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VARIATION IN LAND-SNAIL SHELL FORM AND
SIZE AND ITS CAUSES: A REVIEW

GLENN A. GOODFRIEND

Isotope Department, The Weizmann Institute of Science, 76100, Rehovot, Israel

Abstract.—Variation in land-snail shell form has been extensively documented, but its causes
are poorly understood. For no character are there general rules relating shell form to environ-
mental characteristics, although certain correlations are common. Size variation generally has a
large genetic component. Larger snails are often associated with moister conditions; the effect
may be inductive (direct) or selective, but the mechanism is not documented. Snails may attain
smaller adult sizes at higher population densities, apparently through the effects of pheromones
on growth rate. Relative aperture area tends to be smaller under drier conditions, probably
because of selection for smaller whorl cross-sectional area to reduce water loss. Larger snails
tend to have higher whorl expansion rates. This pattern is variously interpreted as relating to
the maintenance of constant attachment area/weight, whether of foot surface area when the
snail is active or when attached to a substrate or of aperture perimeter when attached. Apertural
denticles are generally thought to represent adaptations to reduce predation. Relative shell
height of snail species relates to the angle of the substrate on which activity occurs; this could
be related to the mechanics of shell balance. For unknown reasons, helicid species in the Med-
iterranean area frequently have forms with keeled and with rounded shell peripheries. Snails
living on calcareous substrates sometimes have thicker shells; the effect is not necessarily direct.
Surprisingly, only a weak relationship exists between shell thickness and moisture conditions.
Shell coiling sometimes occurs in the opposite direction between sympatric species, probably
as a result of selection for reproductive isolation. A recurring problem in the explanation of
shell form is the interpretation of covarying shell characters. Identification of nonadaptive
variation which results from developmental dependence on another character is dependent on
the study of the selective and direct-environmental causes of variation in land snail shell form.

[Snail; gastropod; shell; form; shape; size; denticles; variation.]

Land snails are notoriously variable
animals. Numerous studies have docu-
mented geographical variation in the form
and coloration of their shells. Variation in
color polymorphisms has not only been
extensively documented (mostly in the
Helicidae and especially in the helicid ge-
nus Cepaea), but their genetics and the se-
lective forces acting upon them have also
received considerable attention (see re-
views by Jones et al., 1977; Clark et al,,
1978; Cain, 1983). The state of affairs with
respect to variation in land-snail shell form
is not nearly so advanced. The literature
in this area was last reviewed by Rensch
(1932). At that time, most shell form vari-
ation was interpreted as being environ-
mentally induced. However, a number of
studies have since shown a significant ge-
netic component to shell form variation
(e.g., Rensch, 1937; Cook, 1965; Murray and
Clarke, 1968; Cook and Cain, 1980; Burla,

1984). The last several years have seen a
heightening of interest in the causes of
shell form variation and especially in its
adaptive significance.

Because of the low mobility of land
snails, their populations tend to reflect
geographical variation of the environ-
ment, with little blurring of this pattern.
Their shells are often easily collected in
numbers and present a number of precise-
ly quantifiable features. Many land snails
reach a definite adult size, marked by a
reflected lip, and then grow no more. This
enables comparisons to be made at a stan-
dard life-history stage (Gould et al., 1974).
The ontogeny of adult shell differences can
be readily studied since the shell pre-
serves the record of ontogeny of an indi-
vidual (Gould, 1969b; Goodfriend, 1983a).
In some cases, there may be a fossil record
which can be used to provide information
on the history of geographic variation (e.g.,
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Cain, 1971; Heller, 1979; Goodfriend,
1983b, 1986b; Magaritz and Goodfriend,
1986).

I attempt here to draw together the var-
ied literature on variation in land-snail
shell form, on the relation of shell form to
environmental and genetic influences, and
on the adaptive significance of shell form
variation. The review is organized by shell
form characteristics (size, relative height,
etc.) and, within each section, by the en-
vironmental properties with which they
are correlated. Since correlations exist
among environmental characteristics as
well as among shell characteristics, this
organization is unavoidably somewhat
unnatural.

SHELL SIZE

Variation in shell size, usually charac-
terized by shell diameter, is the most-stud-
ied aspect of geographic variation in land
snails. Breeding experiments on a number
of land-snail species have shown that size
differences among populations have a high
heritability (typically 50-70%). However,
since populations representing extremes
of size are generally chosen, these herita-
bility values probably overestimate the

genetic component of differences among-

more typical populations (L. M. Cook, pers.
comm.). The species studied include the
helicids Cepaea nemoralis (Cook, 1967; Cook
and Cain, 1980), Arianta arbustorum (Cook,
1965; Baur, 1984; Burla, 1984), and Murella
muralis (Rensch, 1937), as well as species
of Partula (Murray and Clarke, 1968).
Within-population size variation may
also have a significant genetic component.
For example, Oosterhoff (1977) found that,
within populations, faster-growing indi-
viduals of C. nemoralis reach a larger adult
size (despite earlier maturation). Her lab-
oratory breeding experiments showed that
growth rate has a high heritability. Within
some populations of C. nemoralis, size may
be correlated with shell color or banding
(Cook and O’Donald, 1971; DeSmet and
Van Rompu, 1984). However, the direc-
tion of the correlation is not consistent,
and no correlations are found in some C.
nemoralis populations (Cook and O’Don-

ald, 1971; Carter and Ashdown, unpubl.
manuscript, as cited by Carter and Ash-
down, 1984; DeSmet and Van Rompu,
1984). In one C. hortensis population (but
not another) studied by Hakkinen and Ko~
penen (1982), five-banded morphs tended
to be larger than unbanded morphs. A
possible interpretation of these correla-
tions is that there are genes affecting shell
size that are linked with color or banding
genes. Alternatively, these differences may
be interpreted as pleiotropic effects of col-
or or banding genes (Cook and O’Donald,
1971). This latter explanation perhaps ac-
counts better for the inconsistency of the
relationships. The pleiotropy may be
strongly affected by environmental varia-
tion. For example, different morphs have
been shown to sometimes display differ-
ent patterns of activity, depending upon
insolation (Tilling, 1983) and this could af-
fect growth rate and consequently also
size.

Other evidence of direct environmental
influences on shell size comes from stud-
ies on the relationship between popula-
tion density and shell size, reviewed be-
low.

Moisture.—Moisture conditions are the
best-documented environmental correlate
of shell size (Table 1). In a large number
of cases, larger snails are associated with
moister conditions. However, this pattern
does not seem to hold for minute forms,
such as the tropical diplommatinid proso-
branchs (Berry, 1963; Peake, 1973; Tillier,
1981). Another departure from the pattern
of larger snails in wetter areas is seen in
the diminution of various species at high
elevations, which are in most cases wetter,
but also cooler, and have more intense in-
solation. These cases are discussed in the
following section.

The association of larger size with wet-
ter conditions has usually been interpret-
ed as resulting from direct environmental
influence. Variations on two general sce-
narios have been proposed:

(1) Greater moisture produces a larger
adult size by increasing the growth rate
(e.g., Clessin, 1897; Brown, 1913; Rensch,
1932; Sacchi, 1965; Gould, 1984b). Wetter
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TABLE 1. Some environmental correlates of geographic variation in shell size of [and snails.

