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LOCOMOTION RATES AND SHELL FORM IN THE GASTROPODA
A RE-EVALUAflON

A Richaro Palmer

Department of Zoology NJ15, Un!vers,hv of Wash’ngton Seattle Washtngton 98195. USA

ABSTRACT

A reconsideration of data from Linsiey t1978a) indicates that the association between crawhng
speed and shell form is not hkely to be a causal one The correlation between speed and form is
duC largely to multiple adaptations to diflerent habitats (parbculate versus rocky substrates) In
addition, a conservabve estimate of the energy saved by reducing drag expenenced at crawhng
speeds is shown to be more than three orders of magnitude less than the energy expended
dunng normal acbvity One may be able to disbnguish surface dwelhng from burrowing gastro
pods in the tossil record based on shell form, but not fast from slow moving species

INTRODUCTiON

Linsley (1978a.b) has recently advanced
the proposition that shell form in marine gas
tropods may be related to rates of locomotion,
finding that more rapidly moving animals have
subjectively lower drag shells than slower
moving ones in general. The purpose of this
paper is to examine some alternative hypoth.
eses accompanied by additional data which
suggest this correlated association is not a
causal one, but is very likely a consequence
of other covarying biological and environ
mental factors.

The additional information I have compiled
(Table 1) falls into three categories: 1) type of
locomotion (muscular waves of various types
versus cilia); 2) habitat type (predominantly
sand versus rock): and 3) some estimates of
the actual drag forces experienced by snails
at crawling speeds in relation to their tenacity.
I present this information only for the species
that Lirsiey (1978a) has considered, and
while much more extensive data exist on the
rates of locomotion for many prosobranch
species (Miller, 1972, 1974a) the general
conclusions adequately obtain from his
smaller sample.

PROCEDURES AND RESULTS

In Table 1. I have arrayed species in the
five form rank categories of Linsley i1978a)
where increasng rank relates to presumed

increases in drag experienced by the shells
This s a compound subjective ranking based
on some measure of bilateral symmetry (pre
sumably symmetry with respect to the direc
tion of motion rather than with respect to the
axis of coiling, though this is not clear in his
description of methods) and on the amount of
shell ornamentation, where both greater
asymmetry and more extensive sculpture are
believed to increase drag Species followed
by an M carry their shell at least partially
covered either by the mantle or foot during
locomotion

Locomotor types have all been identified
from the appendix of Miller (1974b) For spe
cies not listed in this appendix, I have as
signed the mode of locomotion determined
either for other members of the same genus
or the same family Such inferences are indi
cated by the subperscripts 0 and F respec
tively in column 2 of Table 1 The details of the
different locomotor types are illustrated and
discussed in Miller t1974b)

The habitat information is unfortunately
crude but I think sufficient for the distinctions I
would like to make It has been collected from
several sources identified by the footnotes at
the top of each column (columns 3—7, Table
1) The column headed ‘summary (column 8)
indicates what is considered to be the ‘aver
age or typical’ habitat of the species based
on these varied sources and it is this habitat
assignment to which I refer in subsequent
discussion As with locomotory modes, a 0 or
F superscript ndicates an nference from
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species in the same genus or family respec
tively.

Drag has been estimated using the follow
ing equation (Alexander, 1968. eq. 28):

Drag 12 rv2ACd

where r refers to the fluid density (essentially
1 gm/cm3 for seawater): v is the velocity of

the object relative to the fluid (for these com
putations, crawling speeds from Linsley,
1978a); A is the measure of the area of the
object [I have used frontal area, the projected
area in the direction of motion, which for this
analysis may be approximated as a circle
whose diameter corresponds to the diameter
of the body whorl (column D under shell
size)]; and Cd is a drag coefficient whose
numerical value has been determined from
the empirical relation between Cd and
Reynolds number (Tietjens, 1934. fig. 54) as
suming the object to be a sphere of diameter
L (the approximate length of the adult shell).
This obviously unrealistic assumption of
spherical snails introduces some error, but
comparison of the Cd! Reynolds number rela
tionship for spheres and cephaiopod shells
(Chamberlain & Westermann, 1976, fig. 4) in
dicates that this error is probably slight. The
crawling speeds are those measured by
Linsley (1978a). Approximate adult shell
sizes, both lengths (L) and diameters (D)
were compiled from Abbott (1974) using the
mean of the range of sizes given in the spe
cies’ description. Re values are Reynolds
numbers, assuming a kinematic viscosity of
0.0 10 cm2/s for seawater, which were com
puted for shells using adult length and crawl
ing speed. The drag values thus provide a
rough approximation of the force required to
push a shell of a given size through the water
at crawling speeds and do not include any
frictional resistance between the sole of the
foot and the substrate.

