and that interactions change in strength
and sign along a spatial or temporal gradient of physical
stress.

Keywords Competition Æ Facilitation Æ Mussels Æ
Mytilus edulis Æ Self-organisation

Introduction

To understand processes that regulate community
structure, population dynamics and stability it is neces-
sary to understand the spatial scale at which ecological
interactions occur (Levin 1992; Schneider 1994). Finding
the appropriate spatial scale at which to gather data is a
difficult problem that often only becomes apparent a
posteriori. Data gathered at an inappropriate spatial
scale may fail to show patterns that exist at a smaller or
larger scale (Ray and Hastings 1996; Hamer and Hill
2000; Williams and Liebhold 2000; Kaiser 2003), or may
show different patterns (Bertness and Leonard 1997;
Morgan et al. 1997; Chase and Leibold 2002). This is
particularly problematic for mobile organisms, for
which it is difficult to define the scale over which indi-
viduals interact with each other regularly (Frank and
Brickman 2000). However, in sessile organisms, the scale
of interaction and patchiness in population density is
much more readily defined. These systems provide a
useful model in which to examine the importance of
spatial scale in interactions among individuals.

Sessile, attached organisms that occur in physically
perturbed or resource limited environments are often
highly patchy, even in an apparently uniform environ-
ment. Patchiness can take the form of patterns such as
banding or regular patches, for example, in semiarid and
peatland vegetation (Klausmeier 1999; Couteron and
Lejeune 2001; Rietkerk et al. 2002, 2004a) or in mussel
beds (van de Koppel et al. 2005). (We draw a distinction
between pattern formation which occurs in a uniform
environment, and zonation which occurs along an
environmental gradient.) Vegetation patterns are created
by a combination of positive and negative interactions at
different spatial scales–small-scale facilitation through
soil shading and root enhancement of soil permeability,
and larger scale competition for water (Klausmeier 1999;
Rietkerk et al. 2002). Similar patterns in mussel beds can
be modelled by assuming facilitation at small scales and
competition at larger scales, in analogy to vegetation
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(van de Koppel et al. 2005). No field data exist to
demonstrate whether different types of interactions do
occur at different spatial scales in patchy mussel beds,
however.

Mussels are often dominant species in the intertidal,
and a clear understanding of their ecology is important
for our knowledge of coastal systems. In this study, we
examined a patterned bed of blue mussels Mytilus edulis
L. as a model system to test the hypothesis that scale and
density dependent effects on growth explain the pat-
terning of mussel beds, similar to terrestrial systems with
regular patterns: competition and facilitation occurring
at different spatial scales. We show that patterned
mussels do indeed show small-scale facilitation and
large-scale competition, as with patterned vegetation
systems, although competition and facilitation are sep-
arated temporally as well as by spatial scale.

Methods

Site

The experiment was set up on a mudflat in the Menai
Strait, North Wales, UK. The site is at approximately
low water springs and has strong tidal currents (up to
60 cm�1) and a short slack tide period (20–60 min) (JG
and CS unpublished data). The site is usually used by the
commercial mussel industry for ongrowing mussels prior

to moving them to subtidal fattening areas. We used two
experimental mussel beds which were created with the
help of the commercial mussel growers to look at mussel
growth rates and density at two spatial scales that
spanned �4 orders of magnitude, from 0.0625 m2

quadrats to 400 m2 squares (Beadman 2003; Beadman
et al. 2004). Mussels were by far the dominant species in
these beds, thus interspecific competition was not likely
to play an important role in mussel growth (Beadman
et al. 2004).

