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Abstract It is critical for our knowledge of biodiversity
and ecosystem processes to understand how individual
species contribute to ecosystem processes and how these
contributions vary in space and time. We used a
manipulative ﬁeld experiment in ﬁve locations over 17
of latitude [from southern Portugal to the Isle of Man
(British Isles)] to determine the relative response of
rocky intertidal algal assemblages released from control
by the grazing of limpets. Response ratios showed that
when limpets were removed there was a trend of eﬀects
from north to south. In the north, grazing had a strong
eﬀect on algal assemblages, but removing grazers
reduced spatial variability in assemblages. In the south,
the eﬀect of limpet grazing was far weaker and removal
of grazers had a much reduced impact on spatial variability. Here we show a clear trophic control of an
ecosystem in that grazing by limpets not only determines
macroalgal abundance overall but also modiﬁes
ecosystem stability via variability in cover of algae.
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Introduction
Understanding how biodiversity inﬂuences ecosystem
processes critically depends on our knowledge of the
roles of component species (Loreau et al. 2001; Duﬀy
2002; Ostfeld and LoGiudice 2003). The shallow coastal
benthos has been understudied in terms of the inﬂuence
of species richness on ecosystem function (Bolam et al.
2002; Emmerson and Huxham 2002). If components of
biodiversity are removed, food chains and trophodynamics can be disrupted in diﬀerent ways (Duﬀy 2002;
Raﬀaelli et al. 2002) and in order to generalize across
systems it is important to understand the loss of system
components in ecosystems other than temperate grasslands (Loreau et al. 2001; Paine 2002).
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F. Arenas Æ S. R. Jenkins Æ S. J. Hawkins
The Laboratory, The Marine Biological Association of the UK,
Citadel Hill, PL1 2PB Plymouth, UK

557

Grazing is the crucial link between primary producers
and consumers in food-webs and can control biomass,
hence productivity of ecosystems (Paine 2002; Halpern
et al. 2005). In coastal marine ecosystems, grazing has
been shown to aﬀect algal vegetation (Hawkins et al.
1992; Underwood 2000; Paine 2002). Early work (Jones
1946; Southward 1964) on the Isle of Man, and
conﬁrmed subsequently (Hawkins 1981), showed that
limpet grazing, rather than wave-action, controlled algal
biomass, preventing the mid-tidal region of shores in
wave-exposed locations from being dominated by fucoid
algae. These studies were limited by low levels of spatial
replication and did not quantify the eﬀect of limpet
grazing on system properties or variability.
The balance between fucoid vegetation and limpets
along the wave-exposure axis changes across a latitudinal gradient in western Europe. In the north, fucoids
extend onto exposed shores, but towards the south they
are increasingly restricted to sheltered conditions,
including estuaries (Ballantine 1961; Hawkins et al.
1992). In addition to diﬀerent climatic regimes along the
European coastline, the macroalgal species pool shows a
southward reduction in abundance of mid-shore canopy
algae and a change towards assemblages dominated by
turf algae (Ballantine 1961; Hawkins et al. 1992;
Boaventura et al. 2002). Thus, in the higher northern
latitudes, removal of grazers leads rapidly and deterministically to large canopy algae (Hawkins et al. 1992).
Further south towards the equator, the outcomes of
removal of grazers would be expected to be more
stochastic due to the reduced abundance of fucoids
which can dominate later stages of secondary succession
(Berlow 1997, 1999). These patterns provide the
opportunity to erect hypotheses on the eﬀects of grazers
on vegetation, represented by macroalgae, and on
measures of small-scale spatial variance in cover of
macroalgae over continental scales (Benedetti-Cecchi
2000). The eﬀects of limpet removal on diversity of algal
assemblages will be confounded by latitudinal variations
in the pool of available algal species which are fundamentally diﬀerent from UK to Portugal (Crisp and
Southward 1958; Boaventura et al. 2002).
Whilst there has been some consideration of the
eﬀects of individual species on marine benthic processes
(Emmerson and Huxham 2002), many studies concentrate on average eﬀects, without considering variability;
explaining variance in ecological processes is a key task
for ecologists (Lawton 1999; Benedetti-Cecchi 2000,
2003; Underwood 2000) since the most consistent eﬀect
noted in the literature is that processes and organisms
are extremely variable in space and time (Lawton 1999;
Underwood 2000). Based on previous experiments (see
Hawkins et al. 1992 for review) we predicted that, in the
north, removal of limpets would have a strong eﬀect on
cover of algae and quickly lead to domination by large
fucoid canopy algae. Removing limpets would still have
an eﬀect in southern Europe. It was likely to be weaker
because of the harsher conditions, a greater range of
algal colonizers and the absence of large mid-shore

