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ABSTRACT: The dominant components of the mid-shore community of 4 sheltered, rocky shores in the 
south of the Isle of Man, UK, were surveyed. A 2-way factorial experiment to investigate the commu- 
nity structuring roles of Ascophyllum nodosum (hereafter AscophyUum) canopies and Patella vulgata 
grazing was undertaken at 1 site and monitored over a period of 6 yr. Removal of the canopy had a 
marked impact on the understorey community, with both direct and indirect effects. In contrast, the 
effect of limpet removal was limited, owing to the restriction of this grazer to small patches of bare sub- 
strate within a turf of red algae. The Ascophyllum canopy directly facilitated the presence of the red 
algal turf in the mid-shore; canopy removal resulted in bleachmg and death of turf species with a con- 
sequent loss of entrapped silt. This degradation of the turf resulted in an increase in the area grazed by 
limpets and a subsequent increase in limpet recruitment, proportional to the increased area of bare 
substratum. Thus, the AscophyUwn canopy indirectly limits the population of P. vulgata by facilitating 
the growth of a red algal turf. Eighteen months after Ascophyllum removal, a mixed canopy of Fucus 
vesiculosus and Fucus serratus developed. This acted in a similar manner to the original canopy, pro- 
vidlng shade for turf species, which resulted in restoration of the balance between algal turf and limpet 
grazing. Despite this, the red algal turf had not fully recovered 5 yr after it was originally bleached, 
illustrating the long-term effects of Ascophyllum canopy loss on this community. Removal of the canopy 
also resulted in high levels of Ascophyllum recruitment, but the slow growth rate of these juvenile 
plants meant that nearly 6 yr after canopy removal, an Ascophyllum canopy had still not developed. 
Nonetheless, we predict that Ascophyllum will eventually outcompete the established Fucus spp. 
canopy. Detailed exammation of the distribution of Ascophyllum juveniles suggests that the low den- 
sity of juveniles in the natural population is due to a lack of substratum free from both limpets and 
space-occupying turf, rather than a direct effect of the canopy. 
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INTRODUCTION 

The role of canopy algae in structuring communities 
of the intertidal and shallow subtidal zones has been 
the subject of numerous studies (e.g. Cowen et al. 
1982, Reed & Foster 1984, Santelices & Ojeda 1984, 
Duggins & Dethier 1985, Hawkins & Harkin 1985, Ken- 
nelly 1988, Chapman 1990, Benedetti-Cecchi & Cinelli 

1992, McCook & Chapman 1997). Macroalgal canopies 
regulate community structure by radically altering the 
physical environment. Lowering of light levels (Reed & 
Foster 1984), physical abrasion by sweeping algal 
fronds (Velimirov & Griffiths 1979, Hawkins 1983), 
amelioration of physical extremes (McCook & Chap- 
man 1991) and reduction of water movement (Duggins 
et al. 1990) have all been shown to influence commu- 
nity structure. One area which remalns to be investi- 
gated in detail is the way in which canopy algae inter- 
act with grazers to influence the distribution and 
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abundance of understorey species. Duggins & Dethier 
(1985) and Jenkins et al. (1999) demonstrated a nega- 
tive, additive effect of canopy and grazers on under- 
storey algae in low-shore habitats. At higher shore lev- 
els the relative importance of canopy and grazers on 
understorey species in canopy-dominated communi- 
ties has rarely been investigated (but see Chapman 
1989). 

In the mid-intertidal zone of NW Europe, Patella vul- 
gata is the dominant grazer and on exposed shores has 
an extremely important community structuring role 
regulating the recruitment of algae (see Hawkins et 
al. 1992 for review). As one moves into shelter, the 
large macroalgal canopy-forming species Ascophyl- 
lum nodosum (hereafter Ascophyllum), which is com- 
pletely absent on exposed shores, increases in abun- 
dance and dominates the mid-shore region. This is 
accompanied by an increase in cover of turf-forming 
algae and a decline in density of P. vulgata (Lewis 
1964). The cause of this decline in limpet density with 
shelter from wave action has been speculated upon but 
not experimentally investigated. Lewis & Bowman 
(1975) suggested that fucoids act as a barrier to limpet 
recruitment. Alternatively turfs of understorey algae 
beneath Ascophyllum may limit the space available for 
limpet recruitment (Hawkins et al. 1992). At sheltered 
sites, Ascophyllum forms a near monospecific cover 
over much of the mid-shore (Lewis 1964, Stephenson & 
Stephenson 1972). Because of its commercial impor- 
tance, a number of studies have investigated the 
potential of Ascophyllum for regrowth or recolonisa- 
tion in harvested or experimentally denuded areas 
(Baardseth 1955, Printz 1956, 1959, Keser et  al. 1981, 
Keser & Larson 1984, Sharp 1986). However examina- 
tion of interactions between the canopy, grazers and 
the understorey has been neglected (but see Burrows 
1947, Boaden & Dring 19801. 

