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Marine gastropod molluscs exhibit a
wide range of shell forms, many of which
are believed tao provide some defense
against predation. Vermeij (1974) has sug-
gested that narrow or occluded apertures,
low spires, thickened shells and strong
sculpture act in various ways to deter the
attacks of shell-breaking or shell-entering
predators. In addition, Vermeij (1976,
1977a) has presented evidence suggesting
that inter-oceanic differences in crab pre-
dation intensity may have been responsi-
ble for the evolution of less vulnerable
shells among Indo-West Pacific gastro-
pads when compared with Eastern Pacific
and Tropical Atlantic ones. Similatly, one
might expect regional differences in the
intensity of a particular made of predation
to lead to geographic variation in the fre-
quencies and degree of development of a
made-specific morphological defense.

Crabs and fishes are almost certainly
the most important shell-breaking preda-
tors on lower intertidal and subtidal gas-
tropods. Their modes of feeding, how-
ever, are rather different. Crabs are able
to manipulate shells more precisely and
can apply their chelae to a shell in a va-
riety of ways. They should be less deterred
by strong external sculpture than by thick-
ened shells, reduced spires, or reinforced
or occluded apertures, except when shells
are small relative to chelae. On the other
hand, fishes that crush gastropods must
use their jaws and hence can only apply
stress to very restricted portions of a shell
in a restricted manner. They should be
more effectively deterred by certain types
of strong external sculpture than by thick-
ened lips or restrictive apertures. More
specifically, stout spines or nodes appear
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to reduce susceptibility to heing crushed
by fish. Such sculpture may act in at least
four ways (Fig. 1): 1) it increases the ef-
fective diameter of the shell, thus decreas-
ing the mechanical advantage of the pred-
ator's crushing apparatus; 2) it distributes
the stress over a larger area of the shell;
3) it localizes the stress at the thickest
parts of the shell; and 4) it focuses the ap-
plied force to a very restricted area of the
crushing surface, increasing the chance of
damage ta the predator. The structural
similarity of strong axial ribbing suggests
it should perform in a similar manner.
Shell thickness and to some degree overall
shell shape may also affect susceptibility
to crushing. In this paper I directly test
the importance of stout spines as a poten-
tial defense against crushing by fish. Oh-
servations on the type of damage inflicted
by crushing fishes serve as the basis for
some speculation about how other mot-
phologies might also reduce vulnerahility.
Finally I consider the geographic distri-
bution of stout spinose sculpture and how
it relates to the distribution of shell-de-
stroying fishes.

Experimental studies that examine the
importance of gastropod shells as a de-
fense against predation have almost exclu-
sively employed crabs as predators (Ebling
et al., 1964; Kitching et al., 1966; Kitching
and Lockwood, 1974; Vermeij, 1976; Zip-
ser and Vermeij, 1978; but see Ivlev's 1961
study of freshwater carp, roach and perch
onh Limnaea ovata of different shell thick-
nesses, p. 102). The present study repre-
sents the first experimental examination of
the types of shell morpholagies that offer
an effective defense against shell-crushing
fishes and rays. Although I have only
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tested two species of fish, I helieve the re-
sults may be extended to other predators
of this type as well.

METHODS

Three expetimental approaches may be
used to provide independent tests of the
function of sculpture in response to a pat-
ticular stress. The simplest is to compare
the relative susceptibilities of twao closely
related, preferably congeneric species that
differ only in degree of sculpture. This
approach suffers from the assumption that
the sculptural differences represent a sin-
gle-factor difference between the two
species and ignores the possibility that
subtle differences might exist in other as-
pects of the shell, including shape, inter-
nal construction and shell composition as
a result of their separate evolutionary his-
tories. A second approach compates the
relative susceptibilities of normal individ-
uals and individuals whose sculpture has
been experimentally altered or removed.
Hawever, removal of sculpture may make
a shell weaker than a normally unsculp-
tured one of the same shape. Though not
entirely free of the complications associ-
ated with the first, a third more biologi-
cally meaningful approach compares the
relative vulnerability of intraspecific vari-
ants that have sculpture developed to dif-
ferent extents. While giving a more real-
istic measure of the effectiveness of a
particular sculpture, this last approach is
the most logistically difficult because it re-
quires large numbhers of individuals exhib-
iting substantial variation. Also, gastro-
pod species that show marked wvariation
tend to do so in more than one trait si-
multaneously (Palmer, unpubl.) making
tests relevant to a single trait difficult
(similar simultaneous variation in several
traits has been noted in birds and mam-
mals as long ago as 1877 hy A. J. Allen).
However, this last approach can circum-
vent some of the prohlems of unknown
differences in evolutionary history and un-
wanted weakening of the shells associated
with the first twa. Since in some cases in-
traspecific morphological variation has
been directly linked to varying levels of
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Fis. 1. Two mechanisms by which stout spines
might act to reduce susceptibility to crushing by fish.
The stippled areas represent shell material not pres-
ent in unsculptured species. See text for other pos-
sible mechanisms.

predation intensity (Gilbert, 1966, 1973;
Zaret, 1972; Kerfoat, 1977, Gross, 1978)
this final approach can provide a rather
sensitive test for the functional signifi-
cance of a particular sculpture. All three
of the above approaches have heen used
in the present study to compensate for the
hiases inherent in any particular one.
Two circumtropical spiny puffer species,
Diodon holacanthus and Diodon hystrix,
were used to examine defenses against
shell crushing by fish. Both species are im-
partant predators on gastropods and ca-
pable of handling a broad range of shell
types (Hiatt and Strasburg, 1960; Randall,
1967; Hobson, 1974). Collected by hand
or with nets in the vicinity of Galeta. Point
on the Caribbean and Taboga Island on
the Pacific side of Panama, the fish were
held either in running or frequently
changed sea water for the duration of the
experiments (May 10-June 10, July 20—
August 31, 1976). All experiments were
conducted at the Smithsonian Tropical
Research Institute, Naos Island lah, in
the Bay of Panama. Diodon are ideal ex-
perimental animals for they readily accept
individual food items offered by hand
once they have been canditioned. Crabs
were initially used to condition the fish to
this kind of feeding, followed by snails.
For each experiment, living gastropods of
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Fie, 2.