canopy species, e.g. Fucus vesiculosus, which would
channel mid-successional processes (Berlow 1997). Thus
we predicted a less consistent response to the removal of
grazers. We further predicted that because limpets promote small-scale spatial variability in cover of algae in
the north (Johnson et al. 1997), the exclusion of limpets
would lead to the deterministic colonization by canopy
algae and a concomitant reduction in spatial variability
in cover of algae. In contrast, limpets probably depress
spatial variability in algal assemblages in the south
where there are less canopy algae and a greater pool of
other colonizing algae. So, the removal of grazers should
increase small-scale variability. In the southern areas of
Europe, algal colonization would be expected to be
inhibited or at least slowed by physical stresses associated with high summer temperatures during periods of
tidal emersion. In the north such stresses are expected to
be less strong. Seasonal eﬀects may be modiﬁed by the
abundance of algal propagules (Kim and DeWreede
1996), this is likely to emphasize canopy dominance in
the absence of grazers at northern sites due to the relatively high abundance of fucoid propagules in the summer (Hawkins 1981) compared with southern sites. To
test the modulation of grazing by seasonal factors, we
initiated experiments in summer and in winter.

Methods
Design of experiment
Large-scale geographic eﬀects were tested by comparison
of ﬁve locations (Table 1) encompassing 17 of latitude.
At each location, two randomly chosen moderately
exposed shores at least 1 km apart were selected. The
experiment compared summer (June and July) and winter (January/February), so two start dates were set within
each season to provide temporal replication. These dates
were randomized within a season for each shore by
selecting four 7-day periods within a 2-month season
which were possible for ﬁeldwork, each 7-day period
being separated by at least 5 days. The start dates were
then randomly allocated. At each start date, two replicate
sites (approximately 20 m·20 m) were established on
each shore at the mid-tidal level. These were randomly
selected from 16 sites previously identiﬁed as suitable on
each shore. Sites for each location/season/date combinations were chosen before the experiment started.
Within each site, ﬁxed plots were established conforming
to the following criteria: (1) rock as level as possible and
not more than 45 slope, (2) rock surface drained at low
tide, (3) more than 50% barnacle cover, (4) less than 1%
algal cover, (5) limpets present and (6) each plot was
more than 1 m from another plot. These criteria were
necessary to standardize across locations, particularly
barnacle cover as this is known to modify limpet foraging
behaviour (Hawkins et al. 1992) and to ensure that we
accurately measured our response variable, algal
recruitment and establishment. Standardizing for greater

558
Table 1 Shores used in the
experiment

Location

Shore 1

Shore 2

Isle of Man (UK)
South-west England (UK)
Oviedo (northern Spain)
Lisboa (central Portugal)
Sines (southern Portugal)

Port St. Mary 544¢N 444¢W
Heybrook Bay 5019¢N 407¢W
Artedo 4334¢N 610¢W
Cabo Raso 3842¢N 929¢W
Oliveirinha 3753¢N 848¢W

Derbyhaven 545¢N 437¢W
Wembury 5018¢N 405¢W
Campaniello 4333¢N 624¢W
Avencas 3841N 921¢W
Nascedios 3741¢N 848¢W

