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Abstract. Cerithiform gastropods possess high-spired shells with small apertures, anterior canals or si-
nuses, and usually one or more spiral rows of tubercles, spines or nodes. This shell morphology occurs
mostly within the superfamily Cerithioidea. Several morphologic characters of cerithiform shells are adap-
tive within five broad functional areas: (1) defence from shell-peeling predators (external sculpture, pre-
adult internal barriers, preadult varices, adult aperture) (2) burrowing and infaunal life (burrowing sculp-
tures, bent and elongated inhalant adult siphon, plough-like adult outer lip, flattened dorsal region of last
whorl), (3) clamping of the aperture onto a solid substrate (broad tangential adult aperture), (4) stabilisa-
tion of the shell when epifaunal (broad adult outer lip and at least three types of swellings located on the
left ventrolateral side of the last whorl in the adult stage), and (5) righting after accidental overturning (pro-
jecting dorsal tubercles or varix on the last or penultimate whorl, in one instance accompanied by hollow
ventral tubercles that are removed by abrasion against the substrate in the adult stage). Most of these char-
acters are made feasible by determinate growth and a countdown ontogenetic programme. These varied
adaptations often have evolved independently among different taxonomic groups of cerithiforms, and mul-
tiple times within the same group.

Key words: Gastropoda, Cerithioidea, cerithiform, functional morphology, ontogeny, evolution, shell, epi-

faunal, infaunal

Introduction

Gastropods are among the most common shell-
bearing invertebrates in shallow-water environments,
but the adaptive features of gastropod shells have not
been studied to the same extent as those of other in-
vertebrates (e.g., the Bivalvia; see discussion in Stan-
ley, 1970; Savazzi, 1989a, 1994a, 1994b, and references
therein). Nonetheless, the literature shows that gastro-
pod shells are amenable to this type of investigation
(e.g., Vermeij, 1971, 1979, 1981, 1993, 2001; Palmer,
1977, 1979; Linsley, 1978; Kohn et al., 1979; Bertness
and Cunningham, 1981; Signor, 1982a, 1982b, 1983,
1994; Savazzi, 1988, 1989a, 1989b, 1991a, 1991b,
1994a, 1994b, 1996, 1999a; Paul, 1991; Donovan et al.,
1999; Kohn, 1999; Savazzi and Sasaki, 2004). Studies
that compare the functional morphology of the shell
within a broad range of gastropods and of functions
are especially infrequent.

The present study aims at surveying the morpho-
logic adaptations of the shell in representatives of the
Cerithioidea, as well as selected taxa in the past in-
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cluded in this superfamily but at present placed in sep-
arate superfamilies. The common features of these
forms are a high-spired, regularly coiled shell with a
small aperture not markedly elongated in the antero-
posterior direction, a well-developed anterior canal,
sinus or notch, and often strong spiral rows of knobs
and tubercles, or axial ridges. Within the Cerithioidea
in a traditional sense (e.g., see Wenz, 1940), this
morphology is characteristic of the Cerithiidae, but is
widespread also among taxa at present placed in the
Procerithiidae, Potamididae, Diastomidae, Cerithiop-
sidae, Campanilidae, Thiaridae, Melanopsidae and
other families.

Rather than restricting this study to the Cerithiidae,
which would exclude at least half of these shell shapes,
or expand it to the Cerithioidea, which would include
a variety of other shell geometries but still leave out
several taxa of potential interest, we prefer to con-
centrate on all taxa possessing the shell geometry
in question, irrespective of their current taxonomic
placement. In the lack of a suitable taxonomic group-
ing, we use the morphologic term cerithiform, by which
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we denote gastropods that are similar in shell shape
to the cerithiid genus Cerithium (see below). We give
this term no taxonomic connotation.

Other families historically or presently included
within the Cerithioidea are substantially different
from cerithiforms in one or more respects. For in-
stance, the Turritellidae and Mathildidae usually lack
a well defined anterior canal and a specialised adult
aperture, are suspension feeders and tend to be seden-
tary or sessile (Alastair, 1938; Yonge, 1946; Morton,
1953; Andrews, 1974; Savazzi, 1996, 1999a, and refer-
ences therein). The Planaxidae are less high-spired
than the large majority of cerithiforms. The Vermeti-
dae and Siliquariidae are sessile and uncoiled or irreg-
ularly coiled (Savazzi, 1996, 1999a, and references
therein). The Architectonicidae possess very short-
spired shells.

