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Abstract. The pattern of shell breakage in the Recent trochid gastropods Umbonium (Suchium) mon-
iliferum (Lamarck) and U. (S.) giganteum (Lesson) was observed under durophagous predation by crabs
and in tumbling experiments, and the results of these experiments were applied to recent population
samples from the natural environment. The experiments were carried out in order to learn if the pattern of
shell breakage by durophagy (shell crushing) is different from that induced by water currents and waves.
After predation by the predatory crabs Calappa lophos (Herbst) and Portunus trituberculatus (Miers),
shell apertures of U. (S.) moniliferum and U. (S.) giganteum were broken in a characteristic fashion. In
contrast, shells tumbled with sand and artificial seawater rarely lost the apertural margins, although other
parts of the shells were relatively severely abraded. These results suggest that a shell from the natural
environment with a similarly broken apertural margin was probably attacked by a durophagous crab, and
that water currents and waves are not agents that cause breakage of shell apertures. The results were
then applied to samples of Recent U. (S.) moniliferum from Lake Hamana-ko and fossil U. (S.) costatum
(Kiener) from the Pleistocene Jizodo Formation in Japan. Shells with broken apertural margins amounted
to 60% of all dead empty shells in the sample of Recent U. (S.) moniliferum, and over 90% in the sample of
Pleistocene U. (S.) costatum, suggesting that these shells were extensively preyed upon by durophagous
crabs. Shell repair frequencies of Recent U. (S.) moniliferum, calculated as a percentage of individuals with
one or more repair scars, were 24—55%. The high repair frequencies indicate that considerable numbers of
U. (S.) moniliferum can escape from attacks by crabs. All the results suggest that shell breakage along the
apertural margins of gastropods is a good indicator of durophagy and that broken apertures, as well as shell
repairs, are a useful tool for the investigation of predatory-prey interaction.
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Introduction

Predator-prey interactions have been repeatedly
studied using both Recent and fossil gastropods and
bivalves, especially since Vermeij proposed two
important concepts, the ‘“Mesozoic marine revolu-
tion” (Vermeij, 1977) and ‘“‘escalation” (Vermeij,
1987). Many studies on this subject have been done,
mainly focusing on shell repairs induced by sublethal
durophagy (on gastropods: Vermeij et al., 1980, 1981,
1982; Schindel et al., 1982; Vale and Rex, 1988;
Schmidt, 1989; Allmon et al, 1990; Kropp, 1992;
Preston et al., 1993; Ray and Stoner, 1995; Ebbestad
and Peel, 1997; Cadée et al, 1997; Dietl and
Alexander, 1998; on bivalves: Dietl et al, 2000;
Alexander and Dietl, 2001). However, shell repair

Downloaded From: https://bioone.org/journals/Paleontological-Research on 17 Apr 2024
Terms of Use: https://bioone.org/terms-of-use

frequency does not always represent the intensity of
durophagy, as previously pointed out (Vermeij ef al.,
1982; Schindel et al., 1982; Schmidt, 1989; Ray and
Stoner, 1995). For example, a low frequency of shell
repair can equally be the result of intense durophagy
that was mostly successful as well as the result of rare
durophagy. This complexity makes it difficult to eval-
uate intensity of durophagy and to compare the dif-
ferences of intensities among samples from different
microhabitats or from different ages. To overcome
such problems and to better understand the intensity
of durophagy and its effects, we need to look for new
methods to investigate predator-prey interaction.

To detect and evaluate durophagy on gastropods,
this study focused on a specific type of shell breakage,
that of the gastropod apertural margin. Apertural
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shell breakage induced by durophagy is evidence of
successful durophagy, while shell repair after dur-
ophagy is evidence of unsuccessful predation.

