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ABSTRACT

The feeding behavior of rocky intertidal crabs in the tropical and temperate east-

ern Pacific was studied in relation to specific mechanical properties of the shells of
their limpet prey. A series of laboratory experiments, involving direct observations,
records of shell remains, and measurements of the forces generated by a feeding crab,
showed that by far the most common feeding technique was to pry the margin of the

limpet shell away from the substratum. The pattern of deformation in models of

limpet shells subject to a similar prying force indicated ( 1 ) that the greatest stress on
the shell was at the point of force application at the shell margin and (2) that the
thickness of the shell margin contributed more to shell strength than did thickness in

more apical regions of the shell. Measurements of the strength of real shells provided
further support for this latter conclusion.

In addition, the strength of foot attachment, which sets the maximum prying force

that the shell can experience, closely paralleled shell strength. This linkage between
foot tenacity and shell strength appeared to be maintained via the degree of allometry
between foot area and the thickness of the shell margin.

The potential for a particular predator feeding behavior to lead to selection for a

defensive feature in shell morphology should be a function, not only of the frequency
of occurrence of attacks, but also of the frequency of successful attacks. In particular,
for selection to occur, some individuals must survive an attack so that they may pass
on to their offspring the defensive feature that enabled survival. Compared to other
crab feeding techniques, prying attacks on limpets occurred frequently and with low
success. These data support the hypothesis that selection to resist prying forces has
been an important feature in the evolution of limpet shell morphology.

INTRODUCTION

Selection to resist attacks by shell-breaking predators appears to have been a cen-
tral feature in the evolution of the shell form of marine gastropods (Vermeij, 1977;

Vermeij et al, 1980, 1981). Understanding of this selection pressure requires infor-

mation on both the techniques of attack used by predators and the biomechanical

properties of those parts of the shell that are most important in resisting these attacks.

Previous studies of this kind have focused almost exclusively on gastropods with spi-

rally coiled shells (Kitching et al, 1966; Vermeij, 1974, 1976, 1978; Zipser and Ver-

meij, 1978; Palmer, 1979, 1985; Bertness and Cunningham, 1981). For these species,
low spires, thickened shells, narrow or occluded apertures, and strong shell sculpture
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appe; . -c;ce the probability of mortality due to attacks by shell-breaking preda-
s fish and crustaceans. Very little information is available on those mor-

cal attributes of gastropods with patelliform (limpet-shaped) shells that help
-ent predator-induced shell breakage (but see Chapin, 1968, and Lowell, 1985,

1986, 1987).
The three major groups of shell-breaking predators that feed on limpets are crabs

(Chapin, 1968; R. B. Lowell, unpub. data), fish [only certain, mostly tropical, species

generate shell-breaking forces before their limpet prey are detached from the substra-

tum (Garrity and Levings, 1983; Lowell, 1987; S. D. Gaines, pers. comm.)], and birds

(Feare, 1971; Hartwick, 1976, 1978, 1981; Frank, 1982; Hockey and Branch, 1983;
Mercuric et al, 1985) (see also Branch, 1981, for general review). Of these three

groups, crabs (or other functionally similar decapods) are perhaps the most geograph-

ically and temporally ubiquitous in the rocky intertidal areas where limpets are found
in the eastern Pacific (Ricketts and Calvin, 1968; Menge and Lubchenco, 1981;

Frank, 1982; Lowell, 1986).
To determine the influence these crab predators may have had on the evolution

of the shell form of rocky intertidal limpets, I recorded the techniques used by crabs

to feed on limpets in the tropical and temperate eastern Pacific. The results of this

study indicated that by far the most frequent feeding behavior was to attempt to pry
the margin of the limpet's shell away from the substratum. Therefore, I measured the

contribution of the characteristically thickened margin of the shell to the breaking
resistance of the shells of several eastern Pacific limpet species which commonly co-

occur with these crabs. I also determined the relationship between the breaking resis-

tance of the shell and the attachment strength of the foot.

MATERIALSANDMETHODS

Crab feeding behavior

Temperate eastern Pacific. Two species of cancrid crabs, Cancer productus and
C. oregonensis, were chosen to study the feeding behavior of temperate Pacific crabs.

Caging experiments have shown that these predatory crabs cause significant limpet

mortality in the rocky intertidal; in addition, both species will readily attack limpets
in the laboratory, often within seconds of being offered limpets for the first time

(R. B. Lowell, unpub. data). Cancer productus attains fairly large sizes; the seven

individuals (6 males, 1 female) used for this study ranged from 8.2 cm to 1 1.5 cm in

maximum carapace width. Cancer oregonensis is a much smaller species; the two
individuals (both female) used were 3.5 cm and 5.3 cm in maximum carapace width.