Thais kioskiformis positioned on the
crushing plates of the skull from a 210 mm Bioden
hystrix. Note the lang lever arm on the upper jaw,
a presumed specialization for crushing hard-shelled
invertebrates. Articulation points of the upper and
lower jaws are indicated by arvows.

various sizes were individually tagged on
their shells using india ink coated with
Dekophane {Rona Pear] Corp., Bayonne,
New Jersey, see Spight, 1974) and mea-
sured, prior to being offered to the puffers.
In all but the fourth experiment, shells
were offered individually and their fate
recorded. Snails were collected almost ex-
clusively from Venado Beach, approxi-
mately 3 km west of the Pacific entrance
to the Panama Canal.

The shell parameters measured in these
experiments include: 1} length—apex to
tip of siphenal canal; 2) aperture length—
posteriormast outer edge of the lip to tip
of siphonal canal, 3) diameter—distance
from the dorsalmost spine tip or edge of
the bedy wharl to the surface upon which
the aperture is resting; 4) immersed
weight—weight of the whole animal when
immersed in sea water, which provides a
relative measure of shell weight and hence
thickness for animals of the same overall
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Two species of Thais with different de-
grees of sculptural development used in experiment
one. Left, T. biseriglis; vight, T. kioskifprmis. Scale
bar equals § mm.

Fia. 3.

shape, since tissue weight in seawater is
negligible, The correlation hetween the
immersed weight of entire animals and
destructively sampled shell dry weight is
0.9997 (¥ = 23; Palmer, unpubl.); and 5)
spine length—tip of spine to outer edge of
body whorl. Fish sizes are measured as
the standard length (tip of shout to caudal
peduncle).

When feeding, the Diodon take a shell
in their mouth and position it on the
crushing plates (Fig. 2) by short inhaling
and exhaling motions, biting down inter-
mittently until the shell breaks. The shell
is repeatedly crushed and its fragments
ejected until all that remains is the oper-
culum and a poartion of the columella that
are still attached to the viscera. Shells that
do not break are eventually dropped. If
necessary, rejected shells were offered two
ar more times to a fish on different days
to ensure against changes in effort associ-
ated with reduced hunger or interest. Re-
jection was considered final only if a fish

TABLE 1. Comparison of critical sizes for @ congenevic species pair with strongly and weakly develaped
spines. Critical size vange is indicated in parentheses.

Thais biagkifarsis T. bisavialis

Fish (SLEGNE SPATes) fweak spinesp % Difference
Digdon kystrix (292 mm) 34.8 (33.4-36.3) mm 4G.2 (39.8-40.6) 15.5
D, holacanthus {240 mm) 29.7¢28.2-31.1) 32,7(31.7-33.% 10,1




700

made two attempts each greater than 30
seconds or a single attempt longer than &0
seconds duration.

Relative vulnerahilities were assessed
using a measure of critical size which was
obtained for each experimental group of
snails. Critical size is that snail size above
which a given fish is incapable of crushing
a particular snail species (Vermeij, 1976).
Unless specified otherwise, critical size in
this paper refers to shell length and pro-
vides a measure of the relative size of the
animal occupying a shell. The tabled crit-
ical sizes correspond to the mean of the
largest uneaten and smallest eaten snails,
these latter values being indicated in pa-
rentheses, In all experiments, except for
T. kioskiformis in experiment two, the
size range of offered snails exceeded the
critical size range for a given fish.

FEXPERIMENTAL RESULTS

I conducted four experiments analyzing
the vulnerability of shells to crushing by
Disdon. In the first, various sizes of two
morphologically different muricid species,
Thais kioshkiformis and T. biserialis, were
offered to two puffer fish. T. kioskiformis
in Panama has a single row of stout con-
ical spines regularly spaced about the pe-
riphery of the shell, while T. biserialis ex-
hibits very weakly developed pairs of
nodes about the same portion of the shell
(Fig. 3). The results (Table 1) show that
the critical size of 7. biserialts is maore
than 10% larger than that of T. kioskifor-
mis. Assuming similar overall shell shape
(see Fig. 3) and comparable growth rates
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FrG. 4.

Normal (left) and experimentally modi-
fied shells (right) of Thais kioskiformis (top) and Cy-
ntia tecta (bottom) used in experiment two. Scale bar
equals § mm.

in the two species, 7. kioskiformis should
achieve an earlier escape from predation
at this smaller size. Also, simply due to
scaling, a 10% difference in length will he
equivalent to a 33% difference in volume
and hence represents a substantial defen-
sive accomplishment in terms of the
amount of animal tissue being defended.
Allometric changes in shape could act to
increase or decrease this difference.