Experimental design and layout

Mussels were laid in two replicate 80·80 m beds, sepa-
rated by 20 m. Each bed was divided into sixteen
20·20 m squares containing one of four density treat-
ments: High (H; 7.5 kg m�2), Medium High (MH;
5 kg m�2), Medium Low (ML; 3 kg m�2) and Low (L;
2 kg m�2) in a Latin squares design (Fig. 1). The slope
from the water to land side of the beds was negligible
(Caldow et al. 2003). Mussels at this site are relatively
mobile on a small scale, and naturally form up into
patches on a scale of 2–3 m (see below). This means that
there was no way to reliably manipulate densities on a
scale smaller than this without interfering significantly
with the environment and the natural process of pattern
formation (e.g. by using enclosures or artificial sub-
strates). Density variation on the smaller scale was thus

Fig. 1 Experimental site, design
and layout, showing Latin
squares design
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allowed to occur naturally, and this factor was used as a
covariate in the analysis.

The two beds were seeded in April 2000, using seed
from the same cohort collected from wild subtidal beds.
The seed were hosed over the side of a boat at high tide.
It was not possible to lay the mussels in precise squares
using this method, but a posteriori examination of the
site showed that the boundaries between squares of
different densities were clear. To make sure that seed was
suitably randomised at the start of the experiment,
mussel length was sampled from each square on 21 April
2000 and no difference in length was found by square
density or bed (ANOVA: square density P=0.19, bed
P=0.754).

Sampling

The beds were sampled on seven occasions from June
2000 to April 2001 (Fig. 5), by taking four 0.25·0.25 m
quadrats from each square at random while avoiding
large gaps in mussel cover. The mussels in each quadrat
were counted, and 30 mussels selected at random were
measured for shell length (nearest mm from the umbo to
the edge of the posterior margin of the shell) and flesh
dry weight (DW) by drying in an oven at 90�C for 12 h.
Five mussels from each quadrat were burnt in a muffle
furnace for 2 h at 550�C to determine their ash free dry
weight (AFDW). Analysis showed that AFDW and DW
were closely correlated (DW=0.0316+1.18AFDW,
P<0.0005, R2=0.93; Beadman 2003). Accordingly, we
have used DW in our analyses because it allows for
larger sample sizes.

We measured seasonal trends in mussel food avail-
ability by taking water samples from the Menai Strait
two or three times weekly over the course of the exper-
iment and analysing for chlorophyll a concentration by
filtering on GFF 45-lm filter paper, extracting chloro-
phyll with acetone and measuring concentration on a
Turner laboratory fluorometer.

The most important mussel predator at this site is the
green crab Carcinus maenas, which targets smaller
mussels. The oystercatcher Haematopus ostralegus,
which targets larger mussels, can also be present in large
numbers in winter, but recent data from winter 1999–
2000 and 2000–2001 showed that oystercatchers con-
sume less than 2% of biomass at this site (Caldow et al.
2003).

We measured relative seasonal densities of C. maenas
by sampling with a net from a boat at high tide. We used
an unbaited 1-m2 flat net left on the bottom for 10 min.
On each sampling occasion (Fig. 5) each square in Bed 1
was sampled three times.

Patterning

The existence of regular patterns (as opposed to irreg-
ular patchiness) was tested post hoc in April 2005, in

another mussel bed, since the experimental mussel bed
had been harvested. This mussel bed was located close to
the site of the experimental mussel bed in the Menai
Strait (�2 km away) on the same type of substrate (soft
mud), at the same tidal height (1.5 m above chart da-
tum) and very similar flow conditions (JG unpublished
data), commercial stocking densities and mussels of the
same size (mean length �25 mm) and from the same
source as in the original experiment.

We tested for regular patterns by sampling along two
25 m transects, measuring the density of mussels every
half metre using an 0.1 m2 quadrat. Densities were
similar to the original experiment (0–4,000 mus-
sels m�2). The data were analysed using a Fast Fourier
Transform, using Matlab.

Data analysis

Inspection of the data and previous model fitting
(Beadman 2003) demonstrated that mussel growth can
be divided into two approximately linear periods. There
is a period of rapid growth (June–September; ‘‘sum-
mer’’, four sampling periods), followed by a period of
little or no growth, or even some weight loss (Novem-
ber–April; ‘‘winter’’, three sampling periods). Summer
data and winter data were therefore analysed separately.