The general aim of this study was to determine the 
effects of the Ascophyllum canopy and grazing by 
Patella vulgata on the mid-shore community structure 
of a sheltered rocky site. Ascophyllum was experimen- 
tally removed to test the hypothesis that the canopy 
facilitates the presence of a red algal turf at mid-shore 
level and in so doing indirectly limits the P. vulgata 
population by limiting the availability of suitable sub- 
stratum. By simultaneously manipulating P. vulgata 
populations we tested the hypothesis that limpet graz- 
ing is not important in structuring mid-shore sheltered 
communities. We also wished to investigate the re- 
cruitment and growth of Ascophyllum following its 
removal. This very successful canopy alga has an 
extensive distribution throughout the North Atlantic, 
but despite a high investment in reproduction (Josse- 
lyn & Mathieson 1978, Aberg 1996) and a high level of 
successful fertilisation (Baardseth 1970) recruitment of 

new individuals into mature stands can be surprisingly 
low (e.g. David 1943). We wished to test the hypothesis 
that the canopy limits recruitment of juveniles of its 
own species, and to determine the ability of this alga to 
recolonise cleared areas over a 6 yr period of study. 

METHODS 

Study sites and descriptive sampling. Descriptive 
sampling of the Ascophyllum zone was undertaken at 
4 gently sloping, sheltered shores in the south of 
the Isle of Man, UK, at Perwick Bay (Site A), at the 
northern edge of Castletown Bay (Site B) and on the 
Langness Peninsula (Sites C and D) (Fig. 1). Site C was 
used for experimental work (see below). The mid- 
shore at all 4 sites was dominated by Ascophyllum, 
which covered a vertical range of between 2.5 and 5 m 
above Lowest Astronomical Tide (LAT). At all shores 
sampled the understorey community can be divided 
into 2 separate functional units, a multi-species, sedi- 
ment-trapping red algal turf (see 'Results' for composi- 
tion) and patches of substratum, kept clear of erect 
algae by the grazing of Patella vulgata. Observations 
made during high water using SCUBA and video and 
during low water showed limpets were permanently 
restricted to these patches. These 'bare' patches con- 
sisted of a mosaic of bare rock and encrusting algae, 
predominantly Phymatolithon lenormandii, and will 
subsequently be referred to as 'bare substratum'. The 
relative proportions of bare substratum and red algal 
turf and the percentage cover of the Ascophyllum 
canopy were determined at 3 shore heights within the 
Ascophyllum zone. In addition, the relationship 

Fig. l. Location of 4 sheltered sites (A to D} in the south of the 
Isle of Man used in August 1994 to describe the distribution of 
substratum types in the RscophyUum zone. Inset map shows 
the position of the Isle of Man in the Irish Sea; the black 

rectangle depicts the area covered by the main map 
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between bare substratum patch size and limpet num- 
ber was determined along a mid-shore transect on the 
Langness Peninsula. A total of 68 patches were 
selected at random and their size estimated using a 
subdivided quadrat. The shell lengths of all limpets 
occupying each patch were recorded. A number of 
other grazers occur in the Ascophyllum zone which 
were not specifically investigated. Littolina littorea can 
be abundant on sheltered shores, but was extremely 
rare in the mid-shore of the sites studied (see Norton et 
al. 1990, for distribution of L. littorea on the Isle of 
Man). L. obtusata was abundant on Ascophyllum 
plants and qualitative observations were made on the 
distribution and behaviour of this species. 

Experimental work. Design and implementation: A 
2-way factorial experiment was designed to investi- 
gate the effect of the AscophyIlrim canopy and the 
limpet Patella vulgata on the understorey community. 

Both factors had 2 levels, presence and absence, 
resulting in 4 orthogonal treatments which were repli- 
cated 3 times. 

The experiment was established at Site C (Fig. 1) In 
the middle of the Ascophyllum zone between 3.3 and 
4.3 m above LAT and covering a horizontal distance of 
100 m. Descriptive sampling showed the community 
structure of the mid-shore of this site was representa- 
tive of sheltered shores in the south of the Isle of Man. 
In November 1991, we chose 12 plots all positioned at 
least 5 m apart in areas of smooth, gently sloping 
topography with a dense cover of Ascophyllum. At 
each plot an area 2 X 2 m square was measured and 
marked at each corner using ring-bolts screkved into 
holes drilled in the rock. The 4 treatments described 
above were assigned at random to the 12  plots. In plots 
which required canopy removal, every individual of 
Ascophyllum and Fucus serratus over 5 cm in length 
was completely removed, including the holdfast. In 
order that the full 2 X 2 m area could be considered free 
from the influence of the Ascophyllum canopy, individ- 
ual plants surrounding the plot which could overhang 
onto its surface were cropped. The exclusion of limpets 
from experimental plots was simplified because of the 
concentration of limpets into patches of bare substrate 
within the red algal turf. This turf acted as a natural 
barrier to limpet movement thus negating the need for 
the construction of artificial fences to exclude limpets 
from experimental plots. 