The morphologic term turritelliform was used by
Signor (1982a, 1982b, 1982c¢, 1983, 1994; Savazzi et al.,
1982) to denote high-spired gastropods in a broader
sense than our definition of cerithiform and including
representatives of the Cerithiidae, Turritellidae, Tere-
bridae and other families. Therefore, this term is not
suited to the scope of our study.

This paper discusses the morphologic features of the
cerithiform shell within the conceptual framework of
constructional morphology (sensu Seilacher, 1970; see
also Schmidt-Kittler and Vogel, 1991; Seilacher and
Chinzei, 1993; Savazzi, 1999b). Studies of construc-
tional morphology almost invariably profit from the
comparison of taxonomically unrelated but morpho-
logically comparable organisms (cf. Savazzi, 1999b).
Thus, adaptations of the cerithiform shell are com-
pared with morphologically comparable characters
in other taxa. It may be noted that the subject of
the present study is in itself of a comparative nature,
given that our definition of cerithiform shells encom-
passes several families currently placed in a few sepa-
rate superfamilies (see below), which provide the pos-
sibility of comparing the results of independent
evolution.

Material and methods

Field and laboratory observations on living cerithi-
forms were carried out by both authors in Iriomote
Island, Japan, in May 2004. J. Silgeback carried out
observations in Port Hacking, New South Wales, Aus-
tralia, in 2003. E. Savazzi carried out observations in
NE Italy in 1981 and 1987, in Cebu Island and nearby
islands, the Philippines, at several times between 1987
and 1990, near Xiamen, People’s Republic of China,
in 1991 and near Shizuoka, Japan, in 2004. Localities

Downloaded From: https://complete.bioone.org/journals/Paleontological-Research on 13 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use

and environments for each of the observed species
are given in the following section.

The repositories of material studied in collections
are abbreviated as follows in the Figure captions:
UMUT: University Museum, University of Tokyo,
Japan. NSM: National Science Museum, Tokyo, Ja-
pan. NHM: Natural History Museum, London, UK.
SMNH: Swedish Museum of Natural History, Stock-
holm, Sweden. MNHN: Muséum National d’Histoire
Naturelle, Paris, France. Inventory numbers are speci-
fied if available. Repositories of illustrated material
stored at other locations are spelled out in full in the
Figure captions. Material the repository of which is
not indicated is in the possession of the authors.

Taxonomic summary

The following table lists the taxonomic position of
the cerithiform families and genera discussed in the
present paper (with the exception of a few taxa only
mentioned in passing). This taxonomic outline follows
Healy and Wells (1998a, 1998b), with additions for
other taxa (e.g., Houbrick, 1978, 1986, 1992; Kiel, un-
published; Kiel et al., 2000). Our placement of a few
Palacogene genera (e.g., Bezanconia, Bellatara, Serra-
tocerithium) may be questionable. Superfamilies are
not included in this summary. The Triforidae are ceri-
thiform, but we exclude them from this study because
we do not have sufficient data to assess their func-
tional morphology.

Family Cerithiidae, Subfamily Cerithiinae, Genera
Cerithium, Clypeomorus, Colina, Rhinoclavis, Ocheto-
clava, Pseudovertagus, Bezanconia, Bellatara, Gour-
mya, Cerithioclava

Subfamily Bittiinae, Genus Bittium

Family Procerithiidae, Genera Rhabdocolpus, Diati-
nostoma, Cryptaulax, Rhynchocerithium, Exelissa

Family Diastomatidae, Genus Diastoma

Family Batillariidae, Genera Batillaria, Rhinocor-
yne, Pyrazus

Family Potamididae, Genera Potamides, Tympano-
tonus, Cerithideopsilla, Telescopium, Terebralia, Serra-
tocerithium, Vicarya

Family Thiaridae, Genera Faunus, Pseudobellardia

Family Campanilidae, Genera Campanile, Metacer-
ithium

Family Cerithiopsidae, Genus Cerithiopsis

Observations on life habits and behaviour

Cerithium nodulosum (Bruguiere)

Locality. Cebu Island, the Philippines. Environment.
On gravel, coral rubble and stone rubble. Behaviour.
Always epifaunal, preferentially on hard substrates,
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sometimes leaving a trail on gravel, but not truly
ploughing through the sediment.