To assess the effect of density and spatial scale in
summer data, we used a General Linear Model (GLM),
with factors as follows: (1) square density treatment as a
fixed factor with four levels (H, MH, ML and L); (2) bed
as a fixed factor with two levels; (3) square as a fixed
factor with 32 levels, nested within square density and
bed, (4) date as a fixed factor with four levels; and (5)
quadrat density as a covariate. Where there were inter-
action effects, data were analysed within each level of
interacting factors (Underwood 1997).

We examined winter growth independent of summer
growth by generating regression equations for shell
length and DW in September (end of the summer peri-
od) as a function of quadrat density, for each square
density treatment. We then used the September regres-
sion fits to correct March length and DW data and
calculate shell and meat weight increments from the
winter months. A drawback of this approach is the
assumption that quadrat densities measured in March
were valid throughout the winter. There was no signifi-
cant change in quadrat density over the winter months
for any square density treatment (ANOVA with date as
random factor and square density treatment as fixed
factor: date P=0.074, square density P=0.611, inter-
action P=0.613), so we concluded that this would not
affect the final results significantly. Corrected length and
DW data for March were analysed using a GLM with
square density treatment and bed as fixed factors, square
as a fixed factor nested in square density and bed and
quadrat density as a covariate. We used March rather
than April data since analysis showed that the mussels
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had started a new period of spring growth between the
March and April sampling periods.

Both summer data and March corrected data showed
homogeneity of variance between each replicate (square)
and each date (Bartlett’s test and Levene’s test, P>0.05
for length and DW). March corrected data was normally
distributed (Anderson–Darling test, P>0.05 for length
and DW) but Summer data was not (P< 0.0005 for
length and DW, even under transformation). However,
GLM is robust for validity (does not give false rejections
of the null hypothesis) under deviations from normality
as long as variance is homogeneous and sample sizes are
not unbalanced (Underwood 1997, Zar 1999). Since our
sample sizes are balanced, we considered transformation
to be unnecessary.

Density related variation in mussel size could arise
through size and density specific mortality as well as
through density dependent growth. If predators are an
important source of mortality, predation can result in
mussels in dense patches having, on average, a greater
shell length if predators such as C. maenas, which target
smaller mussels, also target denser patches.

This process would show up in the length frequency
distributions. Selective predation on smaller mussels in
denser quadrats would result in the denser quadrats
having truncated length frequency distribution with a
smaller standard deviation and positive skew.

We therefore compared length frequency distribu-
tions for the 64 densest quadrats and the 64 sparsest
quadrats in the March data. We measured skew and
compared standard deviations using resampling (100
runs with n=20 samples with replacement) to generate a
frequency distribution for the standard deviation for
low-density quadrats and high-density quadrats. These
were compared using a t test.

We compared chlorophyll data for summer and
winter using a t test. Summer data was taken as the
period covering the four summer sampling dates (June
15–September 30). Winter data covered the November
and March sampling dates but was cut off before the
spring bloom, which started around March 20, so we did
not cover the April 8 sampling date (October 26–March
20).

Wave and wind data

In order to assess seasonal variation in significant wave
height, we acquired wave data from the British Ocean-
ographic Data Centre for the closest source for which a
time series of wave data was available—St. Gowan
Lightvessel on the southwest coast of Wales. Absolute
values of wave height will not be comparable with the
Menai Strait, but gross seasonal trends will be similar.

More local data was obtained from hourly wind
averages from February 2003 to January 2004 from a
weather station on the roof of the School of Ocean
Sciences, University of Wales Bangor, in Menai Bridge
(about 2 km from the field site). From these we calcu-

lated the mean number of (1) days per month with gusts
>15 ms�1 from any direction, (2) days with gusts
>15 ms�1 from the quadrant from north to east, and (3)
days with mean wind >5 ms�1 from the northeast
quadrant. We focused on the northeast quadrant be-
cause the site has a long fetch in this direction.