Sampling: Plots were sampled before manipulation 
and at approximately 6 wk intervals for a period of 2 yr 
afterwards. Thereafter, sampling was undertaken at 
irregular intervals over the next 4 yr. A 0.5 X 0.5 m 
quadrat, subdivided into 25 equal squares, was placed 
at 4 random positions within each plot. These 4 sub- 
samples were used to calculate a mean value for each 
replicate in order to maximise the precision of estima- 

tion (Hurlbert 1984). In plots where th.e Ascophyllum 
canopy was left intact, the percentage cover of canopy 
algae cvas first estimated before gently moving it to 
one side. The percentage cover of understorey algae 
was estimated and the number of fucoid juven~les re- 
corded. Individual fucoids less than 5 cm in length, 
excluding plants that by breakage had decreased in 
size, were considered to be juveniles. Ascophyllum 
juveniles grow extremely slowly, with estimates of 
between 1 mm (Lazo et al. 1994) and 15 mm (Baardseth 
1970) of growth in the first year. Thus, even accepting 
greater growth in subsequent years, a 5 cm long Asco- 
phyllum plant may be several years old and so, for 
Ascophyllum, the term 'juvenile' is used in the sense of 
size and non-reproductive status rather than age. This 
classificat~on of 'juveniles' enabled us to follow the 
density of new Ascophyllum recruits after experirnen- 
tal manipulation over a number of yea.rs. 

The red algal turf, an association of red algal species 
and entrapped sediment, was treated as a single func- 
tional unit and sampled as such. In addition, the per- 
centage cover of the most conspicuous species, Chon- 
drus crispus, which was common throughout the turf. 
was estimated. A purely qualitative description was 
also made at each sampling date of the state of the red 
algal turf in each treatment. 

Patches of bare substrate were examined carefully at 
each sampling date, and the total number and size of 
limpets in each patch recorded. The area of each patch 
was estimated using a quadrat subdivided into 25 
squares, measurements being repeated 3 times to 
ensure accuracy. In the control, an additional method 
was employed to determine patch size. A sheet of clear 
polythene was placed over each patch and the bound- 
ary between bare substrate and turf traced onto the 
polythene using a marker pen. The area of each patch 
was then determined in the laboratory. This not only 
produced an accurate measure of patch size, but also a 
permanent record of patch shape which enabled an 
assessment of the stability of patches in the natural 
community. 

In August 1994 the distribution and density of Asco- 
phyllum juveniles were examined in detail In the 4 
treatments. Sampling was divided between turf and 
patches of bare substrate in order to establish where 
juveniles were recruiting to. For both substrata, five 
0.25 X 0.25 m quadrats were positioned at random 
within each replicate plot, and the number of juveniles 
counted. 

Statistical treatment o f  data: Analysis of the exp- 
eriment was performed using a 2-way ANOVA with 
both factors, canopy and limpet grazing, considered 
fixed. Heterogeneity of variance was tested for using 
Cochran's test and, where appropriate, arcslne trans- 
formations applied. 
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RESULTS 

Patterns in the Ascophyllum zone 

Table 1. ANOVA of the percentage cover of bare substratum 
on sheltered shores in the south of the Isle of Man.  Shore was 

treated as a random factor while tidal height was flxed 

All 4 shores sampled had a near 100 % cover of Asco- 
phyllum at  all shore levels. Red algal turf was the dom- 
inant component of the understorey, its mean percent- 
age cover averaged over the Ascophyllum zone 
ranging from 6 2 %  at Perwick to 87 %, at Castletown. 
The turf consisted of a number of red algal species, 
predominantly Chondrus crispus, Gelidium pusillurn, 
G. latifoliurn, Corallina officinalis plus others such as 
Laurencia spp., Audouinella floridula and Lornentaria 
articulata. The thalli of these algae bound a layer of silt 
which in the undisturbed community ensured that, 
where present, the turf formed a continuous cover over 
the rock surface. The remainder of the understorey 
was made up of patches of bare substratum grazed by 
Patella vulgata. The cover of bare substratum was sig- 
nificantly greater at the high-shore level (Fig 2, 
Table 1) although the effect of shore height on the bal- 
ance between the 2 types of understorey was clearly 
not consistent between all 4 shores (Fig. 2). 

The overall density of Patella vulgata a t  mid-tide 
level on the sheltered shores investigated was low in 
comparison to neighbouring exposed shores (Table 2). 
However, the sheltered shore limpets are confined to 
relatively small patches of bare substratum and do not 
graze on the turf. Density, calculated as number per 
unit area of grazeable substrate, was thus higher on 
sheltered compared to exposed shores, since a rela- 
tively large number of limpets are concentrated in 
small areas of bare substratum. 

