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INTRODUCTION

Aggregation by animals is a phenomenon frequently
observed but not fully explained; thus, the reasons for
group living have long been the subject of debate (see
Krause & Ruxton 2002 for review). Reduction in preda-
tion risk has been the focus of most attention (e.g. Hamil-
ton 1971, Kenward 1978, Parrish & Edelstein-Keshet
1999, Coleman et al. 2004a). Grouping may also reduce
risk from the physical stresses, i.e. temperature (Feare
1971) or damage from mobile objects (Shanks & Wright
1986). Another possible advantage is access to potential
mates or successful fertilisation opportunities; this is

particularly important in sessile cross-fertilising her-
maphrodites (e.g. barnacles, Anderson 1994) or animals
utilising external fertilisation, which predominate in
marine systems. The reproductive advantages of aggre-
gation and synchronised spawning have been well cov-
ered for some mobile taxa (Pennington 1985, Levitan et
al. 1991) and for sessile organisms such as barnacles (An-
derson 1994, Kent et al. 2003). It has been suggested that
animals which form medium term aggregations such as
Patella vulgata (Coleman & Hawkins 2000) may gain
some reproductive benefit from aggregating (Coleman
et al. 1999, Powell et al. 2001, Krause & Ruxton 2002), but
this model has not been formally tested.
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ABSTRACT: Group living is ubiquitous, yet causal explanations are not fully tested. Evidence for a
reduction in predation risk is clear, and there is support for reduction of risk from the abiotic envi-
ronment. Potential reproductive benefits are less well understood, especially for non-lekking, exter-
nally fertilising animals which form medium-term aggregations. We used Patella vulgata to test the
model that a reproductive benefit is derived from aggregation. We sampled grouped and solitary
limpets fortnightly, from the point at which individuals were in a neuter state to the stage where the
population was near spawning. Whilst aggregation increased overall as the population neared
spawning, there was no difference between aggregated and solitary limpets in terms of sex ratio.
There was also no difference in variability of gonad development between solitary and grouped ani-
mals, which means no synchrony in gonad development was necessary for externally fertilising ani-
mals to gain a benefit from aggregating. We suggest that causal explanations for an increase in
limpet aggregation from autumn to winter are most likely to lie in the interaction of reduced grazing
activity and increased predation pressure. Since limpets are a key component of rocky shore systems,
understanding the processes determining their spatial arrangement has implications for our under-
standing of rocky shores.
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The majority of marine invertebrates reproduce by
external fertilisation, the most common form of which
is broadcast spawning; individuals release gametes
into the water column where fertilisation then takes
place. Gamete dilution is the main limiting factor
in external fertilisation (Metaxas et al. 2002) because
the probability of success decreases with increased
gamete dispersal (Levitan 1996). The continued per-
sistence of external fertilisation as a sexual strategy
in a large number of marine species implies that adap-
tations have been selected to enhance fertilisation
success, including synchronised spawning and aggre-
gation (Levitan & Petersen 1995, Levitan 2002). Aggre-
gation combined with synchronisation of spawning
may increase fertilisation rate as the mass release of
gametes creates a localised area of high sperm and
egg concentration, thus giving a higher probability of a
sperm and egg collision (Denny & Shibata 1989, Levi-
tan 2002). The reproductive biology of Patella vulgata
L., a broadcast spawner, has been extensively studied
(e.g. Orton et al. 1956, Thompson 1980), and loose
synchrony in gonad development has been noted at a
population level, independent of biotic interactions
(Orton et al. 1956). There has been little or no work
specifically designed to investigate behavioural adap-
tations which may lead to enhanced fertilisation.