Modelling

To assess the combined effect of competition and
mechanical stress on small-scale density dependence, we
produced a simple heuristic model of mussel energetics
as a function of local mussel density. In the model, en-
ergy available to the mussels for metabolism, growth
and reproduction (E) is a function of food availability in
the water column (F), competition from surrounding
mussels (C) and energy expended to resist mechanical
stress from wave action (M).

E ¼ F ð1� CÞð1�MÞ

C, the competition parameter, was modelled as a
hyperbolic function of local mussel density y, with a
coefficient c (0<c<1), which sets the maximum pro-
portional depletion of food due to local competition.

C ¼ cy
1þ y

M, the wave stress parameter, was modelled as an
exponentially decreasing function of y, with a coefficient
m (0<m<1) determining the maximum proportion of
energy expended to resist mechanical stress.

M ¼ m
1þ y

The energy available to mussels (E) as a function of the
local mussel density was determined for different ratios
of c to m. This allowed us to see, at least in the simplest
terms, whether both negative density dependence and
positive density dependence of E could be obtained as
the balance between competition for food and mechan-
ical wave stress varied. The model was run using Matlab.

Results

Patterning

The Fast Fourier Transform analysis of both mussel
transects showed clear peaks at frequencies of 0.314 and
0.431 waves per metre, corresponding to patterning with
a wavelength of 2.3–3.1 m (Fig. 2).

Mussel growth

Mussel growth during the summer period was affected
by the density of the mussels in the squares (large spatial
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scale) and in the quadrats (small spatial scale). Square
density treatment had a significant negative effect on
shell length and DW (Table 1). For quadrat density, we
found a significant interaction between the effects of
quadrat density and date on length and DW (Table 1).
An analysis of quadrat density within each date dem-
onstrated that quadrat density had a significant negative
effect on length and DW for all dates (P<0.0005 for
length and DW for all four dates; Fig. 3). Mussel growth
also varied between individual squares (Table 1). Over-
all, competition between mussels was strong across both
spatial scales in the summer.

Regressions of September length and DW against
September quadrat density for each square treatment
were all significant and negative (R2=0.36–0.56,

P<0.0005 for all treatments). These data were used to
correct March data to obtain estimates of winter growth
increments.

During the winter period, the relationship between
growth and density was the reverse of that in the
summer at the small scale. For both winter length
increment and winter DW increment, quadrat density
had a significant positive effect (Table 2), showing that
winter growth increment of both length and DW was
higher in quadrats with high density (Fig. 4). Square
density treatment had no effect on mussel winter
growth, although there were still significant differences
in mussel growth between individual squares
(Table 2).

Predation

Crabs were dense and active on Bed 1 in summer, but
no crabs were found between mid November and mid
March (Fig. 5). It seems unlikely, therefore, that
apparent density dependence in winter is caused by
size and density dependent predation due to crabs. As
a check, we compared length frequency distributions
for high-density and low-density quadrats for March.
We found no evidence of predation-driven differences
in size specific mortality from green crabs. The boot-
strap analysis showed no significant difference between
standard deviations of high and low density quadrats
(high-density standard deviation=2.758, low-density
standard deviation=2.855, t=�1.46, P=0.145). High
density quadrats had a length frequency distribution
with negative skew (a distribution skewed towards
small mussels) rather than positive skew, while length
frequency for low-density quadrats had little skew
(high-density skew=�0.5, low-density skew=0.09).

Fig. 2 Fourier analysis of two 25-m transects from a mussel bed on
a nearby site (April 2005). The peaks in the analysis for both
transects correspond to a regular pattern with wavelength of
2.3–3.1 m

Table 1 Analysis of variance
for summer mussel length and
dry weight (DW), by square
density, bed and date (fixed
factors), square (fixed, nested in
square density and bed) and
quadrat density (covariate)