Cerithium vulgatum (Bruguiere)

Locality. Sea coast in localities along the islands
enclosing the lagoon of Venice, NE Italy, and sur-
rounding areas. Environment. Preferentially found
in artificial intertidal and shallow subtidal rock pools
sheltered from direct waves, less commonly on rock
piers. Behaviour. Always epifaunal on rock surfaces.
Notes. This species is alternatively placed in Cerithium
or Thericium.

Cerithium echinatum Lamarck

Locality. TIriomote Island, Japan. Environment.
Beaches and back-reef, on stones and coral rubble.
Behaviour. Always seen adhering by the foot to a
solid substrate.

Clypeomorus petrosa chemnitziana (Pilsbry)

Locality. TIriomote Island, Japan. Environment.
Sandy sea shore, intertidal on clean coarse foramini-
feran sand. Behaviour. Always epifaunal, slightly
ploughing through the top layer of sediment and leav-
ing a trail.

Clypeomorus irrorata (Gould)

Locality. Iriomote Island, Japan. Environment.
Rocky shores, intertidal on rock surfaces and stone
rubble. Behaviour. This species shows a preference
for solid substrates.

Clypeomorus pellucida (Hambron and Jacquinot)

Locality. Iriomote Island, Japan. Environment.
Tidal flat at river mouth, near mangroves, on muddy
sand. Behaviour. Crawling on the sand surface. The
foot and head move gradually forward to a point
where they begin to project from beneath the shell. Si-
multaneously, the anterior portion of the shell lowers
itself toward the substrate and the ventrolateral varix
(see below) comes to rest on the surface of the sedi-
ment. The shell is subsequently pulled forward and
upward, with the aperture coming to lay directly
above the foot and head. At this point, the shell
touches the sediment only in correspondence of its
central ventral surfaces. The apex remains slightly
lifted from the sediment.

Clypeomorus subbrevicula (Oostingh)

Locality. Iriomote Island, Japan. FEnvironment.
Tidal flat at river mouth, near mangroves, on rock
rubble and muddy sand. Behaviour. Both adhering to
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rock surfaces and crawling on soft sediment at low
tide.

Rhinoclavis vertagus (Bruguiere)

Localities. Iriomote Island, Japan, Bantayan Island,
the Philippines, and several localities along the east-
ern coast of Cebu Island, the Philippines. Environ-
ments. sandy shores, intertidal or shallow subtidal.
The sediment ranges from medium to coarse, clean
biogenic sand. Ecological notes. Most specimens col-
lected in Iriomote Island carried a small anemone at-
tached to the dorsal region of the shell immediately
posterior to the inhalant siphon. A dark patch on the
shell periostracum marks the attachment region of
the anemone, which suggests that the latter spent a
substantial amount of time attached to the same area.
Occasional individuals without anemone, with two
anemones, or with a single anemone on the dorsal
central region of the shell were also observed. Behav-
iour. Most specimens in Bantayan Island, N of
Cebu Island, the Philippines, were ploughing semi-
infaunally and leaving a deep trail. In Iriomote Island,
Japan, this species was almost always infaunal. Adult
specimens (4—6 cm long) plough by periodically drag-
ging the shell forward in “‘steps” of 5—8 mm, while the
foot appears to move forward at a steady rate. Plough-
ing is a behaviour separate from epifaunal creeping,
which takes place with the foot exposed at the surface
of the sediment or slightly buried, and produces a
shallower trail. R. vertagus is capable of both types of
locomotion on the same sediment. Surface creeping is
generally used to cover short distances (from 0.1 to
0.5 m). Unlike creeping, ploughing is usually accom-
panied by continuous probing movements of the pro-
boscis (this term is used herein in a general mor-
phological sense rather than anatomical/phylogenetic,
because Simone (2001) argued that cerithioids do not
possess a true proboscis).

The burrowing process is characterised by several
differences with ploughing:

(1) The foot is buried deeper within the sediment
(10-15 mm below the shell aperture, as observed in
specimens burrowing alongside the aquarium glass).

(2) The head is lifted upward each time the shell
is about to be dragged forward. This forms a cavity in
the sediment ahead of the shell, and allows its move-
ment forward.

(3) Burrowing is much slower than ploughing, and
after an initial phase the shell is completely covered
by sediment, and the organism continues to burrow in
a horizontal direction.