Limpets of the genus Patella are fundamental to
ecosystem processes on the mid-shore regions of ex-
posed and moderately exposed rocky shores in the
Northeast Atlantic (Jones 1946, Southward & South-
ward 1978, Hawkins & Hartnoll 1983); elsewhere, graz-
ing by limpets has also been shown to be key in control-
ling macroalgal abundance (Hawkins et al. 1992,
Underwood 2000, Dunmore & Schiel 2003). Patella spp.
can occur distributed randomly and in groups of differ-
ent sizes and degrees of aggregation, on bare rock and
under clumps of macroalgae (Jones 1948, Lewis &
Bowman 1975, Hartnoll & Hawkins 1985, Coleman et
al. 1999). Whilst some patellid limpets are known to
show a degree of fidelity to their home-scars (see
Branch 1985 for review), relocations by individuals
have been noted (Coleman & Hawkins 2000). Grouping
by limpets seems to vary with season, being maximal in
winter and decreasing in spring in the UK (Coleman et
al. 1999) and in Portugal (Boaventura et al. 2002). These
greater levels of aggregation in winter could be a re-
sponse to elevated wave action or may increase the
chances of successful fertilisation by reducing distances
between spawning individuals. Smaller limpets are
likely to be male, as P. vulgata are sequential hermaph-
rodites. Previous work has shown that there was no
difference in average size or in size variation between
limpet groups and solitary limpets (Coleman et al. 1999).

Patella vulgata is a winter spawning species with
gonad maturation starting around August, following

an extended resting period (6 mo) during which all
individuals are considered neuter. Over approximately
4 mo, the gonads develop. The stage of gonad maturity
can be scored using a scale of 1 to 5, where 5 is a fully
developed gonad with mature gametes ready for
shedding (Orton et al. 1956). Spawning takes place
between November and January in 1 or 2 spawning
events (Blackmore 1969), possibly triggered by rough
seas (Orton et al. 1956), before the limpets pass into the
resting phase, with a decline in gonad size back to that
of the neuter resting phase.

Here, we evaluate whether aggregation by limpets
may improve their individual potential reproductive out-
put. We would expect aggregation to increase near the
time of spawning if aggregation increases the likelihood
of fertilisation. Since free-spawning organisms are usu-
ally sperm limited (Denny & Shibata 1989, Metaxas et al.
2002), we predicted that if aggregation promoted syn-
chronous spawning, there would be less sperm limitation
at a small spatial scale (i.e. that of groups). Therefore, the
sex ratio in groups would be less male biased than in
populations of singletons. We also hypothesised that,
whilst the frequency of limpets in each stage of gonad
development would not differ between limpets living as
singletons and those in groups, the variation in gonad
stage between individuals should be less, i.e. more syn-
chronous, for grouped limpets than for solitary ones.

MATERIALS AND METHODS

Experimental sites and specimen collection. All
data were collected from 2 moderately exposed rocky
shores in the southwest of the UK: Wembury (50°
19.00’ N, 04° 05.98’ W) and Heybrook Bay (50° 19.18’ N,
04° 07.27’ W), chosen as representative of shores in the
region. The intertidal zone at each shore is dominated by
barnacles and patellid limpets with patchy fucoid cover.
Since barnacles compete with limpets for space (Johnson
et al. 1997), and fucoid cover has been reported to affect
aggregation (Hartnoll & Hawkins 1985), 2 mid-shore
sites (~10 m2) of predominantly smooth flat rock with few
barnacles and no fucoids were selected at each shore;
each site was more than 10 m from the other. As topo-
graphy has been described as influencing limpet
aggregation (Hawkins 1981), to ensure that sites were
consistent, tests for variation in topography (surface het-
erogeneity) were carried out prior to sampling. Surface
heterogeneity was tested by using 10 random quadrats
(0.25 × 0.25 m). A 5 mm link chain was laid over the sub-
stratum across the diagonal of each quadrat; the chain
was in contact with the substratum at every point. The
difference between the actual length of this chain and
the length of the chain when it was pulled taut across the
diagonal of the quadrat, which was then averaged across
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both diagonals, gave a measure of the surface hetero-
geneity at that quadrat. Differences between sites and
shores were tested for using ANOVA, run on WinGMAV
(EICC, University of Sydney). Cochran’s test was used to
test heterogeneity of variance (Underwood 1997), and
comparisons of levels within significant factors were
made by Student-Newman-Keuls (SNK) tests.

