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INTRODUCTION

The role of herbivores in the structure and dynamics
of assemblages is the subject of continuing ecological
research (Underwood & Denley 1984, Pace et al. 1999,
Brown et al. 2001, del-Val & Crawley 2005). Intensity
of grazing by many species of herbivores is known to
be greater in areas close to their home refuges, causing
a reduction in vegetation in areas near the boundary of
a refuge relative to areas further away (Levings & Gar-
rity 1983). Gradients in abundance and/or composition
of vegetation with increasing distance from refuges —
termed grazing haloes — have been observed in ter-
restrial, intertidal and other marine habitats (reviewed
by Huntley 1991). Grazing haloes can be readily
observed and quantified where changes in vegetation
are profound or occur over large (metres to 10s of

metres) spatial scales, as is the case for some species of
sea urchins (Ogden et al. 1973), foraging lagomorphs
(McIntire & Hik 2005), parrotfish (Macia & Robinson
2005), prairie dogs (Whicker & Detling 1988) and
assemblages of small animals (Bartholomew 1970). In
intertidal environments, many molluscan herbivores
feed on micro-algae (e.g. diatoms, Cyanobacteria,
propagules and germlings of macro-algae) on and in
intertidal rocky surfaces (Hill & Hawkins 1991). Many
of these herbivores take refuge in rock-pools, crevices
or hollows to avoid stress due to desiccation or heat
during low tide (reviewed by Brosnan 1992). Within
any section of rocky shore, interactions of grazers and
refuges can therefore create grazing ‘haloes’, which
are often manifested as reduced amounts of algal foods
close to a refuge or as bare areas which gradually give
way to crustose or foliose algae (Levings & Garrity
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1983). Such haloes in intertidal areas tend to be much
smaller (cm rather than metres) than in terrestrial
habitats, but, at these small scales, grazing has very
large effects on the structure and dynamics of assem-
blages, particularly on the development of macro-
algae (Underwood 1980) and recruitment of barnacles
and other dominant users of space (see particularly
Dayton 1971).

Understanding the consequences of grazing on rocky
shores has, however, been constrained by the small
scales at which grazers operate, but which are inte-
grated to cause shore-wide effects. These have made it
difficult to test hypotheses about grazing because
quantifying the amount of algal (or micro-algal) bio-
mass around intertidal refuges is difficult. Problems in-
clude the following: (1) areas to be sampled are very
small, making it difficult or impossible to acquire inde-
pendently replicated samples through time; (2) biomass
of resources used by grazers is estimated in the labora-
tory from samples of rock by extracting chlorophyll (an
index of biomass) and quantifying it spectrophoto-
metrically (Underwood & Creese 1976); (3) sampling is
therefore generally very time-consuming and destruc-
tive, making it impossible to test hypotheses about
time-courses of processes or the influences of spatial
patterns of distribution of resources on the behaviour
(e.g. foraging excursions) of the grazers.

As a result of the difficulties, relatively few studies
have examined patterns of grazing around refuges in
intertidal areas. Levings & Garrity (1983) found that
areas of rock up to 10 cm away from refuges were
bare, but the cover of crustose algae increased with
increasing distance from the refuge. Similarly, influ-
ences of grazers on a tropical rocky shore extended
50 to 100 cm from a refuge (Williams et al. 2000).
Smaller algal biomass was found within a 5 cm band
around refuges inhabited by high-shore littorinids
(Stafford & Davis 2005). Grazing haloes are not only
characterized by changes in biomass, but also by
changes in composition and photosynthetic capacity of
the algal assemblages (Kaehler & Froneman 2002).

