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Abstract

Land snails exhibit an extraordinary variety of shell shapes. The way shells are constructed underlies biological and mechanical constraints that
vary across gastropod clades. Here, we quantify shell geometry of the two largest groups, Stylommatophora and Cyclophoroidea, to assess the
potential causes for variation in shell shape and its relative frequency. Based on micro-computed tomography scans, we estimate material effi-
ciency through 2D and 3D generalizations of the isoperimetric ratio, quantifying the ratios between area and perimeter of whorl cross-sections
(2D) and shell volume and surface (3D), respectively. We find that stylommatophorans optimize material usage through whorl overlap, which may
have promoted the diversification of flat-shelled species. Cyclophoroids are bound to a circular cross-section because of their operculum; flat
shells are comparatively rare. Both groups show similar solutions for tall shells, where local geometry has a smaller effect because of the double
overlap between previous and current whorls. Our results suggest that material efficiency is a driving factor in the selection of shell geometry.
Essentially, the evolutionary success of Stylommatophora likely roots in their higher flexibility to produce an economic shell.

Keywords: shell geometry, shell shape, isoperimetric ratio, Cyclophoroidea, Stylommatophora

Introduction

How distantly related groups evolve in response to similar
environmental factors is a fundamental topic of evolutionary
biology (e.g., Hedenstrom et al., 2009; Zhou et al., 2015). A
prime example is the conquest of land by originally marine
animal groups that involves adaptation to an environment
with different gravitational conditions and a higher risk of
desiccation (Little, 1990). Among mollusks, Gastropoda
(snails and slugs) represents the only class that could col-
onize terrestrial habitats. Of the approximately thirty
land invasions documented in the history of Gastropoda
(Vermeij & Watson-Zink, 2022), two clades comprise the
vast majority of the nearly 30,000 known extant terrestrial
species (MolluscaBase, 2023; Rosenberg et al., 2022)—
Cyclophoroidea and Stylommatophora.

These two groups differ markedly in the number of
known species, biology, habitat preference, and distri-
bution. Stylommatophora comprise 22,356 extant spe-
cies (Supplementary Table S1), are hermaphroditic, have

a worldwide distribution, and occur in a great variety of
habitats (Ponder et al., 2020; Schilthuizen et al., 2005).
Cyclophoroidea, in turn, encompass 3,671 species today
(Supplementary Table S1), have a gonochoric mode of repro-
duction, and are mostly restricted to the tropics and sub-
tropics (Ponder et al., 2020; Schilthuizen et al., 2005). In
Stylommatophora, the mantle collar is fused to the snail’s
neck, with only a small hole (pneumostome) serving as a pas-
sage during respiration, while in Cyclophoroidea the entire
pallial surface is exposed to the air, which likely provides
poorer water retention for the animal (Simone, 2022; Solem,
1974).

Besides differences of the soft body, cyclophoroideans and
stylommatophorans differ fundamentally in the way their
shells are constructed during ontogeny. Cyclophoroid shells
have whorls with round cross-sections that touch the previous
whorls only in a single point (or short curve segment; Figure
1A). This is associated with the presence of a usually circular
operculum, a trapdoor-like structure that seals the aperture
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Figure 1. Shell shape distributions for Cyclophoroidea (A) and Stylommatophora (B). Histograms and Kernel density estimates are based on the
expanse angle € (see Materials and methods for details) calculated from measurements of 6,332 species and were scaled to have an equal area in both
groups. Note particularly the different relative abundances of globular shells (expanse angle ~45°) in the two groups. The schematic sketches indicate
the different growth types of Cyclophoroidea and Stylommatophora. Example shell shapes are indicated in gray and are derived from Stanisic et al.
(2010) and Tongkerd et al. (2023). lllustrations in the bottom row show examples for each group, that is, the cyclophoroid /Incidostoma incomptum (G.