In the laboratory, R. vertagus from Iriomote Island
begins burrowing by extending the foot obliquely
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downward and to the right, anchors it within the sedi-
ment, then pulls the shell downward and rotates it so
that the siphon points upwards. The first 3—4 burrow-
ing sequences (cf. Trueman and Ansell, 1969, Sei-
lacher, 1982) are accompanied by sideways rocking,
which causes the shell apex to move in the left direc-
tion. Afterwards, the shell penetrates forward and
obliquely downward with each sequence, without
rocking. No backslippage was visible at any stage dur-
ing the burrowing process. The burrowing process
from its beginning to the point when the shell is com-
pletely covered with sediment takes 9-16 burrowing
sequences and approximately 6 minutes.

Rhinoclavis sinensis (Gmelin)

Localities. Iriomote Island, Japan, several localities
along the eastern coast of Cebu Island, the Philip-
pines, and Xiamen, People’s Republic of China. Envi-
ronments. Sandy shores, intertidal on clean coarse bio-
genic sand. Behaviour. R. sinensis burrows in a way
comparable to R. vertagus, but without rocking later-
ally. The siphon is held vertical. There is no visible
backslippage during the burrowing process. Unlike in
other species of Rhinoclavis, the dorsal region of adult
R. sinensis often remains exposed, and often is marked
by a patch of partially abraded periostracum and/or
covered by algal filaments. Notes. The behaviour of
this species is not noticeably different among local-
ities, but the coarseness of its sculpture is much
variable.

Rhinoclavis kochi (Philippi)

Localities. Tayud (eastern coast of Cebu Island, the
Philippines) and Ibo (Mactan Island, the Philippines.
Environment. Intertidal banks of clean, coarse bio-
genic sand. Behaviour. Essentially identical to R.
Sinensis.

Rhinoclavis aspera (Linnaeus)

Locality. Iriomote Island, Japan. Environment.
Sandy shores, burrowing in clean coarse sand. Behav-
iour. The burrowing process is comparable to that
of R. sinensis and R. vertagus. There is no observable
rocking or backslipping.

Pseudovertagus aluco (Linnaeus)

Localities. several localities along the eastern coast
of Cebu Island, the Philippines. Environment. Tidal
flats, on clean, very coarse biogenic sand and coral
rubble. Behaviour. P. aluco is typically epifaunal or
semi-infaunal. Often it extends its proboscis and foot
deep into the sediment and expands the foot in a way
that suggests anchoring it within the sediment. How-
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ever, it only ploughs through the sediment in a semi-
infaunal position, rather than burrowing below its sur-
face. It is slower than Rhinoclavis. Living specimens in
the field possess an algal coating on the dorsal and lat-
eral regions of the posterior half of the shell that is ab-
sent on the sides of the anterior half of the shell. This
suggests that the organism typically is semi-infaunal in
the field.

Bittium reticulatum (Da Costa)

Locality. NE Italy, near the southern tip of the Ven-
ice Lagoon, Italy. Environment. intertidal and shallow
subtidal on fine sand in a large, slightly brackish la-
goon (see Savazzi, 1989a). Behaviour. Bittium reticula-
tum burrows inclined 10-15° forward, rocking the shell
about its coiling axis. No backslipping was observed.
Burrowing takes 10-15 minutes and 20-30 burrowing
sequences or more. Surface locomotion is by periodic
dragging of the shell, without rocking.

Batillaria zonalis (Bruguiere)

Locality. Iriomote Island, Japan. Environment.
Estuarine intertidal flats near mangrove swamps, on
muddy sand. Behaviour. At low tide, it congregates in
large clusters on the surface of the sediment, often
near the edge of the water or of tidal pools.

Batillaria multiformis (Lischke)

Locality. Hamana Lake, Shizuoka Prefecture,
Japan. Environment. brackish water, intertidal on
muddy sand along the sides of channels. Behaviour.
B. multiformis is shallowly buried in sand at high tide,
and emerges to feed when the bottom is exposed sub-
aerially at low tide. It drags the shell on the surface of
the sand, leaving a shallow, irregularly meandering
track. It tends to congregate in clusters of tens to hun-
dreds of individuals not far from the water line.

