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ABSTRACT: The phenomenon of shell wiping in Calliostoma zizyphinum (L.) was investigated with
regard to its potential function as a feeding adaptation. It was determined that C. zizyphinum will, on
average, wipe the surface of its shell with its foot twice every 24 h, in the process consuming any mat-
ter that has adhered to the pedal mucus present on the surface of its shell. Examination of the impor-
tance of shell wiping to C. zizyphinum, both as a mechanism to reduce shell fouling and as a source
of nutrition, revealed that the prevention of shell wiping resulted in a reduction in shell growth by a
factor of 0.67 and an increase in shell fouling by a factor of 9. Measurement of the metabolic rate of
C. zizyphinum ascertained that an average sized adult had a metabolic requirement of ~117 J 24 h™1,
Examination of the ability of the pedal mucus produced by C. zizyphinum to act as a provendering
agent showed that the pedal mucus produced by C. zizyphinum could increase the entrapment of
particulate matter by a factor of 8, and increase the chlorophyll a content of a substratum by a factor
of 3. Calculation of the potential contribution of the matter trapped by pedal mucus, which is ingested
through shell wiping, to the daily energetic requirements of C. zizyphinum revealed that shell wip-
ing can contribute to approximately one-fifth of the daily energetic requirement of C. zizyphinum.
Shell wiping therefore has an important role for both feeding and antifouling in C. zizyphinum.
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INTRODUCTION

The idea that marine prosobranch gastropods may
use pedal mucus as a provendering agent is not novel.
For example, incidences of marine mesogastropods
(e.g. Hydrobia ulvae, Dendropoma corallinaceum, Lit-
torina littorea) using pedal mucus to trap particulate
matter from the water column and its subsequent con-
sumption have been well documented (see Fenchel et
al. 1976, Hughes 1978, Imrie 1992 respectively, and
Barnes 1965, Purchon 1977, Kohn 1983, Barnes et al.
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1988 for reviews). Given that the production of pedal
mucus is an energetically expensive process, account-
ing for some 9 to 74 % of the energy assimilated (see
Davies & Hawkins 1998 for review), the advantage to a
mollusc in utilising pedal mucus as a provendering
agent is evident. For the archaeogastropod molluscs of
rocky shores, however, any evidence that they may use
pedal mucus as a provendering agent has been cir-
cumstantial and/or indirect. That is, for pedal mucus to
act as a provendering agent it must, by definition, both
trap matter and be subsequently consumed. Although
many authors have shown that the pedal mucus pro-
duced by archaeogastropods, particularly that of patel-
lids, can trap particulate matter (see Connor & Quinn
1984, Connor 1986, Davies et al. 1992, Santelices &
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Bombadilla 1996), there is as yet no direct evidence
that such molluscs will consume their pedal mucus
once it has become organically enriched.

The archaeogastropod Calliostoma zizyphinum (L.)
is a common inhabitant of the sublittoral fringe of
many Northeastern Atlantic rocky shores, usually
being found from the mean low-water neap mark
down to 300 m (Fretter & Graham 1977, Seaward 1982,
Fish & Fish 1996). In general very little is known about
the ecology of C. zizyphinum other than some repro-
ductive (Roberts 1902, Lebour 1936, 1938, Crofts 1955,
Holmes 1997) and morphological (Seed 1979, Erwin &
Picton 1987, O'Loughlin & Aldrich 1987a,b, Roberts &
Kell 1987, O'Loughlin 1989, Preston et al. 1993) details
(see also Micallef 1967, Thompson et al. 1997). One
aspect of the ecology of C. zizyphinum that has been
recorded is that they will wipe the surface of their shell
with their foot, leaving behind a coating of pedal
mucus on the surface of their shell (Jones 1984; see
Bryan et al. 1997 for details on shell wiping in C.
canaliculatum). For C. zizyphinum, Jones (1984) sug-
gested that such behaviour may serve to reduce shell
fouling. In contrast, Bryan et al. (1997) demonstrated
that for C. canaliculatum such behaviour can act as a
mechanism to reduce predation pressure from opi-
thuroids. Moreover, Theisen (1972) has shown that
the bivalve Mytilus edulis will wipe the surface of its
shell with its foot, in a manner similar to that of C.
zizyphinum, and then consume any matter that has
adhered to the pedal mucus, on the surface of its
shell, at a later time. It is therefore possible that C.
zizyphinum may be using the pedal mucus produced
by itself and left on the surface of its shell as a proven-
dering agent in a manner similar to that of M. edulis.