There have been many reports on durophagy.
Durophagous crabs have been observed to crush and/
or peel molluscan shells (Shoup, 1968; Elner, 1978;
Zipser and Vermeij, 1978; Takeda and Suga, 1979;
Elner and Jamieson, 1979; Ozawa, 1981; Vermeij et al.,
1982; Hughes and Elner, 1989; Sato, 1992, 1994), birds
preying on molluscs produce many shell fragments
(Cadée, 1994), and marine vertebrates such as fish,
turtles and seals have been reported to prey on and
destroy molluscan shells (Carter, 1968). Chave (1964)
and Driscoll and Weltin (1973) used laboratory
experiments with tumbling barrels to investigate
taphonomy. They reported that shells were abraded
and their weights were reduced after being tumbled
with sedimentary particles in water, but they did not
discuss the pattern of shell breakage. Feige and
Fiirsich (1991), based on semiquantitative field data,
concluded that shell fragmentation on sandy tidal flats
is mainly caused by biotic activities of durophagous
predators and scavengers, not by physical factors.
Cate and Evans (1994) reported abundant molluscan
shell fragments in sea bottom sediments, produced as a
result of predation by fish (Pogonias cromis) in Texas
coastal bays. Walker et al. (2002) confirmed consider-
able shell breakage in shallow shelf as well as rather
deep environments (up to 195 m). These studies sup-
port the idea that shell breakage is caused mainly by
durophagy rather than by abiotic factors such as water
currents during postmortem transportation (Dodd and
Stanton, 1990; Meldahl, 2001). However, there is
no conclusive evidence to determine what is the main
cause of shell breakage in general.

This study, based on laboratory experiments and
field observations, aims to identify the cause of shell
breakage in Recent trochid gastropods of the genus
Umbonium and to apply the results to fossil speci-
mens. The hypothesis is that water currents rarely
cause apertural shell breakage, and that apertural
shell breakage is mainly caused by durophagy. This
study should be significant because two different
experiments on the process of shell deterioration, i.e.,
shell breakage by durophagy and shell deterioration
by water currents, are directly compared and dis-
cussed, using the shells of the same species. This study
will also be the first step in testing if apertural shell
breakage can be a reliable index of durophagy.

The objectives of this study are: (1) to determine a
criterion by which one can distinguish shell breakage
induced by durophagy from that induced by water
currents, (2) to estimate the degree of shell breakage
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and the effect of durophagy among Recent and fossil
Umbonium populations, and (3) to compare and eval-
uate shell repair frequency and shell breakage fre-
quency. To accomplish these objectives, I carried out
two kinds of laboratory experiments: observation of
shell breakage by predatory crabs in an aquarium and
shell breakage/abrasion by tumbling experiments. To
evaluate the effect of durophagy in the natural envi-
ronment, I also applied the results to gastropods
(living and dead) from a sandy beach and also to the
shells from a Pleistocene shallow-water formation.

Through this study, I use “durophagy” instead of
“predation” to specify the cause of shell damage by
shell crushing. Vermeij ef al. (1980) defined the term
“durophagy” as ‘“‘predation by shell-crushing” and
Aronson (2001) defined it as ‘“the consumption of
prey that is protected by a hard skeleton”.

Material and methods

The gastropods used in this study were Umbonium
(Suchium) costatum (Kiener), U. (S.) moniliferum
(Lamarck), and U. (S.) giganteum (Lesson), all
included in the Trochidae, Archeogastropoda (Figure
1). These three species are common in Honshu and
Kyushu of Japan, and they can easily be sampled
in quite large numbers. In earlier studies of these
species, Ozawa (1981) reported durophagy on U. (S.)
moniliferum by predatory crabs Charybdis japonica
(A. Milne-Edwards) and Portunus pelagicus
(Linnaeus), and Ozawa and Okamoto (1993) esti-
mated phylogenetic relationships of Umbonium by
integrating fossil records and molecular phylogenetic
analysis. Noda et al. (1995) and Noda and Nakano
(1996) investigated the life history of recent U. (S.)
costatum at the population level.

