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ABSTRACT: Littorina unifasciata is a small littorinid snail found at mid- to high-shore levels on rocky
shores in Australia. Much has been published on patterns of distribution and abundance of L. unifasci-
ata on different shores, at different heights on the shore and in different microhabitats, but there is lit-
tle information on patterns of aggregation of this species. Nevertheless, this species tends to form very
distinct clusters when emersed during low tide. This study is a quantification of aggregation by L. uni-
fasciata on different shores, levels on the shore and in different microhabitats. The use of patches of
habitat of different size during low tide and high tide is also examined. Aggregation was variable from
time to time and place to place and individual snails did not show a consistent tendency to aggregate
on different occasions. Snails were less aggregated when they spread out to feed during high tide than
when emersed during low tide, but this was only found at very small spatial scales because snails do
not move far to feed. Therefore, the cues that operate to cause the snails to aggregate in some patches
and not others appear to be operating at the scale of centimetres, rather than metres. This suggests that
many of the traditional explanations for patterns of aggregation in intertidal animals, such as those hav-
ing to do with desiccation or temperature, may not be important in this species. This phenomenon may
be more widespread among intertidal animals than is currently recognised, but it will be necessary to
examine patterns and test models about ecological processes at small spatial scales within shores, in
addition to among shores, before this can be determined.
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INTRODUCTION

Many habitats are extremely patchy in space and
time (Den Boer 1968, Connell 1975, Menge & Suther-
land 1976, Wiens 1976, Sousa 1984, Underwood &
Denley 1984). Spatial differences and/or temporal
changes in patchiness may be due to physical features
or to biological variables, such as competition and pre-
dation, which may themselves alter as assemblages of
species in habitats change. Two broad-scale environ-
mental gradients affect intertidal assemblages: the
upshore increase in the period of emersion during low
tide and an alongshore gradient of wave exposure.
There are also, however, small-scale differences in
topography, aspect, habitat complexity and diversity,
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which interact to cause small-scale patchiness and dif-
ferent microhabitats within areas of only a few square
metres.

Animals and plants show a range of patterns of dis-
persion from regularly spaced to strongly aggregated.
Patterns of dispersion are dependent on the spatial
scale at which the populations are examined (Greig-
Smith 1952, Pielou 1969), but all populations are
aggregated at some spatial scale(s). Patchiness is a fea-
ture of many intertidal shores (Southward 1953, Paine
& Levin 1981) and many intertidal species show small-
scale, within-habitat patterns of aggregation. Such
organisms include macro- (Underwood & Jernakoff
1984) and microalgae (Hill & Hawkins 1991), barnacles
(Denley & Underwood 1979), limpets (Mackay & Un-
derwood 1977), grazing snails (Underwood 1976a, b,
Garrity & Levings 1984) and predatory whelks (Feare
1971, Moran 1985).
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Dispersion of sessile species is largely determined by
patterns of recruitment (De Wolf 1973, Hawkins &
Hartnoll 1982) and/or mortality (Dayton 1971, Denley
& Underwood 1979, Keough & Downes 1982). In
mobile animals, which can move and select some habi-
tats over others, patterns of dispersion can be altered
by the behaviour of the animals on an irregular or reg-
ular basis (Mackay & Underwood 1977, Chelazzi et al.
1988, Turchin 1988, Underwood & Chapman 1989,
1992) Aggregating animals may move towards or
away from each other (Rhode & Sandland 1975) or par-
ticular microhabitats (Levings & Garrity 1983, Chap-
man & Underwood 1994). Wide-ranging invertebrates,
such as flying insects, may locate certain habitats using
visual or olfactory cues (Stanton 1983). Although vision
may be less important in marine snails, some species
also show directed visual responses to certain features
of the environment (Evans 1961, Hamilton 1978,
Chelazzi & Vannini 1980). Many species of molluscs,
however, show directed movement in response to air-
or waterborne odours (Rhode & Sandland 1975,
Chelazzi et al. 1988) or trails deposited on the substra-
tum (Cook 1971, Cook & Cook 1975, Chelazzi et al.
1985). Aggregating individuals do not necessarily fol-
low their own trails to move into an aggregation, but
may respond to the trails of conspecifics.

Instead of directed responses to certain stimuli,
mobile animals may aggregate because of changes in
undirected movement, e.g. decreasing rates of locomo-
tion or increasing circling in areas with large densities
of conspecifics (Turchin 1987). Nerita versicolor and N.
textilis increase kinesis in the dark, thus accumulating
in crevices (Bovjberg 1984). Crevices influence rates of
dispersal of the predatory whelk Morula marginalba,
causing aggregations in certain microhabitats (Fair-
weather 1988). Underwood & Chapman (1989) have,
however, shown that changes in rates of dispersal in
response to topographic complexity do not necessarily
lead to aggregations of Littorina unifasciata in differ-
ent habitats. Aggregations in some species are obvi-
ously associated with certain features of habitat
(Underwood 1976a, b, Garrity & Levings 1984, Moran
1985, Chapman 1994a). Other species form aggrega-
tions that cannot easily be associated with features of
the environment (Jenner 1959).