Factor df Length DW

F P F P

Date 3 259 <0.005 29.7 <0.005
Square density 3 3.26 0.021 3.85 0.010
Bed 1 0.29 0.590 0.03 0.867
Quadrat density 1 230 <0.005 185 <0.005
Date · square density 9 0.67 0.734 0.52 0.859
Date · bed 3 1.85 0.137 1.13 0.338
Date · quadrat density 3 29.3 <0.005 17.29 <0.005
Square density · bed 3 0.67 0.568 0.90 0.439
Square density · quadrat density 3 1.98 0.116 1.78 0.149
Bed · quadrat density 1 0.04 0.838 0.23 0.629
Date · square density · bed 9 1.73 0.079 1.63 0.104
Date · square density · quadrat density 9 0.99 0.449 0.55 0.840
Date · bed · quadrat density 3 0.73 0.537 0.76 0.519
Square density · bed · quadrat density 3 0.48 0.700 0.54 0.656
Date · square density · bed · quadrat density 9 1.09 0.370 1.16 0.319
Square 24 3.26 <0.005 2.10 0.002
Error 420
Total 507
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Physical environment

Chlorophyll a concentrations in the Menai Strait were
lowest in late January and early February and highest
from late March to late July (Fig. 5). A comparison of
summer and winter (excluding the spring bloom) showed
that chlorophyll levels were significantly higher from the
first to last summer sampling period (June 15–September
27) than between the first two winter sampling periods

(November 24–March 7) (t=4.38, P<0.0005). (Last
winter sampling period, April 7, excluded because of
onset of spring bloom.) Significant wave height at St.
Gowan Lightvessel was greater in winter than in summer
(Fig. 6). There was also a greater mean number of days
per month in which the site is exposed to strong winds,
both from the northeast quadrant and in any direction
(Fig. 6).

Modelling

In the model, the energy available to mussels (E) always
depends on the local density of mussels (y) (density
dependence). The sign of density dependence depends on
the ratio of the competition coefficient c to the wave
stress coefficient m. For c>m, (energy loss from com-
petition more important than energy loss from resisting
wave stress) density dependence is negative (=compe-
tition). If m>c, (energy loss from resisting wave stress
more important than energy loss from competition)
density dependence is positive (=facilitation) (Fig. 7).

Discussion

In this study, we show that the sign (positive or negative)
of intraspecific interactions in mussel beds varies with
spatial scale, as well as temporally, by season. We found
that competition at both large and small scales is
important in determining mussel growth in summer,
when growth rates, feeding rates and metabolic
requirements are highest. During winter, however,
mussel growth was higher in quadrats with high densities
of mussels, suggesting facilitation over small spatial
scales. Note that our results are from a soft sediment
system—interactions between mussels on hard sub-
strates may be different.

Both competition and facilitation have been demon-
strated separately in mussels, on hard, soft and artificial
substrates (e.g. hard substrate: facilitation—Hunt and
Schiebling 2001a, competition—McQuaid and Lindsay
2000; soft substrate: facilitation—Bertness and Grosholz
1985, competition—Newell 1990, Smaal et al. 2001;
artificial: facilitation—Coté and Jelnikar 1999, compe-

Fig. 3 Summer growth (length and DW in September) as a
function of September quadrat density

Table 2 Analysis of variance
for mussel winter increment in
length and dry weight (DW), by
square density and bed (fixed
factors), square (fixed, nested in
square density and bed) and
quadrat density (covariate)

Factor df Length DW

F P F P

Square density 3 0.76 0.519 0.75 0.526
Bed 1 0.17 0.683 0.46 0.499
Quadrat density 1 85.7 <0.0005 83.9 <0.0005
Square density · bed 3 1.41 0.245 1.48 0.225
Square density · quadrat density 3 2.22 0.092 1.13 0.340
Bed · quadrat density 1 0.41 0.526 <0.05 0.958
Square density · bed · quadrat density 3 0.53 0.663 0.37 0.773
Square 24 3.72 <0.0005 2.44 0.001
Error 88
Total 127
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tition—Okamura 1986, Fréchette et al. 1992). These
studies generally focused on a limited range of spatial
scales, and on either competition or facilitation, and

thus the interaction of competition and facilitation at
different spatial scales has been difficult to assess. In
mussel beds, at least on soft sediments, both types of
interaction are likely to be important albeit under dif-
ferent circumstances.