The aim of this study was to examine whether or not
Calliostoma zizyphinum uses the pedal mucus pro-
duced by itself as a provendering agent, i.e. in combi-
nation with shell wiping, and if so to evaluate the
importance of shell wiping to C. zizyphinum and esti-
mate the potential contribution of the matter trapped
by the pedal mucus to its daily energetic requirements.

MATERIALS AND METHODS

Collection sites and observations on the morpho-
logy of Calliostoma zizyphinum (L.). All experimental
work was carried out over 2 years (1995 and 1996),
using different populations in each year. The first pop-
ulation was sampled during November and December
1995 at Seal Sound, Clachan, Oban, Strathclyde, United
Kingdom (National Grid Reference NM786198): Site 1;
the second population was sampled from 15 to 30 May
1996 at Port Erin Breakwater, Port Erin, Isle of Man
(National Grid Reference SC188691): Site 2. The ani-

mals were collected at both sites by SCUBA diving
within 10 x 100 m zones, approximately 10 m below the
water level at high tide. The substratum at Site 1 was
composed of a rhyolite boulder bed heavily encrusted
with Lithothamnion spp. and various sponges, and was
fringed by mature Laminaria saccharina and Fucus
vesiculosus. The substratum at Site 2 was composed of
broken concrete blocks (maximum size ~4 x 4 m) with
an epiflora and epifauna very similar to that of Site 1.

The experiments using individuals from Site 1 were
carried out at the Dove Marine Laboratory, Culler-
coats, Newcastle upon Tyne, United Kingdom, and the
experiments using individuals from Site 2 were carried
out at Port Erin Marine Laboratory, Port Erin, Isle of
Man. Once collected, the animals were transported to
the laboratories in tanks of seawater (within 48 h in
tanks of ice-cooled seawater for those collected from
Site 1) and placed directly into tanks of running sea-
water (~10°C), subjected to natural illumination with a
base substratum of algae-encrusted (Lithothamnion
spp.) stones. Comparison of the shell heights (tip of
spire to base of lip) and shell widths (widest body
whorl) between sites, revealed that individuals from
Site 1 were taller than those from Site 2 (Student's t-
test, t = 8.23, p = 0.001; n = 397 for Site 1, n = 523 for
Site 2). There were no differences in shell widths
between populations (f = 0.265, p = 0.406). Mean =+
SE shell height of animals from Site 1 was 26.15 =+
0.22 mm, and 25.36 + 0.17 mm for those from Site 2; the
overall mean + SE shell width was 20.39 + 0.20 mm.
The majority (~90%) of animals at Site 1 were of the
albino colour morph, whereas all individuals at Site 2
were of the pink variegated colour morph (see McMil-
lan 1968 and Fretter & Graham 1977 for descriptions).

Expt 1. (i) Observation of frequency and duration of
shell wiping: All observations were made in autumn
1995 at the Dove Marine Laboratory. Examination of
the frequency of shell wiping was made by placing a
randomly selected individual into a clear glass tank, 30
x 30 x 60 cm (length x width x height), which had been
filled with running seawater (~10°C). The behaviour of
the animal was then recorded on videotape over 24 h,
using a Panasonic F10 video camera attached to a
time-lapse video recorder (lapse time = 6 s). The video
recording of the behaviour of each individual was then
displayed on a television monitor, and analysed by
recording the frequency and duration of the shell wip-
ing incidents that occurred during the experimental
period. (For a full description of the shell wiping
behaviour exhibited by Calliostoma zizyphinum, see
Jones 1984.) This whole procedure was repeated with
a further 29 different animals, each on consecutive
days (i.e. n = 30 in total).

