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INTRODUCTION

Following the progressive urbanisation of coastal
areas (Yapp 1986, Reilly et al. 1996, Gray 1997), the
presence of a variety of artificial structures, such as
breakwaters, jetties, groynes, pier pilings, floating
pontoons and seawalls is increasing in shallow waters.
Despite this tendency, the need to assess changes to
natural assemblages of organisms caused by the intro-
duction of artificial structures has only recently been
recognised. To date, few studies have investigated
patterns of abundance and distribution of organisms
associated with artificial structures (but see Connell &

Glasby 1998, Glasby 1999, Bulleri et al. 2000, Connell
2000, Davis et al. 2002, Bacchiocchi & Airoldi 2003,
Chapman 2003, Chapman & Bulleri 2003, Bulleri &
Chapman 2004). Fewer studies have focused on factors
causing different assemblages of organisms to occur
on natural and artificial structures (Glasby 1999, 2000,
Holloway & Connell 2002), and none of these has
analysed the behavioural responses of mobile organ-
isms to the replacement of natural habitats by artificial
structures. In contrast, some aspects of the behaviour
of terrestrial animals, including patterns of predation,
mating and foraging, have been thoroughly investi-
gated in human-dominated areas (Robertson et al.
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2000, Bezzel 2001, Faivre et al. 2001, Owings et al.
2001, Markus 2002, Castillo et al. 2003, Sitati et al.
2003, Warne & Jones 2003).

The behaviour of key consumers can have a major
influence on the structure of assemblages. For exam-
ple, grazers can affect the abundance and distribution
of intertidal organisms on rocky shores, directly or
indirectly (Underwood 1980, Lubchenco & Gaines
1981, Hawkins & Hartnoll 1983, Sousa 1985, Menge
1995, Benedetti-Cecchi 2000, Benedetti-Cecchi et al.
2001). There is much evidence that the behaviour of
intertidal animals is not fixed and invariant, but can
change through time and space, in relation to physical
and biological cues (Hazlett 1988, Little 1989, Chap-
man & Underwood 1992, Crowe 1999, Foster & Endler
1999, Williams et al. 1999, Chapman 2000a). For
instance, patterns of movement of some intertidal gas-
tropods are influenced by many environmental factors,
including cover of standing water and algae, topo-
graphic complexity and presence of sessile inverte-
brates (Hawkins & Hartnoll 1983, Minchinton & Ross
1999, Ruiz Sebastián et al. 2002). Similarly, patterns of
aggregation and movement of predatory whelks can
be affected by the time of emersion and availability of
shelter and prey (Moran 1985, Fairweather 1988).
Changes to the structure of natural habitats, for exam-
ple, through the introduction of built structures, the
physical and chemical attributes of which differ from
those of the natural habitats they have replaced, could
have repercussions for the patterns of movement and
dispersion of herbivores (see also Fahrig 2001).

The patellid limpet, Cellana tramoserica (Sowerby),
is a common intertidal grazer on rocky shores of south-
eastern Australia. These limpets feed mainly on micro-
algae and play an important role in determining the
structure of mid-shore assemblages (Underwood &
Jernakoff 1981, Underwood et al. 1983, Underwood
1984).

Studies on exposed rocky shores have shown that
random movement and homing behaviour are not dis-
crete patterns in populations of Cellana tramoserica
(Mackay & Underwood 1977). Limpets are regularly
dispersed on low- and mid-shore areas of rock plat-
forms, and these patterns are probably caused and
maintained by homing to particular sites, unless dis-
turbed by the proximity of conspecifics (Mackay &
Underwood 1977). The response of a limpet to the
presence of another individual is then to move away in
a random direction. Moreover, Underwood et al. (1983)
showed that C. tramoserica migrate away from areas
with large densities of barnacles and, when forced to
stay in such areas, eventually lose weight and starve,
suggesting that movement and foraging of these
animals may be reduced on topographically complex
surfaces.