Our spectral analysis shows regular patterning in
Menai Strait mussel beds on a spatial scale of a similar
magnitude (wavelength=2.3–3.1 m) to that found for
patterned mussel beds in the Waddensea (wave-
length=�6 m, van de Koppel et al. 2005), and vegeta-
tion systems (10–50 m, Klausmeier 1999; 31–50 m,
Couteron and Lejeune 2001; 5–20 m, Rietkerk 2002). In
a recent paper, it was proposed that self-organised pat-
terning in mussel beds results from scale-dependent
interaction of competition and facilitation between the
mussels (van de Koppel et al. 2005), as already shown in
patterned vegetation systems (Klausmeier 1999; Cou-
teron and Lejeune 2001; Rietkerk et al. 2002, 2004a).
The current study supports this hypothesis, although we

Fig. 4 Winter growth (length and DW increment) as a function of
March quadrat density

Fig. 5 Chlorophyll a concentration in the Menai Strait over the
course of the experiment (black line) and crabs Carcinus maenas
sampled on Bed 1 (grey bars). Crab data is mean number of crabs
caught per square per sampling date. Black circles indicate mussel
sampling dates, white circles indicate crab sampling dates (dates
with crab sampling but no grey bar indicate zero crabs caught)

Fig. 6 Seasonal variation in significant wave height at St. Gowans
Head (lines data from the British Oceanographic Data Centre) and
mean days per month with gusts >15 ms�1 from any direction or
from the northeast quadrant and mean wind >5 ms�1 from the
northeast quadrant, February 2003 to January 2004 (bars data
from School of Ocean Sciences, University of Wales Bangor)

Fig. 7 Energy available to mussels E as a function of mussel
density y, for two model scenarios: high high mechanical stress
(m=0.7) and low low mechanical stress (m=0.3); c=0.5 in both
cases. A positive slope (high: m>c) indicates facilitation, a negative
slope (low: m<c) indicates competition
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found competition and facilitation to be separated in
time as well as in space, with competition dominating
during the summer and facilitation during the winter.
Theoretical models of self-organisation in biological
systems have not so far been time structured, but pre-
sumably seasonal variation in physical stress and re-
source availability also exists in other environments
where patterning occurs (see Table 3). It remains to be
seen what influence this may have over the process of
self-organisation.

Our data do not provide any information about the
mechanism for facilitation in this mussel bed. Possible
mechanisms for facilitation in mussels include mechan-
ical stress from waves and currents (Hunt and Schiebling
2001a), heating during exposure (Bertness and Grosholz
1985; Bertness and Leonard 1997) and predation (Bert-
ness and Grosholz 1985; Okamura 1986; Côté and Jel-
nikar 1999). Heat stress can be ruled out since
facilitation was observed only during the winter when
mean air temperatures are rather low, although not low
enough to cause physiological problems for M. edulis
(February (coldest month) mean daily min. 2.6�C, max.
8.2�C at Colwyn Bay, North Wales; UK Meterological
Office). Field observations show no evidence of a mussel
feeding response to predators (CS unpublished data).
The most probable mechanism for facilitation is thus
reduction in mechanical stress from wave energy, which
can be a major factor in structuring mussel populations
(Hunt and Schiebling 2001a), particularly since acceler-
ating flow, such as arises from wave action, is more
likely to result in removal of mussels from the substrate
than constant flow (Denny et al. 1985).