(ii) Examination of consumption of matter adher-
ing to shell surface: All investigations were made in
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autumn 1995 at the Dove Marine Laboratory and re-
peated in spring 1996 at the Port Erin Marine Labora-
tory. For both experiments, a modification of the proce-
dure of Theisen (1972) was utilised. For the experiment
carried out at the Dove Marine Laboratory, 60 animals
were randomly selected, and the surface of their shells
was cleaned by scrubbing with a nylon toothbrush
until all the visibly adhered matter had been removed.
The animals were then rinsed in ultraviolet-irradiated,
filtered (0.2 pm) seawater (UVES) and their shells dried
using an absorbent towel. After cleaning, all animals
were placed together into a tank (1 x 1 x 0.5 m, length
x width x height) of aerated UVFS (~10°C) and left for
24 h, i.e. to give them an opportunity to wipe their
shells. A staining suspension was then prepared as fol-
lows: to 5 ml AristaR ethanol, 3 g Sudan III stain
(Sigma-Aldrich Company Ltd, Poole, Dorset, United
Kingdom) was added and stirred until it had dissolved;
100 g fresh baking yeast (Saccharomyces cerevisiae)
was made up into a thick suspension by adding 5 ml
UVFS and shaking vigorously; 2 ml of the Sudan III
solution was then added to the yeast suspension and
left for 1 h so that the yeast cells could absorb the stain.
After 24 h, the animals were removed from the tank
and gently shaken to remove any excess seawater.
Thirty randomly chosen individuals, i.e. out of the 60,
were then carefully dipped, spire downwards, into the
staining suspension, making sure that none of their
soft-body parts came into contact with the suspension.
This procedure was repeated a further 2 times, at 5 min
intervals, to ensure that the shell surface was com-
pletely covered with the staining suspension. The
other 30 individuals (control) were subjected to the
same procedure, with the exception that they were
dipped into UVES instead of the staining suspension.
All animals were then carefully placed into a tank, the
bottom of which was made of 5 mm mesh size, plastic
wire suspended 10 cm above the base of the tank. At
hourly periods for the first 6 h, and thereafter for every
12 h, the mesh base of the tank was carefully inspected
for evidence of any staining suspension that might
have fallen or leached off the shell surface of the ani-
mals. When any staining suspension was apparent, it
was carefully washed off with a fine jet of seawater,
with minimum disturbance to the animals. The animals
were left for 48 h under a 12 h day/12 h night cycle. At
the end of the experimental period, they were removed
from the tank, wiped clean, and their gut contents dis-
sected under a stereo-microscope (100x magnification)
to check for the presence of any stained yeast cells.
The second replicate experiment used identical ex-
perimental treatments and protocols, except that the
animals used were from Site 2 and that the staining sus-
pension used was made up as follows: to 20 ml AristaR
ethanol, 3 g aniline blue (BDH Chemicals Ltd, Poole,

United Kingdom) and 3 g crystal violet (BDH Chemi-
cals Ltd, Poole, United Kingdom) stain was added; 20 g
Artemia sp. cysts (Artemia systems, Baasrocle, Bel-
gium) were then added to this thin suspension, and
enough dried brewer's yeast (Lewis Laboratories, Sur-
rey, United Kingdom) to form a thick suspension. This
thick suspension was then painted, by hand, directly
onto the shells of the animals. At the end of the exper-
imental period, the presence of any staining suspen-
sion and/or stained Artemia sp. cysts was checked for
within the dissected guts of the animals. The second
replicate experiment used a different procedure than
the first experiment to determine if Calliostoma
zizyphinum could ingest larger particulate matter.

Expt 2. (i) Effects of prevention of shell wiping on
shell-surface fouling: All investigations were carried
out in autumn 1995 at the Dove Marine Laboratory.
From the animals collected at Site 1, 15 randomly
selected individuals were subjected to 1 of the follow-
ing 2 treatments: (1) the shells were cleaned by scrub-
bing the shell surface with a nylon toothbrush and then
rinsing in UVFES (control treatment); (2) the shells were
prepared as in (1), and then a plastic disc (0.5 x 80 mm,
depth x diameter) with a central hole cut out (15 mm
diameter) was fixed over the shell at the base of the
spire using hot melt glue (Fig. 1).

The shells of the control individuals were randomly
marked with a few drops of the hot melt glue as a pro-
cedural control. All animals were then placed into a
tank of running seawater (10°C) and left for 7 d under
a 12 h day/12 h night cycle. They were then removed
from the tank, stored in a tank of ice-chilled UVES,
and examined within 2 d using the Wet Scanning
Electron Microscope (WSEM) facility at the University
of Manchester. Because WSEM can examine living
wet specimens, the biofilms, which are usually absent
or distorted in fixed specimens, are readily visible
(Sutton et al. 1994). Measurement of the area fouled
on the shell surfaces was made by storing images dig-

Plastic disc
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Fig. 1. Plastic disc glued onto the shell of Calliostoma zizyphi-
num to prevent shell wiping during the experiment

Hot melt glue
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itally obtained from the WSEM and analysing these
images for the total area fouled. Three randomly
selected areas (12000 pm?) on each animal were
selected for analysis using the National Institutes of
Health image-analysis public-domain software (devel-
oped at the US National Institutes of Health and avail-
able on the Internet at http:/rsb.info.nih.gov/nih-
image/) on a microcomputer.