Littorina unifasciata are small littorinids (mean shell
length generally less than 1 cm) found between mid- and
high-shore levels on most intertidal shores in New South
Wales, Australia. Their mean density and size vary from
shore to shore, from height to height and among differ-
ent microhabitats within a particular shore level (Un-
derwood 1981a, Underwood & Chapman 1989, 1992,
Chapman 1994b, 1995). When emersed, L. unifasciata
show consistent associations with certain patches of
habitat between 20 and 2500 cm? (i.e. 0.25 m?) in size,

causing small-scale differences in density from one
patch of habitat to another (Underwood & Chapman
1992). In addition to differences in densities among
patches of habitat, L. unifasciata Irequently aggregate
into clusters in which the snails are in contact with one
another. These clusters (or aggregations) may consist of
only a few or many hundreds of individuals, and are
found during low tide on emersed rock surfaces, on bar-
nacle shells and around the edges of shallow pools. They
may persist for many days. L. unifasciata therefore show
2 types of small-scale variation of dispersion: differences
in densities from one patch of habitat to another, and
variation in aggregation of individuals into clusters
within and among patches of different densities. Despite
these obvious patterns, there are no published data on
variability in patterns of aggregation (l.e. clustering) of L.
unifasciata in different habitats.

Aggregation into clusters by intertidal animals may
reduce stress attributable to high or low temperatures
(Feare 1971, Marchetti & Geller 1987} or desiccation
(Levings & Garrity 1983, Lively & Raimondi 1987) dur-
ing emersion or predation by fish during high tide (Lev-
ings & Garrity 1983). Littorina unifasciata, which live at
high levels on the shore, are exposed to prolonged peri-
ods of emersion and, towards the upper end of their
range, snails can be continuously emersed for many
days in hot weather (pers. obs.). If aggregation reduces
stress associated with prolonged emersion, one can
predict that L. unifasciata should be more aggregated
higher than lower on the shore. Similarly, L. unifasciata
should be more aggregated on broad horizontal sur-
faces which are exposed to the full strength of the sun
than on vertical surfaces where physical stresses asso-
ciated with emersion are less extreme (Garrity 1984).

Because many small aggregations of Litforina uni-
fasciata are associated with topographic features of the
substratum, such as pits and crevices, clustering may
be correlated with the topographic complexity of the
habitat. Large aggregations are, however, not always
associated with visible topographic features, which
suggests that snails may aggregate in response to con-
specifics, rather than in response to particular features
of the habitat. L. unifasciata follow conspecific trails,
although not all individuals follow trails at any one
time (Chapman 1992) Unquantified observations
show that trail-following frequently leads to aggrega-
tion. If aggregation results from trail-following, aggre-
gation should increase with increasing density of con-
specifics because of the greater probability of a snail
encountering a trail and the likelihood that a greater
number of snails will encounter each trail.

Any intraspecific effect of density will obviously in-
crease if the mean density increases, but it may also be
affected by aggregation. For example, if animals move
small distances so that individuals only interact with
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close neighbours, aggregation in the population will in-
crease the effects of density on those individuals in ag-
gregations more than on solitary individuals (Fig. 1a, b).
Increased aggregation will intensify any effects of den-
sity on the population as a whole. The extent to which
this occurs will depend on the degree of aggregation
and the spatial scale over which individuals interact.
During low tide, mean densities and patterns of aggre-
gation in Littorina unifasciata differ among patches
from 20 to 2500 cm? (Underwood & Chapman 1992,
Chapman 1994b). It does not, however, follow that sim-
ilar patterns occur during high tide.

Many models explaining clustering of individuals
during low tide incorporate responses to environmen-
tal conditions during emersion, e.g. stress due to desic-
cation or temperature. Aggregation when emersed,
however, is not necessarily a behavioural response to
these environmental conditions. If certain patches of
habitat are preferred when feeding during high tide
and animals remain in these patches when the tide
drops, patterns of dispersion during low tide will
reflect patterns of habitat use during high tide. Any
causes of or apparent advantages from aggregation
will refer to conditions when the animals are active
and submersed and not while they are inactive and
emersed. Therefore, any models proposed to explain
these patterns should consider responses to conditions
during high tide. Alternatively, Littorina unifasciata
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Fig. 1. Littorina unifasciata. (a) Animals come into contact
with fewer other individuals when they are randomly dis-
persed than (b} when they are aggregated if they do not move
large distances and have a small foraging range {dashed line);
(c) division of a 0.25 m? quadrat into 20, 120 and 500 cm?
subquadrats for measurements of density, aggregation and
mean crowding of snails during low and high tide

may disperse widely while feeding and only aggregate
during low tide, as do many other intertidal grazers
(Chelazzi et al. 1988). In this case, causes of or advan-
tages from aggregation will be associated with emer-
sion, and any models explaining aggregation should
be concerned with conditions prevailing during low
tide. To distinguish among these different models, dis-
persion should be examined during low tide and high
tide to determine whether snails remain in the same
patches or use different parts of the habitat during
each state of the tide. Patterns should be identified at a
range of spatial scales within the normal foraging
range of this species so that hypotheses about the
processes influencing aggregation can be identified
and tested at the appropriate spatial scales.

MATERIALS AND METHODS

Study sites. Most data were collected in the Cape
Banks Scientific Marine Research Area (Cape Banks)
on the northern headland of Botany Bay, New South
Wales, Australia. General patterns of distribution
of Littorina unifasciata on these shores are described
in Chapman (1994a, b). Aggregation with respect to
slope of the shore was examined at Clovelly and
Coogee, 2 shores within the Sydney metropolitan dis-
trict (Clovelly = Shore 1 in Chapman 1995}. Unlike the
shores at Cape Banks, which are relatively flat, exten-
sive rock platforms, these 2 shores are narrow with
large boulders (some of which exceeded 2 m in height)
within the distribution of L. unifasciata. These boulders
had large areas of vertical and horizontal surfaces. L.
unifasciata were found on the sides and tops of the
boulders and on the rock platform adjacent to them.
Equivalent vertical and horizontal surfaces are not
found within the distribution of L. unifasciata at Cape
Banks, except high on the shore where the vertical sur-
faces are at the upper limit of this species. The vertical
surfaces described in Chapman (1994b) were not ex-
tensive (hence the use of 20 cm? quadrats for estimates
of densities in Chapman 1994b) and were therefore not
appropriate for a study of patterns of dispersion.