The durophagous crabs Calappa lophos (Herbst)
(Decapoda, Calappidae) and Portunus trituberculatus

I (8.) costatin U (8.) mondliferun

i

U (8) giganteum

e

Maximum -

aball width 4 cm Zcom 4 cm
infauna, inner bay, | .

z infaunn, open sea, | . e infauna, open sea,
Habitat intertidal, sand ;
subtidal, sand subtidal, sand
and mud
Age Pleistocene | Recent Recent

Figure 1. U. (S.) costatum, U. (S.) moniliferum, and U. (S.)
giganteum used in this study. Scale bars are 1 cm.
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Figure 2. Predatory crabs used in this study. A. The male
individual of C. lophos. Note the unique shape of both claws,
especially the big tubercle on the right claw. B. The male indi-
vidual of P. trituberculatus. Note its slender and jagged claws.

(Miers) (Decapoda, Portunidae) were used in the
experiments. C. lophos is distributed in shallow waters
along the southern coast of Japan. The individual used
in this study was an adult male (carapace width 11 cm;
Figure 2A). P. trituberculatus is one of the best-known
durophagous crabs. The species is distributed in
shallow waters around Japan. The individual used in
this study was an adult male (carapace width 16 cm;
Figure 2B).

Two kinds of laboratory experiments were carried
out in this study: first, an experiment to detect char-
acteristic patterns of shell breakage caused by dur-
ophagous predators, and second, observation of phys-
ical deterioration of shells by tumbling barrels. In the
latter experiment, the shells were tumbled with
coarse-grained sand (1 kg) and seawater (1 1).

Figure 3 shows a flow chart that was used in this
study to classify any shells of U. (S.) moniliferum, U.
(8.) contatum and U. (S.) giganteum into 11 categories,
based on the state of preservation of shells. For
instance, a perfectly preserved shell is classified into
category 1, and a shell with only its axis preserved is
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classified into category 11.

Experiments on durophagy

Experiments on durophagy were done in an aquar-
ium using an individual of Calappa lophos, then an
individual of Portunus trituberculatus. Fifty-five
individuals of U. (S.) moniliferum were collected from
a tidal flat in Kisarazu, on the coast of Tokyo Bay, and
forty individuals of U. (S.) giganteum were collected
from the sandy subtidal coast of Kujukurihama, Chiba
Prefecture. All these individuals were kept alive in the
aquarium as the prey of the two crabs. For Calappa
lophos, 15 individuals of U. (S.) moniliferum were
introduced to the aquarium, and shell conditions were
monitored for 17 days. Then 40 individuals of U. (S.)
giganteum were newly introduced in the aquarium,
and the same observations were continued for 16 days.
For Portunus trituberculatus, 40 individuals of U. (S.)
moniliferum were introduced to the aquarium, and
their shell condition was monitored for 44 days.

When dead shells of U. (S.) moniliferum and U. (S.)
giganteum were found in the aquarium, I examined
them to find any unique shell breakage induced by
crab durophagy. I regarded broken shells as the
product of durophagy, and unbroken dead shells as
due to death of the animal from other causes.

Tumbling barrel experiments

Experiments using rolling barrels were carried out
to observe shell breakage induced by simulated water
currents and wave action, and to estimate their effects.
U. (S.) moniliferum and U. (S.) giganteum were used
in these experiments. Two different experiments were
carried out: the first (series 1) used fresh and
undamaged shells, the second (series 2) used broken
shells previously preyed upon by crabs.

Series 1 simulates the taphonomic condition of fresh
shells of individuals that died from non-durophagous
reasons and were subjected to water currents or
waves. For series 1, after 17 living individuals of U.
(S.) moniliferum and 13 living individuals of U. (S.)
giganteum died of natural causes, their soft parts were
removed by forceps without any chemical treatment.