(ii) Effects of prevention of the consumption of
matter adhering to the shell surface on rate of shell
growth: Investigations were carried out at Port Erin
Marine Laboratory in spring 1996. Sixty Calliostoma
zizyphinum, of ~21 mm shell height, were selected at
random and divided into 2 groups of 30 individuals
each. The lip of the shell of all individuals was marked
using a procedure modified from that of Ekaratne &
Crisp (1984), whereby a small indentation (0.1 mm
diameter) was drilled into the outside edge of the lip of
a shell and marked with a non-toxic paint marker
(Edding 751 paint marker, Edding, Germany). For
30 individuals the indentation was marked with an ‘x’
(control), and for the remaining 30 individuals, the
indentation was marked with an ‘o’ (treatment). Both
groups were then placed into a tank of running seawa-
ter (~10°C), subjected to natural illumination. Treat-
ment was as follows: at 09:00 and 21:00 h, both groups
were removed from the tank. The shells of the treat-
ment group were then individually cleaned by wiping
each shell with an absorbent towel. Once all of the
treatment animals had been cleaned, all animals were
than placed back into the tank. This procedure was
repeated consecutively for a further 27 d. At the end
of the experimental period, all animals were removed
from the tank and their individual shell growth was
measured as the distance (mm) from the lip of the shell
to the centre of the indentation. In addition, the shell
width and shell height of each animal were recorded.

Expt 3. Measurement of metabolic rate: Investiga-
tions were carried out in summer 1996 at Port Erin
Marine Laboratory. The respiration rate of 30 randomly
selected Calliostoma zizyphinum was measured using
the closed-system manometric technique of Livingston
(1968). Measurements of the oxygen consumed (cm®)
by an animal were taken after intervals of 1, 2, 3, 4, and
5 h. The data for each individual were averaged to
produce a reliable estimate of oxygen consumption h™1,
For all measurements, the temperature was maintained
at 10°C with a constant fluorescent illumination of
4.53 pE m~2 571, In addition, the shell height (from the
tip of the spire to the base of the lip) and whole dry
weight (shell cracked and dried at 40°C to constant dry
weight) of each animal were measured. Conversion of
the amount of oxygen consumed by an animal (cm® h™1)
into metabolic rate (J h™!) can be made using the fol-
lowing equation of Schmidt-Nielsen (1997):

M = 0x20.11 (1)

where M = the metabolic rate (J h™!) and O = O, con-
sumed (cm®h™?).

Expt 4. Evaluation of provendering ability of the
pedal mucus produced by Calliostoma zizyphinum
and the associated calorific value of the microalgae
trapped therein: All experiments were carried out in
spring 1996 at Port Erin Marine Laboratory. Borosili-
cate ground-glass slides (Chance Propper Ltd, Warley,
United Kingdom), 75 x 25 x 1 mm, were used as a uni-
form substratum after autoclaving for 4 h at 1.2 x 10° Pa
to ensure surface sterility (Prescott et al. 1993). Treat-
ment (10 slides per treatment) was as follows: (1) the
glass slides were placed on the bottom of a tank, which
was filled with running filtered (0.45 pm) seawater
(10°C) for 24 h as a control; (2) as in (1), except that
50 randomly selected Calliostoma zizyphinum were
placed onto the submerged slides and allowed to crawl
over them for 12 h. The animals were prevented from
crawling off the slides and up the sides of the tank by
placing a 5 x 5 mm mesh wire cage 10 mm above the
height of the largest individual.

For both treatments, the temperature was main-
tained at 10°C and the tank was subjected to con-
stant illumination from overhead fluorescent lights at
4.94 pE m~2 s7!. At the end of the preparation period,
the slides were removed from the tanks and placed,
in random order, into slide holders. The position of
each slide within the slide holders was noted. The
slide holders were then hung horizontally 10 cm
below the surface of the seawater from a floating
boom attached to Port Erin Pier (National Grid Refer-
ence SC192691) and left for 12 h. After 12 h, the
slides holders were removed from the boom and the
number of organisms (diatoms and algal propagules)
that had adhered to each slide within 3 randomly
selected areas (0.02 cm?, i.e. the area of the circular
graticule used) on each slide was counted using a
microscope.

To assess the calorific value of the algal material
adhered to each slide, following counting, the chloro-
phyll a concentration of each slide was measured using
the HMSO (1986) hot methanol-extraction procedure.
Conversion of chlorophyll a (ug cm™2) to joules can be
made using the following equations of Weast (1988)
and Herburt (1990):

C:Ca = 40:1 (2)

where C = the number of carbon atoms, and Ca = the
number of chlorophyll a molecules (Herburt 1990);

AC = 394 kJ mol™! 3)

where AC = the enthalpy of combustion of carbon
(Weast 1988).
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It should be noted that conversion of
chlorophyll a to available biomass in a
this fashion will give a very conserva-
tive estimate of the available biomass
in terms of energetic value. This
whole procedure was repeated a fur-
ther 6 times on consecutive days using
a fresh set of randomly selected Cal-
liostoma zizyphinum (excluding those
already used) from the original collec-
tion, i.e. 7 replicate experiments in all.