Species Area Size correlation Reference
Moisture
Cepaea nemoralis (L.), Chon- Europe Larger with higher rainfall  Rensch, 1932
drula tridens (Miiller)
Levantina spiriplana (Olivier)*  Israel Larger with higher rainfall  Heller, 1979; Magaritz
and Heller, 1980
Chloritis argillacea (Fér.) Timor Larger with higher rainfall ~Rensch, 1931
Pleurodonte lucerna (Miiller) N-central Jamaica Larger with higher rainfall  Goodfriend, 1983b
Diplommatina spp. Malaya Smaller with higher rain- Berry, 1963
fall
Palaina spp. New Caledonia Smaller with higher rain- Tillier, 1981
fall

Pleurodonte lucerna®
Laciniaria biplicata (Mont.)
Cerion uva (L.)

Clausilia bidentata (Strém),
Ena obscura (Miller)

Cepaea nemoralis, Perforatella
incarnata (Miller), Zebrina
detrita (Miiller), Helix cinc-
ta (Miiller)

C. hortensis (Miiller)

C. nemoralis
Chloritis argillacea

Achatinella spp.
Diplommatina spp.

Arianta arbustorum (L.)

Limicolaria martensiana
(Smith)

Sphincterochila candidissima
(Dr.)

Eremina irregularis (Fér.)

Cerion uva (L.)

Cepaea nemoralis

Arianta arbustorum

Helicella itala (L.), Candidula
intersecta (Poiret), Cochli-
cella acuta (Miiller)

W-central Jamaica Larger in moister habitats

Germany - Larger in moister habitats

Aruba, Bonaire, Larger in moister habitats
Curagao

England Larger in more sheltered

(? moister) habitats

Temperature and insolation

Europe Larger at higher tempera-
ture

Iceland Larger at higher minimum
temperature

Pyrenees Larger at higher elevations

Timor Smaller at higher eleva-
tions

Hawaii Smaller at higher eleva-
tions

Solomon Islands Smaller at higher eleva-
tions

Switzerland Smaller at higher eleva-
tions

Calcium

Eastern Africa Larger on high-Ca soil

Southern France Larger on calcareous sub-

strates
Egypt Larger on calcareous sub-
strates
Aruba, Bonaire, Smaller on calcareous sub-
Curagao strates
Population density
England, Nether- Smaller at higher popula-
lands tion density
Switzerland Smaller at higher popula-
tion density
England Smaller at higher popula-

tion density

Brown, 1911

Schmid, 1919

Baker, 1924; Gould,
1984b

Boycott, 1920

Rensch, 1932

Bengtson et al., 1979

Ramos, 1980
Rensch, 1931

Welch, 1938, 1954
Peake, 1973

Baur, 1984; Burla and
Strahel, 1983

Owen, 1965
Altes, 1956
Kaltenbach, 1942

Gould, 1984b

Cook and O’Donald,
1971; Williamson et
al., 1976; Oosterhoff,
1977

Burla, 1984

Tattersfield, 1981

2 =L. caesareana Parreyss.
b =p_gcuta (Lam.).
¢ =E. hasselquisti Enrenberg.
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conditions provide more frequent and/or
longer periods when activity is possible.
Thus, food intake would be increased and
a higher growth rate would result. As long
as age at maturation is not negatively cor-
related with growth rate, faster-growing
individuals would attain a larger adult size.
There is some evidence linking growth
rate and adult size. In C. nemoralis in the
laboratory, faster-growing individuals
reach a larger adult size. However, growth-
rate differences among individuals have a
strong genetic component (Oosterhoff,
1977).

(2) More favorable moisture regimes
have been hypothesized to cause a larger
adult size by increasing the rate of whorl
expansion (e.g., Brown, 1911; Gould,
1984b). As long as whorl number at mat-
uration is not negatively correlated with
whorl expansion rate, the snails will reach
a larger adult size. Evidence supporting a
causal relationship between moisture and
whorl expansion rate is presently lacking.

While direct environmental influences
might play a significant role in moisture-
correlated geographic variation in size,
there is no study demonstrating such a
role, despite the frequency with which
the relationship is proposed. The impor-
tance of genetic influences in geographic
variation in size, as revealed by breeding
experiments (see above), suggests that
selection may play a dominant role in
moisture-related size variation.

Since surface area/volume ratio in-
creases with decreasing size (if the de-
crease is isometric), it would be expected
that conditions of greater moisture stress
would favor larger snails (Nevo et al.,
1983). Certainly this is not true at a faunal
level: both dry and wet regions support
both small and large snail species. How-
ever, the tendency for very small species
to show within-species size variation that
correlates negatively with rainfall may
possibly be the result of selection for re-
duction of water loss in drier areas. Water
balance should be of particular impor-
tance to small species because of their un-
favorable surface area/volume ratio.

Advancement in our understanding of

moisture-related size variation is likely to
come from the study of life-history char-
acteristics of populations under different
moisture regimes. Snails may grow faster
under wetter conditions and, thus, have
the potential to reach a larger size in a
given period of time. Under such condi-
tions, selection may favor maturation at a
larger size (if maturation is under genetic
control), since this may confer a reproduc-
tive advantage (see below).

Temperature and insolation.—In a broad
survey of geographic trends in European
and Mediterranean land snails, Rensch
(1932) showed that several species have a
tendency to be larger in warmer regions
(Table 1). Although the number of regions
compared (two to seven, with a mean of
four) was far too small for any definite
conclusions to be reached, it is clear that
there is no general rule concerning lati-
tudinal trends in shell form. On a more
local geographic scale, Bengtson et al.
(1979) found larger C. hortensis associated
with warmer sites (as measured by mean
daily minimum temperature) in Iceland.
High-elevation forms of land snails have
been shown to be particularly small in a
variety of different areas, although the op-
posite trend is clearly seen in C. nemoralis
in the Pyrenees over a wide range of ele-
vations (see Table 1; Ramos, 1980). This
size variation may be associated with the
lower temperature or higher insolation at
high elevations, or with other correlates
of elevation, such as rainfall.

In an outdoor cage experiment on C.
hortensis, Knights (1979) found that under

shaded conditions, larger snails had better

survivorship than smaller snails, whereas
the situation was reversed under unshad-
ed conditions. The significance of these
findings is difficult to evaluate, since it is
not possible to separate the effects of in-
solation from those of temperature or
moisture—the less-shaded cages would
also be drier and warmer. In any case, the
results are the opposite of what one would
expect based on the field surveys of this
and other species discussed above.
Calcium.—Evidence suggesting a rela-
tionship between shell sizes and the cal-



208

SYSTEMATIC ZOOLOGY

voL. 35

cium-carbonate content of the substrate
comes from two studies in which the shell
sizes of a series of populations on two dif-
ferent substrates were compared (Altes,
1956; Owen, 1965). In both cases, the cal-
careous substrate supported larger snails
than the more siliceous one. In a study of
Norwegian land snails, @kland (1925; as
discussed by Rensch, 1932) noted that var-
ious helicids tended to be smaller in lime-
stone areas. In contrast, surveys of Helix
pomatia L. (Agbcsy, 1963), C. hortensis in
Iceland (Bengtson et al., 1979), Theba pisana
(Sacchi, 1971) and a variety of other Eu-
ropean and Mediterranean species
(Rensch, 1932) have failed to reveal any
relationship between shell size and the
calcium-carbonate content of the sub-
strate.

