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ABSTRACT: In New South Wales, the muricid gastropod Morula marginalba occurs intertidally on 
most rocky shores in lower estuaries and on the open coast. M marginalba is absent from most wave- 
battered headlands and shores made up of massed large boulders. Experiments showed that physical 
dislodgement by waves was a sufficient explanation for absence of the whelks from areas of strong 
wave action. The xanthid crab Ozius truncatus is abundant on boulder shores and, in the laboratory. 
preyed on M. marginalba by breaking its shell. The crabs ate many more small than large snails. There 
is a size-related incidence of chipped shells in populations of M. marginalba adjacent to the boulder 
habitat, suggesting that the effects of predation by crabs on the snails ranges from slight and size- 
dependent mortality through to total exclusion. At times the snails form aggregations. Unlike some 
other species of muricid gastropods, M. marginalba did not aggregate to breed, feed or shelter from 
heavy waves. Clumping behaviour was positively related to the density of non-feeding snails. Whelks 
fed most when periods of submersion were longest, either due to spring tides or to big waves washing 
the shore. Since aggregations invariably occurred in pools or crevices, snails were probably sheltering 
from the effects of long periods of emersion and aggregations were seen when there were enough 
sheltering snails to form clusters. The snails changed their habitat with increasing body size, from 
moist, low-shore areas with very small prey, through to a higher ~ntertidal habltat with large prey. 
Preferred barnacle prey were frequently abundant higher on the shore than the snails were naturally 
found. Snails caged at these higher levels were able to survive and feed, though at a reduced rate 
compared with those lower on the shore. These findings support a model of dispersion in which snails 
tend to remain at the lowest shore level at which suitable prey are sufficiently available: availability 
being a function of feeding rate and therefore shore height as well as  abundance of prey. 

INTRODUCTION 

The marked gradients in both duration of submer- 
sion and exposure to wave action, together with the 
relative ease of observing the animals and plants, have 
long attracted students of the distribution of organisms 
to the rocky intertidal zone (e.g. Lewis 1964. Stephen- 
son & Stephenson 1949). Early views that the distribu- 
tions of all intertidal organisms are determined 
directly by tolerance of the organisms to physical stress 
(e.g. Colman 1933, Evans 1947) have been challenged. 
The importance of biological factors such as predation 
(Connell 1961a), competition (Connell 1961b) and 
availability of food (Underwood 1979) began to be 
recognized. Physical variables such as height on the 
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shore and location in a wave-exposure gradient have 
now been studied in the context of their effects on the 
intensity and outcome of biological interactions in the 
intertidal community (e.g. Dayton 1971, Menge 1976). 

The potential complexity of such systems has been 
shown by the finding that the effectiveness of a pre- 
dator can vary in different parts of its range (Menge, 
1978a, b) and by investigations of the effects of various 
densities, rather than simple presence or absence of 
competing species (Underwood et al. 1983). The latter 
authors, as well as Dayton (1971), highlight the local 
patchiness of some rocky intertidal communities and 
indicate that future studies must consider the varia- 
tions in abundance of organisms from place to place 
within their total distributional range. The studies of 
Menge (1976, 19?8a, b) on the predatory gastropod 
Thais lapillus and its prey show that when a predator is 
a key species in the community, a knowledge of factors 
which influence the dispersion and activity of the pre- 
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dator is vital to the understanding of community in- 
teractions. 

Muricid gastropods are important predators in many 
intertidal communities and factors affecting distribu- 
tion have been investigated for a number of species. 
The upper limits to the vertical distribution of some 
Thais species have been suggested to be  determined 
by desiccation or the time available to find and con- 
sume prey in a single period of submersion. Other 
studies of vertical distribution of Thais species have 
dealt with shore-level size gradients (Bertness 1977, 
Butler 1979) or the relative vertical distributions of 
different age  groups (Feare 1970a, Coombs 1973). 

Aggregation by muricid gastropods has been 
observed in the species Thais lapillus (Feare 1970b) 
and T. lamellosa (Spight 1974) in relation to breeding 
activity. T. lapillus also aggregates when feeding 
(Connell 1961a); and Feare (1970b) suggested that this 
is a n  adaptation to resist dislodgement by heavy 
waves. Occupation of crevices has also been reported 
for a number of muricid species. Connell(1961a) noted 
that T. lapillus ceased feeding and sheltered in cre- 
vices during gales and cold weather. Menge (1978a) 
described the restriction of T. lapillus to crevices on all 
shores in winter and on shores exposed to heavy waves 
at  all times of year. Menge (1974) suggested Acanthina 
punctulata shelter in crevices to avoid dislodgement 
by waves. T, lamellosa, T, emarginata, T. canaliculata 
(Dayton 1971, Connell 1970) and T. orbita (Phillips 
1969, Black 1978, Butler 1979) are also frequently 
found in crevices. 

The horizontal distribution of the thick-shelled form 
of Thais lapillus has been shown experimentally to be  
limited by strong wave action, and that of the thin- 
shelled form of the same species by predation by crabs 
(Kitching e t  al. 1966). Feare (1970a) suggested that 
vertical distribution of a vulnerable age-class of 
T. lapillus is a response to predation by crabs. Morgan 
(1972) reported changes in the dispersion of a popula- 
tion of T. lapillus coincident with the recolonization of 
the area by preferred barnacle prey. Dayton (1971) and 
Connell (1970) also suggested that the dispersion of 
Thais spp. is affected by the abundance of suitable 
prey at different shore levels. 

