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ARE MUSSEL BEDS SELFISH HERDS?  MUSSELS SELF-ORGANIZE INTO FRACTAL AGGREGATIONS
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Introduction and Hypotheses

Mussel beds are common features of marine intertidal and subtidal zones.  They exhibit high 

densities, biomass, and respiratory flows (reviewed by Commito and Dankers 2001).  Mytilus 

edulis, the blue mussel, is an economically important species that is found in both soft sediment 

and rocky habitats, where it is often a dominant spaceholder (Bertness and Leonard 1997, 

Gascoigne et al. 2005) and represents the largest proportion of the biomass (Asmus 1987).  In 

these areas, M. edulis acts as an ecosystem engineer by altering bottom surface topography 

and flow regimes (Fréchete et al. 1989) and producing copious amounts of organic waste 

(Commito et al. 2005).  Such impacts lead to different fauna densities in areas of high mussel 

cover or mussel culturing sites compared to bare sediment (e.g. Commito 1987, Commito and 

Boncavage 1989, Dittmann 1990, Asmus and Asmus 1991, Ragnarsson and Raffaelli 1999, 

Smith and Shackley 2004).  Consequently, knowledge of mussel bed spatial organization is 

central to understanding the abundances and diversity of species within the community.

Numerous studies on mussel bed organization have shown that mussel beds have a fractal 

spatial pattern in rocky and soft-bottom systems (Snover and Commito 1998, Commito and 

Rusignuolo 2000, Kostylev and Erlandsson 2001, Erlandsson and McQuaid 2004, Crawford et 

al. 2006).  However, the mechanisms underlying this organization pattern are largely unknown.  

Fractal organization can be the result of an environmental template (Halley et al. 2004), but it is 

likely that mussel spatial pattern is instead the result of self-organization (Snover and Commito 

1998, Halley et al. 2004, Crawford et al. 2006).  Small mussels are positively correlated with 

adult mussels (Platt et al. 2008), and recent field experiments show greater mussel recruitment 

to live mussels than to gravel (Commito et al. 2008).  

Living in an aggregation is costly for animals, as intraspecific competition often leads to reduced 

growth rates, especially for mussels living at the center (Okamura 1986, Svane and Ompi 

1993).  However, mortality rates are still higher for solitary mussels than for those within an 

aggregation (Bertness and Grosholz 1985).  Decreased mortality rates may be due to the fact 

that living in aggregations decreases the exposed perimeter (P) and area (A) of each mussel 

and therefore decreases per mussel risk to environmental factors such as predation (Walne and 

Dean 1972) and heat stress (Helmuth 1998).  Because the risks of both visual predators and 

high heat are usually accompanied by light, we propose that the presence of light ñwarnsò 

mussels and causes them to aggregate.  We propose that for M. edulis: (1) Juvenile and 

adult mussels move into aggregations at higher rates in the light than in the dark. 

(2) P:A ratio, A/mussel, and P/mussel decrease as aggregation size increases. (3) 

When uniformly distributed mussels aggregate a fractal power-law spatial 

distribution will result.

Methods

We collected mussels at low tide 16 July 2007, from a natural mussel bed at Black Duck Cove, Great 

Wass Island, in Washington County, Maine.  We conducted all laboratory work in the Downeast 

Institute for Applied Marine Research and Education.  We placed mussels in flowing seawater in the 

laboratory for a 24 h acclimation period.  The water was pumped from offshore (temperature=11°C, 

salinity=33ppt) through 750 µm mesh.  Test arenas consisted of sixteen 18.93 L (5 U.S. gallon), 

white, semi-opaque plastic buckets that were chosen specifically for having smooth bottoms.  Each 

arena had an inside diameter of 25cm and a height of 36cm.  We filled all test arenas with seawater, 

conditioned them for 24 h, and emptied them before use. 

After an acclimation period, we measured mussels using vernier calipers and temporarily placed 

them into small seawater-filled holding containers based on the following size classes: 5.0-19.9mm, 

20.0-29.9mm, and 30.0-39.9mm.  We filled each of the 16 arenas with 2L of water.  We wrapped 

eight of the arenas with aluminum foil to ensure the blockage of light.  We placed the arenas in 2 

rows, 8 arenas per row, in a paired design, with each pair consisting of a covered ñdarkò and a non-

covered ñlightò arena.  On 17 July at 1400 hrs, we set mussels up in the arenas in a radically 

symmetrical pattern, equidistant (3.5cm) from each other in concentric circles with their umbos 

facing the center.  We used mixed age-classes, following the procedures of Côté and Jelnikar 

(1999). In each arena 5 mussels were from the 5.0-19.9mm size class, 10 were from the 20.0-

29.9mm size class, and 5 were from the 30.0-39.9mm size class.  We determined mussel positions 

with a random number table.  

We left the arenas undisturbed for 24 h.  The temperature of the arena water was 17°C,  slightly 

below the typical low tide summer water temperatures that we recorded at Black Duck Cove. During 

the experiment, the laboratoryôs fluorescent lights were turned on at 0730 hrs and turned off at 1600 

hrs.  Natural light entered the room through numerous windows.  Sunset on 17 July occurred at 2011 

hrs and sunrise on 17 July occurred at 0501 hrs, and the lunar cycle was at a new moon. A small 

amount of ambient light was discernible at night from plankton grow-lights 10m away.  