In a second experiment, comparable
size ranges of two morphologically similar
species, 7. kioskiformis and Cymia tecia,
were divided into two groups prior to
being offered to a 240 mm D. holacanthus

TABLE 2. Critical sizes for novmal and modified shells. Critical size vange is indicated in paventheses. C.
tecta was affered to a 330 mm D, hystrix and T. kioskiformis ta @ 240 sum D. holacanthus.

Critical length
Gastrepod With spines Spines remaved % Difterence
Cymig tecta 25.4 (24.1-26.8) mm 30.5 (28.6-32.4) 19.8
Thais kiashiformis 29.7 (28.2-31.2} =32.0 =7.7
Critical dismeter
Gastrapad With spines Spines remaoued @ Difference
C. tecta 17.6 (17.5-17.7) mm 17.5 (16.9-18.1) ~0.01
T. kigskifoymis 18.4 (18 1-13.7} >18.5 =(].5
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TaAPLE 3. Factovial analysis of vaviance on shell chavacteys foy groups of eaten and uneaten Thais kioski-
formis after having been offered ta thvee diffevent puffer fish. M —IDModon hystrix (292 smm), P2—D. hola-
canthus (235 mm), Pi—D. holacanthus (200 mu). The snails in group M are from the thivd experiment
befave theiy spines weve filed off (see text). Ondy snails within the cvitical size vange for each fish weve used
in these compuiations. Sample sizes ave indicated in paventheses. The sums of squares have been computed
accavding to the “classical expevimental design” of SPSS and the main effects have been tested over the
vestdual mean squave (RMS). Significant F-vatios ave astevished. The apeviuve lengthishell length vatia acts as
a cride measuve af whavl avevlap as long as apevtuve shape is consiant; lower valies corvespond to less overlap.

Mean shell values

Two-facter analysis of variance

Saurce of

Shell character Fish, Eaten Uneaten variation F ratig P
M 34.73 mm (8) 34.97 (%) *atPish 708.27 <, 001
Shell length P2 2944 (26) 30.12 (14) Fate 2.41 L1285
P3 22.72 {9 12,78 (7 Interaction 1.42 .250
RMS .811
A 1 W M 0.629 0.603 Fish 0.14 L8867
pse}rl“ﬁ“f e“gh‘ P2 0.616 0.607 Fate 1.04 086
el Jengt P3 0.629 0.626 Interaction 0.35 703
RMS 0.003
M 373 mm 4.15 ##4 Fish 22.34 <, Q01
Spine length B2 2.87 3.14 *Fate 6.57 AL
P3 2,36 2.89 Interaction 0.28 L7583
RMS 0.325
M 16.35 mm 16.71 *EFich 119.16 <.001
Diameter P2 15.40 16.37 ¥4 Fate 14.86 =.001
P3 12.38 12.93 Interaction 0.94 396
RMS 0.614
M 160 g 3.53 4+ Fish 149 64 <001
Immersed weight B2 1.82 2.24 **+*Fate 33.33 <.001
P3 0.76 1.00 *Interaction 4.27 1R
RMS a.121

and a 330 mm D. hystriz respectively.
The spines were ground flush with the
outer shell surface in one group and left
unaltered in the other (Fig. 4). Again, the
results show that the critical size is on the
order of 10-20% larger when the shell is
unpratected by spines (Table 2). However,
if shell diameters (the dimension of the
shell important to the predator) are com-
pared instead of lengths (the dimension of
the shell relating to the size of the animal
inside the shell), the critical diameters are
very similar (Table 2), at least for C. tecta.
This suggests that one function of stout
spines is to increase the effective diameter
experienced by the predator.

In a third experiment, 30 T. kioskifor-
mis (length 30.6-36.8 mm) were offered
individually to a 292 mm D. hystrixz for
whom the critical size of T. kioskiformis

was measured at approximately 35 mm
(range 33.4-36.9 mm). Over a peticd of
nine days, snails were repeatedly offered
until the Diodon had successfully crushed
all but seven. The spines of these remain-
ing individuals were then ground flush
with their shell as before, and they were
offered again. All wete successfully
crushed except one very thick 36.0 mm
individual whose shell was more than 35%
heavier than the next heaviest individual.
Spine removal cleatly increases the vul-
nerability to being crushed.

The final experiment consisted of offer-
ing tagged, premeasured T. kioskiformis
to two different-sized Diodon holacan-
thus. In this manner, the motphologies of
eaten and uneaten shells could be com-
pared. The T. kioskiformis were selected
to represent a range of morphologies for
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individuals close to the critical size of each
fish. All the animals were placed in the
tank with their respective predator at the
same time. Many of the vulnerable shells
were eaten within the first 24 hours. At
the end of 96 hours, all the surviving 7.
kioskiformis were removed and noted.
Table 3 summarizes the results of the third
and fourth experiments for individuals
falling within the critical size range of
each fish. Fate groupings for each char-
acter have heen considered separately by
analysis of variance. Significant differ-
ences exist between the eaten and uneaten
groups in spine length, body whorl di-
ameter and shell thickness (=immersed
weight), indicating that all three factors
influence vulnerahility to crushing. Whorl
averlap, as inferred fram the aperture
length/length ratio, does not appear to be
important. The lack of a significant dif-
ference in shell length (P = 0.125) shows
that within the critical size ranges, these
differences in shell characters are not just
associated with variations in animal body
size. The greatest difference both between
fate groups and between fish occurs in im-
mersed weight, suggesting that shell
thickness is the most consistent of the
three factors at reducing susceptibility to
crushing, '

The results of all four experiments are
thus in agreement. Stout spines reduce
vulnerability to crushing by Diodosn. Oth-
er factors such as shell diameter and in
particular shell thickness are also impaor-
tant and in some cases may confer an even
greater resistance to being crushed (e.g.,
experiment J).