This study investigated distributions of micro-algal
biomass around mid-shore refuges (pools) used by
grazing snails Nerita atramentosa on a temperate
rocky shore. This species is an important grazer and a
dominant competitor for food (Underwood 1984a). A
new imaging technique was used to acquire contigu-
ous measurements of chlorophyll (an index of micro-
algal biomass) at great (<0.5 mm2) spatial resolution
(Murphy et al. 2006). The technique enables multiple
independent measurements of chlorophyll, non-
destructively, over small areas of rock, enabling appro-
priate replication and sampling at intervals during
experiments. Experimental rock-pools had been made
in 1986 as part of other projects (see Underwood &

Skilleter 1996). Numerous N. atramentosa individuals
occupied the pools during low tide and grazed over the
surrounding rocks during high tide. This pattern of use
of shelter and more extensive grazing often leads to
haloes, or differences in amounts of micro-algae away
from the edge of the pools. This study described exper-
iments to investigate the spatial consequences of graz-
ing as an influence on amounts of chlorophyll over
small distances (a few cm).

MATERIALS AND METHODS

Field location and experimental setup. The experi-
ment was done on a sandstone rock-platform at the
Cape Banks Scientific Marine Research Area, NSW,
Australia, using experimental, circular rock-pools orig-
inally made as part of other experiments. Pools were
15 cm in diameter by a mean of 5 cm deep, in a mid-
shore area measuring approximately 15 × 15 m. The
experiment started December 2005 (Austral summer)
and ended in May 2006.

We proposed that micro-algae will develop faster
and to greater amounts in areas around a refuge from
which Nerita atramentosa are excluded compared with
controls, because the snails will move away and no
longer influence the local distribution of micro-algae.
To test this, 4 replicate pools were randomly assigned
to each of 3 treatments (Fig. 1). Grazers were excluded
from pools using a rigid stainless-steel mesh, anchored
to the bottom of the pool using a single bolt (Full Cage
treatment; FC). Partial cages were used to control for
artefacts due to the cages; these were similar to the FC
treatment, except that a small gap between the rock
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Fig. 1. Diagram of experimental area with a full cage (FC).
Encrusting algae were removed from the rectangular areas
shown as grey. The hatched circle is the cage over the pool;
I, M, O show the inner middle and outer annuli sampled.
Black dots represent wax disks used to estimate amount of 

grazing in each annulus
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and the cage allowed free movement of animals into
and out of the pool (Partial Cage treatment; PC). Nerita
atramentosa were observed to move in and out of these
pools. Control pools did not have a cage (No Cage
treatment; NC).

The natural assemblages in the pools at low tide con-
sisted of large numbers of Nerita atramentosa and
smaller numbers of Bembicium nanum, Austrocochlea
porcata and the limpets Cellana tramoserica. Thick
encrusting and foliose macro-algae grew on the base
and sides of the pools and on the surrounding rocks.

Algal assemblages on the rock-platform were mainly
Cyanobacteria (Anacystis sp.), with small numbers of
diatoms and the encrusting macro-algae Ralfsia verru-
cosa and Hildenbrandia rubra (Underwood 1984a,
P. Rang unpubl. data). Many intertidal gastropods eat
micro-algae, including propagules and germlings of
macro-algae. Nerita aramentosa do not graze on
foliose or encrusting macro-algae (Murphy & Under-
wood 2006). Measuring chlorophyll as an index of
micro-algal food is inaccurate where encrusting algae
are present, because micro-algae have less chlorophyll
per unit area than do macro-algae, causing large vari-
ability in amounts of measured chlorophyll unrelated
to the amount of food available to grazers (Underwood
1984b). All animals were temporarily relocated to adja-
cent areas, so that algae could be removed from the 70
× 50 cm areas around experimental rock-pools using
scrapers, wire brushes and a small amount of hydro-
chloric acid. To facilitate the return of normal function-
ing of the habitat, only half of the rock surrounding
each pool was cleared of algae (Fig. 1), creating an
experimental area of rock-surface of 1660 cm2 (i.e. half
of 70 × 50 cm minus the area occupied by the pool).
Cages were installed during the following low tide.