In Sydney Harbour (NSW, Australia), Cellana tramo-
serica are commonly found on seawalls and rocky
shores (Chapman & Bulleri 2003). Although most of the
rocky shores in the area are horizontal, with relatively
small vertical surfaces (Chapman & Bulleri 2003), there
are reasons to expect the movement and homing of C.
tramoserica to differ between natural and artificial
structures even when surfaces with the same slope
(vertical) are compared. First, the vertical extent of
seawalls, which encompasses the entire intertidal
range, is generally greater than that of the rocky
shores, where vertical ledges are primarily low on the
shore and are often topped by horizontal platforms.
Second, high- and mid-shore assemblages of sessile
organisms on seawalls are different from those on
rocky shores (Chapman & Bulleri 2003, F. Bulleri, M.
G. Chapman & A. J. Underwood unpubl. data), poten-
tially affecting patterns of movement of gastropods
(Hawkins & Hartnoll 1983, Underwood et al. 1983,
O’Donnell 1984). Finally, there are gross differences in
topographic complexity between these structures, e.g.
crevices among blocks on seawalls, which could alter
patterns of movement of grazers (Levings & Garrity
1983, Fairweather 1988, Underwood & Chapman 1989,
Chapman 2000a). Therefore, it is proposed that intrin-
sic differences between rocky shores and seawalls
affect patterns of movement of C. tramoserica. In par-
ticular, this study tests the hypotheses that the distance
displaced, the orientation of movement and the num-
ber of animals displaying homing behaviour, over dif-
ferent periods of time, differ between rocky shores and
seawalls. Movements from day to day, over a period of
several tidal cycles (14 d) and for a longer period (ca.
3 mo) were examined in 2 different experiments, to test
for generality of patterns of movement through time.

MATERIALS AND METHODS

Study sites. This study was done in Sydney Harbour
between February and May 2001; 5 seawalls and 5
rocky shores (hereafter referred to as SW and RS, 1 to
5), were haphazardly chosen at the beginning of the
study, from all those available (Fig. 1). On each of these
structures, an area from 4 to 6 m in length was selected
at high- to mid-shore levels. The sizes of the areas var-
ied slightly, according to the local density of Cellana
tramoserica, because a minimum of 50 individuals was
marked in each location for the experiment. In order to
compare the movement of limpets between seawalls
and rocky shores without any confounding effect of the
orientation of the substratum, areas on natural rocky
shores were selected on vertical surfaces. Limpets
were generally found above sessile invertebrates, such
as oysters and tubeworms, from 0.6 to 0.9 m above
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mean low water (MLW). Higher on the shore, the sub-
stratum was primarily bare rock, with sparse patches of
encrusting algae, such as Ralfsia verrucosa and
Hildenbrandia rubra and barnacles, mainly Tessero-
pora rosea, Chthamalus antennatus and Chamaesipho
tasmanica (Chapman & Bulleri 2003). All limpets found
within the selected areas were, however, included in
the study, irrespective of the height on the shore at
which they were found.

Experimental design. At each location, at least 50
animals, with a shell length of no less than 2.5 cm,
were marked with a plastic numbered label, glued to
the shell. Labels were then coated with transparent
nail polish to provide further protection. Previous stud-
ies have shown little disturbance associated with
marking intertidal snails in situ (Chapman 1986). The
animals were not dislodged, minimising any distur-
bance associated with handling. The position on the
shore of marked limpets was recorded as the distance
from 2 fixed points (Underwood 1977). The distance
and direction moved by an individual in a given period
of time was calculated by co-ordinate geometry, using
paired measures at the beginning and at the end of any
chosen period of time (Underwood 1977). Using this
method, the displacement of a limpet in the field can
be estimated with an error of ±1 cm, and, therefore,

individuals that moved <1 cm were considered not to
have moved, or to have returned to the same position
(Mackay & Underwood 1977). Movement was mea-
sured as the orientation and linear distance displaced
after periods of 1 d (2 tidal cycles), 14 d and ca. 3 mo.
The measure of displaced distance does not take into
account the path followed by an individual, potentially
leading to an underestimate of the real distance moved
(Underwood 1977, Erlandsson et al. 1999, Chapman
2000b). The experiment was run twice (hereafter
referred to as Start 1 and Start 2) for each elapsed time
and 25 individuals, out of the 50 marked at the begin-
ning, were assigned at random to each of the 2 experi-
mental starts, providing independent data through
time (Underwood 1997). Because it was not feasible to
visit all of the 10 study locations on the same day, each
of the 2 experimental trials was initiated at only 1 loca-
tion on a day and, hence, measures either after 1 or
14 d were not taken simultaneously at the different
locations.