Discussion

In addition to the experiments detailed
ahove, complementary insight into the
types of morphological defense effective
against a particular type of predation can
be gained by inspecting individuals that
have been only partially damaged. Dam-
aged shells indicate not only the attack site
of the predator but also the areas of po-
tential weakness of the prey. I have ex-
amined gastropod shells partially dam-
aged by Diodon in the lab and by an
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Fic. 5. Species exhibiting reduced andfor rein-
forced spires: a) Counus patricius (Pacific, Panamal,
b) Triumphis distorte (Pacific, Panama); ¢) Thais
melones (eastern Pacific, Panamay; dy Strambus In-
huanus (Eniwetak Atoll); e) dorsal half of a 7. mel-
ones shell lustrating the heavily reinforced spire
(section made along the axis of coiling). Scale bars
equal 10 mm.

unidentified sand-dwelling ray in the field.
These indicate that the most vulnerable
portions of a shell are the dorsalmoast and
ventralmost surfaces of the body whaorl
(i.e., those surfaces furthest perpendicu-
latly from a plane described by the axis of
coiling and the outer lip of the aperture),
corresponding to its narrowest cross-sec-
tional diameter. Of externally sculptured
species exhibiting stout spines or nodes,
the strongest are almost always found ex-
tending from the shoulder of the -whorl
and hence present at these locations (see
Fig. 7). Pronounced axial ribbing would
also reinforce these regions.

At least two other types of morpholog-
ical defense would appear to he partially
effective against shell-crushing fishes. In
species widest at or very near the apex,
reduced spires with internally thickened
apices would distribute the stress over the
successive whorls formed by the maost pos-
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terior portion of the apertural lip. The
Conidae (Fig. 5a) best illustrate this type
of conformation. Figures Sh-Se illustrate
three other species whose adults exhibit
reduced reinforced spires. This type of
defense should also be effective against
crabs that crush entire shells with their
master claws (Vermeij, 1974, 1976, 1977a)
rather than breaking away successive por-
tions of the aperture (Rossi and Parisi,
1973; Zipser and Vermeij, 1978).

The most generally effective morpho-
logical defense against all types of shell-
breaking predators is a thickened shell.
Since resistance to breaking increases as
the third power of thickness for solids
(Wainwright et al., 1976, p. 256), slight
increases in thickness will confer substan-
tial increased strength to a structure. Mol-
luscan shell material with its multilayer
internal organization (Currey, 1976; Cur-
rey and Kohn, 1976), may be strengthened
even more by equivalent increases in
thickness if increased thickness is achieved
by selective addition to the layer contrib-
uting most to overall resistance. In the
present study, the heavier shelled 7. &ios-
kiformis were the most consistently resist-
ant to crushing by Diodon (Table 3).
Thick-shelled morphs of Lepsiella albo-
marginata (Kitching and Lockwood, 1974),
Nucellg lapillus (Ebling et al., 1964} and
Thais (=Nucella) lamellosa (Palmer, un-
publ.) have also been found to be an ef-
fective defense against grapsid, portunid
and cancrid crabs respectively.

It is important to recognize, however,
that material is not added to a shell with-
out some energetic cost either in terms of
production or maintenance (reduced mo-

bility and/or increased energy expended ’

carrying a heavier shell). Hence, within
the constraints on form imposed by ana-
tomical requirements and limitations of
the physical habitat ¢e.g., drag upon bur-
rowers or dwellers of wave swept rocks),
there must be an evolutionary “choice”
hetween investment in a more generally
effective defense (uniformly thickened
shells) or investment in a more energeti-
cally efficient defense (strong external
sculpture). The relevant question, then, is:
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which morphological strategy offers a
greater defense per unit shell material, a
thick shell or strong sculpture? The data
I have collected indicate only that hoth
shell thickness and stout spines reduce
vulnerability to crushing by fish. How-
ever, if the material present in the spines
were distributed evenly about a shell it
seems unlikely that the shell would be
equally invulnerable. Strong sculpture,
then, would appear to provide a better
defense for the same material and main-
tenance costs. It is within these reduced
costs that the advantage of sculpture over
thickness lies. A species' morphological
strategy should thus reflect a compromise
hetween the competing demands upon en-
ergy for both growth and reproduction,
and for defense. In addition, since there
is a limit to the rate at which shell material
can be produced, a snail with a uniformly
thick shell necessarily requires more time
to achieve a given length than a thin-
shelled animal of similar shape. For a
thicker shell to be selected for, the risks
associated with being smaller for a longer
period of time must be offset by the re-
duced vulnerahility conferred by being
thicker.

Although all four experiments support
the hypothesis that stout spinose sculpture
reduces the vulnerability of shells to being
ctushed by fish, the mechanism by which
these spines act remains unclear. Since the
critical digmeters of normal and modified
shells are very similar {Table 2), one func-
tion would appear to be to increase the
shell diameter experienced by the predator
(mechanism 1, see introduction). Though
they are hy no means ruled out, mecha-
nisms two and three are less consistent
with the results of experiment twa {Table
2). If either of these were important, then
the critical diameters of the shells with the
spines removed should have been larger,
indicating that the spines contributed
more to overall shell resistance than just
an increased diameter. This interpretation
should be accepted only tentatively until
mote extensive experiments can be con-
ducted. Further experiments on crushing
by fish will alsa he required to distinguish
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hetween the relative contributions of other
characters to shell resistance including
averall shape, degree of whorl overlap,
primary thickness, secondary internal
thickening and other types of external
sculpture.