The size of bare substratum patches showed a strong 
correlation with numbers of limpets inside the patch 

Mid High 

T 

Fig. 2. Percentage cover of bare substratum at 3 tidal heights 
within the AscophyUum zone on 4 sheltered shores (A to D) in 
the south of the Isle of Man. For each height at each shore a 
100 m transect was established parallel to the shoreline. 
Twenty 0.5 X 0.5 m quadrats were placed at random along 

each transect Error bars: *l  SE 

Source d f MS F P 

Shore 3 7398.1 12.51 <0.001 
Tidal height 2 12094.2 9.95 <0.02 
Shore X Height 6 1215 8 2.06 <0.06 
Residual 228 591 4 

Table 2. Patella vulgata. Mean density * l  SE of individuals 
over 15 mm in length at mid-tide level of sheltered and 

exposed shores on the lsle of Man 

Density Density 
(ind. m-') (ind. m-2 bare space) 

Sheltered 
Perwick 18.0 & 3.1 
Castletown 8.6 ? 1.5 
Langness (inner) 7.4 + 1.8 
Langness (outer) 7.1 + 1.3 

Exposed 
Port St. Mary 22.2 + 2.1 23.3 2 2.3 
Derbyhaven 29.4 * 2.5 29.8 * 2.5 
Scarlett 34.8 + 2.4 35.2 + 2.5 
Niarbvl 38.4 * 2.7 41.9 + 3.1 

(r = 0.838, p < 0.01; Fig. 3). This correlation was not 
improved by substituting limpet biomass (measured as 
soft tissue dry weight) for limpet number (r = 0.824, p c 
0.01). Biomass of limpets in each patch was calculated 
using a regression of limpet length on soft tissue dry 
weight from limpets obtained within the Ascophyllum 
zone of 2 sheltered shores on the Isle of Man (unpubl. 
data). 

Canopy and grazer manipulation 

Ephemeral green algae 

The cover of ephemeral green algae was very low 
( ~ 4 % )  throughout the experimental penod in plots 
where the canopy was intact, irrespective of the pres- 
ence or absence of limpets (Fig. 4). Removal of the 
Ascophyllum canopy had a pronounced effect on the 
cover of ephemerals, with blooms in the spring and  
summer of 1992 and to a lesser extent 1993. The effect 
of canopy removal was highly significant in the first 
year following establishment of the experiment (July 
1992, Table 3). In the second year (1993) the effect of 
canopy removal was greater where limpets were also 
removed (significant interaction term, Table 3). This is 
consistent with field observations which showed that 
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limpet grazing prevented recruitment of ephemerals to amounts (<10% cover). For both species there was no 
bare substrate, thereby restricting colonisation to the effect of limpets but a significant effect of Ascophyllum 
turf. removal (Table 3). A mixed Fucus spp. canopy was 

persisting in experimental plots nearly 6 yr after the 
start of the experiment. 

Fucus spp. canopy cover 

Removal of Ascophyllum resulted in the develop- Ascophyllum recruitment 
ment of a mixed canopy of Fucus serratus and F. 
vesiculosus (Fig. 4 ) .  In control plots, F. vesicuIosus was Removal of the Ascophyllum canopy resulted in a 
completely absent whilst F. serratus occurred in small dramatic change in the density of Ascophyllum 

A 
Correlation coefficient r = 0.838 

B Correlation coefficient r = 0.824 
30 i 20 1 

Patch area (m2) Patch area (m2) 

Fig. 3. Patella vulyata. Relationship between size of bare substrate patch sizes and (A) limpet number, (B) Limpet biomass 
measured as soft tissue dry weight 
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Fig. 4 .  Mean percentage cover of algal species in expenmental plots. Error bars: *l SE. For Chondrus crispus: note different 
vertical scale. Also, SE estimates overlap considerably and have been omitted for clarity 
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Table 3. ANOVA on the abundance of  algae in experimental plots. All data are arcsine transformed following Cochrans's test. 
except for Ascophyllum juveniles 

Fucus serratus Fucus vesjculosus 
December l994 December l994 

Canopy 1 4700.36 19.51 c0.004 11461.15 77.46 ~ 0 . 0 0 0 1  
Limpet 1 618.59 2.57 >0.15 532.86 3.64 c0.1 
Canopy X Limpet 1 225.18 0.93 >0.35 532.86 3.61 c0 .1  
Residual 7 240.98 147.96 