Finally, the positions of marked limpets were
recorded again after a period of about 3 mo from the
start of the first experiment. At each location, the
density of Cellana tramoserica (>2.5 cm in shell
length) was quantified at the beginning of the study,
counting the number of individuals within ten 20 ×
30 cm randomly placed quadrats.

Statistical analyses. The density of Cellana tramo-
serica was compared between rocky shores and sea-
walls by means of a 2-factor ANOVA model, including
Structure (fixed) and Location (random, nested within
Structure).

Distances moved by non-homing limpets after 1 d or
14 d were analysed by 3-factor, nested ANOVAs,
including Structure (fixed and orthogonal), Location
(random and nested within Structure) and Start [ran-
dom and nested within Location (Structure)]. Because
the data from 1 and 14 d were analysed separately, the
same individuals could be used for the 2 sets of
analyses. The ANOVA model used to analyse dis-
tances displaced by limpets after 3 mo included the
factors Structure (fixed) and Location (random and
nested within Structure), but not the factor Start,
because of the relatively small number of tagged
limpets recovered. Furthermore, after 3 mo, no tagged
animals were found at 1 of the rocky reefs (RS4, see
Fig. 1). Therefore, 1 of the seawalls (SW1) was
randomly eliminated from the analysis to keep the
design balanced, so that there were 4 locations for
each level of the factor Structure. Movements of inter-
tidal gastropods are generally exponentially distrib-
uted, so distances were transformed to natural loga-
rithms (Underwood 1977).

The percentage of homing limpets (those defined to
be within a radius of 1 cm from their original position),
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after 1 and 14 d was compared between structures by
means of 2-factor ANOVAs, including Structure (fixed)
and Start of the experiment (random and orthogonal),
with Locations as the replicates. Variances of data
were not heterogeneous, so data were analysed un-
transformed.

Rayleigh’s test (Mardia 1972) was used to assess
whether the movement of limpets was directional or ran-
domly orientated, separately for each location and time.

RESULTS

The density of Cellana tramoserica (Fig. 2) was sig-
nificantly greater on rocky shores than on seawalls
(analysis of variance of untransformed data; C = 0.18,
p > 0.05; MSStructure = 114.49, F1,8 = 100.43, p < 0.001),
and differences were consistent among locations
(MSLocation (Structure) = 1.14, F8,90 = 0.66, not significant).

The linear distance displaced by Cellana tramoserica
over 1 and 14 d did not differ between rocky shores

and seawalls (Fig. 3, Table 1). The distance displaced
after 1 d varied significantly from one experimental
start to the other, while that after 14 d varied signifi-
cantly among locations (Table 1). In contrast, the dis-
tance displaced by limpets after about 3 mo (Fig. 4)
was significantly greater on seawalls than on rocky
shores (C = 0.25, p > 0.05; MSStructure = 11.04, F1,6 = 5.91,
p < 0.05). The distance moved by limpets after this
period of time did not vary significantly among loca-
tions (MSLocation (Structure) = 1.90, F6,72 = 2.07, p > 0.05).
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Fig. 3. Cellana tramoserica. Mean distance (+SE) displaced
by limpets on rocky shores (filled) and seawalls (unfilled) after
(A) 1 d and (B) 14 d, separately for each combination of

location and start of the experiment; n = 15

Source of variation df 1 d 14 d
MS F MS F

Structure = S 1 2.53 0.49 0.23 0.03

Location (Structure) 8 5.13 1.14 6.95 **6.22**
= L (S)

Start [L(S)] 10 4.51***3.42*** 1.12 0.93

Residual 2800 1.32 1.20

Transformation Ln Ln

Cochran’s test ns *

Table 1. Cellana tramoserica. Analyses of mean distance
displaced by limpets after 1 d and after 14 d on different
structures at different locations and starts of the experiment.
*p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant. 