Patella vulgata were collected fortnightly on every
spring tide from late August 2003 through to the end of
December 2003 (9 sampling occasions). On each occa-
sion at each site, 5 limpets were collected from each of 5
randomly chosen groups (25 in total); in addition, 25 soli-
tary limpets were collected. Each group of limpets con-
tained at least 5 individuals and occupied an area of ap-
proximately 0.4 × 0.4 m (Coleman et al. 1999). To avoid
possible confounding with different reproductive de-
velopment cycles (Ballantine 1961), limpets in mixed
species clusters or near an individual of another species
(P. aspera or P. depressa) were not used. All limpets col-
lected were between 30 and 40 mm (anterior-posterior
axis); bias towards either small or large size was avoided
as P. vulgata are sequential hermaphrodites (Orton et al.
1956) and a size bias might have led to a sex bias within
the samples. In the range 20 to 30 mm, 90% of limpets
are male, whereas limpets larger than 40 mm are mostly
female (Orton et al. 1956); limpets on the shores investi-
gated can reach up to 55 mm (R. A. Coleman unpubl.
data). Previous work had shown that groups were
extremely rarely composed of individuals of identical
size (R. A. Coleman, J. G. Goss-Custard & S. J. Hawkins
unpubl. data). Gonad development and sex were estab-
lished either immediately on return to the laboratory, or
following overnight storage at 4°C.

Patterns of aggregation. Pielou’s I α (Pielou 1969) was
used as a scale-independent index of aggregation (Cole-
man et al. 1999, 2004b) from random point to nearest
limpet data. These data were collected from 10 random
0.5 × 0.5 m quadrats at each site, every third spring tide
cycle from September (the start of gonad development,
Orton et al. 1956) to December (near the time of spawn-
ing). Three replicate measures of Iα were collected from
each quadrat; each quadrat location was unique to the
sampling occasion. Differences in aggregation between
shores, sites or quadrats and the effect of date were
analysed using ANOVA as above, with date and aggre-
gation as fixed factors; all other factors were random. It
was possible that the fortnightly removal of limpets
throughout the study could affect aggregation at the
study sites. Therefore, aggregation data from both Wem-
bury sites on the final date (the aggregation index taken
after the greatest cumulative Patella vulgata removal)
were compared to aggregation data from 2 similar ran-
dom sites on the same shore, but where no limpets had
been removed. Data were tested for differences in ag-
gregation using ANOVA as before. 

Gonad development in aggregated and solitary
limpets. Limpets show no secondary sexual characteris-
tics, so observations of sex and reproductive stage were
made directly on the gonad. The posterior end of the
foot was cut away from the visceral mass and turned
back to reveal the gonad. The sex and gonad state of
each specimen were then recorded using the scheme
described by Orton et al. (1956). For animals which
showed gonad development, we examined the propor-
tion of male animals in each quadrat. These data were
arcsin-transformed and analysed using ANOVA. To
test the hypothesis that limpets in groups would have a
different frequency of individuals at each gonad stage,
we used a log-linear analysis (Sokal & Rohlf 1995) run
on SPSS software using a backward elimination ap-
proach. To avoid generation of too many zero cells, we
allocated each gonad stage to 1 of 3 exclusive classes:
neuter, developing (Orton et al.’s I to III) or fully devel-
oped/emptying (Orton et al.’s IV and V). Significant
factors were then examined using χ2 contingency tests.

Synchronicity in gonad development would be mani-
fested by low variance between individuals. To test
whether gonad development was more variable in
grouped limpets or between solitary limpets, we used a
meta-analysis approach (Osenberg et al. 1999). Each
group of 5 limpets was randomly paired with a set of
5 solitary limpets in each site on each shore for each date.
The response ratio ln(g)/ln(s) (Hedges et al. 1999) was
then calculated, where g is the variance in gonad stage
for the grouped limpets and s that for solitary limpets. If
the response ratio is larger than zero, then variation in
gonad stage is greater in grouped limpets than in soli-
tary, and vice versa for a negative response ratio. This
provided a measure of effect size (Hedges et al. 1999) at
each site and shore for each date. These response-ratios
were analysed by ANOVA. A difference from an
expected mean of zero was tested by a Student’s t-test.