B. Sowerby |, 1850) and the stylommatophoran Turcozonites megistus (Rolle, 1894), including uCT scans. The two species have similar expanse angles
(63.43° and 64.00°, respectively; marked by gray arrows below histograms), but differ markedly in their whorl architecture. Scale bars equal 5 mm. See
also Supplementary Figure S3 for subsampling results and Supplementary Table S2 for the underlying data set.

when the snail withdraws its body into the shell (Pall-Gergely
et al., 2016). Stylommatophorans, in contrast, have no oper-
cula and their whorl cross-section consists of open curves,
that is, the previously external surface becomes a part of the
internal wall as the shell is produced (Figure 1B).

A further difference between the two groups is the rela-
tive abundance of shell shape types. The majority of stylom-
matophoran species have flat (low-spired) or tall (high-spired)
shells, while globular shells with close-to-equal diameter and
height are scarce (Cain, 1977; Cowie, 1995; Nekola, 2014;
Pall-Gergely et al., 2023; Figure 1B). This bimodality has
been attributed to mechanical reasons, namely, the difficulties
in balancing a globular shell, making it more favorable to
carry a flat shell or to drag a tall one (Cain, 1977; Okajima
& Chiba, 2009, 2011, 2012). On the contrary, among cyclo-
phoroidean snails, the globular shape is more common than
among stylommatophorans, and flat shells are comparatively
rarer than tall ones (Cain, 1978; Figure 1A).

Previous hypotheses aimed at explaining the differential evo-
lutionary success of Cyclophoroidea and Stylommatophora in
terms of species diversity and distribution range by differences
in the anatomy of the breathing apparatus (Solem, 1974) or
feeding behavior (Cain, 1978), yet without providing con-
vincing support. Here, we take an alternative approach and
hypothesize that different ways of constructing the shell and
the related efficiency of material usage, which are mirrored in
the observed differences in shell shape distribution patterns,

may be a driving force behind the success of Stylommatophora.
We use 3D data sets from computed tomography (CT) scans
of 39 shells covering a large variety of growth forms across
Cyclophoroidea and Stylommatophora to assess the rela-
tionship between growth type and material usage to evaluate
differences in the efficiency of shell construction among the
two groups. We compare both the local (2D) and global (3D)
effectiveness in material usage of the shells to evaluate differ-
ent growth strategies among the two groups.

Materials and methods

Taxon selection

We aimed to cover the morphological, systematic, and geo-
graphic variability of stylommatophoran and cyclophoroidean
shells as broadly as possible. We selected 15 cyclophoroidean
and 24 stylommatophoran shells from a wide range of fam-
ilies (6 in Cyclophoroidea and 16 in Stylommatophora)
and geographical origins (Europe, Americas, Australia, and
Asia). The data set includes shells of variable shapes (flat to
high-spired), umbilical types (narrow to wide), and aper-
ture shapes (rounded to crescent-shaped in stylommato-
phorans). We focused on species with no or only minimal
apertural barriers to avoid any influence on the calculations.
All material is stored in the collection of the Natural History
Museum Vienna and the private collection of the first author
(Supplementary Table S3).
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Figure 2. The isoperimetric ratio /pZD of different closed (A, B) and open curves (C, D). (C) /pzD for a circle with radius r, = 1.25 overlapped by a smaller
circle with radius r, = 1.00. Note that while closed curves produce /p2D <1 (A, B), the isoperimetric ratio of shapes created by overlap (C, D) can

exceed 1.

The shells were imaged using X-ray microcomputed tomog-
raphy (microCT; YXLON FF35 CT, FXE transmission beam,
Y.Panel 4343 CT flat panel detector) at the Natural History
Museum Vienna, Austria. See Supplementary Material for
details.