levels of barnacle cover meant that plots in each location
were less likely be aﬀected by pulses of barnacle
recruitment which could impact on the recruitment of
algae (Hawkins et al. 1992).
Each 0.5 m·0.5 m plot was randomly allocated to
one of three treatments: limpet exclusion (fenced), halffenced [as a procedural control for artefacts due to
presence of a fence; (Underwood 1997)], or control.
There were three replicates of each treatment. If the
allocation of treatments gave a grouped or regular
arrangement of plots, the treatments were re-randomized. A standard construction of fences was used:
square-mesh, welded plastic-coated steel wire (approximately 13 mm mesh) cut into strips 60 mm wide and
bent into an ‘L’ shape longitudinally, with dimensions of
35 mm vertical and 25 mm horizontal. The material was
formed into a 50 cm·50 cm and screwed to the rock
with rubber tap-washers over the screws to ﬁx the mesh.
Any limpets present in the plots were counted and
removed. The half-fence treatment was made by ﬁxing
pieces of exclusion fence at the corners of each plot; the
total length of fence material used was half that of a full
exclusion treatment and allowed limpets in and out of
the plot. Limpets were unmanipulated. Control plots
were simply marked with drilled holes at each corner.
Plots were checked after 2 weeks and then monthly
until termination (12 months). On each visit, fences were
inspected, repaired, cleaned of epiphytes and all macrograzers within the exclusion plots were removed. At the end
of the experiment, plots were sampled visually to assess
(non-destructively) percentage cover of all algae (identiﬁed
to species level wherever possible), using a 49-intersection
point quadrat. Any algal species present but not recorded
at any intersection point were scored as 1%. The number
of each species of grazer was noted for each plot.
To facilitate comparisons across regions with diﬀerent species pools (Loreau et al. 2001), we allocated algae
to morphological groups (Steneck and Dethier 1994).
Patella spp. are the dominant grazers on the mid-shore
of Europe (Ballantine 1961); P. vulgata progressively
gives way to P. depressa on the mid-shore further south
in Europe (P. vulgata on open rock are 100% of all
limpets on the Isle of Man; 50–80% in south-west
England; >50% in northern Spain and are absent in
Portugal) (Crisp and Southward 1958; Ballantine 1961;
Boaventura et al. 2002). The limpets P. vulgata and P.
depressa are microphagous grazers showing similar
feeding mechanisms and gut contents wherever they
occur (Hawkins et al. 1989).

Statistical analysis
In order to test for artefacts due to the presence of a
fence, we formally compared diﬀerences in total algal
cover for all factors, then looked at the distribution of
signiﬁcant SNK tests using an Anderson test (Anderson
1959; Underwood 1997). We used a meta-analysis to
assess the magnitude of eﬀects due to removal of limpets
and compared this across locations (latitudinal eﬀects)
and seasons. The eﬀect size of grazing was calculated as
a response ratio using the natural log of the mean of the
three control plots divided by the mean of the three
exclusion plots for each experimental site (Hedges et al.
1999), giving two replicate measures of eﬀect size for
each initiation date; this estimates the relative strength
of the response such that a weak eﬀect is not signiﬁcantly diﬀerent from zero. These were subsequently
analysed by ANOVA using WinGMAV5 (EICC, University of Sydney). This was repeated for variances from
each set of controls and exclusions, which estimated the
mean variability of the assemblage response to removal
of limpets. Concerns over this approach (Gurevitch and
Hedges 1999) do not apply as our work was from
‘experiments’ carried out simultaneously using identical
protocols, sampling procedures and yielding a balanced
data-set. Comparing eﬀects of grazing from numerous
experiments in diﬀerent places, at diﬀerent times, in a
meta-analysis, is particularly valuable where every
experiment, as here, was designed to test the same
hypothesis, with identical treatments, methods and
replication. Thus, heteroscedasticity between study-sets
were minimized (Gurevitch and Hedges 1999; Hedges
et al. 1999) enabling formal comparison. It is possible
that any eﬀects seen may be due to varying numbers of
limpets at diﬀerent sites (Bustamante et al. 1995). We
compared the numbers of limpets present in each plot at
initiation of the experiment using an ANOVA as above.
We only had sizes of limpets for three locations (Isle of
Man, south-west England and Southern Portugal); using
a length-dry mass regression derived from limpets in
south-west England (R.A. Coleman, unpublished data)
as representative for the experiment, we calculated the
limpet biomass in each patch for each shore at the three
locations for which we had size data and compared
patches using ANOVA. We used regression to test if
variation in biomass of limpets inﬂuenced our four
measures [eﬀect sizes for means and variance for (1)
canopy cover and (2) total algal cover in response to
limpet removal].
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Results
The common eﬀect of limpets was demonstrated in that
in every location, the removal of limpet grazing led to a
proliferation of macroalgae; even in summer in southern
Europe. The analyses of mean percentage cover of total
algal cover at 12 months showed much small-scale variation in mean percentage cover [in a 6 factor ANOVA
the term Time · Site(Date(Season · Shore(Location))
was signiﬁcant F(80,480)=2.52, P<0.001], post hoc SNK
tests within this interaction ranked exclusion plots ﬁrst
(in an ascending sequence), signiﬁcantly more often than
the other treatments (69 times over 79 comparisons).
These SNK tests consistently indicated that there were
no diﬀerences between the half-fence controls and the
full controls; thus, there were no experimental artefacts.
This permitted the use of exclusions against controls as a
response ratio. We therefore analysed the strength and
variability in responses to the removal of limpet grazers
using a standard measure of eﬀect-size in a meta-analysis
approach (Gurevitch and Hedges 1999; Osenberg et al.
1999) using means to measure the relative strength of
response by the assemblage to removal of limpets and
variances to estimate variability. On the whole, the eﬀect
sizes, i.e. of diﬀerences in mean cover of canopy and of
total algae were negative because control areas had a
lesser percentage cover of algae than did areas where
limpets were removed. The eﬀect of grazing on the
development of canopy algae at 12 months was variable
on diﬀerent shores at two locations and between seasons