RESULTS

Site comparability for experimental sites

Analysis of variance for shore topography showed no
significant difference in surface heterogeneity between
shores (F1,2 = 0.28, not significant (ns)), or between sites
within shores (F2,36 = 1.93, ns), the average difference in
chain length was 8.99 mm (n = 40, SE = 0.52). All sites
were at a similar tidal height of 1.8 m above chart datum.

Patterns of aggregation

Data were ln (x + 1) transformed to stabilise variances;
the ANOVA (Table 1) showed a significant small-scale

203



Mar Ecol Prog Ser 306: 201–207, 2006

effect, that of quadrats being very dif-
ferent for each time/site/shore combi-
nation. The effect is largely due to a
decrease in maximal aggregation from
the September to the October sample,
then a substantial increase in aggrega-
tion at the last sample, with many
quadrats having a very high maximal
value (Fig. 1). Thus, whilst there was
much variation at the quadrat scale,
and between sites within the 2 shores
used, overall aggregation did markedly
increase from the second to the third
sample. Removal of limpets for sam-
pling purposes did not appear to signif-
icantly affect the patterns of aggrega-
tion (F1,2 = 3.82, ns mean aggregation
on removal sites Iα = 1.75, SE = 0.5;
mean aggregation on non-removal sites
Iα = 1.43, SE = 0.20; n = 60 for both). 

Gonad development in aggregated
and solitary limpets

Since, in the August sample, many in-
dividuals were neuter, the first sampling
date was not included in the sex ratio
analysis. The ratio of males to females
did vary, but the only significant factor
was date (Table 2); SNK tests could
not separate dates. On average, most
animals in the size range sampled were
in a male phase (70 to 80%, Fig. 2).

Level of aggregation (solitary or
grouped) did not contribute to variation
in gonad stage over time; this was best explained by an
interaction of date and site (χ2 change = 100.81, df =
48, p < 0.001). Contingency tests on this interaction
showed that sites were significantly different only at
the first sample in August (χ2 = 17.52, df = 8, p < 0.05);
the development of gonads was only really explained
by time (Fig. 3). Late in the sampling period (Decem-
ber), a few animals showed evidence of spawning.

For the analysis of response ratios of variance in
gonad development, the test for Date × Shore and
Date × Site(Shore) gave a probability of >0.25 and
the mean square was less than the residual, so these
factors were eliminated from the analysis. This
increased the power of tests for main effects (Under-
wood 1997). There was no significant variation in the
response ratio that could be explained by the date at
which the sample was obtained or by shore or site
(Table 3). The response ratio varied about zero
(which is when variance in gonad development
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Fig. 1. Patella vulgata. Aggregation of limpets over the
sample period. I = first sampling date, II = second sampling
date in each respective month. Three replicate measures of
an index of aggregation (Pielou’s Iα) measured in 10 quadrats
at 2 sites on 2 shores at 3 dates; variation in quadrats is

indicated by error. Error bars are ±SE

Source df MS F p F versus

Da 2 4.39 23.84 <0.05 Da × Sh
Sh 1 0.14 No test – No test
Si(Sh) 2 0.20 2.11 ns Da × Si(Sh)
Da × Sh 2 0.18 1.97 ns Da × Si(Sh)
Da × Si(Sh) 4 0.09 0.64 NS Qu(Da × Sh × Si)
Qu(Da × Sh × Si) 108 0.15 1.56 <0.001 Residual 
Residual 240 0.09
Total 359

Table 1. Patella vulgata. ANOVA of 3 replicate measures of aggregation of
limpets by Pielou’s (1969) Iα at 2 sites on 2 shores (Wembury and Heybrook) on
3 occasions: early September, late October and late December 2003. There was
no test for shore. Variances were homogenous after ln(x + 1) transformation
(Cochran’s test: C = 0.0385, p > 0.05); significant terms are in bold; ns: p > 0.05; 