Ln = natural logarithm
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The proportion of limpets homing after 1 and 14 d
did not differ between rocky shores and seawalls for
each start of the experiment (Fig. 5, Table 2). After
3 mo, 10% (15 individuals) of the limpets were found in
their original positions on rocky shores (averaged
across replicates of each type of structure), while none
was found in its original position on the seawall. This
difference was significant (χ2, 1 df = 17.6, p < 0.001).

Because of the limited vertical extension of rocky
shores in comparison to seawalls, we expected differ-
ences in the orientation of movements of Cellana
tramoserica between structures. After 1 d, the move-
ment of limpets was orientated on seawalls and rocky
shores (Rayleigh’s test; p < 0.05), for the first and sec-
ond start of the experiment, respectively. In contrast,
after 14 d and 3 mo, the direction of movement of
limpets on both seawalls and rocky shores was not
distinguishable from random (Rayleigh’s test; p > 0.05).
Since, there is no logic in comparing the mean direc-
tions when the movement is randomly orientated
(Chapman 2000b), hypotheses concerning the orienta-
tion of the movement of C. tramoserica were not
further tested.

DISCUSSION

Although many studies of movements of large graz-
ing limpets have been done on artificial structures (e.g.
Hawkins & Hartnoll 1983, Gray & Naylor 1996, Santini
et al. 2004), there have been no comparisons with nat-
ural rocky habitats. How changes to natural habitats
might affect patterns of movement and, hence, the
grazing activity of limpets remains, therefore, unex-
plored.

Distances displaced by Cellana tramoserica and the
proportion of homing individuals did not differ be-
tween rocky shores and seawalls over relatively short
periods of time (1 or 14 d). After 1 d, the movement of
limpets was significantly orientated on seawalls for
Start 1 and on rocky shores for Start 2. In general, how-
ever, it was not possible to identify clearly the direction
in which they were orientated. By contrast, patterns of
movement of C. tramoserica over a longer period of
time (about 3 mo) differed between structures, in that
the distance displaced was larger on seawalls and the
number of homing limpets was larger on rocky shores.

Overall, these results show that some aspects of the
movement of Cellana tramoserica differ between verti-
cal rocky shores and seawalls, but the nature and mag-
nitude of differences depend on the period of time over
which observations are taken. There was no evidence
that short-term movements of C. tramoserica differed
between structures. Rather, the movement of this
limpet over 2 tidal cycles varied from random to orien-
tated, irrespective of whether surfaces were natural or
artificial. Intertidal gastropods can display temporally
variable and unpredictable patterns of movement and
activity, responding to sudden changes in environmen-
tal conditions, like wave-wash (Wells 1980, Hawkins &
Hartnoll 1983, Little 1989, Crowe 1999, Chapman
2000c) and weather (Hamilton 1977). Short-term pat-
terns of orientation of the movement of C. tramoserica
on rocky shores and seawalls in Sydney Harbour are in
good agreement with the random-walk model used by
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Source of variation df 1 d 14 d
MS F MS F

Structure 1 0.00 0.00 35.54 1.00
Start 1 8.87 0.04 8.90 0.05
Structure × Start 1 320.16 1.27 35.54 0.21
Residual 16 251.08 172.19
Transformation None None
Cochran’s test ns ns

Table 2. Cellana tramoserica. Analyses of mean percentage of
homing limpets between rocky shores and seawalls and
between start times of the experiments (Start), after 1 d and

after 14 d. ns: not significant
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Underwood (1977) and by Mackay & Underwood
(1977) to describe the movement of non-homing C.
tramoserica on the coast of NSW (Australia). These
authors showed, however, that individuals that were
not homing moved at random, consistently over peri-
ods of time ranging from 1 to 14 d. Since their studies
were done on horizontal rocky platforms at exposed
sites, exposure to wave action, the slope of the sub-
stratum, or a combination of the two, could have
affected the orientation of the movement of C.
tramoserica (Hawkins & Hartnoll 1982, Chapman &
Underwood 1992, Williams et al. 1999, Santini et al.
2004).