Aggregation was calculated as Pielou's a (1959},
which is a measure of distances to nearest neighbours
from random points within an area. Pielou’s o gives an
estimation of aggregation without potential influence
of the size of quadrat used to sample the area (Pielou
1969). Each quadrat was photographed and the photo-
graphs projected onto a grid. Distance to the nearest
Littorina unifasciata was measured from each of
20 random points on each photograph. The topo-
graphic complexity of the rock surface was estimated
using the method of Underwood & Chapman (1989).
This gives a topographic index between 0 and 1, which
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increases with increasing topographic complexity of
the substratum.

The relationships between aggregation (Pielou's o)
and other environmental variables were examined
using Pearson's product-moment correlation coeffi-
cient. Differences among mean values of « (or other
variables) were identified from analyses of variance,
after transformation of the data if variances were het-
erogeneous (determined from Cochran's test). Appro-
priate means were then compared using SNK tests
(Winer 1971, Underwood 1981Db).

Broad-scale patterns of aggregation. To test the hy-
potheses that Littorina unifasciata were more aggre-
gated higher than lower on the shore, in areas with
greater densities of snails and in areas with increased
topographic complexity, Pielou's o was measured in
replicate quadrats at 2 levels on each of 2 shores
(Shores 2 and 3 at Cape Banks; Chapman 1994a). To
test the hypothesis that the degree of aggregation is
determined by intrinsic physical features of the habi-
tat, aggregation in the same areas was compared
on replicate occasions. Twenty-five 400 cm? quadrats
were randomly selected along 50 m horizontal transects
towards the upper limit (high shore} and towards the
lower limit of the distribution of L. unifasciata (mid-
shore) on each shore. Each quadrat was photographed
during 2 periods of low tide, separated by approxi-
mately a month, although heights on each shore were
not necessarily sampled on the same days. A month is
adequate time for the population in an area this size
(400 cm?) to change (Underwood & Chapman 1989).
Pielou's o was calculated from each photograph and the
topographic complexity was measured in each quadrat.
a was then correlated with the density of the snails and
the topographic complexity of the substratum at each
time of sampling and compared separately between the
2 times of sampling for each level on each shore.

To determine whether the average degree of aggre-
gation of Littorina unifasciata was greater at higher
rather than at lower points on the shore, o was ana-
lysed from high shore and midshore levels on each
shore at both times of sampling. Because the same
quadrats were sampled each time (in order to test the
hypothesis about consistency of aggregation in the
same sites), data from 12 randomly selected quadrats
were used for each time of sampling in this analysis.
Height on the shore was treated as a fixed factor,
shores as a random factor, and times of sampling were
nested in the Shore x Height interaction.

Small-scale patterns of aggregation. Aggregation
on surfaces with different slopes: To test the hypothe-
sis that aggregation is greater on horizontal than on
vertical surfaces, aggregation was measured at 6 sites
on the tops and sides of boulders and on the adjacent
rock platform at Clovelly and Coogee. At Clovelly,

densities of snails per 2500 cm? and Pielou's « in

400 cm® areas were calculated from 4 random quadrats
of each size at 3 vertical sites (the sides of boulders)
and at 3 horizontal sites (the tops of 2 boulders and at 1
site on the adjacent rock platform). Horizontal and ver-
tical surfaces were not necessarily measured on the
same boulders, so sites were nested within the factor of
slope in the analyses. The shell lengths of 20 aggre-
gated and 20 solitary snails at each site were measured
because solitary snails appeared to be larger than
aggregated snails. Snails were randomly chosen by
placing quadrats on the rock surface and collecting the
solitary and aggregated snails nearest marked points
on the quadrat. All snails from each aggregation were
mixed together, and 5 snails were chosen randomly
from each aggregation (if there were 5 or more avail-
able, otherwise all snails in that aggregation were
measured). This was continued until the requisite
number of snails was measured. Similar data were col-
lected from Coogee, but only 2 vertical and 2 horizon-
tal surfaces were sampled with 3 quadrats on each sur-
face, and the shell lengths of 19 snails were measured.

Experimental analysis of aggregation on surfaces
with different slopes: Many different models may ex-
plain greater aggregation on horizontal than on vertical
surfaces (see 'Results’) and these can only be distin-
guished by experimental manipulations. First, aggre-
gation may be determined by the slope of the rock. If
this were correct, snails placed on horizontal surfaces
should aggregate more than those placed on vertical
surfaces, irrespective of their origin. Second, certain in-
dividuals may have more intrinsic tendency to aggre-
gate than others, and these types may be more common
on horizontal than on vertical surfaces. In this case,
snails obtained from aggregations (i.e. clusters of indi-
viduals in contact with one another) should be more in-
clined to aggregate than solitary snails, irrespective of
their treatment or the slope of the surface on which they
are placed. A third model is that the tendency to aggre-
gate may be induced by variables associated with the
slope on which the snails have been living. If this model
were correct, snails obtained from horizontal surfaces
should aggregate more than those obtained from verti-
cal surfaces, irrespective of whether they are collected
from an aggregation or not, and irrespective of the
slope of the surface on which they are placed.