No molts occurred during the study. All C. productus and one C. oregonensis were
collected two years prior to the study from Bamfield Inlet (4849'N, 125^) and
Grappler Inlet (485(XN, 125?^) near the Bamfield Marine Station, British Colum-
bia, Canada. The other, smaller C. oregonensis was collected from the plankton adja-
cent to the marine station at the postlarval (megalops) stage two years prior to the

study and raised to maturity in the laboratory. All crabs were fed only bivalves

ostly Mytilus edulis and Protothaca staminea) and barnacles (mostly Balanus

ila) until 23 days before the first set of observations, after which they were fed

four sets of limpets described below. Prior to the experimental period, each
:ed in one of nine 37.5 1 glass aquaria (50 X 25 X 30 cm) with a constant
ssh seawater. The crabs were then left undisturbed for 23 days before

the first set of limpets, except for two C. productus which were placed
na 1 day before being offered the first limpets. These latter two crabs
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exhibited similar behavior to the other five C. productus throughout the study. To
minimize disturbance, all aquaria were surrounded by black plastic sheets which ad-

mitted only dim light. The aquaria were situated in a room with a west-facing win-
dow. Although no attempt was made to regulate artificial lighting conditions exterior

to the plastic enclosures, all crabs were most active during the late afternoon and
through the night.

Four different size-shape classes of limpets were offered to each crab over a period
of two months in 1984. To vary shape, the limpets were divided by species into a flat

shell group (Notoacmea scutum} and a tall shell group (Collisella pelta, N. persona).
To vary size, the limpets were further divided into small (18-23 mmin shell length)
and large (30-40 mm) individuals. The four size-shape combinations were offered to

the two crab species as follows: ( 1 ) five small, flat TV. scutum per crab on 4 August; (2)
four large, flat N. scutum per crab on 18 September; (3) five small, tall C. pelta per
crab on 22 September; (4) four large, tall N. persona per crab on 24 September (C.

productus) and 25 September (C. oregonensis). All crabs were offered each combina-
tion except that one C. oregonensis (3.5 cm) was not offered combination 4.

The limpets were collected one day before each of the observational trials from
the following locations near the Bamfield Marine Station: small N. scutum Kirby
Point (48^1^, \25\2'W)- large N. scutum and N. persona Ross Islets (4852'N,
1259'W); small C. pelta Prasiola Point (4849'N, \25\0'W). Four or five limpets
were placed on each of nine flat rocks (upper surface area approximately 100 cm2

).

The following day, one rock was placed in each of the nine crab aquaria during the

late afternoon and, in most cases, the feeding behavior of the crabs was observed for

40-95 minutes. Following these direct observations, the limpets were left with the

crabs and their fates (alive vs. dead, shell whole vs. shell broken) were recorded at 2-
24 hour intervals over the next 1-5 days. Shells with minor chips that did not extend

beyond the thickened part of the shell margin (such chips would not expose the soft

parts of a live, attached limpet) were not recorded as broken. At the beginning of each
new trial, all limpets from the previous trial were removed.

Although not studied in detail, several measurements were made of the prying
forces generated by a small crab while attempting to detach a limpet. A small (5.9 cm
maximum carapace width) C. productus was collected in Grappler Inlet and held for

several months in a shallow seawater tray (approximately 70 X 70 X 20 cm) con-
nected to the same seawater system as used for the aquaria described above. Prior to

the prying force measurements, this crab was fed a combination of bivalves (mostly
P. staminea} and limpets (mostly N. scutum}. Although artificial lighting conditions

were not controlled, this crab was also most active at night.
To measure prying force, the shell of a newly killed N. scutum (30.6 mmin length)

was tethered by a strand of nylon filament (glued into the interior apex of the shell)

running through a sheet of Plexiglas to a force transducer. The force transducer, on
the opposite side of the Plexiglas sheet from the tethered shell, was positioned so as

to hold the shell (via the tether) against the sheet with a force of 2.7 N. The whole

setup, with the plane of the Plexiglas sheet oriented vertically, was then placed in the

seawater tray at 2 1 :30 and left until 1 2:30 the following day. The prying forces gener-
ated by the crab were recorded throughout this period on a strip chart recorder; the

crab's behavior was also observed for the first three hours.