Series 2 simulates the taphonomic process during
post-mortem transportation of broken shells of
individuals that died from durophagy. In series 2, 12
living individuals of U. (S.) moniliferum and 12 living
individuals of U. (S.) giganteum were introduced to an
aquarium together with C. lophos or P. trituberculatus,
and their shells, after they were preyed on by these
predatory crabs, were used for this experiment. The
broken shells were put into glass barrels with a maxi-
mum inner diameter of 17.5 cm. One liter of artificial
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Figure 3. The flowchart that classifies any shells of U. (S.) moniliferum, U. (S.) costatum and U. (S.) giganteum into 11 categories
according to their shell condition. All the shells used in this study were classified by this flowchart.

seawater and one kilogram of siliciclastic coarse-  moniliferum and broke their shells in the first 17 days,
grained sand, collected from Araihama beach in  and the crab ate 27 individuals of U. (S.) giganteum
Aburatsubo, Kanagawa Prefecture, were added. The  and broke their shells in the next 16 days. An indi-
glass barrels were placed on a tumbling machine with  vidual of Portunus trituberculatus ate 27 individuals
motor-driven rotating rods of a roller mill, and were  of U. (S.) moniliferum and broke their shells in 44
tumbled at 35 rpm (Figure 4). Three pieces of rubber  days. Other individuals of U. (S.) moniliferum and
(about 1.5 x 2 x 10 cm) were glued to the inner wall  U. (S.) giganteum are assumed to have died for non-
of the barrel, in order to induce water agitation. A durophagous reasons, because they did not show any
point on the inner wall is calculated to travel about  shell damage, and many still had their soft parts in
27.7 km a day. Tumbling was interrupted periodically,  their shells.

and all the shells were removed from the barrel, in When C. lophos preyed on U. (S.) giganteum, it
order to check shell condition and to take photo-  grasped and manipulated the shells for several
graphs. Shells were returned to the barrel for con-  minutes by both chelae and the anterior two pairs of
tinued tumbling. walking legs. Then C. lophos held the shell by the left
chela and the anterior two pairs of walking legs, and

Results peeled the shell from the outer lip by the right chela,

which has a large tubercle on the movable finger.

Experiments on durophagy C. lophos peeled the body whorl and even some parts

Calappa lophos preyed on 13 individuals of U. (S.)  of the spire to eat the soft parts. As a result, broken
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glass barrel

rubber

shell artificial
sea water

coarse sand

>
inner diameter: 17.5 cm

Figure 4. Tumbling experiment. A. Material and proce-
dure. B. Tumbling experiment on the rotating rods of a roller
mill.

shells with distinct breakage characteristics were left.
All of the broken shells of U. (S.) moniliferum and U.
(8.) giganteum that were preyed on by C. lophos lost
their outer lips (Figure 5; a—f). The breaks continue
spirally from the aperture, and the broken edges were
jagged.

The shells of U. (S.) moniliferum preyed on by P.
trituberculatus do not show the spirally peeled breaks
such as those produced by C. lophos (Figure 5; g-1).
Although several parts of the whorl are broken, it is
commonly observed that the outer lips of the aperture
are broken and that the broken edges are jagged.

Shells of U. (S.) moniliferum and U. (S.) giganteum
preyed on by C. lophos and P. trituberculatus in the
experiments of durophagy were classified mainly into
categories 5, 6, 8, 9 and 10 (Table 1).
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Experiments using tumbling barrels

U. (S.) moniliferum in series 1 (Figures 6 and 7). —
Four out of 17 individuals were not broken even after
being tumbled for 24 days, though the other 13 shells
lost their whorls to some extent by abrasion. Eleven
individuals lost some parts of their shell spires, but
kept their body whorls in perfect condition. One indi-
vidual lost the middle part of the body whorl first, and
then its shell aperture. In this specimen, these broken
(missing) parts merged into a large breakage, after
being tumbled for 24 days. Another individual lost a
part of its spire and shell aperture after being tumbled
for 4 days. Finally, almost all the shell spire and most
parts of its body whorl were lost, and only the part
opposite the aperture (a half volution from the aper-
ture) was left. Thus, even after considerable abrasion,
only two individuals lost their apertural margins and
the other 15 kept their unbroken apertural margins.