On many rocky shores of the southern part of the 
Australian east coast, the major, and  often apparently 
the only predator in the mid-tidal zone, is the muricid 
gastropod Morula marginalba Blainville. M. granulata 
Duclos, which is probably synonymous with M. mar- 
ginalba, is a major component of the predatory gas- 
tropod fauna studied on coral atolls of the tropical 
Indo-Pacific region (Kohn and Leviten 1976, Taylor 
1976, 1978). These authors found that, when not feed- 
ing, Morula were frequently sheltering in thick algal 
mat, pools or crevices. 

In the Sydney area of New South Wales, Meyer and 
O'Gower (1963) found that Morula marginalba was 
almost completely absent from shores exposed to 
strong waves. O'Gower and Meyer (1971) found 
M. marginalba to be  more abundant at the edges of 
pools than in the pools or on rock which dried at  low 
tide. In the present paper, the distribution and disper- 
sion of this whelk in the Sydney area are described 
with respect to shore level, position in a wave-expo- 
sure gradient, presence of predatory crabs and 
densities of the prey of Morula. Relations between 
aggregation of Morula and wave strength, duration of 
emersion and season are investigated. 

Other aspects of the biology of Morula marginalba 
which have been studied are the reproductive cycle 
and embryonic development. Underwood (1974) 
reported that M. marginalba have ripe oocytes in 
spring and summer. Anderson (1965) described 
batches of capsules each containing several hundred 
fertilized eggs, which develop for 2 to 3 wk on the 
shore before hatching as planktotrophic veligers. 

MATERIALS AND METHODS 

Morula rnarginalba. Underwood (1974) gave the 
geographic distribution of Morula marginalba as 
extending through the Indo-Pacific region from Japan 
to southern New South Wales. The present study in 
Central NSW is therefore a few hundred km from the 
southern limit of this species. In this area, M. mar- 
ginalba occurs on rocky shores in the seaward parts of 
estuaries and on the open coast, though not in areas of 
the most extreme exposure to waves (Fig. 1). Sub- 
littoral sightings of the snail are very rare and it is 
never seen on sand. The greatest densities are found in 
the mid-intertidal, or barnacle zone, with few occur- 
rences in the low intertidal, or algal zone, or in the 
upper intertidal or littorinid zone (see diagrams in 
Underwood 1975, 1981). This agrees with the situation 
on the rocky shores of the Queensland mainland 
(Endean et al.,  1956). 

Like other muricid gastropods (Carriker 1955), 
Morula marginalba has the ability to bore holes in the 
calcareous shells of barnacles, serpulid polychaetes 
and molluscs. I have observed these snails feeding on 
almost every species of shelled animal with which it 
CO-occurs. Species eaten in the Sydney area are listed 
by Fairweather and Underwood (1983), who investi- 
gated preferential predation by M. marginalba. 

Study areas. Main experiments and observations 
were made on 2 rock-platforms at  Tamarama near 
Sydney, NSW. The rock is sandstone, weathered into 
roughly horizontal platforms at  several levels, with 
large, shallow pools which may be up to 10 m across 
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Fig. 1 Coastline of Sydney region, showing rocky shores 
examined for Morula rnarginalba. Closed circles: sites where 
snails were found; open circles: sites where snails were not 

found 

but usually only 10 to 20 cm deep. Boulders appear to 
be formed both by undercutting the cliff at the back of 
the platforms at high tide level, and by undercutting 
the steps in the intertidal zone proper, but were absent 
from the most wave-exposed parts of the platforms. Of 
these 2 main platforms, the more northerly one (A) 
protrudes further into sea and its point receives the 

heaviest waves. Platform B is protected on its northern 
side by Platform A, and on its eastern side by a large, 
detached mass of rock (Fig. 2) .  The lower layer of 
Platform B slopes gently down at its northern and 
southern edges into the true algal zone, i.e. 100 % 
cover of foliose algae. Most of the platform at this level 
is covered by mixed patches of the tubeworm 
Galeolaria caespitosa (Lamarck) and branching coral- 
line algae, with slightly higher ridges of rock support- 
ing herbivorous gastropods, mainly the limpet Cellana 
tramoserica (Sowerby) and temporary populations of 
the barnacle Tesseropora rosea (Krauss), mostly as 
juveniles. The alga Ulva lactuca (L.) is usually found 
growing epiphytically on G. caespitosa and Corallina 
sp. rather than directly on the rock. The eastern edge of 
this lower level is an  abrupt drop into a deep channel. 
On  the western side it is bounded by the edge of the 
upper layer, forming a mini-cliff which bears mainly 
adult T. rosea. The southern, unprotected side of Plat- 
form B is the most exposed to waves, but even these are 
much lighter than the waves striking the exposed end 
of Platform A. 

Other studies were at Gordon's Bay, Clovelly, sev- 
eral kilometres south of Tamarama; the shore is of 
similar composition and orientation to the Tamarama 
A platform, but less exposed to strong waves. The more 
sheltered end of this shore has numerous large boul- 
ders. 
Sampling. All sampling was done using 0.25 m2 quad- 
rats divided into 100 regularly-spaced points by cross- 
strings. Percentage cover of attached species was esti- 
mated by counting the number of grid points overlying 
that species. Densities of snails were determined by 
collecting all snails in the quadrat and replacing them 
after counting. Because erosion of the spire of Morula 
marginalba shells occurs commonly, measurements 
were made of aperture-length as in Meyer and 
O'Gower (1963). 