Experimental studies give similarly in-
consistent results. Broods of Arianta arbus-
torum that were divided, with one-half
raised with chalk and one-half without,
showed differences in adult size in some
cases (with individuals raised on chalk
being larger), but no differences in others
(Oldham, 1929; Cook, 1965). Helix pomatia
and H. aspersa (Miiller) attain a slightly
larger size when raised with chalk (Old-
ham, 1934), whereas Bradybaena fruticum
(Miiller) does not (Fromming, 1954). The
laboratory results for H. pomatia are dis-
cordant with the lack of correlation be-
tween size and substrate found in Agoc-
sy’s (1963) field study. Taken together, the
laboratory and field results suggest that
there are genetic differences, among
species as well as among populations, in
the response of shell size to calcium-car-
bonate content of the substrate.

Population density.—A trend of decreas-
ing adult size with increasing population
density has been firmly established for
several European helicid species through
a number of field and laboratory studies
(Table 1). All available evidence points to
a direct environmental influence of den-
sity on shell size, rather than a selective
effect. It has been shown in the laboratory
that the smaller adult size attained at
higher densities is associated with a lower
rate of growth (Oosterhoff, 1977; Cameron

and Carter, 1979; Charrier, 1981; Lazari-
dou-Dimitriadou and Daguzan, 1981; Lu-
carz, 1982). This lower growth rate is ap-
parently a result of inhibition of activity
at higher densities, which has been shown
experimentally to be the result of an un-
identified pheromone present in snail mu-
cus (Cameron and Carter, 1979; Dan and
Bailey, 1982).

In the one case where differential mor-
tality with respect to size was examined in
relation to population density (in C. hor-
tensis; Knights, 1979), no consistent pat-
tern was found, indicating that size dif-
ferences among populations cannot be
attributed to selective effects of differences
in population density. The significant
change in shell size observed by Cook and
Cain (1980) over little more than one gen-
eration again suggests environmental
rather than selective causes and may relate
to the effect of population density.

Interactions between related species.—Two
studies on minute diplommatinid land
snails have proposed that species interac-
tions may be important in determining
shell size of coexisting populations. Peake
(1973) showed that the size frequency dis-
tributions of sympatric Diplommatina
species in Malaya and in the Solomon Is-
lands were non-overlapping and regularly
spaced, except where the direction of coil-
ing differed. However, without statistical
tests comparing the size distributions of
sympatric populations to randomly select-
ed allopatric populations, the significance
of this pattern is unclear (Connor and
Simberloff, 1979). The widespread dextral
D. nevilli Cross shows considerable geo-
graphic variation but allopatric popula-
tions are not smaller on average than sym-
patric populations that occur with larger
dextral species. Thus there is no indication
of character displacement with respect to
size.

Tillier (1981), studying New Caledonian
diplommatinids, gave one example of two
sympatric populations which showed less
overlap in shell dimensions than the two
species as a whole. This was taken as evi-
dence of character displacement. How-
ever, the amount of overlap of a pair of
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samples with some mean difference in-
creases with increasing sample size. Even
between randomly selected pairs of pop-
ulations (one of each of two species), the
overlap is expected to be smaller than the
overlap between the two species as a
whole, simply because the sample size of
the populations is smaller. Comparison of
the means of the sympatric populations of
diplommatinids to the means for the two
species as a whole shows that the sympat-
ric population means are actually closer
than the species means. Thus, if anything,
convergent character displacement (Grant,
1972) was shown, although the statistical
significance of this pattern cannot be eval-
uated from the data provided.
Predation.—In a few cases, predation has
been found to differentially select land
snails with respect to shell size (Table 1).
Oosterhoff (1977) noted that smaller C. ne-
moralis were preferentially preyed upon by
beetles. Reichholf (1979) found that
thrushes differentially prey on larger in-
dividuals of Arianta arbustorum. However,
since juveniles and adults were not distin-
guished, the data could also be interpreted
as indicating a preference for adults over
juveniles, possibly resulting from habitat
differences. Such prey selection would not
necessarily have any selective effect on
adult size. In a field experiment on pre-
dation by the song thrush (Turdus ericeto-
rum), Bantock and Bayley (1973) found that,
in a mixed population of C. nemoralis and
the generally smaller C. hortensis, C. ne-
moralis was preferentially preyed upon.
These data suggest that the thrushes do
not distinguish between the two species
and that they preferentially prey upon
snails of intermediate size, perhaps imply-
ing formation of a search image or greater
efficiency of handling of snails of such size.
A later study (Bantock et al., 1975) showed
that selection for size by thrushes differs
among the different morphs. Yellow five-
banded C. nemoralis were subject to disrup-
tive selection with respect to size, whereas
yellow midbanded morphs were preyed
upon randomly with respect to size. The
cause of this pattern is entirely unclear.
Taken together, the studies on preda-

tion in relation to size present no consis-
tent picture. No one case has been studied
in sufficient detail to permit assessment of
the role of predation in size variation in
natural populations.

Parasitic castration.—An unusually large
size, associated with a larger-than-normal
whorl number, is attained in individuals
whose gonads have been destroyed by
parasitic trematodes (Boettger, 1952). The
nonproduction of a hormone that induces
shell maturation has been suggested as
producing continued growth in such in-
dividuals (Boettger, 1952).

Reproduction.—In captive populations of
land snails, reproductive output often
shows a positive correlation with size (Ta-
ble 2). This may express itself in any of a
number of ways: larger clutch size or egg
size; higher frequency of oviposition; or
earlier time of first reproduction. Of par-
ticular interest is the laboratory study of
Carter and Ashdown (1984), which showed
that size-correlated reproductive charac-
teristics may vary considerably among
populations (Table 2). Higher reproduc-
tive output of larger snails, thus, is not a
direct consequence of size, but results from
the interaction of size with other (proba-
bly genetic) factors. Whether larger snails
also have a reproductive advantage under
natural conditions remains to be estab-
lished. This advantage might disappear or
turn to a disadvantage under certain eco-
logical conditions (e.g., when food re-
sources are scarce and distributed in small
patches).