U. (S.) giganteum in series 1 (Figures 6 and 8). — U.
(S.) giganteum was abraded sooner and more severely
than U. (S.) moniliferum. All of 13 individuals lost
some parts of the shell spire and the parts oppo-
site their apertures in five days. After having been
tumbled for 13 days, each individual lost almost all
parts of its shell spire and more than half the body
whorl, and only the apertural margin was not abraded
conspicuously. After 24 days, only one individual lost
the aperture by abrasion. All the rest retained the
apertural margins, whereas all the other outer surfaces
of the whorls were completely lost by abrasion.

U. (S.) moniliferum in series 2 (Figures 6 and 7). —
Three of 12 individuals of U. (S.) moniliferum were
preyed on and broken by C. lophos; another 9
individuals were preyed on by P. trituberculatus.
Before being tumbled, all the shells had lost various
shell parts, such as apertures, spines and body whorls,
but they all shared one characteristic: their apertures
were always broken. When they were tumbled in the
barrel, there was no remarkable change in the shells in
the beginning, except that the crab-induced jagged
edges of breakage become smooth. After being
tumbled for eight days, one shell had a new hole in the
spire because of abrasion. After being tumbled for
24 days, all the shell edges became rounded, but the
shells still retained the periostracum on the shell sur-
face, and kept their original color pattern, showing
that shell abrasion was not conspicuous.

U. (S.) giganteum in series 2 (Figures 6 and 8). —
Twelve individuals of U. (S.) giganteum with spirally
broken apertures were used. Broken edges were
jagged. All breakage was the result of durophagy by
C. lophos. Jagged edges became smooth immediately
after the start of tumbling. One individual showed
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Figure 5. Shells of U. (S.) moniliferum (a—d) and U. (S.) giganteum (e and f) preyed on by C. lophos. They show typical spiral
breakage induced by peeling. Note that the apertures of all the shells were destroyed. The shells of U. (S.) moniliferum (g-1) preyed on by
P. trituberculatus. Note that all the apertures were destroyed, and various parts of the whorls were broken. Scale bars are 1 cm.

Table 1. Conditions of shells after the experiments on dur-
ophagy. The shells were categorized according to the flowchart
(Figure 3). Three individuals of U. (S.) moniliferum preyed on by C.
lophos were excluded, because they were fragmented too finely to
be classified.

U. (S.) U (S.) U. (S.)
moniliferum moniliferum giganteum
preyed on preyed on preyed on
category by C. lophos by P. trituberculatus by C. lophos

1 0 0 0
2 0 0 0
3 0 0 0
4 0 1 0
5 6 2 5
6 2 1 2
7 0 1 0
8 0 22 0
9 0 0 10
10 1 0 8
11 1 0 2
Total 10 27 27
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considerable abrasion and a new hole was made on
its spire after being tumbled for six days. One after
another, new perforations were produced in the spires
of other individuals, and the spires became almost
entirely abraded after being tumbled for 24 days. The
periostracum was also abraded.

All shell deterioration in tumbling was due to abra-
sion, and I could not observe any shell loss due to
cracking and breakage.

Discussion

The results indicate that there is a distinct differ-
ence between shell breakage induced by durophagy
and that by tumbling experiments. Shells attacked by
predatory crabs lost their apertures, and the broken
edges were jagged. On the other hand, most shells that
were tumbled for 24 days retained their apertural
margins, and their broken edges were smooth. The
most remarkable difference is whether the aperture is
broken or not. The difference in the frequency of
individuals with apertures is always conspicuous
among U. (S.) moniliferum and U. (S.) giganteum, and
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Figure 6. Shell conditions through the tumbling experiments in U. (S.) moniliferum and U. (S.) giganteum. The graphs show the

changes of the shell category with days.

is statistically significant (Figure 9). The differences
between the shells preyed on by crabs and those in
series 1, and the differences between the shells in
series 1 and those in series 2, are both statistically
significant, both in U. (S.) moniliferum (p < 0.001,
x2-test and p < 0.001, y>-test, respectively) and U. (S.)
giganteum (p < 0.01, Fisher’s exact probability test;
p < 0.001, y%-test, respectively). However, the differ-
ences between the shells preyed on by crabs and
those in series 2 are not significant in either U. (S.)
moniliferum (p > 0.7, Fisher’s exact probability test)
or U. (S.) moniliferum (p =1, Fisher’s exact proba-
bility test). In these tests, some did not satisfy neces-
sary conditions of the y2-test, and Fisher’s exact
probability test was used for these cases.