Experimental enclosures. Cages were used to 
enclose Morula marginalba with barnacles. These 
were 23 X 23 cm basal area and 3 cm high, made of 

Fig. 2. Shores A and B at Tarnararna, 
showing locations of transects used for 

sampling 
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18 gauge stainless steel, 4 meshes to the inch, and 
fastened by stainless-steel screws to rawl-plugs in the 
rock. All macroscopic organisms other than the barna- 
cles required in the caged area were removed with a 
chisel. The rock was then scrubbed with a stiff brush 
and left to be washed by the tide for several days 
before the snails were introduced to the cage. 

Measurement of wave-shock. Maximal wave-shock 
was measured using the gauges described by Jones 
and Demetropoulos (1968); these were set for a single 
high tide period at a time. The strongest wave to strike 
the device during that period was recorded as kg 
of drogue. An average wave is difficult to define, but 
the strongest wave, measured parallel with the rock 
surface, is probably a more reliable variable when 
dislodgement of whelks is being considered. 

RESULTS 

Distribution and abundance of snails and prey along a 
wave-exposure gradient 

Five transects, perpendicular to the low-water line 
and extending from the top of the barnacle zone to the 
top of the algal zone, were marked at approximately 
equal intervals along the shore A at Tamarama. Wave 
shock was measured at  mid-tidal level on each transect 

during at least 3  high-tide periods. Morula rnar- 
ginalba, Thais orbita (Gmelin), and main species of 
prey were measured in contiguous quadrats along 
each transect (Fig. 3) .  Several species of herbivorous 
gastropods, which M. rnarginalba were not observed to 
eat on this shore, were present but not recorded. Oys- 
ters Saccostrea commercialis (Iredale & Roughley), and 
the barnacle Chthamalus antennatus Darwin occurred 
on the shore but did not reach more than 1 % cover in 
any quadrat sampled. The surf barnacle Catomerus 
polymerus (Darwin) was present on the most exposed 
transect, up  to 24 % cover, but was present at less than 
1 % on the other transects and was not observed being 
eaten by M. marginalba. The prey species most com- 
monly attacked on this shore was the barnacle Tes- 
seropora rosea, followed by the tubeworm Galeolaria 
caespitosa, the small barnacle Chamaesipho columna 
Spengler, and the barnacle Tetraclitella purpurascens 
(Wood). 

There was very great variability in density from one 
quadrat to the next within any species' vertical range. 
This patchiness is typical of the sandstone shores of the 
central NSW coast (e.g. Underwood 1981). The pattern 
of decreasing abundance of Morula marginalba with 
increasing wave exposure is very clear (Fig. 3). The 
main species of prey were abundant on all 5 transects 
but M. marginalba was totally absent from the most 
exposed transects (4 and 5),  represented by a single 

T R A N S E C T  
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D : S T C N C E  A L O N G  T H E  T R A N S E C T  ( m )  

Fig. 3. Abundance of the whelks Morula rnarginalba and Thais orbita and their prey in contiguous 0.25 m2 quadrats along 
transects on Tamarama shore A. The 5 transects are  arranged in increasing order of wave exposure: an  index of wave-shock and 

the shore profile are  shown above each transect 
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individual in Transect 3, then increasingly abundant 
on the most sheltered Transects 2 and 1. Thais orbita, 
which, - like Morula - preys heavily on the barnacle 
Tesseropora rosea in the mid-intertidal zone, showed 
no trend in abundance along the gradient of wave 
exposure. Even on the 2 most sheltered transects, 
where densities of M. marginalba were great, there 
was no correlation with densities of any single species 
of prey, nor of combinations of prey. The M. mar- 
ginalba present on Transects 2 and 3 were situated 
close to the border between adult and newly-settled 
juvenile Tesseropora rosea, which had settled lower on 
the shore than most of the adults. 

Direct effects of waves in limiting the snail's 
distribution 

The simplest hypothesis for the absence of Morula 
marginalba from areas of exposure to strong waves, as 
revealed in the sampling described above, is that they 
cannot remain attached when struck by these waves. 
Thus, an experiment was designed to examine the 
survivorship of groups of snails at different places 
along the gradient of wave-exposure. Groups of 30 
adult snails (13 to 17 mm aperture length) were col- 
lected and marked with coloured spots of marine paint 
to identify each group. One group was placed at each 
of 4 positions along the gradient of exposure to waves, 
at mid-shore level during low tide. Sea water was 
poured over the snails until they had all attached and 
could not be dislodged by a slight push with a finger. 
On the following day, all painted M. marginalba that 
could be found were collected. Searches were made for 
at least 4 d after release to try to ensure that all 
survivors were found. The whole process was repli- 
cated 3 times, on different days. 