for one shore at each of two locations (Table 2). There
was a north–south divide in strength of response to
removal of limpets (Table 2, Fig. 1a), with the two
southern-most locations showing a much reduced
response. Removal of limpets had a strong eﬀect at
northern locations where canopy algae such as F. vesiculosus quickly dominated within a few months. Canopy
algae were all but absent from Portuguese shores with
only F. spiralis being present, hence the response to
removal of limpets was minimal on this morphological
group at the most southern locations (Fig. 1a). With
respect to colonization by canopy algae, removing
limpets increased variability in the system. Measures of
eﬀect size using variances were nearly all negative
because variances were greater for areas where limpets
had been excluded than in areas where grazing was
allowed where the absence of canopy algae meant little
or no variability. These diﬀerences were, however,
minimal at the most northerly location, where canopy
algae dominated and in the south where few canopy
algae were present (Fig. 1b, Table 2). Seasonal diﬀerences in variability of response of canopies to removal of
limpets were small and were observed at only one shore,
in northern Spain.
Whilst there was signiﬁcant heterogeneity of variance
(Table 2) in the analysis of eﬀect-sizes of mean percentage cover of total algae, large designs such as this
experiment are robust against the consequences of this
problem (Underwood 1997). Within the signiﬁcant
interactions, there were no seasonal eﬀects detected by

Table 2 Analyses of response ratios as a measure of eﬀect size of excluding limpets on growth of algae (canopy and total algae) at diﬀerent
locations in Europe
Source

Cochran’s test
df

Location Lo
Shore Sh(Lo)
Season Se
Date (Lo · Sh · Se)
Lo · Se
Se · Sh(Lo)
Residual
Total
Signiﬁcant
factors

SNK tests

4
5
1
20
4
5
40
79

Canopy (means)

Canopy (variances)

Total algae (means)

Total algae (variances)

C=0.19, NS

C=0.17, NS

C=0.24, *

C=0.17, NS

MS

F

P

MS

F

P

MS

F

P

MS

F

P

52.9
3
3.7
0.5
0.9
1.5
0.6

17.72
5.85
4.25
0.85
0.59
2.86

**
**
NS
NS
NS
*

109.1
7.3
1.4
3.8
12.3
14.7
3.4

15.01
1.9
0.11
1.13
0.84
3.86

**
NS
NS
NS
NS
*

13.5
1.4
1.7
0.5
1.2
1.4
0.6

9.55
3.13
1.49
0.74
0.82
3.12

*
*
NS
NS
NS
*

32.3
4.8
13.3
7.7
8.5
12.3
5.9

6.7
0.62
1.58
1.31
0.69
1.59

*
NS
NS
NS
NS
NS

SNK tests

SNK tests

Location
IoM=SWE=NSp>CP=Sp
SWE=NSp>IoM=CP=Sp
No logical groupings
Sh(Lo)
IoM1>IoM2
CP1>CP2
IoM2>IoM1
Se x Sh(Lo) NSp2S>NSp2W CP1S>CP1W IoM1S>IoM2W NSp2S>NSp2W NSp2S>NSp2W