Colour-infrared imagery. Colour-infrared (CIR)
imagery has recently been developed to quantify
amounts of chlorophyll as an index of amount of algal
material on the surface of soft sediments and intertidal
rock-platforms (Murphy et al. 2004, 2006). The tech-
nique allows chlorophyll to be quantified non-destruc-
tively, at very small scales, over distances of 1 to 2 m.
Each pixel in the image is effectively a separate mea-
surement of chlorophyll and typically covers an area of
rock <1 mm2. CIR imagery therefore provides contigu-
ous information on the variability of chlorophyll over
the rock surface at a spatial resolution that is impossi-
ble to achieve using conventional sampling tech-
niques.

CIR images quantify the amount of light reflected
from the rock platform in 3 spectral bands: green
(525 to 575 nm), red (645 to 689 nm) and near infrared
(NIR, 758 to 833 nm). These reflectances are recorded
as separate images. Algae and higher-plants are very
reflective in the NIR because their internal structures

scatter light. At red wavelengths, chlorophyll absorbs
light for photosynthesis. By quantifying the amount of
light absorbed at red wavelengths, relative to the
amount scattered at NIR wavelengths, the amount of
chlorophyll can be estimated by dividing the value of
each pixel in the NIR image by the corresponding
value in the red image. The ratio also removes varia-
tion caused by differences in brightness of the rock-
surface within the image. Results have been verified in
comparisons with spectrophotometric methods (Mur-
phy et al. 2006).

Field sampling. The CIR camera (Redlake MASD)
with a Sigma 14 mm f/2.8 ES/HSM super-wide-angle
lens was mounted on a metal stand 1.5 m above and
normal to the rock surface, giving an image of 654 ×
488 mm of rock-platform, each pixel quantifying
chlorophyll over an area ~0.47 mm2. Images were
acquired from each rock-pool 1, 44, 75 and 117 d after
removal of the algae. This period allows recovery of
microflora to unscraped levels (MacLulich 1986).

Ratio images were constructed by dividing the pixel
values in the NIR band by those in the red. Values of
the resulting ratios are proportional to the amount of
chlorophyll (algal biomass) on the rock surface (full
details in Murphy et al. 2006).

Data from images. NIR:red ratios were calculated in
areas that had previously been cleared of macro-algae
at 3 distances from the edge of a rock-pool. A template
was created comprising 3 (the inner, middle and outer)
annuli at the 3 distances to be sampled (Fig. 1). The
centres of the inner, middle and outer annuli were
15 mm, 118 mm and 221 mm, respectively, from the
edge of the rock-pool. The template was overlaid onto
each image; areas to be sampled were then identified
within each annulus. To prevent operator bias, unpro-
cessed CIR images, which did not indicate the amount
of algae present, were used to locate samples. Individ-
ual samples were 18 × 18 pixels in size (i.e. equivalent
to an area of rock ~64 mm2). Twenty random areas
(10 from each side of the rock-pool) were sampled
within each annulus. These sample areas were then
overlaid on the corresponding NIR:red ratio image and
the pixel data within each of the sample areas were
extracted from the image and averaged. By taking
small, replicated samples to estimate amounts of
chlorophyll in the experimental areas, it is possible to
sample different (i.e. independent) areas on subse-
quent occasions.

Counts of animals and measurements of grazing.
Animals in each pool and in the surrounding area
(Fig. 1) were counted on 18 occasions during the
experiment. Near the end of the experiment (on 5 June
2006), grazing activity was measured using wax disks
approximately 12 mm in diameter and 113 mm2

(Thompson et al. 1997). Six pools (2 per treatment)
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were randomly selected. Wax discs were embedded in
holes drilled into the rock surface so that their surfaces
were level with the surrounding rock. Six replicate
discs were put into each annulus (3 on each side of the
pool) in each experimental area (see Fig. 1). Disks
were retrieved 8 d later (13th June 2006) and grazing
marks counted as in Forrest et al. (2001).