Canopy 
Limpet 
Canopy X Limpet 
Residual 

Ephemeral green algae 
July 1992 

12103.99 109.00 <0.0001 
12.73 0.11 >0.7 

131.68 1.18 >0.3 
111.37 

Ephemeral green algae 
May 1993 

1314.05 28.98 <0.0007 
21.19 0.47 >0.5 

276.24 6.09 c0.04 
45.35 

Ascoph yllum juveniles Chondrus crispus 
November l994 September 1992 

Canopy 1 206063.06 4.28 <0.08 294.14 41.53 <0.0002 
Limpet 1 5963.01 0.12 >0.7 2.18 0.31 >OS9 
Canopy X Limpet 1 38250.54 0.79 >0.35 0.25 0.04 >0.85 
Residual 8 48080.52 7.08 

juveniles which was first observed in September 1992, removal of limpets had no effect on the density of 
10 mo after experimental manipulation (Fig. 5). A Ascophyllum juveniles growing amongst the turf. High 
steady rise in density occurred over a period of 3 yr in levels of Ascophyllum juveniles occurred only in plots 
both treatments in which the canopy was removed, cleared of canopy. The effect of canopy removal on 
although a high degree of spatial variation in the dis- juvenile density amongst the turf was just insignificant 
tribution of juveniles occurred both within and at the 5 % level (p < 0.06, Table 4).  
between replicates. In December 1994, 3 yr after the Sampling in June 1997 showed that the increase in 
start of the experiment, maximum mean densities in abundance of Ascophyllum juveniles had ceased at 
the canopy removal treatments with and without some point after the end of 1994. Juvenlle density had 
limpets were 378 and 221 m-2 respectively. These 
densities compare with a mean background level 
in control plots of less than 6 juveniles m-'. 600 

Despite the high mean density in canopy removal 
treatments, large spatial variability ensured the 500 

effect of canopy removal was not significant at the 
5 % level (p < 0.07, Table 3). 400 

A more rigorous investigation of the distribution .g g 300 of Ascophyllum juveniles in August 1994 revealed 
distinct differences in the effects of the 2 factors, 

200 
canopy and limpet grazing, depending on the 
substrate type (turf or bare substratum). ANOVA 
using substrate type as a factor was not possible 
owing to the lack of independence between sam- o 
ples; estimates of juvenile density for the 2 differ- 
ent substrate types were made in the same exper- 1997 

imental plots. Therefore separate analyses were - - ---A--- 

performed for each substrate type. There was a Treatment 1 Treatment 2 Treatment 3 Treatment 4 

significant effect of limpet removal on the density Canopy and Canopy removed, Canopy present, Canopy and 
of Ascophyllum juveniles on bare substrate. Den- limpets removed limpets present limpets removed limpets present 
sities were high on bare substrate where limpets 

were the presence the Fig. 5. Ascophyllum nodosum. Mean density of juveniles(<5 cm in 
Ascophyllum canopy (Fig. 6 ,  Table 4). In contrast, length) in experimental plots. Error bars: *l SE 
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Red algal turf Bare substratum 

Limpets No limpets Limpets No limpets Limpets No l~mpers Limpets No limpers 

No canopy Canopy No canopy Canopy 

Fig. 6. Ascophyllum nodosurn. Distribution of juveniles in August 1994 on red algal turf and bare substrate in experimental plots. 
Error bars: * 1 SE 

decreased in all treatments (Fig. 5). Analysis of the size 
distribution of the Ascophyllum plants at this time, in 
plots where the canopy had been removed, showed 
that the number of new recruits (< 1 cm in length) was 
minimal, suggesting that the conditions which allowed 
such high recruitment at the start of the experiment no 
longer existed. The dominant size class in June 1997 
(5 yr after high recruitment levels had first been 
observed) was between 3 and 5 cm with all but 1 indi- 
vidual (42 cm in length) out of 200 measured being less 
than 20 cm in length. 

Red algal turf 

Qualitative observations showed distinct changes in 
the red algal turf following removal of the canopy. 
Bleaching was apparent in red algae as early as Janu- 
ary (2 mo after canopy removal), leading to severe die 
back of the turf species over the next few months. 
Colonisation of the bleached turf by ephemeral algae 
in the spring and summer resulted in considerable silt 
accumulation. However, as ephemeral cover declined 
through late summer and autumn this silt was lost, 
especially from areas where red algae had died. This 
led to the opening up of large areas of bare rock. 
Recovery of red algae from bleaching began in 

November 1992 with regrowth of Gelidium species 
especially beneath the new canopy of Fucus spp. This 
trend of recovery and regrowth continued throughout 
the spring and summer of 1993 where the turf was pro- 
tected by new canopy. However, where the canopy 
was absent the turf remained stunted and patchy. 

The qualitative description of changes in the red 
algal turf is reinforced by examining changes in cover 
of Chondrus cnspus in experimental plots. Cover of 
this common component of the turf had significantly 
reduced in canopy removal plots by September 1992 
(Table 3, Fig. 4). This was followed by an increase in 
cover as a new fucoid canopy developed. 