RESULTS
Expt1
(i) Frequency of shell wiping

The mean + SE frequency of shell
wiping in Calliostoma zizyphinum
was 2.33 + 0.26 incidents 24 h!. The
mean + SE duration of a shell wiping
incident was 1076 +175 s (i.e. 17 min
56 s + 2 min 55 s). For the 30 animals
examined, 27 wiped their shells at
least once within the 24 h period, 23
wiped their shells 2 or more times in
24 h, and 6 wiped their shells 5 or
more times in 24 h. All animals wiped
their shells in an identical manner to
that described by Jones (1984).

(ii) Consumption of matter adhering
to shell surface

Artemia cysts

Fig. 2. Calliostoma zizyphinum. Gut contents, showing presence of Artemia sp.
cysts within gut. Scale bars = 5 mm

Of the 30 animals covered with the
Sudan III yeast suspension, 27 con-
tained stained yeast cells within their
guts. Of those covered with the aniline blue Artemia
sp. cyst suspension, each animal was found to have
either Artemia sp. cysts in its gut and/or stained
epithelia (Fig. 2). In contrast to the results obtained for
the treatment animals, examination of the guts of the
30 controls in the first experiment failed to reveal any
presence of any stained yeast cells. For the 30 controls
in the second replicate experiment, only 1 of the 30
animals showed any evidence of having ingested the
staining suspension. Analysis of the data, for the sake
of formality, using Fisher's 2-tailed exact comparison,
determined for both experiments that the treated ani-
mals were ingesting the staining suspension (p = 0.001
for both the first and second experiment), whereas the
controls were not. In essence, Calliostoma zizyphinum

wipes the surface of its shell with its foot approxi-
mately twice every 24 h and, in doing so, consumes
matter that has adhered to its shell since the last shell
wiping incident.

Expt 2
(i) Shell fouling

Analysis of the WSEM results using a mixed model
2-level nested analysis of variance (ANOVA) revealed
that the animals that had been prevented from wiping
their shells were significantly more fouled (mean + SE:
0.87 + 0.02 cm? fouled cm™2) than those that had been al-
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lowed to wipe their shells (mean + SE:
0.10 £ 0.01 cm? fouled cm™2) (Table 1)
(Fig. 3). All other model terms were not
statistically significant (Table 1). That is,
the effects of the treatments on shell
fouling are independent of any varia-
tion in the propensity of the animals to
wipe their shells or of unknown factors.
By preventing Calliostoma zizyphinum
from wiping its shell, the fouling on its
shell is increased by a factor of ~9.

(ii) Shell growth

Table 1. Calliostoma zizyphinum. Mixed model 2-level nested ANOVA of amount
of shell fouling on animals that were allowed to wipe their shells and on animals
that were prevented from wiping their shells. ***Significant at p < 0.001

Source df SS MS F P
Treatment 1 13.40 13.40 861.75 0.001***
Animal 28 0.44 0.016 1.40 0.140
Residual 60 0.67 0.011

Total 89

Analysis of shell widths and shell heights of Calliosto-
ma zizyphinum between treatment and control groups,
using Student's t-tests, found no differences in either

Fig. 3. Calliostoma zizyphinum. WSEM images of shell surface (a) of snail that
was allowed to wipe its shell, and (b) of snail that was not allowed to wipe its
shell. Scale bars = 50 pm

shell heights (t = 0.235, p = 0.816) and/or shell widths
(t=1.229, p = 0.229) between groups. Analysis of the
data recorded for shell growth, using a t-test, deter-
mined that the growth of the shells of the controls (mean
+ SE: 0.21 + 0.02 mm 28 d™!) was significantly greater

than the corresponding growth of the
shells of the treated individuals (mean
+ SE: 0.14 + 0.03 mm 28 d°Y) (£ = 2.12,
p = 0.037). By preventing C. zizyphi-
num from consuming epifauna adher-
ing to its shell, its shell growth is de-
creased by a factor of 0.67.

Expt 3
Metabolic rate

Linear regression of the log,o-trans-
formed data for the oxygen consumed
by the animals (cm® h™!) against their
whole dry weight and shell height
(again logj,-transformed) produced
statistically significant relationships
for both variables (F=63.59, p = 0.001,
r? = 0.62 for whole dry weight re-
gressed against oxygen consumed
and F = 29.04, p = 0.001 and r? = 0.51
for shell height regressed against
oxygen consumed; Fig. 4). Using both
the calculated regression equation for
shell height (see Fig. 4), the equation
of Schmidt-Nielsen (1997) (see 'Mate-
rials and methods') and assuming
that an average sized individual is
25.36 mm in height (the mean height
recorded for Calliostoma zizyphinum
collected at Site 2), then the metabolic
rate of that individual is equal to 4.89 J
h! (1.17 cal h™!). This is equivalent
to a metabolic requirement of 117.41J
24 h™! (28.06 cal 24 h™!).
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Fig. 4. Calliostoma zizyphinum. Oxygen consumed by each individual plotted against shell height (data log;o-transformed)