Tropical eastern Pacific. The feeding behavior of five species of tropical Pacific

xanthid crabs was studied at the Naos Laboratory of the Smithsonian Tropical Re-
search Institute in Panama. Two of these species (Ozius verreuxii, Eriphia squamata}
are the most commonpredatory crabs co-occurring on intertidal bedrock or boulders
with the tropical limpets studied (Lubchenco et al, 1984). The other three (Eurypa-
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nop> ,
Xanthodius sternburghii, Leptodius taboganus] are more commonon

caches where these limpets, though present, are less common (J. H. Christy,

. Lowell, pers. obs.)- All five species readily feed on limpets in the laboratory.
ive to C. productus, these crab species are all fairly small. The size ranges (maxi-

mumcarapace width) and number of individuals used for each species were as fol-

lows: O. verreuxii 3.9-7.1 cm, 1 male, 3 females; E. squamata 3.0-4.5 cm, 3

males, 1 female; E. planus 2.1-2.3 cm, 3 males; X. sternburghii 2.8-3.1 cm, 10

males; L. taboganus 2.7 cm, 1 male. All crabs were collected from small islands

(Naos, Culebra, 855TSf, 7932 n
W; Taboguilla, SMS'N, 793 1W) in the Bay of Panama

(see Garrity and Levings, 1981, for descriptions of these islands) over several weeks

prior to the observational trials.

The crabs were fed only the limpets used in these trials. For O. verreuxii and E.

squamata, crabs were held individually, one in each of eight glass aquaria; individuals

of each of the other three species were held together, one species in each of three glass

aquaria. All aquaria (each approximately 12 1) were kept in outdoor tanks under

transparent roofing where they received a constant supply of fresh seawater. No at-

tempt was made to control artificial lighting conditions; nevertheless, the crabs were
most active at night.

Three to four different size-classes (see Table V) of one limpet species (Fissurella
virescens tall shells) were introduced into each aquarium over a one month period

(20 March- 1 1 April 1984). Each size class was offered separately in increasing order

starting with the smallest class. Although no attempt was made to standardize hunger
levels, each trial was separated by at least four days. All limpets were collected from
Culebra Island. The procedures for collecting the limpets and offering them to the

crabs were the same as those for the temperate Pacific study.

Mechanical performance of the shell

Shell models. All limpet species used in this study from both tropical and temper-
ate shores exhibited characteristically thickened shell margins (R. B. Lowell, unpub.
data). To determine the contribution of the thickened shell margin to the strength of
the shell when subject to a crab-induced prying force, I sought to compare shells with
a natural thickness distribution to shells that were identical in all respects except for

being of constant thickness throughout all regions of the shell. Of the several thousand
eastern Pacific limpet shells that were handled during the course of this and other
related studies, I never found one to have a constant thickness distribution. There-

fore, it was necessary to make this comparison by constructing naturally shaped
models of limpet shells. By using a homogeneous material for these models, it was
also possible to avoid differences in shell strength due to differences in the thicknesses

of various shell microstructures (Currey, 1980).
These homogeneous models were composed of a "fiberglass" mixture of pow-

dered glass embedded in Coating Resin P-18 which was hardened with Catalyst
102 (Fiberlay, Inc., Seattle, Washington). I formed the models by using a silicone

er cast of a real N. scutum shell (see Fig. 3 for the dimensions and thickness
file of this shell). Four models with a natural thickness distribution were formed

1 casts. Three models with a constant thickness distribution (approximately
hick) were formed in the following manner. A positive cast, in the form of

.ug, was made from the original negative cast of the dorsal surface of the

ig a rnicromanipulator to move the positive and negative casts away
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FIGURE 1 . Lateral (top) and dorsal (bottom) views of temperate eastern Pacific limpet shells. Anterior
side of shell faces left. 1 5 cm rule at top of figure.

from each other, it was possible to create an intervening space of any desired thickness
which was of the same shape as the original shell. This space was filled with the "fi-

berglass" mixture to form the constant thickness models. The same amount of "fi-

berglass" was used to form both model types so that they differed only in their thick-

ness profiles.

Whena live limpet is subject to a crab-induced prying force, the force is transmit-
ted from the shell to the foot (and, finally, to the substratum) via the horseshoe-shaped
muscle scar where the foot muscle attaches to the shell. Therefore, I attached the shell

models to fixed platforms with horseshoe-shaped strips of aluminum foil which were

glued to the models along the ventral region of the model where this muscle scar

would normally be found. A prying force, similar to that applied by a crab, was ap-

plied in a dorsal direction to the anterior margin of each model with a weighted 1.16

mmdiameter steel hook of circular cross section.