Pyrazus ebeninus (Bruguiere)

Locality. Port Hacking, New South Wales, Austra-
lia. Environment. Tidal flat near mangroves, on
muddy sand. Behaviour. Moving on the surface of the
sediment at low tide, leaving a trail behind the shell.

Cerithideopsilla cingulata (Gmelin)

Localities. Iriomote Island, Japan, and Xiamen,
People’s Republic of China. Environments. Upper
portion of tidal flats near mangrove swamps in Irio-
mote Island, on coarse muddy sand, and upper portion
of tidal flats in a lagoon delimited by landfills near
Xiamen, on muddy silt and muddy sand. Behaviour.
Epifaunal on soft sediments at low tide.
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Telescopium telescopium (Linnaeus)

Locality. Consolacion, Cebu Island, the Philippines.
Environment. Intertidal mud flats near mangrove
roots, as well as in localities in which mangroves were
present until cleared out artificially in the recent past.
Behaviour. Epifaunal in the field, leaving a deep trail
on soft sediment. 7. telescopium is capable of climbing
aquarium walls. However, in tanks it was observed to
spend most of the time on native sediment, with its
foot shallowly buried, either immobile or ploughing
semi-infaunally. Small individuals (25-35 mm) plough
with the dorsal regions of the shell horizontal and
level with the surrounding sediments, and most of
their shell surfaces are covered by sediment. Interme-
diate specimens are buried to about half of the diame-
ter of the last whorl, while the largest observed indi-
viduals (50-60 mm) lie mostly above the surface of
the sediment. Ploughing is much slower than burrow-
ing in Rhinoclavis (see above), and often alternates
with immobility.

Terebralia palustris (Linnaeus)

Locality. Iriomote Island, Japan. Environment. Be-
tween the roots of mangroves and at the edge of man-
grove thickets, occasionally on tidal flats near man-
groves. Behaviour. It occurs in large numbers in the
thickest portions of the vegetation. At low tide it lays
immobile and exposed to the air in the shadow. Dur-
ing surface locomotion, it gradually extends the foot
and head in the forward direction, approximately to a
point directly below the anterior siphon, and at this
point pulls the shell forward and upward with a rapid

movement. The apex and posterior region of the shell
are not lifted and glide on the surface of the substrate,
contributing to the formation of a rather deep furrow.
During locomotion, 7. palustris performs side-to side
flexing of the proboscis, which suggests sensory
probing.

Terebralia sulcata (Born)

Locality. Cebu Island, the Philippines. Environment.
Brackish water, on stones and mangrove roots. Behav-
iour. This species prefers solid substrates. When
placed in tanks with sand or muddy sand at the
bottom, it moved quickly to the walls or other solid
objects, and was never observed to abandon them
afterwards.

Observations on shell morphology

Traces of predation

Several live-collected individuals of Rhinoclavis dis-
play evident repaired damage by peeling crabs (Fig-
ures 1A-E). A few species of the brachyuran crab
Calappa were observed in the collection localities in
the Philippines, and are a likely candidate as the ori-
gin of this damage. Calappa often probes the sediment
with the tip of its chelae (E. Savazzi, pers. obs.), so this
type of damage can be expected in both epifaunal and
shallow-infaunal gastropods. Essentially identical sub-
lethal damage is common in small to medium-sized
cerithiforms since the Eocene (Figures 1F-G).

Naticid boreholes are frequent in empty shells of
Recent Rhinoclavis (Figure 1H). This agrees well with

Figure 1. Traces of predation. Sublethal (A-G; E was alive when collected) damage by peeling crabs, and probably lethal damage by
naticid gastropods (H-I). A-B. Rhinoclavis vertagus, Recent, Iriomote Island, Japan. C. Rhinoclavis sinensis, Recent, Iriomote Island, Ja-
pan. D-E, H. R. kochi, Recent, Tayud, Cebu Island, the Philippines. Arrow indicates the internal barrier. F-G. Diastoma costellatum,
Middle Eocene, Grignon, Paris Basin, France (NHM 32070-1). I. Semivertagus striatus, Middle Eocene, Chambors, Paris Basin, France

(NHM 3251). Scale bars represent 10 mm.
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its infaunal habits described above. The Recent Cer-
ithium salebrosum and C. tenellum are infaunal in soft
sediments and are often bored by naticids (Houbrick,
1992). Naticid boreholes are also frequent in a few
cerithiforms from the Eocene of the Paris Basin. In
particular, Semivertagus shells frequently displays na-
ticid boreholes (Figure 11).