There was a highly significant effect of wave action 
on survival. Almost all Morula marginalba survived in 
sheltered places, but very few in exposed places, 
(Table 1; analysis of variance, arcsine transformation; 
P (0.01). These results cannot be explained by simple 
movements of snails to another part of the shore nor by 

Table 1. Morula marginalba. hoportions of groups of 30 
individuals which survived at least 1 d at each of 4 sites along 
a gradient of wave exposure. Means and (SE) of 3 replicates 

Site Wave shock Proportion 
(kg 100 cm-2) surviving 

1 7.9 (0.6) 0.89 (0.03) 
2 9.3 (0.6) 0.68 (0.11) 
3 11.5 (1.6) 0.47 (0.04) 
4 19.5 (4.8) 0.18 (0.08) 

whelks being more difficult to find at the exposed end 
of the shore. The brightly painted shells were very 
easily seen on these flat, open shores. Thus the direct 
effects of waves in dislodging the snails can explain 
the absence of the whelk from areas of great wave 
exposure. 

Effects of wave exposure and duration of submersion 
on the snail's feeding rate 

Although dislodgement by waves restricts Morula 
marginalba to areas where wave shock is not extreme, 
within areas where the snails can resist dislodgement, 
wave action may also be relevant by affecting the 
availability of prey. Similarly, the duration of submer- 
sion may affect the availability of prey to the snails 
over a range of shore levels at which prey are present 
and the snails are capable of feeding. An experiment 
was designed, therefore, to determine whether the 
number of barnacles eaten during a given period was 
affected by the duration of submersion and/or the rela- 
tive exposure to waves. On the same shore as the 
experiment just described, groups of 5 adult M. mar- 
ginalba (14 to 16 mm aperture length) were placed in 
cages with 20 adult barnacles Tesseropora rosea. The 2 
ends and the middle of the exposure gradient were 
chosen as the levels of wave exposure and at each of 
these places, 3 replicate cages were attached at each of 
3 heights on the shore. The levels chosen at the 3 sites 
along the platform were the highest, lowest and mid- 
dle levels at which adult T. rosea could be found in 
sufficient densities to provide 20 per cage. The dura- 
tion of submersion in the period 6 a.m,  to 6 p.m. was 
noted for each set of replicate cages on each day the 
experiment was in progress. The ranges of the mean 
proportions of time spent underwater in the high, 
medium and low sets of cages were, respectively, 0.08 
to 0.13; 0.31 to 0.44; and 0.63 to 0.83. In all cases the 
most exposed sites had the longer submersions within 
these ranges. 

The experiment ran for 8 d ,  at the end of which, the 
number of surviving barnacles in each cage was 
recorded. Daily observations showed that all dead bar- 
nacles had been drilled through the shell and therefore 
were not likely to have died from other causes than 
being killed by Morula marginalba. Both the position 
in the wave-exposure gradient and the duration of 
submersion had significant effects on the number of 
barnacles eaten (P <0.05), but the interaction between 
these factors was not significant (P > 0.25) (analysis of 
variance of the means in Table 2). 

In a situation where 5 Morula marginalba are caged 
with 20 barnacles, therefore, a longer period of sub- 
mersion leads to faster consumption of barnacles; and 
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Table 2. Numbers of barnacles Tesseropora rosea kllled by 5 
Morula rnarginalba in 8 d ,  at 3 shore levels at  each of 3 sites 
along a gradient of wave exposure; means and (SE) of 3 
replicates are glven: wave shock is shown as the mean with 
(SE) of 7 measurements and submersion as the total hours 

submersed during daylight (6 a .  m. to 6 p.  m.) for 8 d 

r Site 
Wave-shock 1 2 3 

(kg 100 cm-?): 7.9 (0.6) 11.5 (1.6) 19.5 (4.8) 

High No barnacles 1.00 (0.58) 1.67 (0.33) 0.67 (0.33) 
Submersion (h) 11 7 8 

Mid No. barnacles 3.67 (0.67) 2.33 (1.20) 1 00 (0.58) 
Submersion (h) 35 27 

Low No. barnacles 4.00 (1.00) 3.00 (1.00) 1.33 (0.67) 
Submersion (h) 57 55 73 

subjection to waves of increasing force reduces this 
consumption. No snails died in any cages during this 
experiment. Thus, although some protection from the 
environment was probably afforded by the cages, the 
snails were capable of surviving and feeding in cages 
for periods as long as 8 d at  higher levels on the shore 
than they were actually found. 

Effect of density of prey and other attached organisms 
on dispersion of different snail sizes 

Tamarama shore B was sampled every 2 mo for 1 yr, 
May 1976 to July 1977, then less frequently for another 
3 yr, as part of a study of the population dynamics of 
Morula marginalba (Moran 1980). Ten permanent 
transects, 10 m apart and approximately 30 m long, 
were marked on the shore, running parallel to each 
other from points above the barnacle zone to the lowest 
accessible points on the shore at low tide in normal 

weather. Seven points along each transect were chosen 
for each sampling date using random number tables. 
Quadrats (0.25 m*) were placed at each of the chosen 
points and the covers of attached organisms (species of 
Tesseropora, Galeolaria, Corallina and Ulva) were 
estimated on a scale of 0-10. All M. marginalba found 
in the quadrats were measured and divided into 4 size 
ranges, < 9  mm which corresponds to the first year of 
life, 9.5 to 12 mm corresponding to the second year, 
12.5 to 15 mm which are adults and 15 mm as large 
adults (see details in Moran 1980). For the regular 
samples from May 1976 to July 1977, snail densities 
were subjected to multiple regression analysis. A 
number of quadrats on each transect fell above the 
highest point on the shore at which any snails were 
ever found. These were removed from the analysis as 
being outside the range of all snail sizes. This gave 312 
quadrat samples for the regression. The independent 
variables used were the cover of the 4 main species of 
attached organisms, the transect number and the sine 
and cosine of the day of the year (365 d = 360"). Since 
the southern part of shore B receives heavier waves, 
and transect numbers run from north to south, transect 
number can be used as a rough index of exposure to 
waves. The sine and cosine of the date can together 
describe any sinusoidally fluctuating variable with a 
period of one year, regardless of phase. 