Problematic patterns.—In several surveys
of variation in land snails, a regular geo-
graphic pattern was found, but with no
clear correlation with environmental fac-
tors. The genus Cerion in the Bahamas dis-
plays a huge diversity of geographical
variation, often involving size (Gould et
al., 1974; Gould and Woodruff, 1978;
Woodruff and Gould, 1980). A particularly
clear pattern is seen on Grand Bahama,
where small forms on the innerbank side
of the island grade into large forms on the
outer bank (Gould and Woodruff, 1978). It
is unclear what environmental correlates,
if any, are associated with this cline.
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TaBLE 2. Correlation of size with reproductive characteristics of land snails.>»

Oviposition

Species Clutch size Egg size frequency Reference
Cepaea nemoralis + + Wolda, 1963
C. nemoralis + + Oosterhoff, 1977
C. nemoralis 0 0 + Carter and Ashdown, 1984 (pop. A)
C. nemoralis + + 0 Carter and Ashdown, 1984 (pop. B)
Theba pisana (Miiller) + Cowie, 1984a
Achatina fulica Bowdich (+) 0 Kekauoha, 1966
Archachating marginata (Swain.) +¢ Plummer, 1975

2 + = positive correlation; 0 = uncorrelated; parentheses indicate nonstatistically significant correlation.
b First study on artificial outdoor population; others on populations in laboratory.

€ Snail size and egg size also positively correlated with age.

Transplant experiments performed earlier
in the century by Bartsch indicate that most
morphological variation in Cerion has a
strong genetic component (Woodruff and
Gould, 1980).

Sacchi (1957, 1961) has documented sev-
eral cases of Mediterranean island popu-
lations of helicids in which the mean shell
diameter is either unusually small or un-
usually large. No correlation with envi-
ronmental factors was observed. Several
cases of noncorrelated variation on a broad
geographic scale are also seen in clinal
trends in the east African snails Metacha-
tina kraussi (Pfeiffer) (van Bruggen, 1969)
and several Gulella species (van Bruggen,
1980). In the latter case, different species
appear to show opposite trends in size.
However, it is not clear in how many of
the species the clinal trends are statistical-
ly significant.

Two experimental studies concerning
shell size have produced data whose in-
terpretation is problematic. Cook and
O’Donald (1971) observed differential
mortality with respect to size in some dor-
mant laboratory populations of C. nemor-
alis over the winter. Whereas one popu-
lation showed no differential mortality,
another showed significantly higher mor-
tality of smaller snails. Replicates of a third
population gave inconsistent results: one
showed no differential mortality whereas
two others showed higher mortality of
smaller snails. These experiments show
that conditions of the environment might
select for size in land snails through dif-
ferential mortality. However, the cause of

mortality and the environmental factors
involved are unknown.

Wolda (1972) observed a trend of de-
creasing size at maturation over several
years in a series of captive outdoor popu-
lations of C. nemoralis. This trend could not
be explained by changes in population
density. The very rapid rate of decrease in
shell size strongly suggests an ecological
cause rather than a genetic change result-
ing from selection. However, no temporal
environmental trends that correlated with
the size change could be identified.

WHORL NUMBER, WHORL EXPANSION RATE,
APERTURE SIZE, AND APERTURE FORM

Adult shell size is a function of the
number of whorls, the rate at which the
whorls expand, and also the initial size of
the whorls. A given size may be achieved
by few whorls which expand rapidly or
by numerous whorls that expand slowly.
In the former case, the whorl cross-sec-
tional area would be relatively smaller
throughout ontogeny. This area repre-
sents the aperture area, at various stages
of growth and also in the adult, although
upon maturation of the shell the aperture
may be further modified by flaring out or
growing in. Thus, whorl number and ex-
pansion rate have important consequences
for the degree to which a retracted snail is
in contact with the outside world.

It is not clear to what degree whorl
number and expansion rate show adaptive
variation, independent of their effect on
aperture area or cross-sectional area. Cain
(1980) showed that more elongate species
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of snails tend to have more numerous
whorls and proposed that the larger num-
ber of whorls provides additional strut-
ting to strengthen this inherently weak
shape. Gould (1984a, b), on the other hand,
saw no particular adaptive significance to
variation in whorl number or expansion
rate in Cerion. He interpreted them as rep-
resenting environmentally-induced vari-
ation in one case (Gould, 1984b), but more
generally as a consequence of selection for
size, without adaptive significance by
themselves (Gould, 1984a).

Variation in aperture area has generally
been interpreted as representing either an
adaptation for regulation of water loss or
for reduction of predation, or both. Water
loss from inactive snails occurs mainly
through the aperture, although significant
water loss may also occur through the shell
(Gebhardt-Dunkel, 1953; Machin, 1967).
Machin (1967), comparing inactive indi-
viduals of three species of snails, found
that mean water loss through the aperture
increased nonlinearly with mean aperture
area both with and without the epi-
phragm present. Species with smaller ap-
ertures lost proportionately more water per
unit aperture area (although this effect ap-
pears to be compensated for by increased
epiphragm thickness in the smaller
species). On the other hand, Goodfriend
(1983b) found that in water-filled shells of
a single highly-variable species of land
snail, water-loss rate through the aperture
was proportional to aperture area. These
contradictory results may be resolved if
one assumes that the nonproportionality
found by Machin (1967) was a result of
vital effects (i.e., physiological differences
among the species compared). Clearly,
further work to separate vital effects from
effects of shell morphology is needed.

Several studies have shown a relation-
ship between aperture area and moisture
conditions. A survey by Gebhardt-Dunkel
(1953) showed that xerophilous species
tend to have relatively smaller apertures,
apparently due to low whorl expansion
rates rather than modification of the ap-
erture at maturity. In Buliminus in Israel,
species inhabiting drier areas tend to have

smaller apertures (Heller; 1975); in Pleu-
rodonte lucerna in Jamaica, populations liv-
ing in drier areas have lower whorl ex-
pansion rates and, thus, relatively smaller
apertures (Goodfriend, 1983b).

Apertural denticles have been supposed
to function in the reduction of water loss
(Boettger, 1921, 1935). However, Paul
(1974) doubted this, supposing that water
loss should be a function of the surface
area of the mantle collar in a retracted snail
(i.e., the evaporative surface area, equal to
the whorl cross-sectional area at the depth
of retraction for a flat mantle collar sur-
face). Experiments on water-loss rates from
water-filled Pleurodonte lucerna shells with
denticles and with the denticles removed
support this hypothesis—denticles had no
effect on water-loss rate (Goodfriend,
1983b). Whorl cross-sectional area, rather
than aperture area, may be the critical shell
feature affecting water loss. However, the
two measures are highly correlated, except
where the aperture is highly modified.
Cain (1980) also attached adaptive signif-
icance to variation in whorl cross-section-
al area. He found that very small species
tend to have a relatively low whorl num-
ber (consequently, a higher whorl expan-
sion rate) and suggested this might be
adaptive in maintaining a sufficiently large
whorl cross-sectional area for efficient cir-
culation.

Although aperture area does not appear
to limit water loss, experiments with water-
filled shells indicate that the depth of the
evaporating surface inside the shell
(equivalent to depth of retraction) does
have a major effect on water-loss rate
(Goodfriend, 1983b). Snails producing
shells with a larger whorl number relative
to body size would be able to retract deep-
er and, thus, would be expected to lose
water slower. This may explain the geo-
graphic variation in whorl number seen
in the Jamaican land snail Pleurodonte lu-
cerna: in drier areas, the shells have more
whorls than the shells of snails in wetter
areas; and the snails in drier areas are able
to retract deeper into their shells (Good-
friend, 1983b).