Sampling of the turf in August 1994 and June 1997 
revealed that although regrowth of red algae had 
occurred, the results of turf degradation due to canopy 
removal were persistent. The percentage of rock visi- 
ble within the turf matrix was significantly higher in 
plots cleared of canopy in both 1994 (l-way ANOVA: 
F(,,,o, = 27.19, p < 0.0004) and 1997 (l-way ANOVA: 
F,l,lo, = 15.25, p 0.003) (Fig. 7). 

Patch sizes 

The area of selected patches of bare substrate in 
experimental plots showed distinct changes in size as a 

Table 4. Ascophyllum nodosum. ANOVA of the densjty of juveniles on 2 different substrata in August 1994 

d f Turf Bare substrate 
MS F P MS F P 

Canopy 1 174170.71 4.84 ~ 0 . 0 6  128.58 0.01 >0.9 
Limpet 1 94.64 0.00 s0.9 141110.80 8.46 <0.02 
Canopy X Limpet 1 709.94 0.02 >0.8 4669.70 0.28 >0.6 
Residual 8 35968.86 16690.06 
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D Canopy 
prcscnt 

May 1993 owing to loss of distinct patch boundaries range of limpets stopped approximately 1 yr 

Q Canopy 
of l yr to a peak of 181 % of their original size. Stabili- 

absen~ sation of patch area following this was probably - 20 - 
0 
L 'c 
W 3  g F 15- 
0 '- 
O P  
S.; 10- 
E '  
W Y 
0 0 
$ 2  5 -  
a 

o I the recruitment of limpets to patches of bare substratum, 
1994 1997 calculated as number of new recruits per unit area of 

Fig. 7. Mean percentage cover of bare rock visible within the bare substratum, was the same in the presence and ab- 
turf matr~x in August 1994 and June 1997. Treatments where sence of the Ascophyllum canopy (Fig. 9A). However, in 
limpets were present and absent were pooled within each of plots where the canopy was removed the area of bare 

the canopy treatments. Error bars: *l  SE 
substratum nearly doubled in size, resulting in signifi- 
cantly higher recruitment per unit area of shore in 1993 

result of canopy and limpet manipulation. In control (Fig. 9B; F,,,,, = 6.43, p < 0.05) and a just insignificant re- 
plots, where no manipulation had taken place, individ- sult in 1994 = 4.67, p < 0.10). 
ual patches showed small variations in size and shape 
although there was no overall change in area over 2 yr. 
Removal of limpets alone (Treatment 3) resulted in a DISCUSSION 
distinct reduction in patch size to 46% of their original 
area after 2 yr, due to overgrowth by red algae (Fig. 8). Interactions between the Ascophyllum canopy, red 
In Treatment 1, where both canopy and limpets were algal turf and Patella vulgata 
removed, patch size appeared to be governed largely 
by growth of ephemerals, with complete overgrowth of Our work suggests that limpets play a very limited 
bare substrate in the spring and summer of 1992 and role in structuring the mid-shore community of shel- 
1993. Between blooms of ephemerals, the mean patch tered shores. This is in sharp contrast to the situation 
size increased to 153% of the original size owing to on more exposed shores of NW Europe, where the 
degradation of the algal turf. Removal of only the ability of limpets to limit algal recruitment means 
canopy, leaving limpets undisturbed (Treatment 2), they are the dominant structuring organism (South- 
caused a gradual increase in patch area over a period ward 1964, Southward & Southward 1978, Hawkins 

1981, see Hawkins et al. 1992 for review). 
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Ascophyllum canopy present Ascophyllum canopy absent 

Fig. 9. Patella vulgata. Recruitment of individual limpets to bare substratum patches. Number of new recruits in each year 
counted and recruitment expressed as (A) number of recruits per square metre of bare substratum and (B) number of recruits per 
square metre of the mid-shore. A value of 11 % bare substrate cover at mid-shore level of the experimental site in the undisturbed 

community was used to calculate recruitment per unit area of shore. Error bars: 21 SE 

after canopy removal, coinciding with the development 
of a new fucoid canopy, a m.ixed stand of Fucus serratus 
and E vesiculosus. It seems likely this canopy acted in a 
similar way to the original Ascophyllum plants, provid- 
ing shade for the turf species and thus limiting the dam- 
aging effects of prolonged emersion. Regrowth of the 
turf species did occur under the new canopy, although 
the turf had not fully recovered nearly 6 yr after estab- 
lishment of the experiment, thus illustrating the long- 
term effects of canopy removal in this community. 