Da: date; Sh: shore; Si: site; Qu: quadrat

Source df MS F p F versus

Da 7 1540.10 9.94 <0.001 Da × Sh
Sh 1 7092.67 17.62 ns Si(Sh)
Si(Sh) 2 402.58 1.18 ns Residual
Ag 1 2326.92 3.42 ns Sh × Ag
Da × Sh 7 154.89 0.60 ns Da × Si(Sh)
Da × Si(Sh) 14 259.15 0.76 ns Residual
Da × Ag 7 245.97 1.19 ns Da × Sh × Ag
Sh × Ag 1 679.49 2.82 ns Ag × Si(Sh)
Ag × Si(Sh) 2 241.32 0.71 ns Residual
Da × Sh × Ag 7 206.56 0.66 ns Ag × Da × Si(Sh)
Ag × Da × Si(Sh) 14 314.48 0.92 ns Residual
Residual 256 341.18
Total 319

Table 2. Patella vulgata. ANOVA of sex ratio for limpets in groups and solitary
limpets at different times (late August to late December 2003) at 2 sites on 2
shores. The data were arcsin-transformed for proportions. Sex ratio was the
proportion of male limpets for which sex could be accurately determined (Orton
et al. 1956). Variances were homogenous (sex ratio Cochran’s test: C = 0.0675
ns); significant terms are shown in bold; ns: p > 0.05; Ag: aggregation; see

Table 1 for other abbreviations
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within groups is equal to the variance in gonad
development between solitary limpets in the same
site at the same time) (Fig. 4) but was not signifi-
cantly different from a mean of zero (t = 0.3, 179 df =
179, ns).

DISCUSSION

A fundamental assumption of many explanations of
animal aggregation behaviour is that a benefit must
exist which exceeds (1) the potential costs of increased
apparency to predators and (2) intraspecific competi-

tion causing localised depletion of resources (Krause &
Ruxton 2002). For marine animals forming medium- to
long-term aggregations, a major benefit could be ele-
vated reproductive success, and we used mensurative
experiments (sensu Hurlbert 1984) to test this idea. We
predicted that aggregation should increase nearer the
time of spawning, that the sex ratio in groups would be
less male biased than between solitary animals and
that variation in gonad stage would be less in grouped
limpets than in solitary limpets.

Aggregation by limpets did increase from the start of
the experiment to the end. Given that removal of
limpets did not affect patterns of aggregation, we can
offer no explanation for the noted slight reduction
in aggregation mid-way through the experimental
period. The large increase in aggregation towards
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Fig. 2. Patella vulgata. Sex ratio of limpets sampled over the
experiment. There were 2 sampling occasions for each month
shown. For animals which showed discernible gonad devel-
opment, we scored the proportion of the group which were
female; 1 represents all male animals. Error bars are ±SE

Fig. 3. Patella vulgata. Differences in limpet gonad stage
(Orton et al. 1956) across the sampling period. There were 2
sampling occasions for each month except August. To reduce
the cell zeros in the analysis, we allocated Stages I–III to one

group and Stages IV–V to another
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Fig. 4. Patella vulgata. Variation in gonad state within ran-
domly selected solitary limpets and within aggregations of
limpets. Patterns of gonad development were examined using
variance in gonad stage. The response ratio (Osenberg et al.
1999) was defined as ln(σ2 grouped) – ln(σ2 solitary) such that
when the response ratio is <0, groups are more synchronous
in gonad development than solitary limpets. There were 2
sampling occasions for each month except August. Error bars 

are ±SE

Source df MS F p F versus

Da 8 0.45 1.93 0.0597 Residual
Sh 1 0.11 2.79 0.2371 Si(Sh)
Si(Sh) 2 0.04 0.18 0.8386 Residual
Da × Sha 8 0.21
Da × Si(Sh)a 16 0.12
Residual 144 0.23
Total 179
aFactors eliminated from the analysis as p > 0.25 (Under-
wood 1997)

Table 3. Patella vulgata. Synchronicity in gonad develop-
ment. ANOVA of response ratio of ln differences in variances
within grouped limpets and between solitary limpets. Re-
sponse ratio variances were homogenous, Cochran’s test:

C = 0.1066 (ns); ns: p > 0.05; see Table 1 for abbreviations
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mid-winter is consistent with previous observations on
Patella vulgata (Coleman et al. 1999). The analysis
showed much small-scale spatial variation within this
date sequence, which agrees with aggregation studies
on other limpets (Coleman et al. 2004b) and littorinids
(Chapman 1995). It is highly likely that, as limpets
graze and remove microalgae/biofilms, small-scale
variations in abundance of food (Jenkins et al. 2001,
Jenkins & Hartnoll 2001) may be influencing patterns
of aggregation. This suggestion has yet to be tested.