The observation of aperture breakage induced
by durophagy is consistent with the previous
reports. Shoup (1968) reported that Calappa hepatica
(Linn.), C. calappa (Linn.) and C. angusta (A. Milne-
Edwards), C. flammea (Herbst), C. gallus (Herbst), C.
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ocellata (Holthuis), and C. sulcata (Rathbun) opened
gastropod shells in a relatively consistent way. These
crabs rolled and held the shells with the two chelae
and the first two pairs of legs, then they inserted a
dactyl into the apertures and broke them to eat the
soft parts. Zipser and Vermeij (1978) observed the
crushing behavior of predatory crabs in the labora-
tory, and described it in detail. In their experiments,
122 shells from 11 gastropod species were preyed
on by 17 individual crabs (one parthenopid and five
xanthid species). As a result, 69 shells were broken
at or near the apertures, 26 were wholly crushed, 18
were broken in other parts, and nine were not broken.
Large shells were more apt to be broken near the
apertures than small ones. This result indicates the
tendency of predatory crabs to attack near the aper-
tural margins. There are also many other observations
of durophagy of molluscan shells by crabs (Takeda
and Suga, 1979, Calappa gallus capellonnis on Thais
clavigera; Ozawa, 1981, Portunus pelagicus and Chary-
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bdis japonica on U. (S.) moniliferum; Vermeij et al.,
1982, Calappa hepatica on Rhinoclavis aspera, R. fas-
ciata, Terebra affinis, Strombus gibberulus; Sato, 1992,
five portunid crabs on Littorina brevicula; Sato 1994,
Portunus (Portunus) pelagicus on Littorina brevicula
and Batillaria cumingii). All these earlier works agree
with the present study: the predatory crabs typically
break the apertures of shells. Aperture breakage is
a common characteristic in both laboratory and field
observations.

In contrast, results of the present tumbling experi-
ments show that the apertures are generally more
durable against tumbling than other shell parts. The
durability of apertures is probably related to shell
thickening there. Tumbling experiments by Chave
(1964), and Driscoll and Weltin (1973) focused on
shell abrasion and loss of shell weight during tum-
bling, and did not refer to shell breakage. However,
Driscoll and Weltin (1973) showed photographs of
abraded shells after having been tumbled with sands
and water for 1700 hours. Thirteen individuals of
an Atlantic oyster drill Urosalpinx cinerea and a mud
snail Nassarius obsoletus retained their apertures after
being subjected to severe abrasion in their spires and
body whorls. Only a few individuals lost their aper-
tures during their tumbling experiment.

In contrast to the relatively robust shells of U. (S.)
moniliferum, the shells of its congener U. (S.) gigan-
teum showed much faster abrasion. This implies that
U. (S.) giganteum has physically weaker shells than U.
(8.) moniliferum. The reason for such a difference is
not clear at present. Calappa attacked and ate both
species, and U. (S.) giganteum does not appear to
produce any distasteful or poisonous matter to deter
predators. However, the habitats of the two species
are different, suggesting that the predation pressure
on U. (S.) giganteum might be lower than that on U.
(S.) moniliferum.

The present study and the other earlier works
strongly suggest that by observing shell breakage we
can determine fairly reliably whether a shell was bro-
ken by durophagy or by water currents. If a shell has
a broken apertural margin, the animal probably died
from durophagy by a crab. If a shell retains an
unbroken apertural margin, the animal probably did
not die from durophagy by a crab. Further, if the
broken edges are jagged, the shell must have been
transported or reworked very little. If the broken
edges are smooth, the shell must have been trans-

ported before burial or reworked by water currents. If
a shell has perforations in its spire or its body whorl,
death probably resulted from non-durophagous rea-
sons and the shell was transported by water currents
before burial. Such perforations in these shells are
apparently different from those made by drilling gas-
tropods in their shapes.