In the undisturbed community, there was a balance 
between the areas of bare substrate and of turf. Limpet 
grazing prevented vegetative expansion of red algae, 
but equally the red algal turf prevented limpets from 
expanding their grazing range. This balance was 
mediated by the presence of a canopy. It may appear 
incongruous that limpets, which so effectively regulate 
the biomass of algae on exposed shores, can in turn be 
regulated by algal growth. However, Patella vulgata 
exerts its effect on exposed shores by grazing on the 
epilithic microbial film (Hill & Hawkins 1990) and 
rarely feeds on mature stages of macroalgae. Thus 
limpets can be excluded from habitats by algal growth 
either by pre-emption of space (Dye 1993) or by the 
physical swamping of limpets by fast-growing algae 
low on the shore (Underwood & Jernakoff 1981, 
Hawkins & Harkin 1985). 

The facilitation of growth of the red algal turf by the 
Ascophyllum canopy not only limits the range of limpet 
grazing, but it may also seriously affect recruitment of 
limpets to the shore. Limpet larvae are thought to set- 
tle preferentially in pools lined with calcified red algae 
(Bowman 1981, Morse 1991). We think it unlikely that 
larvae will settle and survive on the turf (see Lewis & 
Bowman 1975), and so recruitment will be limited to 
patches of bare substrate. Following canopy removal, 
limpet recruitment to experimental plots increased in 
direct proportion to the subsequent increase in area of 

bare substratum. Thus, by facilitating the presence of 
the turf, the Ascophyllum canopy indirectly limits 
limpet recruitment to the mid-shore of sheltered sites 
by restricting the total free space available for settle- 
ment. This study therefore provides evidence for a 
potential cause of the decline in limpet abundance 
across the wave exposure gradient on shores of NW 
Europe, from exposed shores where limpets have an 
important role in regulating macroalgal cover (see 
Hawkins et al. 1992 for review) to sheltered localities 
where limpet density is low. This indirect control of 
limpet abundance is likely to have a significant effect 
on understorey community structure. However, given 
the long-lived nature of Ascophyllum and low reliance 
on sexual reproduction, it seems unlikely that a greater 
abundance of limpets would have a significant effect 
on the ability of this fucoid alga to dominate the mid- 
shore of sheltered sites. 

The importance of indirect effects in rocky intertidal 
habitats was recently assessed by Menge (1995), who 
concluded that such effects accounted for approxi- 
mately 40% of the change in community structure 
resulting from experimental manipulation. The main 
indirect effect revealed by our work (a basal species, 
Ascophy1lum, provided shelter for other basal species, 
red algae, which then had a negative effect on a herbi- 
vore, Patella vulgata, through inhibition of feeding and 
recruitment) was not included in a total of 83 subtypes 
of indirect effect recognised by Menge from a review 
of 23 experimentally based studies. This may indicate 
that this type of interaction is rare, but more likely sim- 
ply demonstrates the large range of indirect effects in 
rocky intertidal habitats. 

The dominant community-structuring role of the 
Ascophyllum canopy is demonstrated not only in its 
facilitation of the red algal turf and the indirect inhibi- 
tion of limpet populations but also by the direct exclu- 
sion from the mid-shore of green ephemeral algae and 
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of the canopy fucoids Fucus vesiculosus and F. serra- 
tus. In undisturbed communities of Ascophyllum on 
Manx sheltered shores, F. vesiculosus is almost com- 
pletely absent, whilst F. serratus forms a limited sub- 
canopy in the mid and low parts of the Ascophy1lum 
zone (unpubl. obs.). Our results and a number of ear- 
lier studies (Knight & Parke 1950, Boaden & Dring 
1980, Keser et al. 1981, Keser & Larson 1984) show that 
both F. serratus and F. vesiculosus are capable of rapid 
colonisation in the mid-shore of sheltered sites in the 
absence of Ascophyllum. That they are absent or rare 
shows the competitive ability of Ascophyllum and the 
lack of disturbance events which could disrupt the con- 
tinuous cover of Ascophyllum. 

Recruitment and growth of Ascophyllum 

Despite the dominance of Ascophyllum on the mid- 
shore of sheltered sites in NW Europe (Lewis 1964), 
numerous studies have recorded a surprisingly low 
abundance of juveniles of this species (Oltmanns 1889, 
David 1943, Knight & Parke 1950, Printz 1956, Baard- 
seth 1970, Sundene 1973, Lazo et al. 1994). Detailed 
observations by Aberg & Pavia (1997), at a range of 
spatial scales on the Isle of Man and in Sweden, 
revealed densities higher than previously reported, 
with a, mean of 40 juveniles m-2 ( < l  cm in length). 
However, juveniles were extremely patchily distrib- 
uted, with a large proportion (>?5 %) of the replicated 
sam.pling areas (0.25 X 0.25 m) containing no juveniles 
at all. 