The prediction of increased reproductive benefit for
limpets in groups is not supported by our results. There
were no aggregation effects in sex ratio, which, whilst
varying from date to date, was overall constant at 3:4
males to females. This differs slightly from the 1:3:1
neuter:male:female ratio reported by Blackmore (1969)
for a population of Patella vulgata in north Yorkshire,
but the difference may be due to Blackmore’s inclusion
of limpets as small as 15 mm length, which often do not
exhibit gonad maturation. More males than females in
a population mean more sperm. This reduces sperm
limitation as a consequence of sperm dilution in sea-
water, the most important factor in reducing fertilisa-
tion success in broadcast spawning invertebrates (Lev-
itan 2002, Metaxas et al. 2002). The average gonad
stage was not different for aggregated and solitary lim-
pets at any spatial scale or time during the study. The
log-linear analysis showed spatial variation changing
with date. This is consistent with small-scale variations
in food supply noted elsewhere and on the same shores
(Jenkins et al. 2001). The production of gametes is
energetically costly and it would not be unreasonable
to expect a strong correlation between food abundance
and reproductive development, although this has not
been tested in limpets. If a reproductive benefit were
to exist for aggregated P. vulgata, then grouped ani-
mals would be expected to be more synchronous in
gonad stage and spawning than solitary animals.
Therefore, it would be expected that variance in gonad
stage would be less in grouped than in solitary limpets,
and that these differences should increase as the indi-
viduals approach spawning. Whilst there was variation
in the response ratio measured, this was not explained
by date or spatial considerations. Since the overall
response ratio was not different from zero, we can con-
clude that variance in gonad stage is equal in grouped
and solitary limpets. It is clear that in terms of gonad
development through to spawning, the evidence does
not support the model that limpet aggregation has a
reproductive benefit. It is possible that the hydro-
dynamics over grouped limpets may increase gamete
mixing through localised turbulence and so elevate re-
productive success for grouped limpet, although data
on Patella gamete longevity and fertilisation kinetics
are not available. Experiments to test this idea are

complex, given the difficulty of fertilisation studies in
limpets (A. Hodgson pers. comm.); such data are un-
likely to become available in the near future.

Limpets are a key component of rocky shore systems
(Hawkins et al. 1992, Underwood 2000, Benedetti-
Cecchi et al. 2001), in that if limpets are removed,
rocky shore systems quickly become macroalgal-dom-
inated (Hawkins et al. 1992). Aggregation of limpets
may have consequences for spatial patterns of algal
escapes (Johnson et al. 1997) if aggregations of limpets
translate into aggregated feeding patterns (but see
Coleman et al. 2004b); hence, the causes of aggrega-
tion behaviour in limpets need to be explained. The
increase in limpet aggregation noted in winter may be
related to reducing the effect of wave-borne objects
(Shanks & Wright 1986). However, the patterns of
aggregation of limpets on smooth rocks do not appear
to differ from moderately exposed shores to more
exposed shores (R. A. Coleman & S. King unpubl. data)
with their associated differences in risk from wave-
borne materials; hence, aggregation as a mitigating
behaviour to reduce damage from wave-borne objects
is probably unlikely. In the northeast Atlantic, preda-
tion of limpets by oystercatchers Haematopus ostrale-
gus is highest in the winter, and these predators are
much less successful on grouped limpets than on soli-
tary animals (Coleman et al. 1999, 2004a). Since limpet
grazing activity decreases in the winter (Jenkins et al.
2001), the expected local depletion of microalgae as a
function of grazing activity at the scale of the aggrega-
tion may not exceed the benefit from reduced preda-
tion risk. Experiments on limpet behavioural responses
to changed predation pressure are needed to confirm
this model, but it seems likely that the aggregation pat-
terns of this key grazer are best explained not by
reproductive gains but by seasonal variations in preda-
tion risk balanced against energy intake.
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