SNK tests
No logical groupings

For each functional group of algae, we used the response ratio of summary statistics of the diﬀerences between controls and exclusions. To
measure the strength of the eﬀect of limpets we used the means of treatments and to measure variability in eﬀects we used variances.
Statistical signiﬁcance is denoted as follows: NS is not signiﬁcant, *<0.05; **<0.01; ***<0.005. The post hoc SNK tests are given under
each ANOVA for the respective signiﬁcant terms from the ANOVA. Rankings are given if a site or location is signiﬁcantly (a=0.05)
greater than another; each location, site and season are denoted by abbreviations: IoM Isle of Man; SWE south-west England; NSp
northern Spain; CP central Portugal; sP Southern Portugal with 1 and 2 being the diﬀerent shores at each location. S represents summer
initiation, and winter is indicated by W
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0
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Response-ratio

Response-ratio

0

A
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-4
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-3
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-5
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-6

1 2

8
6

1 2

B
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4

B

1

2
Response-ratio

Response-ratio

1 2
1 2
1 2
Sites at each location

0
-2
-4
-6

0
-1
-2

-8
-3

-10
Isle of Man

N Spain

SW England

S Portugal

C Portugal

Fig. 1 Eﬀects of removal of limpets on development of canopy
algae 12 months after removal. For each location, clear bars refer
to a summer initiation and shaded bars to a winter start; at each
location the ﬁrst pair of bars refer to shore 1 and the second set to
shore 2. a Shows diﬀerences in response ratio of the mean of the
three exclusions (per site) against the mean of the three controls. b
Shows change in response ratio of the variance of the three
exclusions (per site) against the variance of the three controls. Error
bars are ±SEM

SNK tests except for shore 2 in northern Spain
(Table 2). SNK tests showed that diﬀerences between
shores only referred to those in the Isle of Man. There
were diﬀerences in response ratio at diﬀerent locations,
but SNK tests could not distinguish between them in
strength of eﬀect of removal of limpets. There was a
trend of decreasing eﬀect size of limpet grazers in
southern locations in that the Portuguese shores
appeared to have a smaller response ratio than the other
locations (Fig. 2a), although the SNK tests could not
distinguish logical groups (Table 2). Our expectation of
diﬀering patterns of variability in algal assemblages with
respect to grazing at diﬀerent latitudes was conﬁrmed
because this was the only signiﬁcant factor in the
ANOVA (Table 2, Fig. 2b). On the Isle of Man, variability in the grazed areas was greater than in grazer
exclusions, mainly due to a strong recruitment of fucoids

-4
Isle of Man

N Spain

SW England

S Portugal

C Portugal

Fig. 2 Eﬀects of removal of limpets on development of total algal
cover 12 months after removal. For each location, clear bars refer
to a summer initiation and shaded bars to a winter start; at each
location the ﬁrst pair of bars refer to shore 1 and the second set to
shore 2. a Shows change in response ratio of the mean of the three
exclusions (per site) against the mean of the three controls. b Shows
change in response ratio of the variance of the three exclusions (per
site) against the variance of the three controls. Error bars are
±SEM

(S. J. Hawkins, unpublished observation). Further
south, the greater variety of components of the macroalgal species pool and the absence of dominant canopy
algae meant that the variability in cover of algae introduced by limpet activity was markedly less than the
variation in possible outcomes if limpets were excluded.
Locations diﬀered in the number of limpets present at
each shore (Table 3, Fig. 3), the Isle of Man having
much fewer limpets per meter square and all the other
shores were broadly similar apart from northern Spain
shore 1. The biomass of limpets was greatest for southwest England (mean 50.93 g m 2, SEM 5.44, many
medium-sized limpets) and signiﬁcantly diﬀerent from
the Isle of Man (mean 18.80 g m 2, SEM 1.84, few
large limpets) and southern Portugal (mean 15.01 g m-2,
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Table 3 Analysis of variance of limpet densities in each site at the
start of each experiment

Table 4 Analysis of variance of limpet biomass for each shore and
date at the three locations

Source

df

MS

F

P

Source

df

MS

F

P

Location Lo
Shore Sh(Lo)
Season Se
Lo · Se
Se · Sh(Lo)
Date Da(Lo · Sh · Se)a
Residuala
Total
a
Pooled data