Expt 4
Calorific value of matter trapped in pedal mucus

Analysis of the logjp-transformed count data, using a
mixed model 2-way ANOVA, revealed that the slides
coated with the pedal mucus produced by Calliostoma
zizyphinum entrapped significantly more organisms
(mean * SE: 9264 + 1278 organisms cm 2) than the
control slides (mean + SE: 1201 + 268 organisms cm™2)
(Table 2). All other terms within the model were not
statistically significant (Table 2). That is, the ability of
the treatments to entrap microalgae is independent of
any temporal variations in either microalgal recruit-
ment and/or variations in the ability of the pedal
mucus produced by C. zizyphinum to act as a proven-
dering agent. The pedal mucus produced by C. zizy-
phinum can increase the number of microalgae adher-
ing to its surface by a factor of ~8
compared to the control substratum.

Examination of the chlorophyll a
content of the slides using a mixed
model 2-way ANOVA, revealed, as for

chlorophyll a cm™?) (Table 3). All other model terms
were not statistically significant (Table 3). The pedal
mucus produced by C. zizyphinum can increase the
chlorophyll a concentration of a substratum by a factor
of ~3.

Using the carbon to chlorophyll a ratio of Herburt
(1990) (see '‘Materials and methods') the pedal mucus
produced by Calliostoma zizyphinum entraps a mean
energetic biomass of microalgae of 1.24 J cm™2 12 h!
(0.294 cal cm™2 12 h™1). If it is assumed that the shell of
C. zizyphinum is a perfect cone and that the height
of an average-sized individual is 25.36 mm, then the
surface area of the shell of that individual can be cal-
culated from 1 x the radius x the length of a shell, =
8.80 cm?, and hence the energetic value of the avail-
able microalgal biomass that has adhered to the shell
surface of that individual is equal to 10.91 J 12 h7!
(2.59 cal 12 h™Y).

Table 2. Calliostoma zizyphinum. Mixed model 2-way ANOVA, log,-trans-
formed data, of number of organisms adhering to control slides and to slides
coated with pedal mucus. ***Significant at p < 0.001

the count data, that the slides coated Source df sS MS F p

with the pedal mucus produced by

Calliostoma zizyphinum had a signifi- Treatment 1 81.30 81.30  3126.73 0.001 "

cantly higher chlorophyll a concen- Replicates 6 0.10 0.02 0.62 0.711
vy g Py Treatments x Replicates 6 0.16 0.03 057  0.756

tration (mean + SE: 0.94 + 0.05 ng Residual 406 18.42 0.05

chlorophyll a cm™2) than the control Total 419

slides (mean = SE: 0.32 + 0.02 ng
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Table 3. Calliostoma zizyphinum. Mixed model 2-way ANOVA of chlorophyll a
concentration on control slides and on slides coated with pedal mucus. ***Sig-

nificant at p < 0.001

Scullard 1978), Littorina littorea (San-
deen et al. 1954, Newell & Pye 1971)
and Haliotis tuberculata (Peck et al.
1987) (see also Bayne & Newell 1983

Source af sS MS F p and Fretter & Graham 1994 for re-
views). It should be noted that the

Erea;'tmﬁnt (15 1322 1382 562-(1); 8-(1)8(1)"' metabolic values obtained here repre-
Troatments x Replicates 6 0.14 002 021  0.974 sent a mean metabolic rate for indi-
Residual 126 14.20 viduals that were both active and
Total 139 stationary. Measurement of the pro-
vendering ability of the pedal mucus

produced by C. zizyphinum revealed

that it could increase the settlement

DISCUSSION of microalgae by ~8, equating to an energetic value of

The first experiment in this paper revealed that Cal-
liostoma zizyphinum will consume matter that has
adhered to the pedal mucus remaining on the surface
of its shell from a previous shell wiping incident. C.
zizyphinum wipes its shell on average twice every
24 h. The mean time recorded for a shell wiping
incident (i.e. 1076 + 176 s) is in line with those recorded
by Jones (1984). The suggestion that the pedal mucus
produced by archaeogastropods can act as a proven-
dering agent (see Connor & Quinn 1984, Connor 1986,
Davies 1991, Davies et al. 1992), and hence potentially
be of some nutritional benefit, is substantiated for C.
zizyphinum at least. The presence of staining in the
gut of one of the control animals in the first experiment
probably resulted from the animal consuming stained
matter either from the floor of the tank (i.e. matter
which had fallen off one of the treated animals) or
directly from the shell surface of one of the treatment
animals.