These alternatives were tested experimentally at
Clovelly. Solitary and aggregated snails from vertical
or horizontal surfaces were subjected to one of 9 dif-
ferent treatments (summarised in Table 1). Solitary
snails were defined as those not in contact with any
other snails at the start of the experiment. Aggregated
snails were collected from clusters of at least 5 indi-
viduals. Undisturbed snails were marked in situ with
a dot of nontoxic enamel paint (Chapman 1986)
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Table 1. Littorina unifasciata. Experimental treatments to determine whether increased aggregation on horizontal surfaces was

due to slope or characteristics of the snails normally found in each habitat. Sol.. originally solitary snails; Agg.. originally aggre-

gated snails; na: not applicable; X: treatment included in experiment; " treatment not included because of insufficient specimens;
*"treatment not included because snails would not grip the substratum (details in text)

Treatment Slope of rock surface: Vertical Horizontal
Original dispersion of snails: Sol. Agg. Sol. Agg.

1 Undisturbed X X X
2 Disturbed . X X
3 Translocated to new position X X X
4 Transplanted sol. to agg., same slope X na X na
5 Transplanted agg. to sol., same slope na ' na X
6 Transplanted sol. to sol., different slope X na X na
7 Transplanted sol. to agg., different slope X na X na
8 Transplanted agg. to sol., different slope na : na X
9 Transplanted agg. to agg., different slope na na X

(Treatment 1 in Table 1). All other snails were han-
dled, marked with paint and replaced on the sub-
stratum. To obtain the experimental groups of snails
necessary to test these hypotheses, snails were trans-
planted between habitats (horizontal to vertical sur-
faces and vice versa) and between patterns of disper-
sion (solitary to aggregated and vice versa).
Therefore, transplanted snails were moved into a dif-
ferent pattern of dispersion [i.e. solitary to aggregated
(Treatment 4) or vice versa (Treatment 5)] on surfaces
of the same slope, or to the same {Treatments 6 and 9)
or a different pattern of dispersion (Treatments 7 and
8) on surfaces of a different slope (Table 1). These
treatments are all necessary to examine the effects of
slope, history of the snails and original pattern of dis-
persion on the tendency to aggregate. Control treat-
ments included disturbed snails which were replaced
in the same position (Treatment 2} and translocated
snails which were moved to a new position, but
placed in the same configuration on rocks of the same
slope (Treatment 3) (see Chapman 1986, Underwood
1988, Chapman & Underwood 1992 for descriptions of
the need for experimental controls). Unfortunately, it
was not possible to incorporate the full set of experi-
mental treatments. There were not enough aggre-
gated snails on vertical surfaces to be included in all
treatments; therefore, treatments involving these
snails were omitted. It was also not possible to include
disturbed snails on vertical surfaces because they
would not reattach after dislodgment. All other snails
moved onto vertical surfaces were placed in very
small pits in the rock surface, but this could not be
done to disturbed snails because they must (by defini-
tion) be replaced in their original position which was
not necessarily in a pit (Chapman 1986).

To examine these models, 10 snails in each treat-
ment were placed on each of 6 horizontal and 6 verti-
cal surfaces. One day later, the snails of each treat-

ment in aggregations (i.e. in contact with another
snail in a cluster of 5 or more snails) were counted.
Because solitary and aggregated snails from vertical
and horizontal surfaces were not subjected to all
treatments, the data could not be examined in 1 ana-
lysis. Solitary and aggregated snails from horizontal
surfaces, subjected to 1 of 6 different treatments, were
compared to examine the effects of disturbance,
translocation, slope and the original pattern of disper-
sion (solitary or aggregated) on subsequent ag-
gregation. The second analysis compared solitary
snails from vertical and horizontal surfaces, subjected
to 1 of 5 different treatments, to examine the effects of
translocation, the origin of the snails, dispersion and
slope on the tendency to aggregate. This experiment
examined aggregation of snails from different origins
in different habitats after 1 period of activity. Longer
time was not provided because the history of the indi-
viduals was altered by the experimental treatments
and would no longer be appropriate after 1 period of
activity. This assumes that environmental conditions
during the short experimental period were adequate
to induce aggregation in different habitats, but does
not address questions about the survival value of this
behaviour

Dispersion during low or high tide. Dispersion dur-
ing low or high tide was measured at 2 replicate sites
on Shore 1 at Cape Banks. At each site, four 2500 cm?
quadrats were photographed during a low tide, and
again during the next high tide when the sites were
awash. During low tide, all of the snails were inactive;
during the high tide, most were active. The dispersion
of Littorina unifasciata was examined at the spatial
scales of 2500, 500, 120 and 20 cm? at each state of the
tide (Fig. 1c¢).

At each spatial scale, 3 measures of dispersion were
estimated. First, the mean density per unit area was es-
timated. Second, the variance:mean ratio among repli-
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cate quadrats of each size was calculated to give a mea-
sure of the amount of variability in density among
patches of habitat (i.e. among quadrats) of that particu-
lar size. This ratio is generally considered to be density-
independent (Pielou 1969), although this may not strictly
be so (Underwood pers. comm.). Third, Lloyd's index of
mean crowding (Lloyd 1967} was estimated for patches
(i.e. quadrats) of each size. This index is a measure of the
average amount of crowding experienced by all indi-
viduals in the population and incorporates measures of
density and aggregation among individuals.

There were four 2500 cm? quadrats per site. There-
fore, at the largest spatial scale there were 4 replicate
measures of density per site (1 per quadrat), but each
site gave 1 reading for aggregation and mean crowd-
ing (estimated from all 4 quadrats). Each quadrat was
then divided into 121 small subquadrats, each approx-
imately 20 cm? in size. Densities from subsets of these
were then combined to provide data from patches of
different sizes (Fig. 1c¢).