The regression coefficients and their significance 
levels are shown in Table 3. The density of the smallest 
size class was positively related to the cover of 
Galeolaria caespitosa and Corallina sp. and the 
density of the second smallest (9.5 to 12 mm) Morula 
marginalba group was positively related to the cover of 
G. caespitosa. Densities of both these groups were 
negatively associated with exposure to waves and 
were significantly seasonal, peaking in the summer. 
Densities of 12.5 to 15 mm snails were positively 
associated with G. caespitosa and Tesseropora rosea, 

Table 3. Morula marginalba. Multiple regressions of the densities of 4 size groups. Regression coefficients (b) and 't' values used 
to test the significance of partial regressions on different variables 

Size 
Variable < 9 mm 9.5-12 mm 12.5-15 mm > 15 mm 

b t b t b t b t 

Intercept 1.39 4.55 3.10 0 58 
Transect no. -0.265 2.51' -0.497 4.78' ' ' 0 086 0.73 0.108 1.50 
Tesseropora 0.006 0.02 -0.200 0.7 8 0.902 3.11" 1.396 7.84' 
Caleolaria 0.371 2.98 0.604 4.93- ' 0 529 3.81 ' -0.017 0.20 m 

Corallina 0.197 2.02' 0.019 0.19 -0.268 2.45' -0 109 1.62 
U1 va 0 . 1 9 5  1.41 -0.234 1.7 1 -0.253 1.62 -0.094 0.99 
Sin day of yr 0.285 0.59 -0.118 0.25 0.034 0.06 0.146 0.44 
Cos day of yr 1.163 2.63 0.938 2.15' -0.415 0.83 -0.032 0.11 

= P < 0.05; " P < 0.01; " ' = P < 0.001 
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and the largest snails ( > l 5  mm) were positively 
associated only with T. rosea. Ulva lactuca had no 
significant effect on snail density at any size. It should 
be noted that less than 30 % of the variance in density 
of all snail size groups was explained by the regres- 
sion. This is consistent with the observation that 
densities of M. marginalba can vary greatly within a 
habitat and may be related to its aggregative tendency 
(see below). 

Role of crabs in limiting snail distribution 

On a number of shores in the Sydney region, Morula 
rnarginalba are abundant on sections consisting simply 
of the sandstone bedrock but absent from adjacent 
sections made up of massed boulders, even when the 
boulder areas have similar or greater cover of preferred 
prey such as Tesseropora rosea. Whilst sampling sev- 
eral such Morula-deficient shores at night, I have 
found 3 species of crabs that are large enough to hold a 
M. marginalba shell. These are Plagusia chabrus (Lin- 
naeus), Leptograpsus variegatus (Fabricius) and Ozius 
truncatus (Milne-Edwards). Three large specimens of 
each species were collected and each crab was placed 
in an aquarium with 20 snails. Neither Plagusia chab- 
rus nor Leptograpsus variegatus killed or chipped the 
shells of any snail. The 3 Ozius truncatus ate many of 
the snails given to them and chipped the shells of 
many more. 

On the northern side of Gordon's Bay, Clovelly, a 
large population of Morula rnarginalba was found 
towards the western end of the platform. Around the 
boulders at the other end of the shore, the snails were 
absent and Ozius truncatus were seen foraging at 
night. A sample of 892 M. marginalba were collected 
from the part of the population closest to the boulder 
area; each snail was measured and examined for shell 
damage similar to that caused by 0. truncatus in 
aquaria. Overall, 15 % of the snails had chipped shells 
and there were significantly greater proportions of 
chipped shells in the 11 to 12 and 13 to 14 mm than in 
the larger or smaller, size classes (x2 = 23.6, P < 0.05, 
5 d. f . ;  see Fig. 4). In contrast to this population, 
thousands of M. marginalba from the Tamarama B 
platform have been measured and very few had chip- 
ped shells. 

To examine the vulnerability of Morula marginalba 
of different sizes to predation by Ozius truncatus, 4 0. 
truncatus, carapace widths 50 to 59 mm, were placed 
in separate aquaria in the laboratory. Each crab was 
given 55 snails, all with undamaged shells, 5 of each 
1 mm size class from 8 to 18 mm inclusive. The aquaria 
were supplied with continuously flowing seawater and 
had close-fitting lids so that no snail could escape. At 

MORULA SEE RANGE (mm) 

Fig. 4. Proportion of chipped shells by size class in a popula- 
tion of Morula marginalba adjacent to an area where the 
crabs Ozius truncatus were plentiful (N=892). Shell damage 
was similar to that caused by 0 .  truncatus attacks in the 

laboratory 

the end of a week all surviving snails were measured 
and the number killed in each size class recorded. As a 
control, many snails of all sizes were kept for many 
weeks in these aquaria without crabs; they showed no 
mortality. 