On the other hand, after 14 d and after 3 mo, move-
ment was random on rocky shores and on seawalls and
was consistent between experimental starts. There-
fore, whether short-term movements of Cellana tramo-
serica on vertical surfaces might vary from random to
orientated, possibly in response to external cues,
cumulative movement became random over longer
periods of time.

Several factors may have influenced distances dis-
placed by Cellana tramoserica on rocky shores and
seawalls over 3 mo. Intrinsic differences in the topo-
graphy of natural and artificial structures could deter-
mine the ability of C. tramoserica to move on each
structure. Underwood & Chapman (1985, 1989) and
Chapman (2000a) have shown that linear distances
displaced by gastropods are generally greater on flat,
simpler surfaces. Although not quantified in the pre-
sent study, the surface of sandstone blocks, of which
seawalls are made, appeared to be smoother than that
of rocky shores, potentially enabling limpets to travel
longer distances. Nonetheless, tagged limpets on sea-
walls were observed on the same block for the entire
duration of the study, suggesting that the presence of
deep crevices between contiguous blocks, due to the
erosion of the cementing material (concrete or mortar)
by wave action, may have limited the ability of limpets
to move across blocks. The greater distances moved by
limpets on seawalls would, however, indicate that the
blocks were large enough not to constrain their
foraging bouts.

Since the availability of bare space decreases from
high- to low-shore levels on each structure (Chapman
& Bulleri 2003), attributes of epibenthic assemblages
on rocky shores and seawalls could have played an
important role lower on the shore, irrespective of any
effects of topography. The occurrence of different mid-
shore sessile assemblages between rocky shores and
seawalls (Chapman & Bulleri 2003, F. Bulleri, M. G.
Chapman & A. J. Underwood unpubl. data) may thus
have influenced patterns of movement of grazers.
Limpets are generally unable to move and forage over
irregular surfaces, such as those dominated by barna-

cles (Creese 1982, Hawkins & Hartnoll 1983, Under-
wood et al. 1983, Dungan 1986). In particular, it has
been shown that Cellana tramoserica is not able to
move across dense algal beds (Underwood & Jernakoff
1981) or dense mats of the tubeworm Galeolaria cae-
spitosa (O’Donnell 1984). Because space at mid-shore
levels is generally dominated by Hildenbrandia rubra
and G. caespitosa, on rocky shores and seawalls,
respectively (F. Bulleri, M. G. Chapman & A. J. Under-
wood unpubl. data), distances displaced by limpets
would be expected to be larger on the former than on
the latter type of surface. Ruiz Sebastián et al. (2002)
found that the limpet, Scutellastra argenvillei, moved
larger distances and homed less within the matrix of
the introduced mussel, Mytilus galloprovincialis, than
on natural or experimental patches of bare rock. The
same authors invoked different mechanisms to explain
these patterns, including the difficulty in forming
home-scars and the inaccessibility of food within mus-
sel beds. During high or low tide, C. tramoserica were
rarely observed resting or crawling within beds of G.
caespitosa, but were mainly found on bare rock or on
patches of substratum covered by encrusting algae (F.
Bulleri pers. obs.). Due to the limited availability of
suitable substratum, limpets might have been forced to
travel longer distances on seawalls to find adequate
food supplies. While C. tramoserica on rocky shores
could be able to feed within a small and relatively per-
manent area, individuals on seawalls could need to
change their ‘feeding grounds’ frequently, exploiting
resources across the entire block. This model would be
further supported by the fact that there were no
limpets homing on seawalls after about 3 mo, while, on
rocky shores, about 10% of tagged specimens were
still found in their original position. Alternatively, dif-
ferences in the abundance and distribution of micro-
algae, which represent the main source of food for
C. tramoserica (Underwood & Jernakoff 1981, Under-
wood et al. 1983, Underwood 1984), between seawalls
and rocky shores might explain different long-term
patterns of movement.