Predator-Specificity of Spinose Sculpturve

Concerning the predator-specificity of
motphaological defense, I regard stout
spines as primatrily if not exclusively ef-
fective against shell-crushing fish rather
than crabs. Support for this interpretation
derives from several observations. First,
the proposed mechanisms of spine action
would not apply to crushing crabs unless
the spiral distance between spine tips was
distinctly less than the breadth of the mo-
lars of a crab’s crusher claw. A claw ap-
plied with its plane of movement parallel
to the axis of coiling would fit hetween
these spines to a greater or lesser extent
depending on the relative sizes of the claw
and the shell. Similarly, a claw applied to
the body whorl perpendicular to the axis
of coiling (Hamilton, 1976) would fall he-
tween or outside of spine rows. In both
situations, stress would be tangential to
the spines. In fact, stout spines could give
crahs a better purchase while they attempt
to break a shell. Of course when shells are
small relative to molar breadth, this ar-
gument does not apply. However, it seems
likely that sculpture on shells so small
would be ineffective against what, rela-
tively, would be a large, powerful crusher
claw.

Second, since spine rows are restricted
to axially discrete areas about a whorl,
they would offer little defense against
crabs that ‘peel’ shells open starting at the
aperture {(Feare, 1970; Rossi and Parisi,
1973; Zipser and Vermeij, 1978) although
they might interfere with claw positioning
in the highly specialized calappid crahs
(Shoup, 1968; hut note the ineffectiveness
of Muvex brandaris spines in interfering
with predation hy Calappa granulata in
Rossi and Parisi, 1973, Fig. 4). Unspe-
cialized peeling crabs (Cancridae, Xan-
thidae) usually insert the fixed finger of the
mahnus of ohe claw into the aperture and
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break outwards {(Zipser and Vermeij,
1978; pers. observ.). Spinose shells would
still be weak between rows of spines rel-
ative to this outwardly directed stress.
Finally, spines are not always found in
rows. Some Caribbean Strombidae pro-
duce very stout dorsal knobs just prior to
expansion of the aperture and cessation of
growth (see Fig. 7c). The dorsal knobs on
two of these species may be related to spe-
cific predators; the eagle ray Aetobatis na-
vinari on Strombus vaninus and the log-
gerhead turtle Caretta carvetta on 5. gigas
(Randall, 1964).

Geographic Evidence

If certain morpholagical defenses can be
linked to specific types of predation, then
the evolutionary importance of a given
defense should depend upen the intensity
of predation attributable to the relevant
type of predator. Absolute measurements
of predation intensity are difficult and at
best approximate. One crude indication of
the evolutionary importance of a defensive
marphology is the number of predatory
species using the mode of attack against
which the morphology is directed. To this
end, I have compiled lists* of tropical and
temperate fish species that prey on gastro-
pods in appendices I and II respectively.
The species are grouped taxonomically
along with their size, intensity of feeding
on gastropods, geographic region and
mode of ingestion (crushing, whole, etc.).
Tables 4 and 5 summarize the relevant
portions of the appendices.

* These rather lengthy appendices are available as
NAPS document no. 03359 Order fram NAPS ¢fo
Microfiche Publications, P.(}. Box 3513, Grand Cen-
tral Statian, New VYork, New York 10017. Institu-
tions and organizations may use purchase orders
when ordering, however, there is a hilling charge of
$5.00 for this service. Photocopies are $9.25 (37
pages). Micrafiche are $3.00 each. Qutside the
United States and Canada, postage 1s $3.00 for a
photacopy and $1.00 for a fiche, otherwise postage
is included in the price. Payment must accompany
the order and checks should be made payable to
Microfiche Publications. A limited number of mi-
craofiche capies are available from the author at no
charge.
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FiG. 6.

Geographic distribution of the praportions of shell-crushing fish species. The dark area of a circle

corresponds to the propartion of species that crush molluses. The numbers of species eating molluscs are
indicated in parentheses. These data consider only thase species for which dietary information was given in
each study. References ta the surveys used for this figure are asterisked in the bibliography. Proportions of
shell-crushing species are used instead of humbers of species to guard against passible differences in sampling

effort.

In hoth temperate and tropical waters,
numerous teleosts prey on gastropads (Ta-
ble 4). The made of ingestion ranges from
swallowing whole, to tearing off feet, to
outright crushing of the entire shell. Shell
crushing is accomplished using either spe-
cialized jaws or pharyngeal teeth (Table
5). The actual impact of fish predation on
natural populations, however, remains to
be measured.

At least five families of rays contain
species known to be molluscivorous {Ta-
hle 5). Species from some of these have
been ohserved to exert an important influ-
ence not only on infaunal mollusc popu-
lations of soft bottoms (Coles, 1910; Big-
elow and Schroeder, 1953; Randall, 1967;
Orth, 1975) but also on epifaunal molluscs
of coral rubble or reef benches (Randall,
1964; pers. observ.). Interestingly, most of
the temperate nearshore Rajidae appear
to feed on molluscs only incidentally, their
principal food being crustaceans, annelids
and fishes (Smith, 1891; Scott, 1901; Hol-
den and Tucker, 1974; McFachran et al.,
1976), whereas gastropods may form more
thah 50% of the diet in some tropical rays
{(Randall, 1967). Some species of sharks

and chimaerids also prey on molluscs (Ta-
ble §).