Twenty-five adjacent 20 cm? subquadrats were com-
bined to give areas of 500 cm? There were 4 of these
areas per 2500 ¢cm? quadrat. Two areas were randomly
selected during each low and high tide to provide
2 measures of density. The variance:mean ratio and
Lloyd's index were calculated from two random pairs
of these areas per 2500 cm? quadrat during low and
high tide, thus giving 2 replicate values per quadrat for
each state of the tide.

Similarly, 6 adjacent 20 cm? subquadrats were com-
bined to form areas of 120 cm? (Fig. 1c). There were
15 of these smaller quadrats per 2500 cm? Mean den-
sity was not examined at this scale nor at the smaller
spatial scale. Within each 2500 cm? area, Lloyd’s index
and the variance:mean ratio were calculated for 2 sets
of data, each of 5 randomly selected 120 cm? quadrats,
during each low and high tide. These calculations pro-
vide 2 independent measures of aggregation and
crowding per quadrat for each state of the tide.

The variance:mean ratio and mean crowding were
estimated for 20 cm? subquadrats within 500 cm? areas
because of the large number of subquadrats of this size
with counts of zero in 2500 cm®. For each state of the
tide, comparisons were made within 2 randomly selec-
ted 500 cm? areas.

The densities of snails in each quadrat (of appropri-
ate size} were ranked and the data from low and high
tides compared using Spearman's rank correlation co-
efficient. At the spatial scale of 500 cm?, the data from
the four 2500 cm? quadrats were combined to provide
an adequate sample for analysis. At the smaller spatial
scales, each 2500 cm? area was analysed separately.
The data for 20 cm? subquadrats were compared using
the raw data instead of ranks because there were
many zero values and, therefore, tied ranks.

Because data on densities, variance:mean ratio and
Lloyd's index of mean crowding were obtained from
independent subquadrats within each quadrat during
low and high tide, comparisons between the 2 sites and
the different states of the tide were investigated using
analyses of variance. The state of the tide was treated
as a fixed factor, sites as a random factor and quadrats
were nested within sites.

RESULTS
Broad-scale patterns of aggregation

Littorina unifasciata were significantly aggregated
(p < 0.05)in 80% and 46 % of quadrats in the high and
midshore levels of Shore 2 (the more exposed shore)
and 62% and 86 % of quadrats in the high and mid-
shore levels of Shore 3 (the more sheltered shore),
respectively (averaged over both times of sampling).
The proportion of quadrats in which Pielou's o was sig-
nificant (p < 0.05) was an estimate of the proportion of
each area in which the snails were distributed in a non
random, aggregated pattern. This did not vary from
time to time at the 2 heights on Shore 3, nor at high
shore levels on Shore 2 (3 = 0.76, 0.17 and 0.00,
respectively, each with 1 df, p > 0.05). At the midshore
level on Shore 2, snails were significantly aggregated
in fewer quadrats during the second than during the
first time of sampling (x? = 9.74, 1 df, p < 0.001).

Aggregation was not usually correlated with density of
snails, but increased with increasing density high on
Shore 3 during Time 1 and at the midshore level of
Shore 3 during Time 2 (Table 2). Aggregation was also
not generally correlated with topographic complexity of
the rock surface, except for decreased aggregation with
increasing complexity at the midshore level of Shore 2

Table 2. Littorina unifasciata. Correlation coefficient (rg) for

Pielou’s o and density of snails, topographic complexity of the

rock and different times of sampling at 2 levels on each of 2

shores (Shores 2 and 3) (n = 25). In this and subsequent tables,
ns: p > 0.05 "p<0.05 ""p<0.01; *"*p<0.001

Shore 2 Shore 3
Midshore High shore Midshore High shore
Density
Time 1 -0.06 ns 0.23 ns 0.11 ns 0.43
Time 2 0.26 ns -0.09 ns 0.44 0.34 ns
Topographic complexity
Time 1 -0.41 - 0.05 ns 0.27 ns -0.25 ns
Time 2 0.38 ns -0.14 ns 0.48 - -0.15 ns
Tume 1 versus Time 2
-0.48 * 0.03 ns 0.33 ns 0.20 ns
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during the first time of sampling and the re-
verse pattern on Shore 3 during the second 4
time of sampling (Table 2). A subset of these
data from Shore 3 is presented in Fig. 2. Ag-
gregation varied from quadrat to quadrat
but was not consistently correlated with ei-
ther the density of the snails nor the topo- 1
graphic complexity of the rock. Except for a

negative correlation between the first and o
second time of sampling at midshore levels
on Shore 3 (when there was also a signifi-
cant decrease in the amount of aggrega-
tion), there were no significant correlations

Pielou’s «
no
L]

between the 2 times of sampling (Table 2). 3 ’ . :
Analysis of variance compared the aver- % 2{e®
age degree of aggregation across shores & o
and times of sampling without considering Hed
whether the snails were significantly ag- okl
gregated or not (shown by nearest neigh- 0

bour analysis). This analysis showed that
although in general the degree of aggrega-
tion did not vary from time to time, there
was significantly less aggregation during
the second time of sampling in midshore
sites on Shore 2 [Times (Shores x Heights),
F=2774 and 88 df, p < 0.05; Cochran’s
test, C=0.24, p > 0.05]. Over and above this, however,
Littorina unifasciata were significantly more aggre-
gated at high shore levels compared to midshore levels
on Shore 2, but the opposite trend was found on Shore 3
(F=9.60, 1 and 4 df, p < 0.05). The means showed sig-
nificant aggregation at each level on each shore
(Shore 2 midshore mean = 1.78, SE = 0.20; high shore
mean = 2.84, SE = 0.31; Shore 3 midshore mean = 3.50,
SE =0.47; high shore mean = 1.82, SE = 0.26).