Decreasing mortality with increasing size of snails 
was obvious (Fig. 5). There was some mortality in each 

MORULA SIZE (mm) 

Fig. 5. Number of Morula marginalba out of 20 in each size 
class killed by crabs Ozius truncatus in the laboratory 

size class, but only one (out of 20) of the 17 mm and 
18 mm snails were killed, compared with the 14 and 15 
killed in the 8 mm and 9 mm size classes. As evidence 
that other large snails can survive such attacks, 11 of 39 
survivors of the 2 largest size classes had chipped 
shells compared with none of the 11 survivors of the 2 
smallest size classes. Thus all sizes of Morula mar- 
ginalba in the range 8 to 18 mm are vulnerable to 
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predation by Ozius truncatus, though perhaps large 
snails less so than small ones. 

Aggregating and sheltering behaviour 

To investigate the relation between aggregating 
behaviour of Morula marginalba and wave action, 
duration of submersion, feeding, reproductive activity 
and season, the following sampling programme was 
conducted. An area of shore was chosen on the 
Tamarama B platform in which 36 quadrats (0.25 m') 
were arranged to form a large square, the corners of 
which were marked by nails in the rock. For 1 yr, 
March 1976March 1977, at intervals of 3 or 5 wk, all 
snails in the area were examined and counted as being 
in the following categories: feeding (i.e. sitting on top 
of a new drill hole, complete or not, in a prey indi- 
vidual, or holding a detached small gastropod within 
the shell aperture); aggregating (being a member of a 
group of at least 3 whelks, the shells of which were 
touching); neither feeding nor aggregating; mating 
(the mating position of whelks is characteristic, with 
the male attached to the right side of the female's shell, 
close to the lip). 

The force of the strongest wave was measured du- 
ring the high tide period prior to sampling Morula 
marginalba. Duration of submersion, assuming calm 
seas, during the 24 h prior to sampling, was calculated 
from tide tables for each time of sampling. Since the 
study area is in the upper half of the intertidal zone, 
submersion is long at spring tides and short at neap 
tides. Multiple regression analysis was used to evalu- 
ate the response of the snail population to the various 
environmental factors. 

There was a strong, inverse relation between the 
proportion of the population feeding and that aggre- 
gating (r = -0.99, n =  5, March-July 1976); aggregating 
snails were never feeding. The analysis was therefore 
divided into 2 sections. The first examined effects on 

feeding activity, the second dealt with the proportion 
of non-feeding snails which were aggregating. Factors 
tested for their effect on feeding were: force per unit 
area of the strongest wave during the previous high 
tide; duration of submersion in the previous 24 h; pro- 
portion of the population mating; seasonality, as the 
sine and cosine of the day of the year (365 d = 360 "). 
Of these, neither proportion mating nor time of year 
had any effect, whether tested separately or together, 
indicating that the snails do not cease feeding during 
their breeding season. This finding was corroborated 
by frequent observations of females continuing to feed 
whilst copulating. Both wave-strength and submersion 
duration had positive effects on the proportion of the 
population which was feeding (Fig. 6; Table 4) .  

1 0 

WAVE STRENGTH ( ~ ~ 1 1 0 0 c r n *  1 
Fig. 6. Morula marginalba. Effects of wave strength and 
calculated tidal submersion in the previous 24 h on the pro- 
portion of a population feeding at  low tide. submersion less 
than mean value of 4.5 h. ,  [Propn. feeding (P) = 0.11 + 0.06 
X Wave-strength (W), r = 0.671; 0 submersion longer than 

4.5 h (P=  0.19 + 0.08 X W, r = 0.771 

Table 4. Morula marginalba. Regression analyses of the effects of environmental variables on the proportion of snails feeding and 
aggregating 

Dependent Independent Regression t-value P 
variable variable coefficient 

F'roportion feeding Intercept: 0.15 1.216 > 0.20 

Period of submersion (h):  0.0398 2.961 0.01 

Strength of wave (kg 100 cm-2): 0.0454 4.903 < 0.01 

Multiple correlation coeff.: r = 0.62, r2 = 0 39, 48 d.f .  

hoportion aggregating Intercept: -0.03 0.232 > 0.50 

Density of non-feeding snails: 0.00247 6.647 < 0.01 

Correlation coeffic~ent: r = 0.68, r2 = 0.4%. 49 d.f .  
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The proportion of non-feeding snails aggregating 
was regressed on the above variables and also the 
density of non-feeding snails in the study area. The 
rationale for this last factor is that an individual with 
an inclination to aggregate will be more likely to find a 
clumping partner at greater densities. Of these vari- 
ables, only the density of non-feeding whelks had any 
significant effect on the proportion of these non-feed- 
ing snails that were aggregating (Fig. 7). 

200 LOO 600 800 

D E N S I T Y  ( ~ 9 1 9 r n ~  
Fig. 7. Morula marginalba. Relation between proportion of a 

population aggregating and density of non-feeding snails 

DISCUSSION 

Factors affecting horizontal distribution 

Examination of many shores in the Sydney region 
shows that Morula marginalba occurs on most rocky 
shores in the lower reaches of estuaries and on the 
open coast except for the most wave-battered head- 
lands (Fig. 1). Within this range, shores made up of 
massed boulders frequently lack the snail. Experi- 
ments on a shore which spans the distributional limit 
associated with heavy waves (Fig. 3) indicate that 
simple physical dislodgement by waves is a sufficient 
explanation for the absence of the snails from areas of 
strong wave action. This is similar to the finding of 
Kitching et al. (1966) for the thick-shelled form of Thais 
lapill us. 