Vermeij (1977b) has recently discussed
the geologic history of shell-crushing pred-
ators. He found the marked early Creta-
ceols increases in morphologically resist-
ant shells to be correlated with a
concomitant increase in the number and
variety of shell-breaking predators includ-
ing crabs, stomatopods, and fishes.
Schaeffer and Rosen (1961} have indicated
that the great diversification in teleost
feeding mechanisms occurred in the late
Jurassic or early Cretaceous, although
there were earlier crushing fishes among
the holostean semionotids and pycno-

. donts. Evidence of shell crushing has also

been noted in Cretaceous sharks (Ptycho-
dus). They appear to have been respon-
sible for substantial mortality of epifaunal
bivalves (Inoceramidae, Speden, 1971;
Kauffman, 1972) and presumably would
have been capable of crushing gastropods
as well. This all suggests that shell crush-
ing by fish has been a relevant source of
mollusean martality for well over 100 mil-
lion vears, quite a. sufficient time to have



A. RICHARD PALMER

706

[ViEE)]

$150913LL

¢ [esduireyy {s21q03) IepHgOn)
a9
1 feaduireg g (Fatuualg) LPUUEIg
q1231
#t readuiieyd (sasselm) eprge]
s sEES!
1 Eaduireyy sepiAprepo[dy
s sEES!
z resfuireyg {S12€017} FepuIery
3291
£1 readuireyg (FIunIf) Iepriseprwog
1391
1 [eaduAreyy {earefow) IepriIdn)
{1933 1333
g [eadudreyg (Iapanoy) MEPLRIUINAJ 1 Eaduiieyy (strearq} sepradieiany
q1a3y Iy
[ leafuireyy (USF131304q) IEPRIRWONG I reafuAreg EprEuIonT
g9 Y339y
I reafuAlei g (s13uoferp) FepruIsuoleD) z resfuiieqy (syael; sepiFusie])
yian ylaa
+ [e93uireyy {sasselm) JepLge 1 eIsuiieyy Eprdnsorauesy
1339} a9
7 [eaduireyg {y1ad-11ns) seprrojoquiyg 1 (BI3uireyy (ysyieq) 2epreydanedg
LB LR 133}
1 leadudiey sy (5192013} EPIUIRTIS I Eaduiieyy (Usgauoq) FEPIUQTY
s sEEH!
1 [Eaduiieyg (ysyqy) sepnuopoundiy t 1331 mef {rapynd Aurds) IepyuopoIy
y323)
1 reafuiregg (s[23) sepiniay 4 uyaay mef (13ynd Y100UIS) ILPRUOPIRIIA L,
£ q199; sef {1apnd y1oows) IVPUUOPIRA], 1 yiaa mef (YSYAY) ITPIGIURIBUOTY]
¢ 3993 s (Ysyj[om) IepIpEYIIeuy 4 1291 mef (ysy22831y) sEpnsyeyg
4 yiom mef {sar810d) aepueds £ 139 el (s9tB1od) Jeplredg
4 133 mef (51n0d[33) IVPIEIZ £ laa mef {sunid) Feprungla]
sapads WISHre I e g sayads AISTUR{IA Afiure g
Hungsniy Auigsns) Fuiysoa? Fumstu]
JO TIQUINN O Faquunpy

peradura T,

peardoa T

2 $4370M 304adusar Pud [P1GOL AL TITRIJGU YSHAT J0YT sai7ads [0 saquine dyy pun Tatwof 45t "5 TTEVL



707

PREDATION AND GASTROPOD SHELL SCULPTURE

“Az1d sy 5013 30K 0p 1Ry 530ads
aprgaug o5[e s3ads Turgansd Jupeinas SARAEE Y7 JO IWOS I$0EI3Q  PALaAINS {10, 3q] 9 dn Ppe 19U Jiin GWTED satzads SupySTIT 30T UL 3501 PU¥ S35IIUAed UL S1IqUUnY $9(3ds 21 10 WIAS 3 YEY B 45|
JUPLA0S pue (¢} IEPRHOY ‘(1) FepIPIOY] (F) sepranyang ‘(2] seplgD (7} seprtuvalg iT) FEpRGEOON (1) 2epeLaIL (I} FeptueLEs (5] Feppio] (0 FempeduFuesy (f) Tepruwesdexag] (g} sepiAng, (s}
TepaEdiadg (v sepnpendss () sepistase (1) Rpuptydg 5] ERIpED ] JEpLI0sIgas (1) FepproTeIreg ‘(1) FeprRanp] $z) Fepente—a, [ VITLIE,L K1 Fepieasg) (2] epungiey (L] I|PEATT
(1) 2epidaasaueL(] (b) TRUIATREO H(]) FLPRYOPAIEYY (o) Fepinpy (] aepwreRnT (1] Jepragdeyfig (2] RptuaTody ‘(1) IEpLwoIq0pnasy (1] IEpIELIG ‘(5] PrTUIRG '(g) FEPINIIGH. (L] IEpERY
‘(1) sepipragIeneg (1) sepyresdug (1) deprasiydg (E) 2eptunleyg ey 3 —TYIHOEL ‘(sasvefiuared wr s3033ds o 1aquangl £35d S (ENIT YAIGM J0 Auaw 23113ds SMEIGALIS Ao FUIUEIND Y Saie) 4siy ;