To determine the patterns of deformation of the shell models, each model was
coated with a spray-on brittle lacquer (Tens- Lac TL-500-75A with Undercoat U-10-

A, Measurements Group, Charlotte, North Carolina). This lacquer cracks easily and
the crack patterns are useful for determining the patterns of tensile strain (deforma-
tion) in a rigid structure which is subject to a force acting to deform the structure

(Preuschoft et al, 1975). The area where the lacquer first cracks indicates the area of

greatest tensile strain. Since the shell models were made of a homogeneous material,
the area of greatest strain would correspond to the area of greatest tensile stress (force/
cross-sectional area). Mollusc shell material is much weaker in tension than in com-
pression (Currey, 1980). Consequently, the area of greatest tensile stress is where the

shell would most likely break.

Shell strength and foot tenacity. The strengths of various sides of the margins of
real shells for several eastern Pacific limpet species also was measured. In the temper-
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Fissurella lonaifissa

Fissurella virescens

FIGURE 2. Lateral (top) and dorsal (bottom) views of tropical eastern Pacific limpet shells. See Figure
1 legend for further information.

ate eastern Pacific, measurements were taken for six common species from the west

side of San Juan Island, Washington (Lime Kiln Lighthouse, 483 I'M, 1239'W; False

Bay, 4829 r

N, 1234 r

W): Acmaeidae Collisella digitalis, C. pelta, Notoacmea per-

sona, N. scutum, Acmaea mitra; Fissurellidae Diodora aspera (Fig. 1). In the tropi-

cal eastern Pacific, measurements were taken for six additional commonspecies from
the south side of Taboguilla Island: Acmaeidae Collisella pediculus, Lottia (Scur-

ria; Lindberg and McLean, 1981) stipulata; Fissurellidae Fissurella longifissa, F.

virescens; Siphonariidae Siphonaria gigas, S. maura (Fig. 2).

To measure the strengths of these real limpet shells, I used a procedure similar to

that used for the shell models. The shells of newly killed limpets were mounted, while

still wet, onto one shaft of a Monsanto (type W) tensiometer. As for the shell models,
a 1 . 16 mmdiameter steel hook (in this case, attached to the other shaft of the tensiom-

eter) subjected the edge of the shell to a prying force. The force required to break the

shell was recorded. Hooks 0.67 mmand 2.64 mmin diameter were used for particu-

larly small and large shells, respectively (Lowell, 1987); hook diameter had no sig-

nificant effect on the force needed to break the shells (Lowell, 1985).
To mount the shells securely enough to withstand the force required to break the

shell, it was necessary to provide a greater surface area for the glue to attach than the

area of the muscle scar. Since the shell model experiment showed that the area of
;st stress in a shell subject to a prying force is at the point of force application at

irgin of the shell (see Results), the real shells were mounted via two steel cables
> a pool of quick-setting epoxy put into the interior apical region of the

) and overlapping the edges of the muscle scar. This method of mounting
Decked by mounting lacquer-coated shell models (3 natural thickness,

kness) in the same manner and subjecting them to prying forces. This
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TABLE I

Regressions of foot length (FL. in mm)against shell length (SL. in mm)for eastern Pacific limpet species

Species Equation Range n r P

TEMPERATE
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TABLE II

; width (FW, in mm)against shell width (SW, in mm)for eastern Pacific limpet species

ios Equation Range n r P

1PERATE
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TABLE III

Direct observations of feeding techniques used by crabs

Feeding Technique
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TABLE IV

:ole vs. broken) of shells of limpets offered to temperate crabs

Number Limpet
Crab species of crabs Limpet species size (mm)
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constant thickness

3N

thickened margin

9N

posterior

FIGURE 3. Diagrammatic ventral view of interior of shell model. The thin semicircular lines show the

extent of deformation (as indicated by cracks in the brittle lacquer) at two levels of loading at the anterior

edge of the model (arrow indicates where force applied; direction of force is into plane of figure). The values

on the left are the forces that were required to deform the constant thickness models to the indicated radial

distances from the point of force application. Those on the right are the forces required to deform the

thickened margin models a similar amount. The shaded, horseshoe-shaped region shows approximately
where the foot muscle would attach to the shell. Numerals 1-9 indicate the locations where shell thickness

was measured on the Notoacmea scutum shell used to make the models. Location 1 was the apex. Locations

2, 4, 6, and 8 were in the thin annular region surrounding the apex. Locations 3, 5, 7, and 9 were at the

thickest part of the shell margin. Thicknesses: 1 0.67 mm, 2 0.35 mm, 3 1.23 mm, 4 0.50 mm, 5

1.10 mm, 6 0.57 mm, 7 1.31 mm, 8 0.53 mm, 9 1.38 mm. Dimensions of whole shell: length
38.7 mm, width 31.7 mm, height 1 1.5 mm.