In the same place where many Morula marginalba 
were swept from the shore by waves, 45 snails pro- 
tected by cages in an 8 d experiment s u ~ i v e d  with no 
mortality and fed on barnacles: the rate of feeding, 
however, was reduced compared with whelks caged 
on more sheltered parts of the shore. Menge (197813) 
sought an effect of wave exposure on feeding rates of 

Thais lapillus and, although he found no significant 
effect, he thought that if he had done the experiment in 
spring or autumn, when storms are more frequent than 
in summer, strong wave action would have reduced the 
rate of feeding of T. lapillus. Unlike M ,  marginalba in 
the present experiments, many of Menge's T. lapillus 
died in his cages and some of the deaths were attri- 
buted to wave shock. The present study is, I believe, 
the first actual demonstration of an effect of waves on 
rate of feeding by whelks. 

In seeking reasons for the absence of Morula mar- 
ginalba from boulder-strewn shores, I observed Ozius 
truncatus moving about several such shores during 
nighttime low tide periods. While crabs have been 
named as major predators of some other muricid 
species, e.g. Shaskyus festivus and Ocenebra poulsoni 
(Fotheringham 1971) and Thais lapillus (Feare 1970a), 
the evidence offered has been the proportion of empty 
shells on the shore which have damage similar to that 
caused by crabs, together with the observations that 
crabs which CO-occur with the whelks are able to prey 
upon them in the laboratory. In the habitats studied 
here for M, marginalba, dead shells are swept away by 
the sea and therefore are not available for such analy- 
sis. Laboratory trials have shown that the crab 0. 
truncatus is capable of preying on M. marginalba and 
that some unsuccessful attacks leave the snail shells 
with a chipped lip. In a M. marginalba population 
close to an area with many 0. truncatus, 15 % of the 
population had chipped shells, medium-sized whelks 
having a greater proportion of damaged shells than 
large or small ones. Laboratory trials supported the 
hypothesis that susceptibility to predation by 0. trun- 
catus is inversely related to snail size. 

Fotheringham (1971) stated that less than 1 % of 
Shaskyus festivus and less than 2.5 % of Ocenebra 
poulsoni in the populations he studied are destroyed 
annually by crabs. Feare (1970a) estimated the annual 
mortality of second and third year Thais lapillus at 
52 % and 36 %. Over 90 % of this mortality appears to 
be attributable to predation by crabs. Kitching et al. 
(1966) found that predation by crabs totally excluded 
the thin-shelled form T, lapillus from some areas. On 
the available evidence I offer the hypothesis that, 
depending on the abundance of Ozius truncatus, its 
effects on Morula marginalba populations will range 
from slight and size-dependent mortality, through to 
total exclusion. 

Snail aggregations 

In the study of the snail's behaviour it was apparent 
that, unlike the Thais lapillus population described by 
Feare (1970b), feeding did not occur in aggregations. 
Most aggregations occurred in pools or crevices, where 
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the prey of Morula marginalba were scarce. The pro- 
portion of the snail population feeding was not affected 
by reproductive activity or time of year, but increased 
in response to strong wave action or long tidal submer- 
sion in the period prior to sampling. The proportion of 
the population aggregating was inversely related to 
the proportion feeding. The proportion of the non- 
feeding snails which were aggregating was not related 
to reproductive activity or time of year, and most 
copulating M, marginalba were not in aggregations. 
The proportion of non-feeding snails aggregating was 
positively related to the density of non-feeding snails. 

I suggest that feeding and sheltering are alternative 
activities; Morula marginalba shelter in pools or cre- 
vices when the environment is unsuitable for feeding. 
At low densities, the probability of a sheltering snail 
finding another with which to clump would be 
expected initially to increase approximately as the 
square of density, then to level off at  densities so great 
that all snails can find clumping partners. As can be 
seen in Fig. 7, the data are fitted quite well by a 
sigmoid curve, although they are insufficient to test the 
exact form of the relationship. 

That strong waves favour feeding, rather than shel- 
tering behaviour, is in apparent contrast to the result of 
the experiment which showed an adverse effect of 
strong waves on rate of feeding. The explanation may 
be that, within the snail's range of tolerance to wave 
exposure, the increased duration of submersion due to 
waves surging up the shore is the dominant effect. 
Certainly, when the heaviest waves seen in the period 
of this study were washing almost continuously over 
the shore, more Morula marginalba, and also Thais 
orbita, were out feeding on the Tamarama B platform 
than I ever saw at any other time. These species appa- 
rently lack a behavioural response such as that shown 
by T. lapillus (Feare 1970b, Menge 1978a), T. 
canaliculata (Butler 1979) or Acanthina punctulata 
(Menge 1974) that makes them seek shelter in cre- 
vices, amongst attached organisms or in aggregations, 
from the effects of heavy waves. Long submersion 
appears to favour feeding, long emersion to favour 
sheltering in pools and crevices, by M, rnarginalba at 
Tamarama. 