In a study of British land snails, Cam-
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eron (1981) considered the adaptive sig-
nificance of variation of aperture area in
relation to snail size. He showed that larg-
er species have larger aperture areas (than
would be expected from isometry) relative
to small species. This is the result of higher
whorl expansion rates and lower whorl
numbers in larger species. He pointed out
that, under isometry, loading on the ap-
erture (snail weight/surface area of aper-
ture) would increase with size. Thus, larg-
er snails would have a greater risk of
detachment when resting with the aper-
ture pressed up against a substrate (when
foot attachment area = aperture area). He
suggested that this is compensated by a
positive allometric increase of aperture
area with larger size.

Goodfriend (1983b) also found that
among populations of the highly-variable
land snail Pleurodonte lucerna, larger snails
had fewer whorls, a higher whorl expan-
sion rate, and relatively larger apertures.
Foot surface area of active snails showed
isometric variation with snail mass, thus
implying that foot volume must increase
with positive allometry with respect to
snail mass. It was hypothesized that larger
snails must have higher whorl expansion
rates and consequently higher relative
whorl cross-sectional area in order to ac-
commodate the larger foot when the snail
is retracted into the shell.

Both Cameron’s (1981) and Good-
friend’s (1983b) hypotheses provide expla-
nations for the observed size-whorl ex-
pansion rate relationship observed among
and within species. There is at present no
evidence to allow one to decide between
these alternatives. Both may be correct in
some situations, or one may apply to some
situations and the other to others. There
is yet a third explanation: for species that
seal the aperture to a substrate, apertural
circumference may be limiting to attach-
ment strength. Larger snails may have
higher whorl expansion rates to keep
apertural circumference from decreasing
relative to mass. Mazek-Fialla (1934) noted
that snails that seal to substrates tend to
have flared apertures, which would in-
crease apertural circumference. Certainly
the resting habits of land snails—whether

they attach to a substrate, the curvature of
the substrate they select, and the manner
of attachment (by foot or by sealing)—must
have profound consequences for the form
of the aperture. Yet, no study has system-
atically and quantitatively examined these
relationships.

Cook (1895) and Solem (1972) consid-
ered apertural denticles to serve as protec-
tion against predation by arthropods.
Boettger (1921, 1935) also considered aper-
tural denticles in Otala to serve an anti-
predator function. He observed geograph-
ic variation in the degree of development
of apertural denticles which was positive-
ly correlated with the degree of elonga-
tion of the anterior end of a carabid beetle
species preying on Otala. He interpreted
the correlation as probably representing
coevolution between the snails and bee-
tles. But the beetles may have responded
to an already existing pattern of denticle
variation related to some other environ-
mental factor. Boettger himself suggested
the possibility that the denticles may have
originated as structures for the reduction
of water loss. Goodfriend (1983b) showed
that geographic variation in denticle size
in a Jamaican land snail was positively
correlated with predation pressure by un-
identified predators, apparently birds. De-
spite the prevalence of the view that den-
ticles relate to predation (but see Paul
[1974] for an opposing view), there are as
yet no studies demonstrating that apertur-
al denticles have any effect on predation.

Some species of land snails develop very
small denticles which would seem to be
totally ineffective against predators. In Bu-
limulus in the Galapagos, species occupy-
ing moister microhabitats tend to have
small denticles, which are lacking in other
species (Coppois and Glowacki, 1983). Par-
tula otaheitana in areas of high rainfall and
higher insolation also tends to develop
small denticles (Emberton, 1982). The
functional significance of these denticles
is a mystery.

In many land snails which reach a final
adult size, the aperture becomes deflected
downward during the last phase of shell
growth. This modification has been inter-
preted as representing an adaptation to re-
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duce water loss from resting individuals,
since it permits the aperture to be pressed
against a flat substrate with only a small
gap remaining (Mazek-Fialla, 1934). Ap-
erture deflection has also been interpreted
as an adaptation to lower the center of
gravity to reduce the probability of dis-
lodgement during inactivity (McNair et al.,
1981). Such conjectures seem a bit prema-
ture, since no association between resting
habits (whether the snails attach to a sub-
strate), and aperture deflection has yet
been established, although it seems likely
to exist.

SHELL SHAPE

Two basic approaches have been taken
to the study of variation in shell shape.
One approach, following that of Raup
(1966), involves the analysis of the distri-
bution of shapes among taxa and hypothe-
sizing the reasons for low or high fre-
quencies of certain shapes. The second
approach involves the study of correla-
tions between variation in shape (within
or among species) and environmental
variation.

Rensch (1932) and Gould (1971a) have
pointed out that shell shape variation may
not necessarily be adaptive per se, but may
be simply an inadvertent consequence of
selection for other developmentally-cor-
related shell features. For example, Gould
(1984a) interpreted the greater relative
height of unusually small and unusually
large Cerion as being a consequence of se-
lection for size, with no adaptive signifi-
cance per se. Smaller size is achieved by
producing narrower whorls, which in-
creases relative height, whereas larger size
is produced by adding additional whorls,
which also increases relative height.

Cain (1977, 1978a, b) has shown that the
statistical distribution of the relative height
of land-snail shells of many regions is bi-
modal—the shells tend to be either very
elongate or slightly flattened, rarely glob-
ular or slightly elongate. Cain (1977) has
proposed that this may be due to the me-
chanics of balancing the shell during lo-
comotion. Considering the great weight of
the shell and enclosed visceral mass, dif-

ferences in shape are likely to have a sig-
nificant effect on the energy expended in
holding the shell in a balanced position
during locomotion (Cain, 1977). Field
studies of activity sites of British land snails
(Cain and Cowie, 1978; Cameron, 1978)
show that differently-shaped species tend
to differ in their sites of activity: high-
spired species are generally active on high-
angle or vertical surfaces, flat species on
low-angle or horizontal surfaces, and in-
termediate species on a wide variety of an-
gles (e.g., plants). A laboratory study (Cook
and Jaffar, 1984) in which British snails
were given a choice of vertical or horizon-
tal surfaces produced results consistent
with field observations—elongate species
tend to associate themselves with vertical
surfaces and flat ones with horizontal sur-
faces, whereas species of intermediate
shape generally showed weaker prefer-
ences. It is not clear whether these obser-
vations represent resting or activity sites
of the snails or a combination of these.
Cameron (1978) suggested that species
show weaker differences in resting sites
than in activity sites. This would be ex-
pected if shell form were related to the
problem of shell balance on different sub-
strates, as suggested by Cain and Cowie
(1978). The association of shell shape with
substrate angle seems well established for
British land snails, but these studies clear-
ly need to be extended to other faunas
(Cain and Cowie, 1978).

Within-species variation in relative shell
height correlates with environmental
variation in a number of species (Table 3).
All examples of tropical snails and the Eu-
ropean species Discus rotundatus show a
negative correlation between relative
height and rainfall, whereas the examples
from Israel show the opposite pattern. A
major problem in interpreting this varia-
tion is that in most land snails, relative
height increases ontogenetically with
whorl number (i.e., growth is allometric,
with height increasing faster than width;
e.g., see Gould, 1969a). In most cases, pub-
lished data are not sufficient to determine
to what degree geographic variation in
relative height is a function of variation
in whorl number. As discussed above, drier



214

SYSTEMATIC ZOOLOGY

vOL. 35

TaBLE 3. Correlation between relative shell height and environmental characteristics.