Some authors (Breen 1971, 1972, Branch 1975) have
shown that patterns of movement of limpets can be
dependent on densities, of either the same or another
species. Mackay & Underwood (1977) reported that
density dispersal occurred rapidly (within a few days)
in Cellana tramoserica and that changes in homing
behaviour regulated local density (see also Underwood
1988). In particular, they showed that when an intro-
duced limpet came in contact with a limpet sitting in its
scar, one of the two moved away at random, emigrat-
ing from the crowded area. According to this model, it
should be predicted that encounters among limpets
would be more frequent on rocky shores (large den-
sity) than on seawalls (small density), leading to a
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smaller number of homing limpets on the former type
of structure. Surprisingly, in this study the number of
homing limpets did not differ between rocky shores
and seawalls after 1 and 14 d, while more limpets
retained their scars on rocky shores after 3 mo. Densi-
ties of C. tramoserica on rocky shores were smaller
than natural densities recorded by Underwood (1977)
and Mackay & Underwood (1977) on horizontal,
exposed rocky platforms and, thus, were possibly not
large enough to trigger a dispersal response nor to
influence homing. Indeed, Creese & Underwood
(1982) did not record large rates of mortality of C.
tramoserica in experimental enclosures kept at
densities larger than those found here on rocky shores
(ca. 7 individuals 600 cm–2).

Densities of limpets, within the order of magnitude
found in this study, may have affected the distances
displaced over longer periods of time. Underwood
(1988), however, found that there was no effect of the
density on the distance travelled by Cellana tramoser-
ica, although observations were limited to a relatively
short period of time (3 d). Furthermore, whether long-
term patterns of movement of limpets are density
dependent, according to patterns of dispersal reported
by Aitken (1962) and Breen (1971), larger distances
should be expected on rocky shores (large density)
than on seawalls (small density), due to individuals
emigrating from crowded areas. Since the opposite
pattern emerged in this study, it could be argued that
physical and biological features (i.e. habitat structure,
characteristics of sessile assemblages) of seawalls and
rocky shores, rather than differences in densities of
limpets, caused variation in the distances displaced
(Levings & Garrity 1983, Iwasaki 1999, Chapman
2000a). Manipulative experiments, involving different
densities of C. tramoserica on each type of substratum,
represent the only effective tool to determine whether
differences in distances travelled by limpets on rocky
shores and seawalls are directly induced by differ-
ences in biotic or physical attributes between struc-
tures, or whether they are an indirect effect of different
densities.

Although short-term patterns of movement did not
differ between structures, long-term patterns of move-
ment did. This suggests that long-term dispersal of
Cellana tramoserica, rather than patterns of movement
during individual foraging bouts, may be altered by
the replacement of natural shores with artificial struc-
tures. Therefore, studies aiming to investigate patterns
of movement of intertidal organisms should encompass
varying periods of time. Similar recommendations
were made by Iwasaki (1999), who found that, over
short periods of time (4 to 5 d), the limpet Patella flex-
uosa was not able to move across irregular layers of
mussels from one bare patch to another, whereas it

could over longer periods of time (1 mo). Short-term
monitoring may lead to erroneous conclusions about
patterns of movement and dispersal of gastropods, in
addition to incorrect inference about their effects on
other components of intertidal assemblages.

Changes in the behaviour of key invertebrates have
the potential to modify the biodiversity and function of
intertidal and subtidal ecosystems (Moran 1985, Vadas
et al. 1986). The limpet Cellana tramoserica plays an
important role in determining the structure of inter-
tidal assemblages, and further study would be needed
to establish the impact of changes in its behaviour on
the composition and productivity of assemblages (e.g.
Underwood & Jernakoff 1981, Underwood et al. 1983).
Different use of habitat may, in fact, contribute to the
establishment of different patterns of distribution of
animals and plants on natural and artificial structures
(Chapman & Bulleri 2003, F. Bulleri, M. G. Chapman &
A. J. Underwood unpubl. data). Without understand-
ing how grazers use different types of artificial habitats
(e.g. seawalls, breakwaters, pier pilings) in comparison
to natural habitats, the effects of the introduction of
artificial structures cannot be fully appreciated. In
order to gain a comprehensive understanding of these
effects, future studies should incorporate analyses of
the behaviour of important consumers at appropriate
spatial and temporal scales.
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