Facilitation in mussels has been examined mainly in
the context of density dependent mortality, rather than
growth, although juvenile ribbed mussels (Geukensia
demissa) grow better in the presence of adults in physi-
cally stressful high intertidal environments (Bertness and
Grosholz 1985). There is evidence that mechanical stress
reduces growth in acorn barnacles (Semibalanus balano-
ides), which show a trade-off between meat growth and
resistance to physical stress at low density. Solitary bar-
nacles have a faster rate of particle capture than barna-
cles at the edge of dense hummocks, but have slower
rates of meat growth due to a greater need to invest in
protection frommechanical forces (shells are 2–5 times as
thick) (Bertness et al. 1998). Mechanical stress could
cause reduced growth in mussels through a trade-off
between growth and byssus production. Mussels track
wave stress closely in the strength of their byssal
attachment, which can vary by a factor of 2.5 between
summer and winter (Carrington 2002; Hunt and Schie-
bling 2001b), and solitary mussels require stronger byssal
attachments than mussels in large beds (Bell and Gosline
1997). Byssus threads make up a significant proportion
of the carbon allocation forMytilus edulis during growth
(8% of carbon and nitrogen allocation, Hawkins and
Bayne 1985), and there is evidence of a trade-off between
byssus production during periods of strong wave stress
and gonad production for autumn spawning (Rhode Is-

land, Carrington 2002) or spring spawning (S. Wales,
Price 1982). Overall, mechanical stress from enhanced
wave action in winter provides a possible mechanical
explanation for the observed facilitation of growth in
high-density quadrats during the winter.

We show, by means of a simple, heuristic modelling
exercise, that in situations where mussels lose resources
though local competition and mechanical stress, both
positive and negative density dependence in overall en-
ergy availability can be generated by a trade-off between
the two (Fig. 7). Where local competition for resources
is more important, energy availability will be negative
density dependent. Where mechanical stress is more
important, overall energy availability will be positively
density dependent if high local density is assumed to
mitigate energy loss from wave stress (e.g. Bell and
Gosline 1997). This kind of modelling exercise, although
obviously a highly simplified version of reality, is valu-
able in this case in clarifying the overall outcome of two
conflicting density dependent processes.

Facilitative interactions in sessile biota have been
relatively neglected until recent work in terrestrial veg-
etation (reviewed in Bertness and Callaway 1994; Call-
away 1995; Rietkerk et al. 2002) and the intertidal
(reviewed in Bertness and Callaway 1994; Bertness and
Leonard 1997). Facilitation of itself need not always
lead to patterning (e.g. see list of plant facilitative
interactions in Callaway 1995), but where regular pat-
terns have been reported, facilitation, particularly
intraspecific facilitation, also seems to be important
(barnacles—Bertness et al. 1998, see Table 3). This study
extends this result to beds of Mytilus edulis, providing
support for the idea that the competition–facilitation
theory of pattern formation, first proposed by Turing
(1952), is a general rule in sessile biota.

Our results also provide evidence in support of a
general rule that interactions in sessile biota may switch
from negative to positive up a gradient of physical stress
(Bertness and Callaway 1994; Bertness and Hacker 1994;
Callaway 1995; Bertness and Leonard 1997; Callaway
et al. 2002; Table 3). At our field site, significant wave
height is greater in winter than summer. Wave action
from gales from northerly to easterly is particularly
important because (1) there is a long fetch and (2) waves
are exacerbated by opposing flow on flood tide currents,
which reach a maximum just before low water, creating
strong bottom shear stress. Storms can distribute mus-
sels many metres above the high tide line (personal
observation). Generally, interactions have been studied
up a gradient in space (e.g. intertidal, altitudinal and
latitudinal—see Table 3), but in our case the gradient in
physical stress is likely to occur in time (seasonal chan-
ges in wave stress).

In conclusion, our study adds to a growing body of
evidence for a common ‘Turing’ mechanism for pattern
formation in biological systems from embryos to eco-
systems. This is interesting in the ecological context,
since experimental work on self-organised patterning
has been so far limited to terrestrial vegetation systems.
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General rules applicable across diverse ecosystems (ter-
restrial vs marine, plant vs animal) are rare. We also
provide support for the idea that facilitative interactions
in sessile biota are mediated by physical stress, and that
interactions are flexible, and can change in strength and
sign along a spatial or temporal gradient of physical
stress. Finally, it is clear that studies of density depen-
dence in mussel beds (and perhaps other systems of
sessile organisms) need to consider spatial and temporal
scale carefully if conclusions are to be meaningful.
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