Small-scale patterns of aggregation
Patterns of aggregation on surfaces of different slope

There were no significant differences between densi-
ties on vertical and horizontal surfaces at either Clovelly
or Coogee, although there were fewer snails on vertical
surfaces (mean = 20.6, SE = 5.5) than horizontal surfaces
(mean = 38.3, SE = 5.1) at Clovelly. At Coogee, the re-
verse trend was found (vertical surfaces: mean = 69.5,
SE = 22.3; horizontal surfaces: mean = 36.7, SE = 7.8).

On each shore, Littorina unifasciata were more ag-
gregated on horizontal than vertical surfaces, irrespec-
tive of density of snails. At Clovelly, there was
a significant degree of aggregation in 11 of the
12 quadrats examined on horizontal surfaces, but in
only 1 of the 12 quadrats on vertical surfaces (x* = 16.67,
1df, p <0.001). Similarly, at Coogee, there was signifi-
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of snails, and (c, d) aggregation and the topographic complexity of the sub-
stratum for {a, ¢) high shore and (b, d) midshore levels on Shore 3 during the

second sampling period for each level (n = 25)

cant aggregation in 5 of the 6 horizontal sites, but only
1 of the 6 vertical sites (x° = 5.33, 1 df, p < 0.05).

At Clovelly and Coogee, there were significant dif-
ferences in mean size from site to site (F= 50.37,4 and
228 df, p < 0.001; F = 22.46,2 and 144 df, p < 0.001,
respectively). At Clovelly, snails in aggregations were
significantly smaller than solitary snails (F=9.25,1 and
4 df, p < 0,05; Fig. 3a), but at Coogee, aggregated and
solitary snails were of similar sizes (Fig. 3b).

Experimental analysis of aggregation on surfaces
of different slope

All snails from the experimental treatments were
recovered, so neither disturbance, dispersion at the
start of the experiment (i.e. solitary or aggregated) nor
slope affected survival during 24 h. The first analysis
examined aggregation by snails which were originally
solitary or aggregated on horizontal surfaces placed
back onto horizontal surfaces or placed on vertical sur-
faces to examine whether the past behaviour of the
snails (i.e. whether they were obtained from aggrega-
tions or not) influenced their tendency to aggregate.
Similar numbers of snails were found in aggregations,
irrespective of whether they were originally obtained
from aggregations or were solitary (F = 0.11, 1 and
60 df, p > 0.05, Cochran's test C = 0.18, p > 0.05). Dif-
ferences among means giving rise to the significant
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tively

effect of Treatment (F = 3.56, 5 and 60 df, p < 0.05)
could not be identified using SNK tests. In general,
however, fewer snails aggregated on vertical surfaces
(Treatments 6 to 9 in Table 1 and Fig. 4a) than on hori-
zontal surfaces, irrespective of treatment (Fig. 4a).
Solitary snails which were originally obtained from
vertical or horizontal rock surfaces were then com-
pared to test whether their past history with respect to
the aspect of the surface on which they had been living
influenced their tendency to aggregate. The numbers
of snails found in aggregations varied according to
treatment and origin (F = 2.79, 4 and 50 df, p > 0.05,
Cochran's test C = 0.24, p > 0.05). Snails from horizon-
tal rock-surfaces were less aggregated when trans-
planted to vertical surfaces than when left on horizon-
tal surfaces (compare differences between Treatments
6 and 7 with treatments 1, 3 and 4 for snails from hori-
zontal surfaces; Fig. 4b). Snails from vertical surfaces,
however, showed little aggregation, irrespective of the
treatment [compare similarities between Treatment 7
(placed onto horizontal surfaces) and all other treat-
ments (replaced onto vertical surfaces); Fig. 4b].
Therefore, snails moved from vertical to horizontal sur-
faces showed less tendency to aggregate than the
snails found naturally on horizontal surfaces. They
behaved similarly to those remaining on vertical sur-
faces. Being placed as solitary individuals or being
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placed in an aggregation did not influence the proba-
bility of being found in an aggregation 1 d later in
either set of snails on either slope.

Dispersion during low or high tide

Statistical comparisons in measures of mean density,
mean ratio of variance:mean or mean levels of crowding
were not made at the scale of 0.25 m?. The data, how-
ever, indicated few changes in any measure of disper-
sion or aggregation between low and high tide at either
site [mean density (SE): Site 1, low tide, 472.3 (47.9); high
tide, 448.0 (61.5); Site 2, low tide, 1154.5 (80.5); high tide,
918.8 (67.3); variance:mean: Site 1, low tide, 19.4; high
tide, 33.7; Site 2, low tide, 22.5; high tide, 19.7; Lloyd's in-
dex of mean crowding: Site 1, low tide, 485.5; high tide,
472.3; Site 2, low tide, 1170.4; high tide, 932.5].

At smaller spatial scales, there was generally no cor-
relation between the densities of Littorina unifasciata
in subquadrats of 500, 120 or 20 cm? during low tide
compared to during high tide within either site. The
only exceptions were at the spatial scale of 120 cm?in
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tal treatments. (a) Solitary (O) and aggregated (®) L. unifasci-

ata originally obtained from horizontal surfaces; (b) solitary L.

unuifasciata originally obtained from horizontal (M) or vertical
(d) rock-surfaces (treatments as in Table 1}; n =6
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2 quadrats in Site 1, which gave a negative (r = -0.64,
23 df, p < 0.01) and a significant positive correlation
(r = 0.65, 23 df, p < 0.01). In general, therefore, there
was no relationship between numbers of snails in
patches of habitat during low compared to during high
tide at a wide range of spatial scales.