Finally tenacties (force required to dis
lodge an attached animal) as measured nor
mal to the substrate have been comp:ied from
Miller i1972 for comparison with the drag
forces Her tenacity values in gm cm2 of foot
area have been converted to dyns through
multiplication by tne foot area ano gravitation
al constant and are expressed as dyn 10

Table 2 summarizes the information in
Table 1 for locomotor types and habitat In
addition to the correlation between shell form
and speed noted by Linsley (1 978a) there are
also strong associations between shell form
and 1) the manner in which the mantle and/or
foot covers the shell, 2) whether the species
use ciliary locomotion or muscular waves and
3) whether species live in a sand environment
or in the rocky intertidal Nearly two-thirds of
the species of form rank 2 (presumed low
drag shells) envelop their shell with either the
mantle or the foot while moving so that the
shell itself is not responsible for drag, yet no
species in the higher drag categories (4—6
exhibit this behavior Approximately half of the
species of form ranks 2 and 3 utilize ciliary
locomotion whereas nearly all the species of
ranks 4 through 6 (presumed high drag shells)
use muscular waves Finally, two-thirds to
three-quarters of the species with presumed
low drag shells (ranks 2 and 3) are sand
dwellers and none live in the rocky intertidal
Rocky intertidal dwellers are restricted to
categories 4 and 5 Category 6 contains spe
cies from only one genus associated with
rocky substrates and seagrasses

Table 1 also tabulates the estimated drag
forces experienced by the various species
while moving through the water and it is clear
by comparing these with what information is
available on tenacities (Miller, 1 974b) that the
estimated drag forces at the speeds gastro
pods move is three to six orders of magnitude
less than the force required to dislodge an

TABLE 2. Proportions of specws of different locomotor types and from ddferent habitats as a function of form
ranking.

Locorn090n t3/pe Habitat

Form Enveoping Muscular Rocky
Rank N mantle CWary waves Sand ntertidai Otner

2 18 0.61 056 0.44 067 00 033
31 5 0.20 0.40 0.60 0.80 00 0.20
4 15 00 0.07 093 0.0 0.472 053

5 5 0.0 025 0.75 020 040 0.40

6 3 0.0 0.0 1.0 0.0 00 10

Nc cudnq 1’ . 02 1’Q1T.50Q’ ‘S no-I S1S:atIJE

‘4ncuces Lttorrta angu!’tenS flu 2te2iSy on mangrove roots
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animal while moving. Note that this is assum
ng no movement of water relative to the shell
except that due to locomotion, i.e. no wave
action or tidal current.

DISCUSSION AND RE-EVALUATION

Linsleys proposition (1978a) that drag re
ducing morphologies in marine gastropods
may have evolved in response to higher lo
comotion rates derives from a correlation be
tween average crawling speeds and a ranking
of shell form based on presumed drag resist
ance. Considering the above results, it would
appear that this correlation is due largely to a
more complicated association of several other
biologically or ecologically important factors.
First. ciliary locomotion is on the order of two
to three times faster than either retrograde
monotaxic or retrograde ditaxic and nearly
three times faster than arhythmic muscular
waves on the average (Miller, 1974a. table 1).
This is particularly true for smaller gastropods
(less than 15 mm). If one only compares
crawling speeds of Conus species, the mean
speed of species using ciliary locomotion
(1.56 mm/s, N = 5) is more than three times
that of species using some form of muscular
waves (0.43 mm/s. N = 13: Miller, 1972) and
this difference is highly significant
(P < 0.001. Mann-Whitney U test). Hence.
the faster average speeds observed among
species in form categories 2 and 3 are due at
least in part to differences in locomotion
modes. This does not affect the interpretation
of the correlation between speed and form, it
only provides a partial explanation for the dif
ferences in mean speed observed among the
different form categories.