RESULTS

Numbers of animals

There were more Nerita atramentosa individuals than
any other species in the NC and PC pools (illustrated for
N. atramentosa in Fig. 2a,b). There were very few ani-
mals inside the FC pools; these were mostly juvenile Be-
mbicium nanum and Austrocochlea porcata (Fig. 2c), so

cages effectively excluded N. atramentosa. The numbers
of animals in the experimental areas surrounding the
pools were similar for the NC and PC treatments
(Fig. 2d,e), but there were fewer N. atramentosa individ-
uals around the FC treatment (Fig. 2f). As support for this
conclusion, the numbers around the pools of each treat-
ment (summed over the replicate pools) were compared
for each species, at various times of sampling. Analyses
of these counts of animals are made difficult because
counts through time are unlikely to be independent
when times of sampling are close together. Nevertheless,
B. nanum and Cellana tramoserica had significantly dif-
ferent totals among treatments on 9 and 7 of 18 sampling
occasions, respectively (χ2, 2 df, p < 0.05 for each occa-
sion). There was, however, no pattern in which treat-
ments differed (Table 1). A. porcata were absent from
surrounds of all pools on 2 sampling occasions (they
were in the pools); there was, however, no pattern

among treatments, even though num-
bers varied among treatments on 6 of the
16 occasions (χ2, 2 df, p < 0.05).

In contrast, numbers of Nerita atra-
mentosa were different among treat-
ments on 16 of the 18 sampling days (χ2,
2 df, p < 0.001 for each of these occa-
sions) and on the great majority of occa-
sions, the numbers were smallest
around the treatment with an FC
(Table 1). Even though the times of sam-
pling do not generate completely inde-
pendent data, there can be little doubt
that only N. atramentosa were reduced
in numbers around caged pools, pre-
sumably because of the removal of the
pool as a component of habitat.

These data are shown only to demon-
strate that experimental cages substan-
tially reduced the numbers of grazers in
the pools and the numbers of Nerita
atramentosa outside the pools. Only the
numbers outside matter for experimen-
tal comparisons.

Amount of chlorophyll

At each time of sampling, there were
significant differences in amounts of
chlorophyll, which varied with the posi-
tion around experimental pools and dif-
ferently from one treatment to another
(see significant R × P(T) interactions in
Table 2). Patterns in the data were there-
fore analysed by multiple comparisons
(Student-Newman-Keuls [SNK] tests) of
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means in each ring around each pool and by Anderson’s
tests (Anderson 1959) of rank-orders of means of treat-
ments using pools as ‘trials’ and ranking each ring for
each pool. These latter tests, individually, are not com-
pelling because of small samples (n = 4 pools for each
treatment), but were consistent over times of sampling.
Patterns in these analyses confirmed the summarized
means in Fig. 3.

At Time 1, few SNK tests indicated any differences
and these were a complete mixture. For example, the
inner ring had significantly more chlorophyll than the
middle or outer rings in 4 pools of the 12 in the experi-
ment (i.e. 4 in each of 3 treatments); the middle and
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Table 1. Summary of analyses of numbers of animals around ex-
perimental pools (see Fig. 2d–f). Data are number of occasions
out of 18 times of sampling for Bembicium nanum, Cellana
tramoserica and Nerita atramentosa and 16 times for Austro-
cochlea porcata throughout the experiment when total numbers
were greatest (rank 1), medium (2) or smallest (3) in the 3 exper-
imental treatments. Ties have been averaged. χ2 4 df indicates
the extent of non-randomness from an Anderson test, but note
that data are not independent and probabilities are unreliable