Quantifying shell morphology

As we pointed out in the Introduction, creating the cyclo-
phoroidean shell requires the production of a circular cross-
section, which entails that subsequent whorls touch only in
a single point or short curve segment at best (Figure 1). The
cross-section of the stylommatophoran shell consists of open
curves, that is, the previously external surface becomes inter-
nal as the shell is gradually produced. Assuming a constant
thickness for the shell, we postulate that surrounding a unit
volume with a smaller surface area is more optimal. This idea
has a long track record in the geometric analysis of gastro-
pod shells (Heath, 1985; Okabe & Yoshimura, 2017; Raup,
1966). However, the cited solutions either use dimensional
parameters, such as the surface-to-volume (or perimeter-
to-area) ratio (Heath, 1985), or uses the aspect ratio of the
bounding box (Raup, 1967) to study the relation between the
volume and the surface area of the shell. Note, that although
the aspect ratio is a dimensionless parameter, it is a poor
shape descriptor in cases, where the surface area and/or vol-
ume is tackled (Domokos et al., 2014). Another study traces
aperture profiles through ontogeny to model gastropod shell

form (Liew & Schilthuizen, 2016), but this approach does
not allow assessing the global geometry and material usage,
respectively. To characterize the volume that is enclosed by
unit surface area, we propose to generalize the widely used
isoperimetric ratio (Blasjo, 2005) in such a way that new
surface area needed to enclose the volume is distinguished
from surfaces already existing at the time of construction.
Using this nondimensional quantity eliminates the size effect
inherent to any dimensional quantity. Moreover, many stud-
ies are based on the assumption of a circular cross-section
and its affine transformations (Okabe & Yoshimura, 2017,
Raup, 1966). Computed tomography scanning makes such
a simplification obsolete; the cross-section can be directly
extracted from the scan and quantified geometrically (Liew
& Schilthuizen, 2016).

In the first step, we quantify the overlap of successive
whorls. When the shell grows, new material is gradually added
to the perimeter of the actual aperture (Okabe & Yoshimura,
2017); hence, vertical cross-sections of the whorls are simple
but powerful descriptors of the spatial shape. The isoperimet-
ric ratio associated with the cross-section of a whorl is defined
as follows. Let T denote a closed, nonintersecting curve rep-
resenting the cross-section. Let ', and T, be subsets of T" such
that T' = I'; UT, (Figure 2). Here, ', indicates the part of the
curve needed to close I, (which already exists at the time of
the production of the actual whorl). The generalized isoperi-
metric quotient is defined as
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Figure 3. Steps of the computational data analysis demonstrated on the data set of Aegista vermis (Reeve, 1852). (A) Raw data of the CT scan. (B)
Mid-surface obtained from the downsampled data. (C) Vertical cross-sections and identified closed curves (colored), starting a quarter whorl behind the
aperture (see Materials and methods for details). (D) Curves T and T, (dark curve) to calculate /?° are identified in the vertical section. (E) The identified
area used for the calculation of the volume element V. The colors are associated with the regions left and right of axis of rotation. In some cases, the
boundary method in Matlab produces a slight offset at the deepest point of the umbilicus (as illustrated), but the resulting deviation of the total volume
is negligible. (F) The same cross-section as in (E) was used to compute the surface area S. Note that the surface associated with the identified black

curves is twice the mid-surface area S used in the computation of /p3D.

P’ 1)
where A is the area enclosed by I' and P, is the length of
the curve segment T',. Note that in case ', was empty, the
formula recovers the isoperimetric quotient for closed curves.
The prefactor 4 in Equation 1 is applied to have I =1 for
a closed circle (Figure 2A). Note that, according to the isope-
rimetric inequality (Bldsjo, 2005), closed shapes other than a
circle have 0 < I , <1 (Figure 2B). However, if we take only a
fragment of the perimeter into account in Equation 1,1 > 1
becomes possible for any shape (Figure 2C and D). In the case
of circular, overlapping cross-sections (as is approximated by
Cyclophoroidea), I, reaches a global optimum in dependence
on the overlap (Supplementary Figure S1).