As a case study of shell breakage in natural envi-
ronments, degrees and conditions of shell breakage
were investigated using Recent U. (S.) moniliferum
and Pleistocene U. (S.) costatum. Recent U. (S.) mon-
iliferum were sampled on a sandy intertidal coast of
Lake Hamana-ko, Shizuoka Prefecture (Figure 10).
The shell-rich sediments (1 m length x 1 m width x 10
cm depth) were sampled and washed through a sieve
(4 mm), and the remaining living and dead individuals
of U. (S.) moniliferum were all collected and brought
back to the laboratory. Fossil U. (S.) costatum were
sampled from the Upper Pleistocene Jizodo Forma-
tion, Shimosa Group, Chiba Prefecture (Figure 10).
Most of the fossils appear to be allochthonous,
because they occur in cross-stratified shell beds and
many of them show some degree of shell abrasion. U.
(S.) costatum lives on intertidal to shallow subtidal
sandy bottoms, therefore they might have been living
in the same sedimentary environment as the beds
deposited, and might not have been transported for a
long distance. The shell condition of U. (S.) costatum
varies from well preserved to almost broken. After
cleaning, specimens without apex or umbilicus were
excluded, because they might duplicate the same
specimens. All these Recent and fossil shells were
classified into 11 categories and were counted based
on the flowchart shown in Figure 3, and the numbers
of individuals used and the numbers of individuals
classified into each category are shown in Table 2.

Shells without aperture margins (belonging to the
categories 5—11) amounted to about 65% of all empty
shells in the sample of Recent U. (S.) moniliferum
from Lake Hamana-ko. More than 95% of fossil U.
(S.) costatum from the Upper Pleistocene have broken
apertures (categories 5-11). Shells with broken aper-
tures are assumed to have died from durophagy.
The high percentages of shells without apertural
margins indicate that Recent U. (S.) moniliferum and
Pleistocene U. (S.) costatum were frequently preyed
on by durophagous crabs.

Shell repair and shell breakage frequencies were
calculated in the sample of U. (S.) moniliferum from

« Figure 7. Seventeen individuals of U. (S.) moniliferum in the series 1 of the experiments using tumbling barrels (left) and twelve

individuals in the series 2 (right). The scale bars are 2 cm.
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Figure 9. The differences of the ratios of shells with broken
apertures to all the shells. The differences between the shells
preyed on by crabs in the experiments on durophagy, the shells
in series 1 of the experiments using tumbling barrels, and the
shells in series 2 are statistically checked. The numbers signify
(shells with broken apertures/all the shells). The numbers of se-
ries 1 and series 2 are after being tumbled for 24 days.

Lake Hamana-ko, and the two frequencies were com-
pared to each other. All the shells of living individuals
and the unbroken empty shells were observed through
a binocular microscope. In these observations, shell
repair frequency is defined as the percentage of shells
with at least one repair in the total sample. This way
of counting shell repair frequency was used in Vale
and Rex (1988), Kropp (1992) and Cadée et al. (1997).
The shell repair frequency of living shells of U. (S.)
moniliferum from Lake Hamana-ko was 54.5%, and
that of unbroken empty shells was 24.0%. The differ-
ence between the two frequencies is statistically sig-
nificant (p < 0.001, y>-test). The reason for this dif-
ference is not clear, but it may be due to changing
intensity of durophagy in different times. The shell
breakage frequency of dead shells, namely the per-
centage of the shells with broken apertures, was 65%,
suggesting that durophagy was the main cause of
death.