Factors effecting vertical distribution and dispersion 

On the shores discussed here and on many others, 
prey - including highly preferred species - are abun- 
dant higher on the shore than Morula marginalba 
occur. On the Tamarama B shore, in a study of the 
dispersion of d~fferent sizes of M. marginalba, from 
which areas of the platform above the snail's observed 
distribution were specifically excluded, correlations 

were found between densities of snail size groups and 
the cover of various sessile organisms. The progres- 
sion, with increasing size of the snail -from Corallina 
sp. to Galeolaria caespitosa to Tesseropora rosea - 
dominated habitats represent a movement, with 
increasing age, from a moist habitat with very small 
prey, through an intermediate one, to a well-drained, 
higher intertidal habitat with large prey. The appa- 
rently different results on Shore B from that on Shore A, 
where there was no correlation of densities of the snail 
and prey, may be due in part to splitting the snails into 
4 size categories, and partly to the exclusion of the 
higher levels of Shore B where adult T. rosea occurred 
without M, marginalba. 

The situation of Tesseropora rosea is reminiscent of 
that described by Connell (1970) for Balanus glandula 
and Thais spp., in which the Thais eat the juvenile 
Balanus from the low shore, moving upshore as the 
barnacles are eliminated from the lower parts. The 
Thais begin to forage at the bottom again when the 
following year's juveniles grow large enough to be 
attractive, leaving in some areas a band of adult 
Balanus uneaten on the high shore. With Morula mar- 
ginalba, no such regular, annual pattern of movement 
is apparent; and sequences of events vary in time and 
space. On the southern part of the Tamarama B shore 
in 1976, Morula feeding on T. rosea moved to progres- 
sively higher levels as the barnacles were eliminated 
lower down. This continued until no barnacles 
remained. Recruitment of T. rosea there in 1976 was 
effectively zero and all M. rnarginalba in this area 
remained low on the shore, in the Galeolaria zone until 
they moved upshore once again to feed on the dense T. 
rosea settlement of 1978. On the less wave-exposed 
northern and central parts of the same shore, M. mar- 
ginalba never succeeded in eliminating T. rosea from 
the upper shore in this period and the whelks persisted 
in the lower part of the zone of adult T. rosea with no 
downshore movement. At Cape Banks (Fig. 1) in 1977, 
a tagged population of M. marginalba was living 
amongst adult T. rosea. When the extremely dense 
1978 settlement of T, rosea on the low shore reached 
approximately 6 mo of age, 90 % of the tagged snails 
moved downshore and fed on the abundant juvenile 
barnacles. The young barnacles were eliminated from 
the lower shore within the next 6 mo and the snails 
returned to the adult barnacles on the upper shore 
(Moran 1980). 

Morula marginalba do, therefore, only under some 
circumstances move downshore to feed on juvenile 
barnacles, then return to the higher level when these 
are eaten up. One of the factors which probably deter- 
mines whether or not this happens is the number of 
Tesseropora rosea juveniles which survive to a size at 
which they attract adult snails. The settlement of T. 
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rosea is very variable from year to year and the annual 
vertical movement reported by Connell (1970) for 
Thais in response to very regular annual settlement of 
Balanus glandula is not seen in Morula marginalba 
populations. 

The upper limit to foraging by intertidal predators is 
usually suggested to be  determined by desiccation, 
e.g.  Connell (1961a) for Thais Iapillus and Dayton 
(1971) for the starfish Pisaster ochraceous. The 
hypothesis offered by Connell (1970) for the upper 
limit to predation by Thais emarginata, i.e. sufficient 
time in a single period of submersion to find and eat a 
barnacle, is not applicable to Morula marginalba, 
which continue to drill and eat  a barnacle over several 
tidal cycles. Although the ultimate limits to the forag- 
ing range of predators are of great importance to the 
ecology of their prey, especially when mortality due  to 
predation is almost total, a s  for very highly preferred 
prey, the dispersion of the predators within their 
potential limits is of equal importance a s  local density 
of predators will be a factor in variations of prey mor- 
tality from place to place. For intertidal predators, it 
appears that dispersion is a compromise between 
responses to physical factors and availability of prey. 

The smallest Morula marginalba remain on the low 
shore despite the presence, sometimes, of suitable prey 
at higher levels. The largest snails are concentrated at 
the lowest level that their preferred prey are in suffi- 
cient abundance. If one assumes that small M. mar- 
ginalba have different desiccation tolerance and prey 
size requirements from large ones then the main fea- 
tures of the model proposed by Butler (1979) for 
behaviour of Thais spp. with respect to shore-level size 
gradients could also explain the observed distribution 
and dispersion patterns of Morula, i.e. a whelk will 
move upwards when underwater until it encounters 
suitable food. When it encounters even mild physical 
stress it will move downwards. It will move downwards 
very readily in the absence of food, but if it finds food it 
may endure moderate stress during the time of expo- 
sure. The sensitivity of snails to heat stress or dehydra- 
tion may vary with size. As Butler (1979) stated, his 
model is similar to that proposed by Underwood 
(1972a, b) for herbivourous intertidal gastropods. 

CONCLUSION 

As many students of the ecology of intertidal gas- 
tropods have found (see review by Underwood, 1979), 
to demonstrate which factors limit the distribution of 
these animals is not simple. Unlike the attached inter- 
tidal organisms, they are capable of changing their 
distribution in response to temporal variations in the 
degree of environmental stress encountered, be  this on 

a twice daily, annual or some intermediate timescale. 
Similarly, they can respond by movement to changes 
in the distribution of their food. A complex model of 
several interacting factors seems to be required; pre- 
dictions from this model could then be made and 
tested. While this has not been done for Morula mar- 
ginalba in the present paper, a number of factors, wave 
shock, predation by crabs, availability of suitable prey 
and duration of emersion, have been identified as 
important and  worthy of more detailed investigation. 
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