Similarly to the cross-section, the overall shell can be char-
acterized by the spatial isoperimetric ratio I 3P. Assuming that
the shell encloses a volume that extends until the plane of the
aperture, the spatial isoperimetric ratio reads

\%

3D ._ v

VT s 2)

where V denotes the enclosed volume, and S is the surface
area measured on the mid-surface of the shell. The prefactor
6/ in Equation 2 is applied to have I;” = 1 for a sphere.
Here S contains all surfaces of the shell, regardless of whether
it is considered external or internal. Assuming constant shell
thickness, S reflects the material needed to establish the shell
covering the internal volume V. Note that the I, isoperimetric

quotient in Equation 1 (which will be henceforth denoted as
1,?P to avoid confusion) characterizes the local geometry of
a selected cross-section, while the spatial isoperimetric quo-
tient I’ is associated with the global shell shape. Regarding
geometry, as we have demonstrated above, beneficial cross-
sectional geometry and moderate overlap increase I " and,
consequently, [ *". On the other hand, the whorls” spatial
arrangement also affects the value of I *". As demonstrated in
the appendix (Supplementary Figure S2), whorls closer to the
rotational axis of the shell (i.e., tall shells with narrow or no
umbilicus) need less material because of the higher curvature
of the whorl along its centerline.

Numerical analysis of the CT data

The point clouds of the CT scans (Figure 3A) with tens of
thousand points were downsampled to 5,000-10,000 points
with a uniform sampling of the data set. The global coordi-
nate system was placed manually in such a way that the z-axis
is aligned with the primary, rotational axis of the shell (i.e.,
the columella). (Due to the wide variety of shapes and the
central axis’s ambiguity, we decided on the manual placement
instead of some algorithmic solution to have a meaningful
result.) Next, a local averaging algorithm on point clouds
was employed to determine the mid-surface of the shell,
that is, the surface between the outer and inner shell layers
(Figure 3B). A bias resulting from variability in shell thick-
ness among species is thereby avoided. Altogether, 21 con-
secutive vertical cross-sections containing the global z-axis at
an angular distance of 36° were generated from the 3D data
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set, covering a total of two entire whorls (720°) to account
for variability through (late) ontogeny. The first vertical sec-
tion is placed about a quarter whorl behind the aperture to
avoid a bias from potential apertural inclination, expansion,
or dentition. A path-following technique, implemented in
Matlab v. 9.10.0.1649659 (MathWorks Inc., 2021), detects
the closed curves associated with the whorl geometry inside
the cross-sections (Figure 3C). For each cross-section, the
outer part I', of the identified closed curve I' is automati-
cally predicted and manually corrected if needed to calculate
1,?® (Figure 3D). The code is available at https:/zenodo.org/
records/10533717.

1,’* is computed for the entire shell. Altogether ten cross-
sections with a vertical plane through the shell’s axis of
rotation are produced at an 18° angular distance. For each
slice, the boundary of the shape is identified by the in-built
boundary routine of Matlab (Figure 3E). The V, volume asso-
ciated with slice i is computed by considering the distance of
the infinitesimal volume element from the axis of rotation.
The overall volume V is obtained as the sum of V, for each
computed slice (i = 1...10). Similarly, the length of the inter-
sected shell material is summarized to estimate the surface S
(Equation 2, Figure 3F).

Shell measurements for Stylommatophora and
Cyclophoroidea

Data on shell height and diameter (Figure 1) were gathered
from the literature. Focus was set on comprehensive cata-
logues (e.g., Nekola, 2014; Schileyko, 1998; Stanisic et al.,
2010; Welter-Schultes, 2012) and generally a wide coverage
of taxonomic groups and geographic regions, in order to
capture overall shell shape distributions for the two groups
reliably. Taxa were cross-checked with MolluscaBase for

up-to-date systematic classification and status; subspecies and
synonyms were not considered. In case of taxa with multiple
subspecies, data were for the nominal subspecies. Species for
which only measurements for shells with decollated apex were
available were excluded, and so were species with uncoiled
shells. Species with partly uncoiled last whorl (e.g., species of
Opisthostoma) were only included if measurements for the
regularly coiled part (without tube) were available. The final
data set encompasses 6,332 species (2,460 Cyclophoroidea
and 2,904 species Stylommatophora; Supplementary Table
S2). Following Pall-Gergely et al. (2023), shell shape was
quantified via the expanse angle €, that is, the apex angle of a
right triangle, of which the height and base correspond to shell
height and diameter, respectively. Histograms with Gaussian
Kernel density estimates were created in R v. 4.1.2 (R Core
Team, 2021) with the package ggplot2 v. 3.3.5 (Wickham et
al., 2021). To assess the robustness of the dataset, especially
considering the undersampled stylommatophorans, we car-
ried out a subsampling procedure. For both groups, random
samples with various sampling fractions (0.25, 0.35, 0.45,
0.55,0.65,and 0.75) were taken and Kernel density estimates
were calculated. Each of these steps was repeated 999 times.