Shell repairs are assumed to be caused by sublethal
durophagy that damaged the apertures. That is, a shell
with shell repair(s) demonstrates that it has experi-
enced at least one attack by durophagous predators,

and that the individual could escape from that attack.
For U. (S.) moniliferum from Lake Hamana-ko, about
45% of the living individuals have never experienced
minor shell breakage, and similarly 76% of the
unbroken dead empty shells (shells of individuals that
died of non-durophagous causes) have never experi-
enced even minor shell breakage when alive. About
35% of all the dead empty shells probably represent
deaths from non-durophagous causes. Assuming that
the empty dead shells with apertural margins pre-
served have shell repairs as frequent as the unbroken
dead empty shells, 76% of the dead empty shells with
perfectly preserved apertures never experienced dur-
ophagy, both when the animals were alive and when
they died. Approximately 27% (76% of 35%) of all
empty shells were never attacked by durophagous
predators. Furthermore, if a dead empty shell that
keeps its apertural margin has a shell repair, it must
have survived attacks by durophagous predators while
the cause of death was not durophagy. Similarly,
about 8% (24% of 35%) of all empty shells received
at least one durophagous attack on the shell and sur-
vived. Potentially these individuals could play an
important role in the evolution of Umbonium from the
viewpoint of anti-predatory strategy, such as escape
behavior, because they may have been better adapted
to intense durophagy than others.

This study suggests strongly that, based on the
mode of shell preservation, the cause of shell break-
age can be distinguished. Whether a shell aperture
is broken or unbroken is critically important. This cri-
terion can be used at least in the case of U. (S.) mon-
iliferum and U. (S.) giganteum, and other previous
studies also suggest that it is probably applicable to
other gastropods in general. For example, the per-
centage of shells with broken apertures can be a clue
to estimating frequency of death by durophagous
crabs. Also, the intensity and success rates of dur-
ophagy can be compared among populations from
different habitats or from different time intervals. By
focusing on shell breakage of fossil shell assemblages,
the ecological and morphological evolution of gastro-
pods against durophagous crabs through geological
times could be discussed.

Conclusions

1. The shells of U. (S.) moniliferum and U. (S.)
giganteum preyed on by C. lophos and P. tritu-

«  Figure 8. Thirteen individuals of U. (S.) moniliferum in the series 1 in the experiments using tumbling barrels (left) and twelve in-

dividuals in the series 2 (right). Scale bars are 2 cm.
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Figure 10. Locality map of Recent U. (S.) moniliferum in Lake Hamana-ko (left), and locality map and columnar section of U. (S.)
costatum from the upper Pleistocene Jizodo Formation in Nishiyatsu, Kisarazu (right).

Table 2. Numbers of sampled shells used in the analysis of shell
breakage in natural environments. Recent shells of U. (S.) mon-
iliferum were collected from Lake Hamana-ko and fossil shells of U.

(8.) costatus from the Upper Pleistocene Jizodo Formation.

Recent U. (S.)

Fossil U. (S.)

moniliferum costatum

Living individuals 343 -
Dead shells used 42 -
by hermit crabs

Category 1 392 9
Category 2 14 0
Category 3 35 2
Category 4 24 1
Category 5 270 74
Category 6 73 12
Category 7 46 25
Category 8 156 12
Category 9 16 46
Category 10 35 26
Category 11 241 100
Total 1687 307

Downloaded From: https://bioone.org/journals/Paleontological-Research on 17 Apr 2024

Terms of Use: https://bioone.org/terms-of-use

berculatus were broken at their apertures.

2. Apertural margins of the shells of U. (S.) mon-
iliferum and U. (S.) giganteum tumbled for over 20
days with sands and seawater did not show consid-
erable abrasion.

3. A shell with broken apertural margin must
have died of durophagy, and a shell with
unbroken apertural margin must have died of a
non-durophagous reason.

4. The percentages of shells with broken apertures
are high both in Recent U. (S.) moniliferum and
Pleistocene U. (S.) costatum.

5. Shell breakage together with shell repairs enables
us to discuss interaction between prey and dur-
ophagous predators in more detail.
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