4
5
1
4
5
20
40
79
60

9783.1
2037.2
192.3
1015.9
306.4
234.4
395.1

4.80
8.69
0.19
3.32
1.31

>0.05
<0.001
>0.6
>0.1
>0.3

Location Lo
Shore Sh(Lo)
Season Se
Lo · Se
Se · Sh(Lo)
Date Da(Lo · Sh · Se)a
Residuala
Total
a
Pooled data

2
3
1
2
3
12
24
47
36

6230.3
423.2
130.0
121.4
123.6
45.8
244.1

14.72
2.38
1.07
0.98
2.70

<0.05
>0.08
>0.4
>0.4
>0.09

341.5

Variances were homogenous (Cochran’s C=0.15, NS)
a
These terms were pooled to increase the power of the test for main
eﬀects (Underwood 1997)

SEM 1.47, many small limpets) (Table 4). None of the
regressions signiﬁcantly explained any variation in
response ratios (Table 5), hence diﬀerences in limpet
biomass between the Isle of Man, south-west England
and southern Portugal did not contribute to the
observed changes in response ratios associated with
limpet exclusion.

Discussion
Field experiments have made numerous contributions to
ecological theory and rocky shores have long proved a
particularly tractable system for such work. Inevitably,
there are diﬃculties extrapolating from local small-scale
experiments to enable generalization. Hence, ecologists
have often been criticized, in addition to being
self-critical, because of the local contingency of many of
the ﬁndings (Lawton 1999). In order to understand
patterns/processes over a large spatial scale, there is
clearly a need for large-scale ﬁeld experiments using

Density of limpets (m-2)

125
100

Shore 1
Shore 2

75
50
25
0
Isle of Man
SW Engl

N Spain

S Portugal

C Portugal

Fig. 3 Diﬀerence in limpet density at the start of the experiment.
SNK tests showed that shores were signiﬁcantly diﬀerent except for
the Isle of Man and southern Portugal. Error bars are ±SEM

178.0

a
These terms were pooled to increase the power of the test for main
eﬀects (Underwood 1997)

identical experimental designs to separate generality of
process from local context and small-scale variability. In
spite of a long history of broadscale surveys (Menge
et al. 1994; Bustamante and Branch 1996) and planned
comparisons including work comparing two widely
spaced locations (Worm et al. 2002), our research is the
ﬁrst report of such a properly replicated, broadscale
manipulative ﬁeld experiment over a continental scale in
a natural system. Despite the obvious need for biodiversity/ecosystem experiments to be implemented over a
variety of sites (Hector et al. 2002), the only comparable work to date has been large-scale projects using
artiﬁcially sown assemblages in ﬁeld trials in semiagricultural systems (Hector et al. 1999; Loreau and
Hector 2001) and the extensive but unreplicated iron
fertilization experiments in the Paciﬁc Ocean (Coale
et al. 1998; Landry et al. 2000).
Here we demonstrate a clear role of grazers in
determining ecosystem outcomes. This common eﬀect is
consistent from the Irish Sea to northern Spain. In a
parallel study in western Sweden, using a similar design
but with the grazers represented by littorinid snails,
there were limited eﬀects of removal of grazers on
establishment of algae (Lindegarth et al. 2001). The
patterns from that study (Lindegarth et al. 2001) are
similar to the results from the Portuguese shores here.
Thus, in harsher environments such as those exposed to
winter ice (e.g. Sweden) or high summer insolation/
temperatures (e.g. southern Portugal), the removal of
grazers leads to more unpredictable outcomes. Unpredictable eﬀects of limpets were also observed in exclusion experiments conducted in the north-west
Mediterranean (Benedetti-Cecchi et al. 2000, 2001).
Most of the variability occurred at large spatial scales
(100 s of km) and among seasons. These patterns were
related to variation in intensity of recruitment of algae,
with limpets losing the ability to control vegetation when
algal recruitment was intense. Previous studies have
shown that, on low parts of shores, the eﬀects of grazers
on algal assemblages diﬀered with respect to season
(Underwood and Jernakoﬀ 1984; Kim and DeWreede
1996). In our work, the expectation of a seasonal component in the response of mid-shore algal assemblages
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Table 5 Regression statistics for eﬀect of limpet (ln transformed) biomass on four measures of the eﬀects of removal of limpet grazing
Location