Results

We find that Cyclophoroidea and Stylommatophora show
different solutions to build an economic shell. Species with
flat shells (expanse angle € >45°) have on average higher
I %P values for stylommatophorans (1.511 = 0.374) than for
cyclophoroideans (1.278 + 0.128), indicating a more effi-
cient and close-to-optimal local shell geometry for the former
group (Figure 4A, Supplementary Figure S1, Supplementary
Table S3). Two flat-shelled stylommatophoran taxa constitute
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Figure 4. (A) Expanse angle € versus isoperimetric ratio (/DZD), showing the variation of local geometry across different shell shapes. Error bars indicate
standard deviations based on 21 cross-sections across two whorls. Note the differences between tall (¢ < 45°) and flat (e > 45°) shells in terms of
average /pzD and its variability through ontogeny. (B) Expanse angle versus spatial isoperimetric ratio (/p3D), illustrating global material efficiency across
shell shapes. Unlike in (A) /p3D varies distinctly less between tall and flat shells, for both Cyclophoroidea and Stylommatophora.
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outliers with exceptionally high I 2P values, thatis, Calocochlea
coccomelos princeps (Reeve, 1854) (mean I ** = 1.987) and
Acavus haemastoma (Linnaeus, 1758) (mean [ ?° =2.5768).
In terms of material efficiency, these taxa “overshoot” by pro-
ducing shells with too much whorl overlap. For tall shells, in
contrast, average [ *" hardly differs among the two groups
(Figure 4A). Cyclophoroids reach a slightly higher average
IPZD (2.559 = 0.586) than Stylommatophora (2.406 = 0.567),
but the total ranges of values widely overlap (note that the
three taxa with ¢ slightly below 45° are not considered tall
but globular here). Moreover, I ?P varies considerably more
throughout ontogeny than for flat shells (Figure 4A). This
may at least partly be the result of the different ontogenetic
developments of tall and flat shells. For example, juveniles of
flat-shelled snails are always flat, while juveniles of tall forms
can be both tall and flat (e.g., some species of Streptaxidae;
Pall-Gergely et al., 2023; Rowson et al., 2010).

A very different picture is drawn by I°" (Figure 4B).
While there is slightly more variation among flat shells and
Stylommatophora, group means are very similar across
different shell shapes (Cyclophoroidea: 0.595 +0.068;
Stylommatophora: 0.575 + 0.099, Supplementary Table S3).
This outcome suggests that while local geometry may be
more or less beneficial depending on the type of whorl over-
lap, global geometry can be optimized independently through
shell shape. In geometric terms, flat shells attain an ideal
architecture by adjusting local geometry, while tall shells are
already more optimally constructed since they have a reduced
(narrower) umbilicus (or none at all) and thus utilize parts of
the penultimate whorl when building the new whorl.

Discussion

Our results suggest that material efficiency is a driving fac-
tor in the selection of land snail shell geometry. Through
an adaptation of the isoperimetric ratio, a commonly used
parameter in analytic geometry, we show that different paths
to success exist for the two largest clades of land snails, that
is, Cyclophoroidea and Stylommatophora. The spatial isoperi-
metric ratio (I 3P) depends on two factors: the overlap between
subsequent whorls and the distance of the cross-section from
the axis of rotation. An economic shell geometry can therefore
be approached by either having a tall shell with whorls touch-
ing as close as possible (i.e., closed or narrow umbilicus) or an
optimal whorl overlap (i.e., an optimized I *°).