Rank Treatment
No Partial Full

cage cage cage

Austrocochlea porcata 1 6 5.5 4.5
2 6 5 5
3 4 5.5 6.5

χ2 = 0.6, p < 0.95 
Bembicium nanum 1 9 7 2

2 5.5 6 6.5
3 3.5 5 9.5

χ2 = 7.7, p < 0.25
Cellana tramoserica 1 5 7 6

2 6 7.5 4.5
3 7 3.5 7.5

χ2 = 2.7, p < 0.75
Nerita atramentosa 1 4 14 0

2 11.5 3.5 3
3 2.5 0.5 15

χ2 = 70.3, p < 10–6

Table 2. Analyses of mean amounts of chlorophyll (red:infrared (R:IR) ratios) in experiments at 4 times of sampling. Treatment is
No vs. Partial vs. Full cage (fixed); Ring is inner vs. middle vs. outer (fixed); there are 4 randomly chosen pools in each treatment
and n = 20 samples from each pool at each time. Variances were heterogeneous (Cochran’s C; p < 0.05 for each time), but this was 

ignored because of the large df. Because of R × P(T) interactions, only this test is shown

df Time 1 Time 2 Time 3 Time 4
MS F p MS F p MS F p MS F p

Treatment = T 2 0.040 0.135 0.291 0.452
Ring = R 2 0.099 0.151 0.032 0.588
T × R 4 0.004 0.035 0.088 0.178
Pools (T) = P(T) 9 0.187 0.209 0.076 0.145
R × P (T) 18 0.006 3.64 <0.001 0.016 2.39 <0.002 0.021 2.48 <0.001 0.056 5.18 <0.001
Residual 684 0.002 0.007 0.008 0.011
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outer rings each had more chlorophyll than in the other
rings in 2 pools, respectively. The mixed results indi-
cate noise and no systematic pattern among treatments
or rings. This result was supported by Anderson’s
tests — results were non-significant for all treatments
because rings were in different rank orders of chloro-
phyll from pool to pool in each treatment.

From Time 2 onwards, SNK and Anderson’s tests
produced very similar outcomes for the control (PC)
and NC treatments. Two of the SNK tests were signifi-
cant, but there was no pattern of difference among the
inner, middle and outer rings for these 2 treatments.
Anderson’s tests were not significant. In contrast, there
were significant differences (middle and outer rings
had significantly more chlorophyll in SNK tests) for 2 of
the 4 pools where there was an FC. Three of the pools
had the smallest amount of chlorophyll in the inner
ring; the middle ring ranked 1st for 3 pools and the
outer ring ranked 1st or 2nd in all 4 pools. As a result,
Anderson’s test was significant (p < 0.05) for the FC
treatment; the inner ring had least chlorophyll (as
shown in Fig. 4c).

This result was stronger at times 3 and 4. There was
no pattern for the control and partially caged pools
(inner, middle or outer rings were equally likely to be
ranked 1st, 2nd or 3rd for amount of chlorophyll. Six of
the 16 SNK tests for the 2 times, 3 treatments and
4 pools were significant, but without any pattern and
indicating small-scale spatial patchiness among rings
and pools). In contrast, at times 3 and 4, all 4 pools
where there was an FC had more chlorophyll in
middle and outer rings than in the inner ring, which
was significant by Anderson’s tests (p < 0.05) for each
time.

Furthermore, at Time 4, SNK tests showed signifi-
cantly more chlorophyll in middle or outer rings
(which did not differ) than in inner rings for all 4
pools. Thus, as shown in Fig. 4c, there was less
chlorophyll in the inner ring in the FC treatment from
Time 2 onwards.

Grazing activity

Analyses of grazing marks were of the same design
as those for chlorophyll (as in Table 1), except that
there were only 2 replicate pools in each treatment.
For Nerita atramentosa, as illustrated in Fig. 3, there
was a substantial and significant reduction in number
of grazing marks in the FC treatment (mean = 0.17)
compared to the PC and NC treatments (3.89, 2.50,
respectively), which did not differ (SNK tests of means
in each treatment; F = 20.8; 2,90 df, p < 0.001 after
eliminating the factor Pools (Treatments), which was
not significant, F = 0.96; 3,90 df; p > 0.95; see Under-

wood (1997) for explanation). Other experimental fac-
tors in the analysis (Rings, Treatment × Ring interac-
tion) were not significant (all p > 0.50).