Second, species using ciliary locomotion
are mostly sand dwellers (10 of 14, Table 1;
30 of 34 species identified in Miller, 1974a in
her table 2). In fact. Miller (1974a: 146) states
that “Ciliary and discontinuous locomotion in
prosobranchs appear to be primarily adapta
tions to soft substrata. In addition, gastropod
crawling speeds for ciliary locomotion are 1.5
to 2 times faster on Plexiglas than on sand
(Miller 1974a: table 3). Thus crawling speeds
of ciliary movers measured on Plexiglas will
most likely be faster than those the animals
experience in their natural environment, and
this artifact may also contribute to the mean
speed differences among form categories.

Third. species living in sandy environments
spend at least some time burrowing in the
sediment. This is true for Busycon (Paine,

1963), Cassis (Hughes & Hughes. 1971).
Fasciolaria (Snyder & Snyder. 1971).
Melongena (Hathaway & Woodburn, 1961).
Polinices (Edwards & Huebner, 1977). and
0//va (Marcus & Marcus, 1959). The energy
expended while burrowing has been meas
ured at nearly 10 times that while crawling on
the surface in a sand dwelling nassariid,
Bull/a (Trueman & Brown. 1976) presumably
largely as a result of the increased resistance
experienced while moving through sand.
Consequently one would expect species that
burrow to possess less sculpture and present
a smaller cross-sectional area in the direction
of movement than those species that do not
burrow. This should be particularly true for
shell sculpture since the markedly higher
viscosity and lower crawling speeds in a
sand/water ‘solution” will result in a lower
Reynolds number and thus a relatively
greater contribution of surface friction to over
all drag. Given that two-thirds to three-
quarters of the species in rank categories 2
and 3 are sand dwellers (Table 2) it is not
surprising that they exhibit such lower drag
shells. Much of the variation in drag reducing
morphology between the form rank categories
can thus be attributed to habitat constraints
rather than crawling speed. Hence, because
drag reducing morphologies and ciliary loco
motion are both associated with a sandy en
vironment where burrowing efficiency may be
an important selective force, the association
between surface crawling speed and shell
form appears due in large part to the co
evolution of multiple adaptations for inhabiting
particulate substrates and not because of a
direct response of shell form to open surface
crawling speed per se.

Another habitat dependent factor is shell
sculpture. Open surface (e.g. rocky intertidal)
dwelling gastropods may be more exposed to
shell crushing predation particularly by fishes
than sand dwelling species. This is supported
to some extent by Vermeij’s observation
(1978: 131) that while “the most profound
interoceanic variations in architecture occur
on open rocky surfaces,” changes in sand
dwelling species are considerably less pro
nounced. Consequently. sculptural defenses
against crushing (Vermeij. 1978: Palmer.
1979) may be of greater importance to open-
surface dwelling gastropods. Such a relative
advantage of shell sculpture in open surface
dwelling species compared to sand dwellers
would be further augmented by its tendency
to increase the drag experienced while bur
rowing among sand dwellers. The restriction
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of rocky intertidal species to rank categories 4
and 5 (Table 2) is due largely to a greater
development of shell sculpture.

Further complicating the interpretation of
hydrodynamic drag with respect to shell
sculpture are conflicting observations of intra
specific variation related to wave action. The
degree of sculptural development has been
found both to increase (James. 1968: Sakai.
1972) and decrease (Struhsaker, 1968) intra
specifically in different species of Littorina in
response to increasing wave action. At certain
water velocities, sculpture may actually de
crease drag (Chamberlain & Westermann,
1976). Thus, sculpture per se cannot always
be assumed to increase the hydrodynamic
drag experienced by surface dwelling gastro
pods.

Finally, and perhaps most importantly for a
streamlining argument, is the consideraton of
water velocities experienced by gastropods
independent of their movement. Koehl (1977)
has measured water velocities of up to
160 mm/s in tidal currents and 1300 mm/s in
wave surge. These are 2 to 3 orders of magni
tude greater than gastraopod crawling
speeds. Given that environmental water ve
locities are so much greater than crawling
speeds, the marginal increase in water veloc
ity relative to the shell due to locomotion
would seem to be insignificant. Further, if
water velocity is such an important factor in
fluencing shell form, one would predict that
open surface dwelling species should exhibit
low drag shells, and the data in Table 2 do not
support this prediction. Rocky intertidal spe
cies are restricted to form categories 4 and 5
(presumed high drag shells) while species liv
ing in rubble or under rocks generally occur in
all categories.