At the end of the experiment, we categorized mussel aggregations in 2 ways: shells physically 

touching (ST) and individuals connected by byssal thread attachment (BTA).  For each of these two 

categories within each arena, we recorded the number of aggregations (2 or more mussels, 

following Côté and Jelnikar 1999) and the number of mussels in each aggregation.  We used a 

heterogeneity chi-square test to ensure that the arena data could be pooled.  We ran chi-square 

tests to compare aggregation in light vs. dark conditions.

We took digital photographs of the bottom of each arena.  We could not use initial photographs of 

the experimental arenas as a baseline because mussel movement was so rapid. Instead, we set up 

3 ñinitial condition arenasò as described above and immediately took digital photographs. We 

transformed arena photographs for analysis using ArcGIS 9.2 software (Environmental Systems 

Research Institute 2006).  With ArcGIS 9.2 Modelbuilder, we classified the image into 10 classes 

using a Maximum Likelihood Classification method and combined the darkest two classes into a 

ñmusselò class.  We converted the resulting raster into a polygon shapefile and deleted all of the 

non-mussel polygons.  We simplified the mussel polygons with an ArcGIS 9.2 Bend-Simplify 

algorithm to remove noise in the polygon outline.  We signified mussel polygons with a 1 pixel white 

boundary on a black background.  

To measure perimeter (P) and area (A), we selected for white polygons.  We calculated P and A 

using the geometry calculator of ArcGIS 9.2 (Environmental Systems Research Institute 2006).  We 

calculated fractal dimension (D value) using the box-dimension method available on Benoit 1.31 

(TruSoft International Incorporated 2000).  We plotted perimeter and area on a scatterplot with a log-

log axis for each arena.  We calculated arena-wide fractal dimensions by multiplying the slope of the 

resulting trendline by 2 (Slope=D/2).  We compared arena-wide and different aggregation size fractal 

dimension values using t-tests.

Abstract

Soft-bottom mussel Mytilus edulis L. beds have tremendous ecological and economic importance, yet 

little is known about the mechanisms that create their fractal power-law spatial distributions.  We 

propose that the presence of light warns mussels of thermal stress and predation by visual predators.  

The response of mussels follows ñthe selfish herdò phenomenon, where animals self-organize into 

tight groups to lower their per capita mortality risks.  Self-organization is known to create fractal 

power-law distributions in nature, so aggregation may be the underlying reason for mussel bed 

spatial structure.  We tested the hypotheses that: (1) Juvenile and adult mussels move into 

aggregations at higher rates in the light than in the dark. (2) P:A ratio, A/mussel, and P/mussel 

decrease as aggregation size increases. (3) When uniformly distributed mussels aggregate a 

fractal power-law spatial distribution will result.

In the laboratory on July 2007 at Great Wass Island, Maine, USA, intertidal mussels from identical 

size-class distributions (10-40mm) were placed in a uniform pattern on the bottom of 25cm-diameter, 

water-filled arenas in a paired design of light (natural light-dark cycle) and dark (foil-wrapped) 

treatments (N=8 arenas/treatment, 20 mussels/arena).  After 24h, arenas were digitally 

photographed, and mussels were scored in situ for number of individuals per aggregation.  Arena 

images were converted with ArcGIS 9.2 into polygon shapefiles.  For each arena and each 

aggregation size, perimeter (P), area (A), P:A ratio, and fractal dimension D were calculated.

Mussels began to move immediately and formed aggregations of up to 6 individuals.  The proportion 

of mussels that aggregated was significantly higher in the light than in the dark, with significantly 

different frequency distributions of aggregation sizes/arena.  Aggregations had fractal outlines (D 

~1.10) and singletons did not (D=1.0).  P:A, A/mussel, and P/mussel dropped significantly as 

aggregation size increased.  Moreover, mussels pulled themselves up onto each other, resulting in 

significantly lower total A/arena and P/arena compared to uniformly distributed mussels.  

These results are the first to demonstrate a self-organization behavior mechanism that produces 

fractal patterns in mussels.  Such post-larval aggregation may contribute to the spatially complex 

power-law distributions of soft-bottom mussel beds in Maine.   

Keywords: Mytilus edulis, fractal geometry, self-organization, facilitation, selfish herd, thermal stress

Results

Mussels showed self-organizing behavior and aggregated into fractal power-law distributions. The 

experimental arenas had higher fractal dimensions than the initial condition arenas. Fractal 

dimension differed significantly between dark and initial condition arenas, but not between light and 

dark arenas or light and initial condition arenas.  

Single mussels had smooth Euclidean outlines and were not fractal (N=20, mean fractal dimension 

= 1.01±0.02).  However, mussel aggregations from both light and dark arenas had irregular, fractal 

outlines with significantly higher fractal dimensions than single mussels.  Aggregation size did not 

appreciably affect fractal dimension.