Differences in mean densities between low and high
tide were analysed for quadrats of 500 cm?, whereas
differences in the variance:mean ratio and Lloyd's
index of crowding were examined for quadrats of 500,
120 and 20 cm? Examples of these analyses are given
in Table 3 and the significant sources of variation for all
of these analyses are summarised in Table 4.

At a scale of 500 cm?, neither mean densities nor
mean crowding varied between low and high tide
(Tables 3 & 4), indicating that densities of snails in
patches of this size did not change between the 2 tidal
conditions. Differences in mean densities between sites
accounted for the significant differences in crowding
between sites. In 2 quadrats, aggregation differed sig-
nificantly between low tide and high tide (i.e. there was
more variability among quadrats of this size; Table 3},
but the pattern differed between quadrats. Snails were
more patchy during low tide in one quadrat (i.e. there
was greater variance:mean ratio) and more patchy dur-
ing high tide in the other. In all other quadrats there
were no significant differences.

At the smaller scale of 120 cm?, snails were more ag-
gregated during low than during high tide (Table 4; after
the Tide x Quadrat(Site) and Tide x Site interactions
were pooled with the Residual), although snails were still
aggregated during both stages of the tide as indicated by
the variance:mean ration (low tide, mean = 7.36, SE =
1.18; high tide, mean = 2.47, SE = 0.48). The same trend
was identified for Lloyd's index (Table 4; low tide, mean
=43.6, SE =4.7; high tide, mean = 35.37, SE = 3.5}.

Finally, at the smallest spatial scale of 20 cm?, there
were similarly significant differences in aggregation
and crowding between low and high tide in the differ-
ent quadrats (Table 4). These were, however, only dif-

Table 3. Littorina unifasciata. Analyses of densities and
aggregation (variance:mean ratio) among 500 cm? sub-
quadrats in 0.25 m? quadrats in 2 sites at Cape Banks (n = 2)

Source of df Densities Aggregation
variation MS F MS F
Tide=T 1 780.1 072 ns 1.3 127 ns
Site = S 1 117128.0 4097 *** 66.8 0.69 ns
TxS 1 1081.1 0.83 ns 1.0 0.01 ns
Quadrat(S) 6 2859.2  2.69 ns 97.0 3.34

T x Q(S) 6 1309.1 123 ns 174.8 6.03
Residual 16 1063.2 29.1

Cochran's test C=01%p>0.05 C=0.13,p>0.05

Table 4. Littorina unifasciata. Significant sources of variation
in analyses of densities, aggregation (variance:mean ratio)
and Lloyd's index of crowding among 500 cm?® subquadrats,
and aggregation and Lloyd's index of crowding among
120 cm? and 20 cm? subquadrats, in 0.25 m? quadrats at 2 sites
at Cape Banks (n = 2). Tide is low compared to high tide

Sources of  Densities Variance:mean Lloyd's index

variation of crowding
500 500 120 20 500 120 20
cm?  cm? cm? ecm®*  cm?® cm? cm?®

Tide =T ns ns ns* ns ns ns® ns

Site = S ns *** ns ' ons :

TxS ns ns ns ns ns ns ns

Quadrat(S) ns ' ns " ns

T x Q(S) ns Toons ns ns .

Cochran's test ns ns ns ns ns ns ns

“Pooling Residual, T x Q(S) and T x S (MS = 12.96):

test for Tide; F=14.84; land 23 df, p < 0.001

"Pooling Residual, T x Q(S) and T x S (MS = 90.52):

test for Tide; F=6.06; 1 and 23 df, p < 0.05

ferences in extent and in all quadrats snails were more
aggregated and therefore subjected to more crowding
during low than during high tide (Fig. 5).
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DISCUSSION

This study showed that Littorina unifasciata were
frequently, but not invariably, significantly aggregated
while emersed during low tide, during which time the
snails were inactive. Aggregation varied spatially and
was not correlated with either the density of the snails
or the topographic complexity of the rock surface. It
was, however, significantly greater at higher than at
lower levels on the more wave exposed-shore, but
showed the reverse pattern on the sheltered shore.
Averaged over both heights, there was no difference
between the 2 shores. Therefore aggregation in L. uni-
fasciata cannot be correlated with factors previously
cited as being important, such as density, complexity of
habitat (Levings & Garrity 1983, Garrity & Levings
1984, Moran 1985), height on the shore and wave
exposure (Chelazzi et al. 1984, Garrity & Levings
1984). L. unifasciata generally showed as much differ-
ence in aggregation among sites a few metres apart as
among sites at different heights on the shore, or among
sites on different shores. This indicates that the vari-
ables that determine the degree of aggregation in this
species operate at small spatial scales.

Littorina unifasciata do not home to particular sites
(Chapman 1986, Underwood & Chapman 1989),
although they do consistently tend to move into partic-
ular patches of habitat after foraging (Underwood &
Chapman 1992). They do not necessarily return to the
same patches each time and individuals gradually dis-
perse from areas (Underwood & Chapman 1989). Nev-
ertheless, interchange of populations over large areas
of the shore is unlikely (Chapman 1995). This study
showed that the degree to which the snails aggregated
in the same patches varied from time to time, suggest-
ing that the cues which stimulate the snails to aggre-
gate are not determined by invariant features of the
habitat. Therefore, although there are patches of habi-
tat in which densities of L. unifasciata are consistently
greater during low tide, the degree to which the snails
aggregate (or cluster) in these patches varies. The cues
that stimulate aggregation are therefore likely to be
more variable than those that cause snails to move
towards or stay within patches of habitat.