‘guoniodard pauIapsiel) FwEIE Fupedwon 159 Pam-aa € way pandwed sanmaedasg

10070 > d 6z'd 601 9% 89°0 LST Lot 53033dg
o0 = J r'Q 8¢ a1 95'Q £F v sApwe g
Aungeqoig wonaedory pafanlng Homysnr W iodeLy PIAFAIMS [EIA], Faryaniy
[eor AL mEaL
nesaduray, Aoy,
ArRUuiung
£ a9y mef ITPLIIBWI]) : {(saw3ads reardor; ony}
R R |
z iy mef {qSUBop (Joouis) FepPIYRLL], 1 1931 me[ (SYIBYs PIuLo) IEPIIUCPOIINIH
SHIEqy
1 129 mef (s£r1 pIsOU-M0I) IepUIIdOUTYY
z =9 sl (sl a[3e3) ITPUEqOIATY
I 3991 me[ (s91eys) Iupiley z i mef (shel AfIanng) sepUnULILT)
1 yiaa3 mef (sder 3jTe3) ImprRqOIATY + yiaay el (sAexduns) Jepuedseq
sdey
sat33ds WISIIEyI3w AfvIe g sapaads SR YITW AfTIe J
Aupgsru Aumgsne) Furysnad Furygsnlg
J2 Jaqunang Jo QUTK
Feduar, ) Tendary,

‘panuyud]) S TTAVL



708

A. RICHARD PALMER

TABLE 4. The proporitons of fish species and fumilies that include gastropods in their diet from tropical and

temperate feeding surveys,

Tropical teleosts

Bpecias Families
including Tatal including Tatal
Locality gastropads sutveyed Frapartian gastrapads surveyed Frapattion
India' f 28 Q.21 4 16 0.25
Marshall Islands® 52 128 Q.23 18 53 0.34
Hawaii? 27 166 .14 9 33 0.27
Baja California* 12 46 0.26 11 4 (.46
West Endies® 70 105 0.34 17 53 0,32
Mean (.24 Mean 9.33
Temperate teleasts
Species Families
includin Total ineludin Tatal
Laeality gastrapods sutveyed Prapartian gastropads surveyed, Fropartion
Alaskat 8 39 d.21 6 18 0.33
California’ 18 45 0.44 9 21 0.43
Scotland® 14 49 0.29 a 28 0.29
Denmark? 146 28 Q.57 10 13 0.77
Mean 0.37 Mean 0.46
Mann-Whitneyv I P = 0.10 Mann-Whitney &4 P > 0,14
(two-tajled) {twa-tailed)

! Nath {1944), * Hiatt and Strasburg (1960), 7 Habson {1974), * Hobson (1948}, ? Randall (1967, © Simenstad et al, (1937, ? Quast {1968), * Scatt
(1901}, * Blegvad (1916). References 3, § and 9 are detailed studies giving valume or weight measures of gach prey category,

exerted an important influence on gastro-
pod shell form,

Reconsidering the summaries of tropical
and temperate molluscivorous fishes, one
can see that the proportion of all species
preyving on gastropods is roughly compa-
tahle (Table 4). If, however, the propor-
tions of molluscivarous species that crush
shells are compared, there is a highly sig-
nificant difference (Table §). The propor-
tion of shell-crushing fishes is substantially
greater in the tropics. Figure 6 further il-
lustrates this point, where the proportion
of shell-crushing species of those that eat
molluscs has been plotied for those studies
surveying the diets of many fish in one
area. In tropical waters (arbitrarily de-
fined as lying hetween 30°N and 30°5 lat-
itude) the proportion of shell-crushing
species ranges from 42% to 100% (mean
63.8%) and is significantly greater than
that observed in temperate surveys {range
0% to 59%, mean 25.2%, P < 0.001,
Mann-Whitnhey I/ test). Interestingly, the
two highest temperate values (45% for
southern Japan and §9% for North Car-

olina) not only lie close to this arbitrary
boundary but were obtained along coasts
swept by strong tropically derived western
houndary currents (Kuroshio Current and
Gulf Stream respectively). That these re-
gions are distinctly more tropical in nature
than other north-temperate coasts of
equivalent latitude is evidenced hy the
pronounced northward extension of reef
building coral genera within them (Fig. 9
of Newell, 1971). Excluding these two
surveys from the analysis, the lower pro-
portion of temperate shell-crushing fish
becomes even more dramatic (range 0%—
37%, mean 19.8%).

The above interpretation assumes that
all shell-crushing fish species are equally
ahundant and prey equally heavily on gas-
tropods. While there are no directly com-
parable guantitative data on relative
abundances, there are some for diets. The
deviations from the assumption of equal
feeding intensity, however, further em-
phasize the pattern already noted. The
appendices show that gastropods compose
greater than 30% of the diet of nearly one-
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Fic. 7.

third of the tropical shell-crushing species
(16 of 51) for which quantitative feeding
data (percent weight ot volume of faod
type) are available. In 32 of these 51
species, gastropods formed more than
10% of the diet. This is in sharp contrast
with the admittedly meagre data for tem-
perate fish, where only one of the shell-
crushing species for which there are quan-
titative data had significantly more than
10% of the diet composed of gastropods
(N = 6). None had more than 30% gas-
tropads in its gut. A similar trend towards
greater specialization in the trapics has
been ohserved in the Labridae by Bakus
(1969), who also noted a greater tendency
toward omnivory among temperate fishes
in general, Hence, not only are there more
species of shell-crushing fish in the tropics
but they appear on the average to be more
specialized. The dietary differences I have
described ahove are greater than would be
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Species exhibiting stout spinose sculpture from all three orders of marine prasobranchs. Archeo-
gastropoda: a) Turbe cornutus (Indo-Pacific). Mesogastropoda: b) Cerithism wnodulosum (Indo-Pacific), ¢}
Strombus raninus (Caribbean), d) Strembus pugilis (Caribbean), e) Strombus gigas juvenile (Caribbean), f)
Lawmbis lambis (Indo-Pacific). Neogastropoda: g) Drupe vicinus (Indo-Pacific}, h) Thais luhuanus (Indo-
Pacific}, iy Thais triangulavis (Eastern Pacific), k) Vasum turbinellum (Indo-Pacific), 1} Vastom ceramicum
juvenile (Indo-Pacific). Scale bars all 10 mm,

expected by chance alone (P = 0.023 and
P = 0.007 for 10% and 30% gastropods
in the diet, respectively; compatison of arc-
sine transformed proportions).