Species Area Relative height increased with: Reference
Levantina spiriplana Israel Increasing rainfall Heller, 1979
Buliminus spp. Israel Increasing rainfall Heller, 1975
Cepaea nemoralis Belgium Increasing rainfall De Smet and Van
Rompu, 1984
Pleurodonte lucerna Jamaica Decreasing rainfall Goodfriend, 1983b
Palaina spp. New Caledonia Decreasing rainfall Tillier, 1981
Discus rotundatus (Miiller) Germany Increasing humidity of habitat Boettger, 1929
Partula otaheitana Tahiti Decreasing insolation, decreasing ~ Emberton, 1982
rainfall
Achatinella musteling Mighels ~ Hawaii Decreasing elevation, decreasing Welch, 1938
rainfall
Miscellaneous helicid species  Europe Increasing elevation Knipper, 1939

conditions may select for more numerous,
narrower whorls; such shells would also
tend to be relatively higher and this could
possibly account for the height-rainfall re-
lationship seen in tropical snails and Dis-
cus rotundatus. Direct environmental influ-
ences on adult size might produce the
opposite pattern (seen in the Israeli snails):
with slower growth under drier condi-
tions, a smaller adult size with fewer
whorls may be attained. These shells will
be relatively less high if height increases
with positive allometry with respect to
width during ontogeny. These explana-
tions must remain conjectural until de-
tailed ontogenetic information is available
for the snails involved.

Character displacement involving shell
shape has been shown in fossil Poecilozo-
nites (Schindel and Gould, 1977). The na-
ture of the interaction producing this
effect is unknown, but competitive inter-
actions or reproductive isolation might be
involved.

PERIPHERAL ANGLE

Another aspect of shell morphology
which shows considerable variation is the
form of the periphery—whether rounded
or angular. An ontogenetic change from
an angular juvenile form to an adult with
a rounded periphery is very common. In
a large number of species, both rounded
and keeled forms of adults occur (Table 4).
The preponderance of this pattern in he-
licids around the Mediterranean area (the
first 18 examples in Table 4) is particularly

striking. Rensch (1937) noted this pattern
long ago and it has been further docu-
mented by subsequent studies (e.g., de
Bartolomé, 1982). In most cases, the keeled
forms are also characterized by being rel-
atively flatter, having a stronger, more
widely-spaced sculpture of ribs, and hav-
ing an open (versus closed) umbilicus
(Rensch, 1937). Rensch’s (1937) laboratory
breeding experiments showed that pe-
ripheral angle as well as correlated shell
features are in large part hereditary. Gould
(1969a, 1971a) interpreted a similar suite
of character correlations in some Poecilo-
zonites forms as representing paedomor-
phy. This interpretation may also apply to
the Mediterranean helicids but detailed
study of their ontogeny is needed to eval-
uate this possibility. Gould (1971a) hy-
pothesized that paedomorphy in one
species of Poecilozonites was the result of
selection for thinner shells in low-calcium
environments (see below); keeling was in-
terpreted as an inadvertent consequence
of this selection. The presence of a keel in
adult Pleurodonte lucerna is characteristic of
larger forms (Goodfriend, 1983b). This was
hypothesized to represent an adaptation
to compensate for the decrease of lung
surface area (relative to snail mass) with
increasing size under isometry. Neither
explanation can apply to Mediterranean
helicids, since keeled forms often live on
limestone substrates and are not larger
than rounded forms. Cook and Pettitt
(1979) suggested that keeled shells may be
more resistant to crushing than rounded
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TABLE 4. Some species in which both rounded and keeled shell peripheries occur.

Species

Area

Environmental correlation

Reference

Discula polymorpha

Iberus gualtierianus (L.)

L. rositai Fez

Trochoidea ebusitana (Hidalgo)

Madeira
Southeastern Spain
Southern Spain
Balearic Islands

Keeled in karst areas
Keeled near coast

Keeled in drier areas

Keeled in drier areas

Cook and Pettitt, 1979
Alonso et al., 1985
Alonso and Ibafiez, 1978
Schroder, 1978

Haas, 1933

H. K. Mienis, pers. comm.
Brandt, 1959

Brandt, 1959

Porpora and Sacchi, 1958
Rensch, 1937

Rensch, 1937

Pfeiffer, 1947

Pfeiffer, 1949
Goodfriend, unpubl. data
Kaltenbach, 1934
Rensch, 1937

T. syrensis (Pfeiffer) Cyprus

T. simulata (Ehrenberg) Israel

T. gestroi (Gambetta) Libya

T. limbata (Philippi) Libya

Theba pisana (Miiller) Italy

Marmorana (Tyrrheniberus) villi-  Sardinia
ca (Paul.)

M. (Murella) muralis (Miiller) Sicily

Levantina gyrostoma (Fér.)* Libya

L. spiriplana (Olivier) Israel

Xeropicta ilanae Forcart Israel

Eremina irregularis (Fér.)® Egypt

Rossmaessleria subscabriuscala Morocco
Bgt.

Sphincterochila candidissima Southern France
(Dr.)

S. cariosula (Michaud)
Poecilozonites spp.¢

Southern Spain
Bermuda

Pleurodonte lucerna (Miiller) Jamaica

— Altes, 1956

—_ Alonso and Ibafiez, 1979
Keeled on low-car- Gould, 1969a
bonate substrates
Keeled in wetter
areas

Goodfriend, 1983b

a Also =keeled form L. tripolitana (Wood) (=L. leachi [Fér.}; Pfeiffer, 1948); H. K. Mienis, pers. comm.

b =E. hasselquist: Ehrenburg.
¢ Keeled form occurs at varying freq
d Pleistocene fossils.

ies within popul

forms. This supposition has not been tested
experimentally. Selection for flatter shells
in populations that use narrow spaces in
or under rocks as resting sites might also
produce keeled shells, if this selection act-
ed by favoring paedomorphy. Relative
shell height typically increases during on-
togeny (Gould, 1969a; Goodfriend, 1986a),
along with an increase in the angle of the
periphery. In Xeropicta ilanae in the Negev
Desert of Israel, the keeled forms charac-
teristic of drier areas tend to select the un-
derside of small stones as resting sites,
whereas the rounded forms in wetter areas
usually rest on the stems of plants. In Ibe-
rus gualtierianus, keeled forms are associ-
ated with fissured karst limestone, where-
as rounded forms occur on weaker karst
(Alonso et al., 1985). Possibly the micro-
karst limestone which is frequent around
the Mediterranean may provide local mi-
croenvironments that favor flat, keeled
shells.

ions of snails with rounded peripheries.