The prevention of shell wiping in the second experi-
ment resulted in both a reduction in the rate of shell
growth of the treatment animals and a dramatic
increase in their shell fouling. Haven (1973), Branch
(1975) and Underwood (1976) have all shown that the
shell growth of gastropods can be reduced in response
to decreased availability of food (see Underwood 1979
and Branch 1981 for reviews). These results suggest
that shell wiping is not only an important source of
additional nutrition for Calliostoma zizyphinum but is
also, as suggested by Jones (1984), an essential anti-
fouling adaptation.

With regard to the potential contribution of the mat-
ter trapped in the pedal mucus on the shell surface of
Calliostoma zizyphinum to the animal's daily energetic
requirements, measurement of the metabolic rate de-
termined that for an average-sized individual (i.e.
25.36 mm shell height) the metabolic rate would be
~119.79 J 24 h™! (28.06 cal 24 h™!). This is of the same
order of magnitude as values recorded in the literature
for the metabolic rates of Nucella lapillus (Bayne &

1.24 J cm™2 12 h™' (0.294 cal cm™2 12 h™!). The values
obtained for the effect of the pedal mucus produced by
C. zizyphinum on the settlement of organisms (i.e.
algae) are higher than those recorded by Connor &
Quinn (1984), Connor (1986), Davies et al. (1992), and
Santelices & Bombadilla (1996) for the effect of pedal
mucus produced by other gastropod species over peri-
ods of 18, 24 and 12 h, respectively (see also Holmes
1998). This would suggest that in contrast to the pedal
mucus produced by other species, the pedal mucus
produced by C. zizyphinum is an extremely effective
provendering agent. The differences in the ability of
the pedal mucus produced by different species to
provender microalgae probably arise from differences
in the chemical composition of the pedal mucuses, and
hence in their adhesive potential and physio-chemical
characteristics, etc. (see Connor 1986 and Holmes 1998
for discussions).

By combining the results of Expts 1 to 4, an estima-
tion of the contribution of the microalgae, trapped in
the pedal mucus produced by Calliostoma zizyphinum
and consumed through shell wiping, to the animal’s
daily metabolic requirements can be made as follows:
(1) during a 24 h period an individual, on average,
wipes the surface of its shell twice, thereby consuming
any matter which has adhered to its shell; (2) the
calorific value of the matter adhering to its shell,
assuming that the shell is a cone and perfectly smooth,
is 10.91 J (2.59 cal) per shell wiping incident; (3) if
the metabolic rate of an average-sized C. zizyphinum
(25.36 mm shell height) is taken as 117.41 J 24 h!
(28.06 cal 24 h™l), then the nutrition gained by an
animal from the consumption of microalgae obtained
through shell wiping contributes approximately one-
fifth of the daily energetic requirement of that animal,
i.e. 10.91 J (2.59 cal) per shell wiping incident x 2 inci-
dents per 24 h)/a metabolic demand of 117.41 J 24 h™!
(28.06 cal 24 h™1).

This value is a 'ball-park’ figure and should not be
taken too literally. Although the calorific value of the
microalgae adhered to the shell of the animals was
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consistently underestimated, it is possible that the
‘real’ energetic value of the matter adhering to the
shell of C. zizyphinum is much higher; i.e. (1) it was
assumed that the shell was a perfectly smooth cone,
whereas in reality the surface area of the shell will be
much greater due to its rugosity; (2) no account was
taken of the potential contribution of either the pedal
mucus and/or any non-algal matter that had adhered
to the pedal mucus to the energetic value of the matter
consumed; (3) the conversion of the carbon content of
the microalgae to joules (energy units) would be much
higher if simple organic compounds (carbohydrates)
were considered, instead of using a direct carbon to
energy conversion factor.

It should be remembered that the formula used to
convert chlorophyll a to carbon (see Expt 4) has many
associated errors (see Herburt 1990 for discussion) and
that the energetic value of the microalgae adhering
to the shell cannot be directly equated to assimilated
energy. A significant improvement to the experimental
design would be to clean the shells of the animals, in
the field, using an oxidising agent, and then to observe
them in situ with a video camera, wait until an animal
has wiped its shell once, and then retrieve this animal
when it begins to wipe its shell a second time. If the
matter adhering to the shell were removed by brush-
ing the shell in sterile seawater, then the resulting
solution could be analysed for its adenosine triphos-
phate (ATP) content (see Holm-Hansen & Booth 1966
and Herburt 1990), and hence a much more accurate
measurement of the energetic value of the matter
adhering to the shell surface can be made.