Arenas N mean SE

Light 8 1.166 0.056

Dark 8 1.142 0.026

Initial Condition 3 1.023 0.038

Variables Tested df t Stat P value

L vs. Initial Condition arenas 9   3.58  0.0059

D vs. Initial Condition arenas 9 5.59 0.0003

L vs. Initial Condition arenas 14 0.39 0.7013

Aggregation Size N mean SE df t Stat P value

2 41 1.090 0.010 59 -4.67 1.8E-05

3 13 1.109 0.019 31 -4.18 0.0002

4 8 1.105 0.032 26 -3.09 0.0048

The results of this study support our hypothesis that when uniform mussels aggregate, fractal 

power-law spatial patterns are created.  Mussel aggregations of all sizes had a significantly 

higher fractal dimension than singletons. An increase in fractal dimension is intimately associated 

with an increase in habitat complexity (Suighara and May 1990).  Because habitat complexity 

impacts the structure of communities (e.g. MacArthur and MacArthur 1961, Jeffries 1993, Lassau 

and Hochuli 2004), fractal objects, such as mussel beds, have a similar impact.
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Conclusion

Where there is the energy of life, dynamic self-assembly can occur in a liquid medium on a smooth 

surface (Whitesides and Grzybowski 2002).  The arenas in our study fit these criteria.  Mussel spatial 

pattern in our study could not have been the result of a template, but was instead caused by dynamic 

self-assembly.  Our results are the first to demonstrate a self-organization behavior mechanism that 

produces fractal patterns in mussels.  Studying the factors that influence the aggregation behaviors of 

M. edulis and other species is necessary to increase the knowledge of spatial distribution and its impact 

on habitats.  Our study also serves as a part of the recent focus on facilitation.  Mussel aggregation 

increases the survivorship of mussels as well as other species in their habitat.  Studies pertaining to the 

impact of environmental factors on distribution and thus habitat structure will become even more 

important as new invasive species are introduced into habitats and as global warming leads to 

increased thermal stressors as well as shifts in important speciesô ranges. 

Fractal Geometry

Results
Using BTA (byssal thread attachment), a mean of 8.75± 0.94 mussels aggregated in the dark arenas and a mean 
of 5.38± 0.91 mussels aggregated in the light arenas. The ratio of aggregated to non-aggregated mussels was 
significantly different between the light and dark arenas.  The frequency distribution of the number of mussels 
in different aggregation sizes was significantly different between the light and dark treatments for BTA 
aggregations.  

Variables Tested df

Test for 

Heterogeneity chi-sq P value

Aggregated:Nonaggregated 

Mussels BTA 1 0.05<P<0.10 9.25 0.0024

1: 2: 3: 4: 5+ BTA 

(#mussels/aggregation size) 4 0.25<P<0.50 20.52 0.0004

The results supported our hypothesis that aggregation rates are higher in the light than in the dark.  

Multiple studies have found that mussels show strong negative phototaxis (M. edulis-Bayne 1964, 

Dreissena polymorpha - Marsden and Lansky 2000, Toomey et al. 2002, Kobak and Nowacki 2007).  

From an evolutionary prospective, the aversion to light is probably due to the fact that its presence is 

a good indicator of thermal stress and visual predation, which are both significant mortality factors for 

mussels (Tsuchiya et al. 1983, Worrall and Widdows 1984). For bivalves, crowding of conspecifics 

helps to decrease thermal stress (e.g. Lively and Raimondi 1987, Helmuth 1998) and the per 

individual probably of being eaten (Walne and Dean 1972).

The Influence of Light on Aggregation Intensity

Number of Aggregations

Byssal Thread Attachment (BTA)

Results

P and A were higher in the experimental arenas than in the initial condition arenas.  

P and A differed significantly between light arenas and initial condition arenas and 

dark arenas and initial condition arenas (df=9, P<.001), but not between light arenas 

and dark arenas (df=14, P>.200).  Laboratory observations showed that aggregated 

mussels had pulled themselves up on top of each other, thereby decreasing P and 

A.  P/mussel, A/mussel, and P:A decreased as aggregation size increased in both 

the light and dark arenas.  P/Mussel (P<0.040) and P:A (P<.030) both differed 

significantly between most aggregation sizes, but A/mussel did not differ appreciably 

(P>0.300). P:A showed a negative relationship with A. 

Aggregation size Perimeter per mussel Area per mussel P:A

1 1.175 0.084 14.015

2 1.022 0.092 11.057

3 0.943 0.089 10.630

4 0.777 0.084 9.287

5 0.562 0.062 9.072

Area

In agreement with our hypothesis, P/mussel, A/mussel, and P:A decreased 

significantly with increased aggregation in almost all cases.  This phenomenon 

leads to decreased contact/mussel with the surrounding environment and its 

possible risks. Both P and A were significantly lower in the experimental treatment 

arenas than they were for the initial condition arenas.  However, P:A was 

unexpectedly higher in the light and dark arenas than in the initial condition arenas.  

This is because when mussels pulled themselves up onto each other, P and A both 

decreased.
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