UMBILICUS

Most juvenile land-snail shells are um-
bilicate. The umbilicus often becomes cov-
ered at shell maturity in species reaching
a final adult size or may close over later
in ontogeny (e.g., Sagda spp.; Goodfriend,
1986a). In forms with narrower umbilici,
the umbilicus is more frequently covered
or closes over. As noted above, there is a
tendency for keeled and/or flat shells to
retain an open umbilicus throughout on-
togeny. In some of these cases, the open
umbilicus may represent one of a suite of
paedomorphic characters. Covering of the
umbilicus in adults also varies indepen-
dently of shell shape within some
species—for example, between subspecies
of Levantina spiriplana in Israel (Heller,
1979) and Cyprus (H. K. Mienis, pers.
comm.). Why umbilicus closure or cover-
ing commonly occuts in mature land snails
is simply unknown. The prevalence of an
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umbilicate shell in juveniles may have an
adaptive explanation. This pattern of
growth produces a tubular central axis
which may serve to increase the resistance
of the shell to crushing.

There is a tendency for umbilical width
to show negative allometry through on-
togeny. Thus, paedomorphs tend to be
more widely umbilicate (Gould, 1969a) and
shells that grow larger have relatively nar-
rower umbilici (e.g., Discus rotundatus;
Boettger, 1929). Among endodontid
species, a smaller relative umbilical width
is associated with larger diameter, more
whorls, and greater relative height (So-
lem, 1976). This pattern may be an expres-
sion of differences among species in the
length of the ontogenetic program ex-
pressed (i.e., smaller species may be pae-
domorphic). Temporal variation in umbil-
ical width was documented by Gould
(1969b, 1970) in some Bermudan land
snails. Wider umbilici were associated with
substrates poorer in carbonate and, except
in one case, were not associated with pae-
domorphic features. The cause of this cor-
relation is unknown. Ontogenetic changes
in umbilical width have a special signifi-
cance in endodontids: in some species, a
brood chamber is formed by expansion of
absolute umbilical width followed by re-
duction during ontogeny (Solem, 1969,
1976). Variation in umbilical width might
also be related to shell balance during lo-
comotion. The retractor muscles, which
hold the shell up, wrap around the colu-
mella of the shell. As umbilical width in-
creases, the point at which the force of the
retractor muscle is exerted is displaced
away from the axis of coiling. Thus, one
might expect umbilical width would re-
late to shell shape and perhaps also the
angle of the substrate on which activity
occurs. No specific predictions can be made
until some understanding of the mechan-
ics of shell-carrying is achieved.

SHELL THICKNESS

A number of laboratory experiments
have shown that thinner shells may be
produced by depriving snails of a calcium-

carbonate source (Oldham, 1929, 1934;
Voelker, 1959; Crowell, 1973; Oosterhoff,
1977). But breeding experiments by Pol-
lard (1975) have shown that among-pop-
ulation variation in shell thickness is in
large part heritable in Helix pomatia.

Not surprisingly, the availability of cal-
cium has been shown to be associated with
thicker shells in a number of cases—var-
ious European helicid species (thicker in
limestone areas; Taylor, 1881; Hoff, 1923;
Agbcsy, 1963), Poecilozonites spp. in Ber-
muda (thicker on calcareous soils; Gould,
1969a), and apparently also Limicolaria
(thicker on calcareous soils; Owen, 1965).
In no case is it known to what degree
these represent genetic versus inductive
differences.

Since water permeability of the shell
decreases with increasing thickness (Geb-
hardt-Dunkel, 1953; Machin, 1967)—al-
though not necessarily linearly (Geb-
hardt-Dunkel, 1953)—and since significant
water loss occurs through the shell in dor-
mant snails (Machin, 1967), it might be ex-
pected that drier areas would have snail
populations or species with thicker shells
(Sacchi, 1971). This expectation is only
weakly supported by available evidence.
Pollard (1975) established a negative cor-
relation between shell thickness and mean
annual rainfall for H. pomatia in England.
C. nemoralis on Belgian dunes also seems
to follow this pattern (DeSmet and Van
Rompu, 1984). Gebhardt-Dunkel (1953)
presented data on shell thickness for four
species and noted that the more xerophi-
lous ones tended to have thicker shells.
But Rensch’s (1932) data on nine helicid
species fail to reveal average differences in
shell thickness between xeric and mesic
species. Bar (1978) reported a negative cor-
relation between shell thickness and rain-
fall in Theba pisana in Israel. But a much
more extensive survey of the same species
by Cowie (1984b), which included the re-
gion studied by Bar, showed no such cor-
relation. Pleurodonte lucerna does have a
thicker shell (relative to shell diameter) in
drier areas (Goodfriend, 1983b). However,
predation is also higher in drier areas and
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might account for the correlation. Also, the
shells are smaller in drier areas, so a neg-
ative allometric relationship between shell
thickness and shell size could also account
for the pattern. In fact, shell thickness does
indeed seem to show such an allometric
pattern in land snails. Within two popu-
lations of Theba pisana, thickness increases
with negative allometry with respect to
linear dimensions of the shell (i.e., larger
shells are relatively thinner; data in Cow-
ie, 1984b). Negative allometry is also seen
in among-populations comparisons in Ce-
paea nemoralis and among-species compar-
isons of helicid species (data in Rensch,
1932). Particularly noteworthy is the lack
of a correlation between shell thickness
and moisture conditions where it would
most likely be expected: Trochoidea simu-
lata (=T. seetzeni; J. Heller, pers. comm.)
inhabits extremely arid to semiarid areas
(50-500 mm mean annual rainfall) in Is-
rael. But the thickest shells occur in areas
with intermediate rainfall and very thin
shells occur in the driest areas (<100 mm
rainfall; Goodfriend, unpubl. data). The
weak relationship between shell thickness
and moisture conditions is surprising in
view of the apparent relationship of shell
thickness to water balance. A more thor-
ough study of the relationships is needed.

Shell thickness might also be expected
to be related to predation but data are
lacking. Selection may favor thicker shells
through two possible mechanisms. If po-
tential predators are able to distinguish
thicker and thinner shells, and if thicker
shells are more costly in terms of the time
or energy required to break them, then
predators may avoid thicker shells and
thus confer a selective advantage to them.
Such a scenario could be assessed by com-
parisons of the shells of predated and liv-
ing snails in the field but would be com-
plicated by seasonal and/or ontogenetic
changes in shell thickness (e.g., Heller,
1982; Cowie, 1984b). If predators are not
able to assess shell thickness, then preda-
tion would still affect shell thickness if
some individuals had sufficiently thick
shells to survive attempted predation

(Vermeij et al., 1981). This is difficult to
assess in the field but is amenable to lab-
oratory studies (e.g., Vermeij [1982] on ma-
rine gastropods).

DIRECTION OF COILING

Most land-snail genera are composed ex-
clusively of dextral (or more rarely, sinis-
tral) species. However, a few genera con-
tain both dextral and sinistral forms. In
such genera, sympatric species may show
opposite directions of coiling. Peake (1973)
found that sympatric Diplommatina species
of similar size always differed in the di-
rection of coiling. Populations of Partula
suturalis Pfeiffer sympatric with one or
more other Partula spp. on Moorea usually
differ from the most closely-related species
in the direction of coiling (Murray and
Clarke, 1980). Coiling direction is known
to be maternally inherited in Partula (Mur-
ray and Clarke, 1966). Differences in di-
rection of coiling may serve as a mecha-
nism of partial reproductive isolation
between species, since it serves as a partial
barrier even within species (Lipton and
Murray, 1979). These coiling differences
between sympatric populations might
represent an initial response to selection
for reproductive isolation when two
species come in contact. Since Partula are
often polymorphic for coiling direction,
the variability on which selection could
act may be present from the time of con-
tact. Over time, other more effective
mechanisms may evolve but the differ-
ences in coiling direction might still be
retained due to fixation of alleles control-
ling coiling.