Removal of the Ascophyllum canopy in this study 
resulted in high levels of recruitment by Ascophyllum 
juveniles, supporting the hypothesis that the canopy 
is responsible for limiting the density of juveniles 
in mature stands. Similar enhancement of recruitment 
was described by Keser et al. (1981) and Keser & 
Larson (1984) working in Maine, northeastern USA. 
In contrast, other studies carried out in Europe found 
only low levels of Ascophyllum recruitment follow- 
ing canopy removal (e.g. Knight & Parke 1950). It is 
a common observation in experimental studies that 
canopy algae inhibit recruitment of juveniles of the 
same species (Lubchenco 1986, Ch.apman 1989, 1990, 
Benedetti-Cecchi & Cinelli 1992). The mechanisms of 
inhibition have rarely been examined in detail but 
most studies attnbute enhanced juvenile recruitment 
following canopy removal to increased irradiance (e.g 
Ambrose & Nelson 1982, Santelices & Ojeda 1984, 
Robertson 1987) 

It is tempting to conclude that the Ascophyllum 
canopy directly limits recruitment probably by a 
reduction of light levels. However, detailed observa- 
tions of the distribution of AscophyLlum juveniles be- 

tween different substrata in the different treatments 
suggest an alternative hypothesis. Levels of recruit- 
ment equivalent to those following canopy removal 
were found beneath the undisturbed canopy on bare 
substratum when limpets were removed. Thus, on a 
substratum free from an occupying cover of turfing 
algae and limpet grazing, high levels of recruitment 
can occur despite the presence of an overlying canopy. 
This suggests that the limiting factor in an undisturbed 
Ascophyllum community in preventing high recruit- 
ment is the lack of substratum free from both turf- 
forming algae and a high density of grazers. 

Algal turfs have been shown to inhibit the recruit- 
ment of canopy algae, both in the intertidal and subti- 
dal zones (Sousa et al. 1981, Deysher & Norton 1982, 
Kennelly 1987, Benedetti-Cecchi & Cinelli 1992, Worm 
& Chapman 1998). The means by which inhibition 
occurs is unclear, since initial settlement of zygotes in 
turfs may be higher than on surrounding bare rock 
(Benedetti-Cecchi & Cinelli 1992, Worm & Chapman 
1996). However, high post-settlement mortality due to 
competition for light or nutrients is probably of impor- 
tance (Reed & Foster 1984, Kennelly 1987, Worm & 
Chapman 1996). Alternatively Ascophyllum zygotes 
may simply need a firm stable substratum on which to 
develop. Stewart (1982) observed that entrapped sedi- 
ment within a turf can deprive spatial competitors of a 
firm substrate for attachment. This suggests an alter- 
native hypothesis as to the mechanism by which 
canopy removal causes enhanced recruitment. Canopy 
removaI resulted in turf degeneration and silt loss 
which led to the generation of a fine-scale mosaic of 
algae, silt and bare rock. This may promote recruit- 
ment by allowing direct settlement of zygotes onto a 
suitable stable substratum which is not grazed by 
limpets. Thus, the facilitation of an understorey turf by 
Ascophyllum may indirectly limit recruitment of its 
own juveniles. 

Grazers other than limpets, such as Littorina littorea 
(Keser et al. 1981, Cervin & Aberg 1997) and crus- 
tacean mesoherbivores (Cervin & Aberg 1997), may 
limit Ascophyllum recruitment. Although locally abun- 
dant on the Isle of Man (Norton et al. 1990), L. ljttorea 
was virtually absent from our study site. The only com- 
mon littorinid in the Ascophyllum zone was L. obtusata 
which generally lives and feeds on the Ascophyllum 
canopy rather than on the substratum (Williams 1990). 
The possibility that a reduction in the density of crus- 
tacean mesoherbivores following canopy removal may 
have allowed Ascophyllum recruitment cannot be dis- 
counted. 

Although recruitment of juveniles was markedly 
enhanced following canopy removal, the vast majority 
of recruits had failed to grow beyond 10 cm in length 
nearly 6 yr after initiation of the experiment, and plots 
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were dominated by Fucus  spp. Lack of Ascophyllum 

canopy recovery is clearly a function of slow growth 
rate rather than an inability to recruit. Given the con- 
tinued high density of Ascophylluni plants in canopy 
removal plots and the ability of AscophyUum to grow 
whilst shaded by Fucus spp. canopies (see Keser & 
Larson 1984), it seems likely that Ascophyllum will 
eventually regain dominance. 

Summary 

This work shows Ascophyllum nodosum clearly has 
a very important role in structuring the mid-shore com- 
munity of sheltered sites. As well as directly limiting 
the abundance of Fucus  species and ephemeral algae, 
our work provides evidence that t h s  macroalgal 
canopy indirectly limits the abundance of the domi- 
nant intertidal grazer Patella vulgata through its facili- 
tation of a turf community. The role of this grazer is 
therefore limited at mid-tide level of sheltered sites in 
contrast to its important role in regulating macroalgal 
cover at exposed shores. 
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