Conversely, it should be remembered that the calo-
rific value of matter adhering to the pedal mucus pre-
sent on the shell surface of Calliostoma zizyphinum
measured under ideal conditions could be much less
than that assimilated by the organism. For example,
there would differences in the calorific value of matter
adhering to a shell between seasons, the efficiency of
transfer of matter from the shell to the mouth is
unknown, and the difference between the calorific
value of the matter consumed by an organism to that
assimilated by an organism is not accounted for.

The importance of shell wiping to Calliostoma zizy-
phinum as a feeding adaptation is evident, i.e. the
pedal mucus on the surface of the shells of the animal
acts as a provendering agent to recoup some of the
energy expended in the production of pedal mucus. If
the energetic value of the matter consumed by C. zi-
zyphinum is assumed to be equal to the assimilated
energy from that matter, then shell wiping could pro-
vide more energy than is required for the production of
pedal mucus (i.e. if the lowest estimate of 9 % of assim-
ilated energy [Kofed 1975] is taken as the cost for C.
zizyphinum to produce pedal mucus). In contrast, if the

cost of pedal mucus production is as high as 74 % of the
assimilated energy (Horn 1986), the consumption of
matter adhering to the shell through shell wiping will
provide at least a quarter of the energy required to
produce pedal mucus. Unfortunately, because very little
is known about the physiology of C. zizyphinum, the
potential contribution of shell wiping to the overall
energy budget of the animal cannot be calculated.
Similarly, there are no observations in the literature as
to the main source of nutrition for C. zizyphinum, al-
though Perron (1975), Perron & Turner (1978) and
Ferro & Cretella (1993) have shown that C. annulatum,
C. variegatum, C. ligatum, C. granulatum and C. occi-
dentale will feed on coelenterates (see also Clench &
Turner 1960, Keen 1975, Perron 1975, Quinn 1981).

It is worth noting that O'Loughlin & Aldrich (1987b)
have shown that the apical angle of Calliostoma
zizyphinum living in fast-flowing water is greater than
the corresponding angle of C. zizyphinum living in
slow-flowing water. This suggests that the growth rate
of C. zizyphinum in fast-flowing water is greater than
that of C. zizyphinum living in slow-flowing water.
Correspondingly, Erwin & Picton (1987) have sug-
gested that C. zizyphinum tends to be abundant only
in regions of high water movement (see also Seed
1979, O'Loughlin & Aldrich 1987a,b, O'Loughlin 1989
and Preston et al. 1993). Both of the populations sam-
pled here are regularly exposed to water movement in
excess of 2.5 m s7!, with the population at Site 1 expe-
riencing greater water currents than the population at
Site 2 (S.P.H. pers obs.). The Site 1 animals had a
greater apical angle than those at Site 2 (i.e. the shell
widths of both populations were the same but Site 1
individuals were taller than those at Site 2 [see 'Mate-
rials and methods']). If the apical angle of the shell is
genuinely related to water current, and hence growth
rate, then the growth rates of the animals will be deter-
mined, in part, by their daily nutritional intake. Indi-
viduals living in fast-flowing waters will therefore gain
a greater nutritional intake, through shell wiping, than
individuals living in slower-flowing waters. That is, as
the water flow within an environment increases, so
should the number of organisms contacting the shell of
C. zizyphinum increase by virtue of the number of
collisions likely to occur per unit time, and hence the
nutritional value of the matter adhered to its shell
should also increase. If so, and in view of the findings
of O'Loughlin & Aldrich (1987b) and the results re-
ported here, the consumption of matter adhering to the
shell surface of C. zizyphinum may make a major con-
tribution to the animal's energetic requirements. Simi-
lar relationships between shell morphology and daily
nutritional intake have been observed by Richardson
et al. (1980, 1981) for the common cockle Cerasto-
derma edule (see also Jensen 1993, Kamermans 1993
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and Arnold et al. 1998). Notwithstanding, until a mea-
surement of the energetic cost of pedal mucus produc-
tion by C. zizyphinum, an accurate measurement of the
total energy which can be assimilated from the matter
adhering to the shell of C. zizyphinum, and obser-
vations on other sources of nutrition utilised by C.
zizyphinum are made, this proposal is little more than
speculation.

From an evolutionary standpoint, the consumption of
pedal mucus which has acted as provendering agent
would appear to be a sensible strategy for an organism
that produces an exudate that is energetically costly to
produce. The evolution of such a strategy in an organ-
ism is illustrated here by the phenomenon of shell wip-
ing in Calliostoma zizyphinum, which appears to serve
2 important biological functions: to acquire nutrition
and to prevent shell fouling.
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