It is tempting to attribute the almost
exclusively tropical occurrence of stout
spinose ot nodulose sculpture to this in-
creased intensity of predation by tropical
crushing fishes and rays. Such sculpture
has evolved independently in all three or-
ders of marine prosobranchs, occurring in
humerous genera including Turbo, Cevi-
thium, Strombus, Lambis, Muricanthus,
Ocenebra, Thais, Puvpuva, Drupg and
Vasum (Keen, 1971; Hinton, 1972; Ab-
bott, 1974). Figure 7 illustrates a variety
of forms exhibiting this sculpture, all of
which are tropical or subtropical. In fact,
within the muricid subfamily Thaididae
{Keen, 1971), a pronounced inverse rela-
tionship exists hetween the proportion of
species exhibiting spinase or nodulose
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F1;. 8. Proportions of species in the Thaididae
(Keen, 1971) exhihiting stout spinose or nodulase
sculpture as a function of latitude along the west
coast of North America. None—na spinese ar no-
dulese sculpture; weak—sculpture detectahle, to ap-
proximately 2 mm from body whorl; strong—mnodes
ot spines greater than 2 mm long in adult specimens.
Temperate species were taken fram the Purpurinae
of Abhott (1974} which includes the same genera.
The number of species ranges from 12 at the equator
to a maximum of 15 at 26°N, to 7 at 38°N, ta 4 at
60°N.

sculpture and latitude along the eastern
Pacific coast from Columbia to Alaska
(Fig. 8). Identical trends exist in the west-
ern Atlantic from the Caribbean to Lahb-
rador as well as south to Argentina (as
compiled from Rios, 1970, and Abbott,
1974), although there are considerably
fewer species along these shores. To some
extent this reflects a general decrease in
the frequency of strong sculpture with in-
creasing latitude (Graus, 1974). However,
along the eastern Pacific coast, it also re-

flects a shift from spines to bladelike var-

ices as in Thais (=Nucella) lamellosa and
Ceratostoma foliatum. Such varices are
the predominant sculptural element in the
higher latitude Trophoninae (Abbaott,
1974). In C. foliatum these varices appear
to reduce the prohabhility of being eaten by
fish that rip off snail feet, because they
increase the chance of landing upright af-
ter having heen drapped (Palmer, 1977).
Theit function in other species remains to
he satisfactorily explained.

A. RICHARD PALMER

CONCLUSIONS

The experimental and geographic evi-
dence all point in the same direction.
Shell-crushing fishes have played an im-
portant role in the evolution of gastropod
shell sculpture. Though I have suggested
other aspects of shell form that may have
been influenced by this kind of predation,
their effectiveness awaits further experi-
mentation. The evidence for stout spines
is clear. Stout spinose or nodulose sculp-
ture reduces vulnerability to being crushed
by fish. The high frequencies of this type
of sculpture correlated with the increased
intensity of shell crushing by fishes in
trapical waters suggest that fish preda-
tion has also influenced the geagraphic
distribution of sculptural types. While
similar correlated geographic differences
have been noted between crabs and gas-
tropods among tropical oceans (Vermeij,
1976, 19774), latitudinal patterns in shell
form have remained paorly explained
(Graus, 1974; Vermeij, 1973, 1977a; but
see Vermeij and Veil, 1977, on latitudinal
trends in bivalves and also Vermeij, 1978,
for further discussion).

Interpreting large-scale geographic pat-
terns is difficult because so many factors
change simultaneously (Pianka, 1966).
Since stout spines appear to be most ef-
fective against a specific made of preda-
tion, geographic variation in the frequen-
cy of species exhibiting them should reflect
variation in the intensity of that mode of
predation. I helieve the increase, with de-
creasing latitude, in both the numbers and
degree of dietary specialization of shell-
crushing fishes provides a convincing ex-
planation for the ohserved geagraphic dis-
tributign of stout spinose sculpture in ma-
rine gastropods.

SUMMARY

Two general types of shell-hreaking
predation oh marine gastrapods are distin-
guished. The first is best typified by crahs
which exhibit several modes of attack and
are capable of breaking shells in a variety
of ways. A second is illustrated by teleost
fishes and rays that crush shells in their
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jaws and are restricted in the manner of
attack. Several experiments demonstrate
that stout spines or nades about the pe-
riphery of a snail’s shell significantly re-
duce its vulnerability to predators of the
latter group. Other morphalogies are con-
sidered and their potential effectiveness
against shell crushing by fish discussed.
Species of teleost fishes and rays that crush
their gastropod prey are found not only to
be more numerous in tropical oceans than
temperate ones, but also appear to he
more specialized in their diet. The nearly
exclusive tropical occurrence of stout spi-
nase or nadulose sculpture supports the
hypothesis {Vermeij, 1974, 1978) that geo-
graphic variation in predation intensity
may lead to regional differences in the fre-
quencies of certain defensive morpholo-
gies.
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