Grazing-marks due to Cellana tramoserica were sig-
nificantly increased in the inner ring where there were
FCs (Fig. 3c, compared with Fig. 3a,b). Mean numbers
of marks were significantly less in the inner than in the
mid- or outer rings in the NC and PC treatments, but
not in the FC treatment (p < 0.05; SNK comparisons of
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rings in each treatment). There were more marks in
the inner ring of the FC treatment (SNK tests for differ-
ences among treatments in each ring, p < 0.05). This
interaction is clearly visible in Fig. 3.

For Bembicium nanum, there were no differences in
amounts of grazing for any ring or treatment (Fig. 3),
despite the larger mean number of marks in the inner
ring of the NC Treatment (Fig. 3a).

Numbers of animals and amount of chlorophyll

The mean amount of chlorophyll in each annulus
was compared with the average count of animals
recorded during the month preceding the dates of
sampling (i.e. the month preceding Day 44, Day 75 and
Day 117 of the experiment, respectively; Table 1). This
was done only for the NC and PC Treatments because
there were so few Nerita atramentosa individuals in
the FC areas (see Fig. 2) and was not analysed for
Austrocochlea porcata because there were few indi-
viduals of this species anywhere. Numbers of N. atra-
mentosa in the inner and middle annulus of the NC
and PC treatments were significantly negatively corre-
lated with micro-algal biomass on Day 44 of the exper-
iment (r = 0.83, –0.81 for inner and middle annuli,
repectively; 6 df; p < 0.01). The correlation for the outer
annulus was not significant (r = –0.52; 6 df; p < 0.20)
and there were no correlations between the numbers
of N. atramentosa and amounts of micro-algae on
Days 75 and Day 117 (r ranged from –0.37 to + 0.30
over the 8 pools for the 3 annuli; all p > 0.30). There
were no significant correlations between number of
Bembicium nanum or Cellana tramoserica and
amounts of chlorophyll for any ring or time. There
were also no correlations between numbers of grazing
marks and amounts of chlorophyll in different annuli
and treatments for any species at any time.

The differences in amounts of chlorophyll between
sampling times (mean on Day 75 — mean on Day 44;
mean on Day 117 — mean on Day 75) were calculated
and compared with average numbers of Nerita atra-
mentosa outside the NC and PC pools from 4 times of
sampling in each period of time. Day 1 was not used
because the numbers of N. atramentosa had not been
recorded during the previous month. There was a
significant positive correlation between numbers of
N. atramentosa and the change in amount of chloro-
phyll between Day 44 and Day 75 for each annulus
(r = 0.94, 0.80, 0.91, respectively, for inner, middle
and outer annuli; 6 df, all p < 0.01). There was, how-
ever, no correlation between numbers of N. atramen-
tosa and change in amount of biomass between
Day 75 and Day 117. There was also no significant
correlation between number of Bembicium nanum or

Cellana tramoserica and change in amount of chloro-
phyll over any time interval.

DISCUSSION

These experiments identified 2 interesting issues
about grazing and interactions among grazers of dif-
ferent species. Cellana tramoserica fared better, i.e.
grazed more on rocks near the pools, in the absence of
Nerita atramentosa (in the FC treatment). This was
anticipated because C. tramoserica is an inferior com-
petitor to N. atramentosa when micro-algal food is in
limited or inadequate supply (Underwood 1984a). C.
tramoserica and N. atramentosa have also been shown
experimentally to have major losses of weight and
increased mortality due solely to increased intraspe-
cific densities (Underwood 1978, 1984b), but deleteri-
ous effects on C. tramoserica due to interspecific
effects of grazing by N. atramentosa are marked.