DISCUSSION AND CONCLUSIONS

Our understanding of variation in the
form of land-snail shells is noticeably
meager compared to other animal groups,
and indeed even to aquatic mollusks.
However, there has been enough work to
show that broad geographic patterns, re-
lating to latitude or climate, are generally
lacking. Thus, there are no overriding en-
vironmental factors to which shell form
responds. Rather, shell form is responsive
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to a variety of environmental factors,
whose relative importance may vary geo-
graphically or among taxa. Shell form may
also relate to a snail’s way of dealing with
the environment (niche).

A recurring problem in the explanation
of land-snail shell form is the interpreta-
tion of the correlation of environmental
factors with sets of covarying morpholog-
ical features. Which characters are adap-
tive and which are nonadaptive corre-
lates?

S. J. Gould, who has treated this ques-
tion in a series of papers on shell form of
land snails (e.g., see Gould, 1969a, 1971a,
1984b), has proposed a “test” of a non-
adaptation involving multivariate mor-
phometric analysis (Gould, 1984b). The
method consists of: (1) identifying sets of
covarying morphometric shell characters
through multivariate analysis; (2) inter-
preting certain sets as developmental
correlates; (3) hypothesizing an adaptive
or environmental (inductive) cause for
variation in one character; and (4) con-
cluding that variation in other correlated
characters is a nonadaptive consequence
of variation in that character. However,
this approach has at least three weakness-
es.

First, by passing off some variation as
nonadaptive, this approach overlooks the
broader, possibly adaptive reasons for the
existence of developmental programs in-
volving character covariation. For exam-
ple, even if changes in relative height
might be a necessary consequence of se-
lection for larger size (through increased
whorl number), the fact that there exists a
developmental pattern in which relative
height increases with size is interesting
and deserving of investigation. Cain
(1981), for example, has suggested an
adaptive significance for shape change
during ontogeny in Cerion, a pattern that
Gould (1984a) accepted simply as a histor-
ical fact. -

Second, covariation among characters
does not prove developmental depen-
dence (acknowledged by Gould, 1984b:
235); this can only be firmly established
by experimental studies. However, com-

parison of within-population and among-
population covariance sets may be helpful
in identifying possible developmental
correlates. Developmentally-correlated
characters should show similar covariance
patterns within and among populations.
For example, if populations differ by a co-
varying set of characters such as whorl
number, diameter, and relative height as
against relative umbilical width (a com-
mon pattern in land snails), then, if these
covary due to a common pattern of ontog-
eny among populations, one should find
the same covariance pattern among indi-
viduals within the populations. In Pleuro-
donte lucerna, relative shell height is
strongly negatively correlated (r = —0.96)
with diameter in among-population compar-
isons, as might be expected if these char-
acters were developmental correlates
(Goodfriend, 1983b). However, within 13
out of 15 populations, relative height and
diameter are independent, thus implying
that the among-population correlation is
not simply developmental. A more rigor-
ous evaluation of developmental relation-
ships among characters can be obtained
through among-population comparison of
plots of shell form characteristics versus
whorl number (from apex to lip; Good-
friend, 1983b). These show the ontogenet-
ic pattern of change in form and provide
a basis for evaluating among-population
homologies and differences in shell on-
togeny. For example, if a population has
more whorls, a larger diameter, and a
greater relative height than another, such
an analysis could reveal whether the pat-
tern of shell ontogeny is the same in both
populations up to the whorl number of
the smaller shells. If so, the larger shells
could be interpreted as simply represent-
ing further growth.

Third, given developmental depen-
dence between characters, the inference of
nonadaptive variation in one character de-
pends on demonstration of the cause of
variation of the other character, whether
due to selection or direct environmental
influence. Where this latter causation is
only hypothetical, then nonadaptive vari-
ation is only hypothetical. For example,
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Gould (1969b) has interpreted paedo-
morphs (flat, thin, widely-umbilicate
shells) as resulting from selection for thin-
ner shells on low-calcium substrates; the
other characters are considered nonadap-
tive developmental correlates. But an ar-
gument could also be made for selection
acting, for example, on relative height,
with flatter shells occurring under the
wetter conditions temporally associated
with low-calcium substrates; thinner shells
could be a consequence of selection for
flatter shells. No conclusion of nonadap-
tive variation in a character can be reached
until the selective regime or environmen-
tal influences are known. It follows then
that further understanding of variation in
shell form must come from the study of
adaptive and/or environmental (induc-
tive) causes; even identification of non-
adaptive variation is dependent on under-
standing of these causes. Nevertheless,
nonadaptive developmentally-correlated
traits very probably exist and may be com-
mon. The difficulty is to demonstrate that
they are nonadaptive.

The shells of land snails are not unique
among gastropods with respect to basic
morphological characteristics such as rel-
ative height (Cain, 1977), translation rate,
angle of elevation of coiling axis, or the
shape of the generating curve (Vermeij,
1971). Nevertheless, anyone familiar with
mollusks can usually distinguish readily
between the shells of terrestrial and aquat-
ic snails. Just what is unique about terres-
trial snail shells has never been character-
ized quantitatively. Some features—such
as apertural denticles, expansion of the lip
of the adult, and a relatively thin shell—
are more common among terrestrial snails,
but none is unique to terrestrial snails; and
even taken together, they do not permit
terrestrial forms to be clearly distin-
guished from aquatic forms. I suspect that
detailed morphometric analysis may show
that terrestrial mollusks are characterized
by distinctive allometric patterns of shell
form ontogeny.

The morphological distinctiveness of
terrestrial snail shells is almost certainly
related to the unique ecological conditions

of terrestrial environments. For example,
in marine environments, predatory crabs
may be important in selecting for thick
shells and thickened lips formed at the end
of growth periods (Zipser and Vermeij,
1978); whereas, in terrestrial environ-
ments, predatory insects may select for
apertural denticles (Solem, 1972). In
aquatic gastropods, aperture form may be
related to respiratory requirements of
water circulation into and out of the man-
tle cavity (Linsley, 1977). Terrestrial
prosobranchs, on the other hand, may
show apertural modifications to permit
respiration during dormancy (e.g., breath-
ing tubes in pomatiasids and cyclophor-
ids, sensu lato [Rees, 1964], or lip notches
in helicinids). Shell balance is certainly a
particular problem for terrestrial snails be-
cause of the great weight of the shell and
enclosed visceral mass (Cain, 1977). But it
is not yet clear what modifications in shell
form may be related to this problem. A
quantitative understanding of the distinc-
tiveness of land-snail shell form relative
to aquatic shell form would probably go a
long way in revealing these balance-relat-
ed shell modifications.
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