Isle of Man
South-west England
Southern Portugal

Regressions

Slope, intercept
r2
F(1,14), P
Slope, intercept
r2
F(1,14), P
Slope, intercept
r2
F(1,14), P

Canopy algae

Total algal cover

Means

Variances

Means

Variances

0.42, 2.19
0.03
0.54, >0.47
0.08, 3.38
0.02
0.25, >0.62
0.24, 0.54
0.02
0.27, >0.61

0.60, 1.43
<0.01
0.18, >0.73
0.732
0.14
2.20, >0.15
0.50, 1.52
0.08
1.26, >0.27

0.37, 1.49
0.03
0.43, >0.52
0.23, 4.34
0.03
0.48, >0.50
0.54, 0.07
0.17
2.96, >0.11

1.04, 3.52
0.03
0.49, >0.46
0.39, 2.65
<0.01
0.11, >0.74
1.32, 0.59
0.04
0.58, >0.46

released from grazing pressure (Hawkins 1981) was not
supported, except for a few shores (Table 2, Figs. 1, 2).
The eﬀect of limpets on rocky shore cover of algae
strongly modiﬁes system variability in a manner predicted by our knowledge of the biology of the organisms. Results were consistent with predictions of the
eﬀects of limpets on patterns of small-scale spatial variance in algal cover. The eﬀects of removal of limpet
grazing on variability of cover of macroalgae were not
related to the biomass of limpets. Grazers promoted
spatial variation at northern localities by preventing
establishment of fucoid algae which colonized the
exclusion plots. In contrast, at southern locations where
fucoid algae were more sparse or absent, limpets reduced
spatial variance in algal cover by preventing the establishment of heterogeneous assemblages. Thus, processes
aﬀecting the spatial arrangement of limpets on the shore
may have important indirect eﬀects in maintaining algal
mosaics at northern locations (Johnson et al. 1998). The
hypothesis that changes in spatial patterning of limpets
aﬀect the spatial organization of algal assemblages
(Johnson et al. 1997; Coleman et al. 2004) warrants
further investigation through appropriate experimental
designs (Benedetti-Cecchi 2003).
Over the extensive latitudinal range of the study it is
probably grazing, mainly by limpets, which contribute
to the overall lack of abundance of algae on the midshore. Variations in cover of algae depend largely on
escape from grazing. Whilst patterns of diversity over
latitudinal scales have been discussed extensively (Gaston and Blackburn 2000; Blackburn and Gaston 2002)
the underlying mechanisms are not well understood.
Although the algal assemblages observed in the sites and
shores used in this experiment were drawn from local
species pools (Gaston and Blackburn 2000; Rivadeneira
et al. 2002) and the species composition of grazers differed from area to area (Crisp and Southward 1958;
Hawkins and Hartnoll 1983; Boaventura et al. 2002), the
patterns were very similar over the geographic range of
the experiment. This concurs with observations from
work in the southern hemisphere and the north-west
coast of the USA (Underwood 2000; Paine 2002; Rivadeneira et al. 2002; Menge et al. 2005).
The consequence of the grazers in this ecosystem is to
determine whether the system is a net producer and

exporter dominated by macrophytes, or a net consumer
dominated by ﬁlter-feeders and consumption of microbial ﬁlms. The eﬀect of removing grazers on system
processes and variability did not depend on the existing
biomass of the consumers present; this has important
consequences for understanding trophic dynamics
(Emmerson and Huxham 2002; Emmerson et al. 2004;
Halpern et al. 2005). Grazing makes a major contribution to the structure of rocky shore algal assemblages
over 17 of latitude on a continental scale in that it
increases variation in the north, where responses of algal
assemblages are deterministic (Jenkins et al. 2005) and
decreases variation in the south, where outcomes are
more contingent. Whilst interactions between physical
conditions and recruitment dynamics were averaged
across seasons, with the result that diﬀerences among
seasons cannot be resolved beyond physical inﬂuences,
we can propose that grazing by limpets is a key process
in rocky shore ecosystem properties over much of the
mid-shore of western Europe.
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