In the presence of large densities of Nerita atramen-
tosa, local densities of Cellana tramoserica are pre-
dicted to be reduced because limpets move away. This
could be the result of direct interference — behavioural
interactions between the species — or because of
responses by C. tramoserica to reduced availability of
food. The former process has not been observed in the
interactions between N. atramentosa and C. tramoser-
ica, but has been described for the territorial limpets
Lottia gigantea on the Californian coast (Stimson 1973)
and some species of Patella on rocky shores in South
Africa (Branch 1984). In Stimson’s (1973) experimental
additions and removals of L. gigantea, numbers of
Acmaea spp. declined and increased, respectively,
because the smaller limpets were increasingly or
decreasingly being pushed out of a defended, grazed
territory by the larger L. giganteg (Wright 1982, Wright
& Shanks 1993). The latter process — limpets moving
away from areas of large density — has been demon-
strated experimentally for C. tramoserica (Underwood
1988). It has also been shown experimentally that this
can be caused at normal density if food supplies are
reduced (Mackay & Underwood 1977). Densities of
limpets are sometimes correlated with amounts of
micro-algal food in different areas (Forrest et al. 2001).

Here, numbers of Cellana tramoserica did not
increase where Nerita atramentosa were removed.
Instead, there was an increase in the amount of radular
scraping by C. tramoserica in the inner areas where N.
atramentosa had been removed (FC). This was unex-
pected. This increase could have been due to
increased numbers of C. tramoserica or increased rates
of grazing where N. atramentosa had been removed. It
could also be due to a shift in spatial cover of grazing
by C. tramoserica. There was no overall increase in
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numbers of C. tramoserica where N. atramentosa were
removed, so rates of grazing must have increased. The
lattermost explanation (a shift in spatial cover of graz-
ing) could also explain the observed increase if limpets
were restricted to grazing in small areas where N. atra-
mentosa were present, but were able to graze over
wider areas where N. atramentosa were removed.
When sampled by only a few wax discs, the former sit-
uation would probably show scraping on only a few
wax discs, making the average small. More wide-
spread grazing would result in more discs being
scraped and a larger mean. It would, however, also
show decreased variance in amounts of scraping per
disc, which did not happen here. Variances among the
wax discs in each annulus around each pool for the
number of scrapes made by C. tramoserica ranged
from 1.5 to 17.1 and generally increased with the mean
in each annulus for each pool (r = 0.49, 16 df, p < 0.05).
The variances in the innermost annulus where N. atra-
mentosa were removed were not smaller than in areas
where N. atramentosa were present. To determine
whether the spatial pattern of scraping is somehow
affected by the presence/absence of N. atramentosa,
appropriate hypotheses would need to be tested exper-
imentally, which has not yet been done.

The second surprising result was the decrease in
amounts of micro-algae where Nerita atramentosa had
been excluded around pools. This was completely con-
tradictory to predictions based on previous analyses of
grazing and competition by this species (Underwood
1978, 1984b), which demonstrated that amounts of
micro-algae were similar in areas grazed by the same
number of N. atramentosa or of Cellana tramoserica
(each species on its own). Even given the increased
rate of grazing by C. tramoserica in the absence of N.
atramentosa shown here, no previous work would sug-
gest that C. tramoserica would decrease the amounts
of chlorophyll compared with areas grazed by N. atra-
mentosa. The decreased amount of chlorophyll where
N. atramentosa removed could be explained by a facil-
itatory response of micro-flora to the presence or activ-
ities of N. atramentosa. Thus, in the presence of snails,
standing amounts of micro-algae are enhanced by
increased recruitment, growth, productivity or other
aspect of their abundance. N. atramentosa consume
the extra productivity, reducing the standing stock
below ungrazed amounts. Where N. atramentosa are
absent, micro-algal abundance can be greater because
of release from grazing, but is reduced compared with
grazed areas because the facilitatory influences of the
snails were removed. Such facilitation was also pro-
posed as an explanation for patterns of micro-algal
abundance when grazed by N. atramentosa and Bem-
bicium nanum in laboratory experiments (Murphy &
Underwood 2006).