Prying force. Since no other food was available, the small C. product us used for

the prying force measurements spent most of the night (22:30-09:30) attempting to

pry the tethered shell away from the Plexiglas sheet. During this period, 610 separate

prying forces were recorded. Most were 1-5 s in duration, although a few lasted up
to 20 s. The peak force recorded was 10.1 N. The prying forces were generated with

the tips of the walking legs or chelae and all sides of the shell were attacked. This left

a record of tiny chips around the entire margin of the shell, although the thickened

part of the margin remained intact.

Mechanical performance of the shell

Shell models. As the prying force was increased, the lacquer coating of all shell

models first cracked on the ventral side of the shell at the point offeree application.
As the force was further increased, semicircular cracks formed farther from this point,

creating the same concentric pattern on all models (Fig. 3). This indicates that the

greatest stress was at the point offeree application. In a detailed study of scallop shells

subject to point forces, Pennington and Currey (1984) also measured a tendency for

shell deformation to be greater near the point offeree application.

Figure 3 also shows, for the two thickness distributions, the approximate force

required to form cracks out to the indicated radial distances from the point of force

application. The absolute magnitudes of these forces are unimportant since they are
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TABLE VI

<.ell strength (F, in newtons) as a function of foot area (FA, in cm2
)

Mid sides of shell

Species Side Equation Range n

TEMPERATE
Acmaea mitra
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TABLE VII

Equations for foot tenacity (F, in newtons) as a function of foot area (FA, in cm2
)

for all species and sides of shell

Species Side Equation Range n

TEMPERATE
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TABLE VIII

v among thicknesses at several locations (1-7) on the shells of Notoacmea scutum
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TABLE X

Equations for thickness at margin of shell (T, in mm)as a function of foot area (FA, in cm2
)

for all species and sides of shell

Species Side Equation Range n r P

TEMPERATE
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FIGURE 4. Force to break shell (F, in newtons) versus marginal thickness (T, in mm)at intermediate

size (foot area =
1 cm2

) for all species and sides of shell. Values calculated from equations in Tables VI

and X. The regression line indicates the significant increase of shell strength with increasing marginal

thickness: F = -12.6 + 59. IT; n = 19; r = 0.9517, P < 0.0001. Temperate limpets: Am, Acmaea mitra;

Cd, Collisella digitalis: Cp, C. pelta; Da, Diodora aspera; Np, Notoacmea persona; Ns, N. scutum. Tropical

limpets: Cpd, Collisella pediculus; Fl, Fissurella longifissa; Fv, F. virescens; Ls, Lottia stipulata; Sg, Sipho-

naria gigas; Sm, S. maura. Sides of shell: A, anterior; R, right; P, posterior.

ments made on additional individuals from the same populations. For those species

with radial ribs extending to the shell margin, thickness was calculated as the average

of the rib and adjoining furrow thicknesses.

These In-ln regressions (Tables VI, X) were then used to calculate shell strength

and marginal thickness for each species and side of the shell at a single intermediate

size (foot area =
1 cm2

) commonto all species. These two sets of measurements were

regressed against each other and shell strength showed a highly significant increase

with increasing marginal thickness (Fig. 4).

The prying forces exerted by crab predators on limpet shells differ from the break-

ing forces exerted by crabs on the shells of spirally coiled gastropods in that the maxi-

mumpossible prying force on a limpet shell is set by foot tenacity (Lowell, 1985,

1987). This intrinsic limit does not apply to spirally coiled gastropods, the shells of

which still provide protection from predators even after the foot is detached. There-

>re, limpets are unique in that one would expect selection to act to link the mechani-

>erformances of the shell and the foot, given a cost to excessively strengthening
dl (Palmer, 198 1). This linkage has been demonstrated in interspecific compar-

'

limpets in the eastern Pacific (Lowell, 1987).