In land snails, optimizing material usage (by maximizing
the value of I *P) underlies both geometric and biological con-
straints, which reflect the fundamental differences between
Cyclophoroidea and Stylommatophora. Cyclophoroidean
snails possess a usually circular operculum, a trapdoor-like
structure that seals the aperture when the snail withdraws its
body into the shell (thus the name, meaning “round-bearing”)
(Egorov, 2009, 2013). This tight sealing mechanism provides
protection against predators and desiccation (Pall-Gergely
et al., 2016; Rees, 1964). Stylommatophoran snails have no
opercula and, thus, have to find alternative ways to avoid
predation and desiccation, such as by minimizing the size of
the aperture or building calcareous apertural barriers, per-
manent or temporary (Barnhard, 1983; Gittenberger, 1996;
Solem, 1972), or pseudoopercula formed by the animal’s foot
(Solem et al., 1984). A potential link between shell geometry
and these, partly very common, strategies is yet to be exam-
ined.

Pall-Gergely et al.

Because of the different geometric constraints,
Cyclophoroidea and Stylommatophora find different solu-
tions to approach an economic shell. Flat stylommatophorans
improve the local geometry and whorl overlap, respectively,
while cyclophoroideans seem more or less bound to a circular
cross-section to fit the operculum (Figure 4A); accordingly,
flat shells are considerably rarer (Cain, 1977, this study;
Figure 1). In contrast, both groups show similarly beneficial
solutions for tall shells, where the whorls are as close as pos-
sible to the axis of rotation (i.e., the columella) and the local
geometry has a smaller effect because of the double overlap
between former and actual whorls.

An intermediate, near-globular shell shape is rarely found in
land snails because it is unfavorable for mechanical reasons.
Studies have shown that a globular shell is difficult to balance
on the soft body (Cain, 1977; Goodfriend, 1986; Okajima
& Chiba, 2012). Despite that restriction, a near-globular
shell is considerably more frequent in Cyclophoroidea than
in Stylommatophora (Cain, 1977; Figure 1). One potential
reason involves an increased mechanical stability of a glob-
ular shell, making it more resistant to crushing by predators
(Okajima & Chiba, 2012; Verhaegen et al., 2019). On the
other hand, a near-globular shell coincides with a narrower
umbilicus and thus a more efficient shell geometry, since
less new material has to be used to build the current whorl
(Supplementary Figure S2). For a cyclophoroid, being a coiled
tube with a circular cross-section, this is virtually the only
way of saving material. Considering the relative abundance of
that shell form in cyclophoroids, it seems likely that building
an economic shell overrules difficulties of balancing a globu-
lar shell in terms of selection pressure. Perhaps also the colu-
mellar muscle system of operculate snails, which extends until
the operculum, allows a wider range of mechanical possibil-
ities compared to stylommatophorans, where the muscle is
mostly restricted to the anterior and middle part of the body
(Ponder et al., 2020: figs 3.51-3.52).

Nonetheless, said mechanical constraint could explain the
general conservatism of shell shapes in systematic groups.
Despite the advantage of having a tall shell, species with high-
spired shells are exceptionally rare in groups typically char-
acterized by flat shells. The gradual evolution from flat to tall
shells and vice versa is probably selected against due to the
unfavorable balance of globular shells. Cases of “crossing the
adaptive valley” (Gittenberger, 2010), that is, abrupt (non-
gradual) shifts from flat to high-spired shells, are known but
too rare to be adaptive (Asami et al., 1998). Examples include
the helicid genus Cylindrus (Cadahia et al., 2013; Zopp et
al., 2017) and the genera Pseudobuliminus, Sinorachis, and
Stenogyropsis in Camaenidae (Chen et al., 2022; Hirano et
al., 2014; Wu et al., 2019).