There are well-documented cases of increased pro-
ductivity of algae, including micro-algae due to the
activity of the grazers. For example, the limpet Patella
longicosta maintains a ‘garden’ of encrusting brown
algae (Ralfsia verrucosa) by grazing in irregular
swaths through the algae (Branch 1981, McQuaid &
Froneman 1993). This causes more rapid growth at the
damaged edges and greater biomass than in ungrazed
areas of algae. Whether there are such responses to
mechanical damage of micro-flora is unknown.

A second way that grazers could enhance algal pro-
ductivity is to influence the recruitment and establish-
ment of micro-flora by scraping over the surface. This
would positively influence the recruitment from the
water-column if the underlying surface were encrust-
ing algae. Some crusts produce antifouling compounds
which inhibit the settlement of invertebrates (Nylund
& Pavia 2003) or algae (Wikstrom & Pavia 2004, Dwor-
janyn et al. 2006). Grazing could remove the surface of
the crusts, reducing the effectiveness of anti-fouling
and thereby enhancing growth of micro-algae. What-
ever the validity of this concept to the intertidal habitat
studied here, it cannot explain the present experimen-
tal results because all crusts were removed as part of
the experimental procedures.

A third way for gastropod grazers to increase the
productivity of micro-algae is by production of mucous
trails as they crawl around. The trails persist for some
time, showing chemical activity that influences the
behaviour of snails (Chapman 1998). Trails can also
enhance production or increase survivorship of micro-
algae (Connor 1986, Davies et al. 1992, Holmes 2005)
and can trap propagules of macro-algae (Santelices &
Bobadilla 1996). These influences on micro-algae have
not been investigated for Cellana tramoserica or Nerita
atramentosa, so it is not known if mucus is involved in
enhancing local biomass of micro-flora.

These experiments have revealed some quite unex-
pected complications in the well-established interac-
tions between gastropods that graze on the same
resources. Grazing of microflora by Nerita atramentosa
clearly involves some positive, facilitatory processes.
Cellana tramoserica may be capable of grazing more
than had previously been predicted and are prevented
from grazing where N. atramentosa are relatively
abundant (i.e. near to pools). In this case, the negative
interaction between N. atramentosa and C. tramoser-
ica is positively facilitatory for the micro-algae because
they are then present in greater quantities than would
be the case if C. tramoserica’s activities were not
reduced. Alternatively, N. tramoserica, in addition to
consuming micro-algal resources, have positive, facili-
tatory effects on production of microflora. When these
snails are removed, production and amount of micro-
algae are reduced. Until these processes are com-
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pletely understood and processes of production are
investigated experimentally, the interactions of com-
petition and gardening by the grazers will not be fully
interpreted, nor completely predictable.

It has only been possible to begin to understand
these processes because of the effectiveness of remote-
sensing technology able to estimate abundance of the
micro-flora at the very small spatial scales at which the
interactions have their effects. There are potentially
other areas of ecology in which foraging and influ-
ences of food-supply may be more completely de-
scribed by reducing the scale at which observations
are made. Cases include those most directly analogous
to grazing on rocky shores. For example, grazing by
insect larvae on stones in streams or lakes involved
interactions among grazers and between grazers and
algae at small spatial scales (Harrison & Hildrew 2001).

There are probably other habitats or species where
small-scale differences may influence the choices or
rates of encounter with particular resources. Measure-
ments at a larger scale miss these processes because
use of or responses to resources will be ‘averaged’ over
the piece of habitat being measured.

Development of techniques for testing hypotheses at
smaller-than-previous scales on shores revealed much
about previously unknown components. Such devel-
opments may be of value in studies of other organisms
in other habitats.
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