ser, intraspecific evidence for the linkage of the performances of the shell and
lit in comparisons of the slope of In shell strength regressed against In

a to the slope of In foot tenacity regressed against In foot area for each species
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FIGURE 5. Slopes of shell strength In-ln regressions (SS) versus slopes of foot tenacity In-ln regressions

(FT) for all species and sides of shell. Slopes given as exponents in Tables VI and VII. The regression line

(reduced major axis) indicates a significant tendency for greater slopes for shell strength to be associated

with greater slopes for foot tenacity: SS = -0.18 + 1.1 1FT; n = 19; r = 0.6708; P = 0.0017. See Figure 4

for abbreviations.

and side of the shell tested (slopes given in detransformed form as exponents; Tables

VI, VII). These two slopes differed significantly in only one of nineteen cases (F.

virescens posterior side; Lowell, 1987). This means that, for the most part, the shell

strength and foot tenacity In-ln regressions were essentially parallel. Thus, the ratio

of shell strength to foot tenacity remained fairly constant with increasing size. This

linkage between shell strength and foot tenacity over a wide range of different slopes

is further emphasized by the highly significant correlation between the slopes for shell

strength and those for foot tenacity for all species and sides of the shell combined

(Fig. 5).

The linkage between shell strength and foot tenacity appears to be at least partially

due to the degree of allometric increase of marginal thickness with increasing size.

For an isometrically growing limpet, marginal thickness should increase as the square
root of foot area due to simple geometric considerations. Several exponents in Table

X were significantly different than 0.5, indicating an allometric change in marginal
thickness with increasing foot area. Furthermore, the exponents in Table X (indicat-

ing degree of allometry) were highly correlated with the exponents for shell strength
as a function of foot area in Table VI (Fig. 6). In other words, the rate of increase of

shell strength with increasing size appears to be linked to the rate of increase of mar-

ginal thickness with increasing size. This suggests that the limpets can control shell

strength so that it parallels foot tenacity by controlling the degree of allometry in

marginal thickness.

Taken as a whole, these data underscore the relationship between the localized

forces generated by crabs feeding on limpets and the localized thickening (= strength-

ening) of a specific region of the limpet shell, the shell margin. The strengths of whole
shells have also been reported for a few species of bivalves (Elner, 1978; Currey, 1979;
Blundon and Kennedy, 1982; Boulding, 1984) and spirally coiled gastropods (Cur-

rey, 1979; Vermeij and Currey, 1980; Currey and Hughes, 1982; Blundon and Ver-

meij, 1983). These measurements were all made by crushing whole shells between
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FIGURE 6. Slopes of shell strength In-ln regressions (SS) versus slopes of marginal thickness In-ln

regressions (MT) for all species and sides of shell. Slopes given as exponents in Tables VI and X. SS repre-
sents the rate of increase of shell strength with increasing foot area. MTrepresents the rate of increase of

marginal thickness with increasing foot area (= degree of allometry). SS and MTare positively correlated:

SS = 0. 1 9 + 1 .33MT; n =
1 9; r = 0.6589; P = 0.0022. See Figure 4 for abbreviations.

planar or rounded surfaces. In most cases, the force was applied to opposite sides of
whole shells (left and right valves still joined for bivalves) in various orientations

across all or much of the entire width of the shell. This kind of "whole-animal" crush-

ing force is generated by certain species offish (Palmer, 1979) and crabs [when mol-
lusc size/crab size is small (bivalves Elner, 1978; Blundon and Kennedy, 1982;

Boulding, 1984) (gastropods Zipser and Vermeij, 1978; Bertness, 1981; Bertness

and Cunningham, 1981; Reimchen, 1982; ap Rheinallt and Hughes, 1985; Lawton
and Hughes, 1985)].

In contrast, the above studies on crabs have shown that, when the ratio of mollusc
size to crab size is large, crabs exhibit a strong tendency to attack the edge of the valve

for bivalves or the shell lip, apex, or similar narrow region of the shell for spirally
coiled gastropods. These studies have also shown that the probability of an unsuccess-
ful attack is much greater when the ratio of mollusc size to crab size is large. As
discussed earlier, this suggests that with respect to crab predation, the potential for

selection for the strength of these localized regions of the shell may be greater than
for the strength of other regions of the shell. Therefore, measurements of the force

required to crush whole shells across the region of greatest width should be used with
caution in discussions of the evolution of defensive shell morphologies. In those cases,

however, where the thicknesses of different regions of the shell are correlated (as was
found for N. scutum; Table VIII), such "whole-animal" strengths may be correlated

th the strengths of the more critical regions of the shell.
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