The trade-off between material efficiency and geomet-
ric and biological constraints is probably the reason for the
observed variability in I ** and I °" across species as well as
for the presence of outliers. Stylommatophora show cases
where the optimal whorl overlap is sacrificed for a narrower
aperture, probably as a function of predation pressure. One
such example is the hygromiid Perforatella bidentata (Gmelin,
1791), which is regularly preyed upon by the gastrodontid
Aegopinella nitidula (Draparnaud, 1805). In addition to
apertural barriers, the species exhibits a narrow whorl cross-
section (Myzyk, 2014).

In case of flat shells, the alternative ways of constructing a
shell of the two groups comes with implications for material
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usage. Assuming constant shell thickness, cyclophoroids
require on average more calcium carbonate than do stylom-
matophorans to build a shell of a given size and shape (com-
pare Figure 4A). Carbonate availability may be a limiting
factor in some places, which may exert an evolutionary dis-
advantage for cyclophoroids. However, little is known about
the relative abundance of cyclophoroids versus stylommato-
phorans with respect to habitat conditions. At least for cer-
tain regions cyclophoroids are known to be more associated
with limestone habitats than Stylommatophora (Schilthuizen
et al., 2005).

Overall, the flexibility of the stylommatophoran archi-
tecture and their potential to navigate between an optimal
relationship of shell shape and whorl overlap, always in depen-
dence of biological and mechanical constraints (e.g., shell
balance, predation, and desiccation avoidance), have made
them the more successful group. Stylommatophora include
today more than six times as many species as Cyclophoroidea
(Supplementary Table S1), have a wider geographic distribu-
tion, and occupy a greater variety of habitats (MolluscaBase,
2023; Solem, 1974). Their flexibility has opened adaptive
pathways that result in various lifestyles, such as carnivo-
rous behavior, shell reduction, and complex apertural struc-
ture, none of which occurs in cyclophoroids (Barker, 2004;
Cameron, 2016; Solem, 1974). Our interpretation of their
evolutionary success is supported by a more or less contin-
uous increase of the relative diversity of stylommatophorans
through Earth history (Supplementary Figure S4). While
cyclophoroids were relatively diverse in the Mesozoic (e.g.,
Balashov, 2021), they were soon outcompeted by stylom-
matophorans (Harzhauser & Neubauer, 2021; MolluscaBase,
2023). In addition, Stylommatophora are the much older
group, dating back to the Late Carboniferous, while the old-
est Cyclophoroidea are of Jurassic age (Neubauer, 2023).

In conclusion, our approach to evaluate and compare
shell geometries from an economic point of view using the
isoperimetric ratio provides new insights on the evolution of
shell types in land snails. We show that Cyclophoroidea and
Stylommatophora have come up with alternative solutions to
construct a shell efficiently, while mechanical and biological
factors constrain the available possibilities for both groups in
different ways. For cyclophoroids, the operculum limits the
whorl cross-section to a circle—economic solutions involve
reducing the umbilicus and/or producing tall shells. The non-
operculate stylommatophorans, in turn, are not bound to a
particular whorl cross-section and can optimize shell material
usage by finding the ideal whorl overlap. In particular, this
allowed them to evolve a higher relative diversity of flat-shelled
species. While previously mentioned differences in breathing
apparatus and feeding (Cain, 1978; Solem, 1974) certainly
play a role, we propose that these fundamental differences in
the ways to construct an efficient shell—and particularly the
higher flexibility of the stylommatophoran shell—explain the
greater evolutionary success of the Stylommatophora.

As representatives of operculate terrestrial snails, we here
only analyzed shells of Cyclophoroidea, which is the largest
monophyletic group of terrestrial Caenogastropoda. Since
the shell shape types and mechanical constraints due to a
circular operculum are similar in the second largest group,
the Littorinoidea (Supplementary Table S1; Cain, 1978), we
expect that our explanation model also applies to that group.
The application of our approach is not limited to terrestrial
taxa but may be expanded towards freshwater and marine

groups, which underlie different geometric and biological
constraints. Future studies may include such constraints in
their mathematical models and moreover consider shell thick-
ness variation across species, the effect of apertural barriers,
as well as habitat conditions such as local availability of cal-
cium carbonate.
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