Despite this variability, Littorina unifasciata on steep
(vertical) slopes were significantly less aggregated
than those on horizontal or shallow-sloping surfaces. In
addition, aggregated snails were significantly smaller
than solitary snails in one of the 2 study sites. Despite
this significant pattern between size and aggregation,
snails were not consistent in their tendency to aggre-
gate on eilther steep or shallow slopes in this site. After
a period of foraging, snails obtained from aggregations
(smaller individuals) did not show a greater tendency
to move into aggregations than did solitary snails

(larger individuals). Species which return to aggrega-
tions via trail-following (e.g. Chelazzi et al. 1985) may
indicate that snails found in aggregations are more
responsive to trails of conspecifics than are solitary
individuals. This is not likely to be true in L. unifasciata
because there was no greater tendency for snails
placed in an aggregation (irrespective of their origin)
to return to an aggregation than was the case for orig-
inally solitary snails. Snails in all treatments showed
less tendency to aggregate on vertical surfaces than on
horizontal surfaces. This suggests that, on steeply-
sloping surfaces, the cues that stimulate aggregation
(e.g. responses to desiccation or high temperatures;
Garrity 1984) are less abundant, less strong or operate
less consistently. The lack of correlation between
aggregation and height on the shore and wave expo-
sure, all of which are likely to differ in these physical
conditions, indicates that other variables influence the
responses of these snails.

Although the behaviour of individuals was not con-
sistent from time to time, individuals obtained from
steeply sloping surfaces were also less likely to aggre-
gate than snails from horizontal surfaces, irrespective
of the habitat into which they were transplanted.
Because Littorina unifasciata found on vertical sur-
faces were generally larger and occured at lower den-
sities than those on horizontal surfaces (see also Chap-
man 1994b), it is not possible to separate the effects of
size, recent effects of conspecific density or other
unknown factors on these differences in behaviour.
These can only be differentiated with field experi-
ments in areas in which snails of similar sizes and a
range of densities can be found on both the vertical
and horizontal surfaces. Such study sites have not been
found.

Significantly, aggregation during low tide may not
be a response to environmental conditions during
emersion. Because Littorina unifasciata live at rela-
tively high levels on the shore, they can become
emersed and form aggregations between 2 and 4 h
before the actual time of low tide. Therefore, the envi-
ronmental conditions that exist at the time of low tide
may be relatively unimportant cues for aggregation.
For example, if low tide is at midday, when it can be
extremely hot, the snails are likely to be emersed
between 8:00 and 10:00 h when it is still relatively cool.
In addition, L. unifasciata may aggregate before they
are emersed, as do other species (Moulton 1962), in
which case they may aggregate in response to cues
present during high tide. Therefore dispersion of L.
unitasciata was examined during low and high tide at
a range of spatial scales from 20 to 2500 cm?

Littorina unifasciata showed different patterns of
dispersion during low and high tide according to the
spatial scale at which the populations were examined.
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Although densities were very variable from patch to
patch, mean densities remained relatively constant at
all scales in comparisons between low and high tide,
indicating no large-scale movement of individuals
into or out of the study sites. Within each study site,
there were few significant relationships between
the number of snails in a patch (between 20 and
2500 cm?) during low tide and the numbers in that
patch during high tide. Therefore, in general, L. uni-
fasciata do not aggregate in the same patches during
high tide as during low tide. Neither do they move
from a set of patches during low tide to a different set
during high tide.

Littorina unifasciata were less aggregated during
high tide in small patches of habitat (20 and 120 cm?
quadrats). The snails dispersed more evenly among
patches while active and feeding, but aggregated
into fewer patches when emersed. These patterns
were not found in the larger patches (quadrats), indi-
cating that the cues that stimulate aggregation should
be identified at these small spatial scales. Differences
in patterns of dispersion of L. unifasciata from place
to place and time to time may therefore be explained
by differences in grain or intensity of these small-
scale, local cues to which the snails apparently
respond.

These patterns are impertant for future studies of
the effects of intraspecific density on aspects of the
biology of Littorina unifasciata. Because the degree to
which L. unifasciata aggregate differs between low
and high tide, snails are subjected to changing effects
of crowding within a single day. Individuals are less
crowded during high tide (when they are feeding)
than during low tide (when they are inactive). A study
of the effects of increased density on their ecology (as
should be the case for any species that aggregates)
should include measurements of aggregation and
crowding, in addition to the average density. These
should be measured during the state of the tide rele-
vant to the particular model being considered. If it is
proposed that the snails are subjected to density-
dependent effects during emersion (e.g because
there are few sheltering sites), these variables should
be measured during low tide when increased aggre-
gation may increase effects of density. Alternatively, if
it is proposed that the snails are affected by density of
conspecifics during high tide (e.g. because of avail-
ability of food), the relevant variables should be mea-
sured during high tide. Measurements during low tide
are likely to overestimate the effect of crowding on
the snails and hence might enhance any perceived
effect of crowding.

Therefore, patterns must be documented at a range
of spatial scales. Clear models should be proposed to
explain these patterns and experimental tests at the

appropriate scales must be done before patterns of dis-
persion, such as those shown here, can be understood.
Documentation of patterns is an essential first step in
this understanding. It must include measures at several
spatial scales and adequate replication to provide a
convincing account of the patterns.
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