To place the drag experienced by snails at
crawling speeds in perspective, it is informa
tive to estimate the energy expended to over
come this drag and compare it to values for
locomotory metabolism. A single example il
lustrates the point. From Table 1, the esti
mated drag on Thais rustica at crawling speed
is 12.2 dyn (measured values for drag on an
unsculptured morph of Thais (—Nucella)
lamellosa of comparable size at a water ve
locity of 2 mm/s are less than one tenth of
this; Palmer. unpublished). The power, or
energy per unit time to overcome this force.
equals the force times the crawling velocity.
yielding a value of 2.4 ergs!s (12.2 dyn x

0.2 cm/s), Oxygen consumption in a com
parable sized Thais (Nucella) lapillus during

intermittent low activity has been measured
at approximately 70 p1/hr (Bayne & Scullard,
1978) which converts to 3.9 x 10 ergs/s
[(1.9 x 10 2 p102/s) x (4.8 x 10 cals/
p102) x (4,2 x 107 ergs/cal)J, The total ener
gy expended to overcome drag is thus more
than three orders of magnitude less than that
expended during low levels of activity. Since
one is really interested in energy saved due to
relative differences in drag attributable to shell
orientation or sculpture rather than total drag.
the energy saved will be even a smaller frac
tion of the energy expended moving. Hence.
even though one might argue that reducing
drag at crawling speeds still represents an
energy savings, this savings will be vanish
ingly small.

The preceding discussion has analyzed the
relation between crawling speed and drag re
ducing morphologies without examining how
various shell features contribute to drag. As
already mentioned, certain kinds of shell
sculpture can reduce drag in rapidly moving
water though they may tend to increase drag
due to surface friction at lower water veloci
ties (Chamberlain & Westermann, 1976).
However, shell shape will also affect drag,
particularly pressure drag (that drag due to
the momentum transferred by the moving
body to the fluid in the form of eddies and
turbulence in the wake). Species with low
apical half-angles [i.e. more elongate spires
like Fasciolaria tulipa (Linne)] should experi
ence less pressure drag than those with high
apical half-angles [shorter spires like
Busycon contrarium (Conrad)] because more
gradually tapering trailing edges will tend to
reduce wake size (Alexander. 1968: 218).
Note that both of these species are consid
ered presumed low drag shells (rank category
2). Caution should be exercised when trying
to assign complex forms such as marine
gastropod shells to categories based on
presumed differences in an equally complex
physical stress such as hydrodynamic drag.
In the absence of any empirical evidence,
such assignments must be considered highly
tentative.

CONCLUSIONS

Interpreting the adaptive value of gastropod
shell form based on single factor correlations
is risky for a variety of reasons, not the least of
which is that alternative causal factors may
account for the observed association. In such
correlative studies, the safest procedure is to



GASTROPOD LOCOMOTION AND SHELL FORM 295

identify as many plausible causal hypotheses
as possible and examine the degree to which
different hypotheses present different predic
tions. Linsley (1978a,b) has examined the
hypothesis that locomotory rates may have
exerted an important influence on shell form.
His prediction that faster moving snails should
have lower drag shells is supported by a cor
relation between shell characteristics be
lieved to reduce drag. and increased crawling
speed. However, this association can just as
readily be explained as a compound adaptive
response to differences in habitat as I have
discussed above. If one compares non-sand
dwelling species whose shell is exposed to
the water during movement (i.e. whose shells
are not enveloped by the mantle or foot since
in these situations it is the mantle or foot that
is responsible for the drag, not the shell itself).
there are no significant differences in crawling
speeds between species with presumed low
drag shells (rank categories 2 and 3 pooled)
and high drag shells (rank categories 4
through 6 pooled, P>0.1O. Mann-Whitney U
test). The inference that drag reducing mor
phologies are an adaptive response to in
creased surface crawling speed and the sub
sequent interpretation of life modes in Paleo
zoic gastropods based on this inference
(Linsley, 1978a,b) do not appear justified in
light of the preceding analysis.

The strong association between shell form
and habitat (Vermeij, 1978 and above) sug
gests that a safer interpretation of life modes
from shell form may be based on the differ
ences between surface dwelling and burrow
ing species. Species exhibiting strong ex
ternal sculpture will most likely have been
restricted to an open surface existence while
those whose shells are very smooth and
streamlined are likely to have been as
sociated with some degree of burrowing.
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