General shell morphology

Cerithiform shells are medium- to high-spired, with
an anterior siphon or notch. The aperture is round
to slightly elongated antero-posteriorly. The external
sculpture ranges from essentially smooth to coarse
knobs, ridges and tubercles. A spiral component of
the sculpture is very frequent, and consists of promi-
nent lines and/or ridges, often changing in strength
among adjacent ridges. Frequently, there is also a
periodic component to the sculptures, consisting of
knobs and/or axial or collabral ridges. Often, one of
the posteriormost spiral ridges or lines of tubercles
(i.e., located in proximity of the suture) and/or one or

more spiral lines located at the anterior shoulder of
the whorl (i.e., in correspondence to the suture of the
following whorl) are especially well developed.

Typically, spiral threads uninterrupted by beads
or tubercles, like those of turritellids, are absent. The
largest cerithiforms tend to possess a single row of
rounded knobs or axial or oblique folds, rather than
multiple sets of spiral features. A few completely or
largely smooth cerithiforms also occur, especially
among large species.

The sculpture of cerithiform shells (especially in the
Cerithiidae, Potamididae and Batillariidae) often dis-
plays an extreme amount of intraspecific variability,
which has complicated taxonomic studies (e.g., see
Houbrick, 1978, 1981).

Cerithiidae

Cerithium (Figure 2) and Clypeomorus (Figure 3)
possess anterior siphons straight or slightly bent dor-
sally, and often strong nodes, tubercles or ribs. The
adult outer lip is usually flared and thickened, and

Figure 2. Recent Cerithium. Arrows indicate the ventrolateral swelling or varix. A-F. C. nodulosum, Indo-Pacific (UMUT). Adult
(A-D) and subadult (E-F). G-H. C. rostratum, Mactan Island, the Philippines. I-K. C. vulgatum, sea-side coast of lagoon islands, Venice,
Italy. L-M. Cerithium munitum, Mactan Island, the Philippines. N-S. C. echinatum, Iriomote Island, Japan. Adult (N-P) and subadults
(Q-S). T-U. C. adustum, Gulf of California, Mexico (NRM). Scale bars represent 10 mm.
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Figure 3. Recent Clypeomorus, Iriomote Island, Japan. Arrows indicate the ventrolateral swelling or varix. A-D. C. bifasciata. E-G.
C. brevis. H-J. C. petrosa. K-M. C. subbrevicula. N-Q. C. pellucida. Scale bars represent 10 mm.

the aperture orthocline to opisthocline. This general
morphology is found also in other taxa, e.g., Colina
(Figure 4) (which, however, is much smaller).

Several representatives of all three genera possess a
varix or swelling (hereby referred to as ventrolateral)

iy

b

Figure 4. A. Colina sp., Eocene, Cava Albanello, Vicenza,
Italy (Cracco private collection, Vicenza, Italy). Arrow indicates
the ventrolateral swelling. B-D. C. macrostoma, Recent, Indo-
Pacific (UMUT). Scale bars represent 10 mm.
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on the left side of the ventral region of the last whorl
(arrows in Figures 2—4). Recent species of Clypeomo-
rus differ widely in the position of the penultimate
varix with respect to the adult aperture (which consti-
tutes the last varix):

C. admirabilis, C. bifasciata (Figures 3A-D), C. bre-
vis (Figures 3E-G): almost ventrolateral (about 180°
around the last whorl from the aperture), but slightly
lifted from the substrate.

C. batillariaeformis, C. petrosa (Figures 3H-J),
C. purpurastoma, C. nympha: dorsolateral (less than
180° but substantially more than 90°).

C. adunca, C. irrorata, C. subbrevicula (Figures 3K-
M), C. verbeeki: ventrolateral (approximately 240°).

C. inflata, C. pellucida (Figures 3N-Q): dorsal
(approximately 90-100°) and accompanied by an ad-
ditional varix or swelling in a ventrolateral position.

Rhinoclavis (Figure 5) generally is smoother than
Cerithium and related taxa, or has asymmetrical ridges
or tubercles with steeper faces directed toward the
shell apex. The aperture is orthocline to prosocline,
with an adult siphon markedly bent in an (anatomi-
cally) oblique dorsolateral direction (Figures 5SA-B,
F-H, J, L, O, Q-T). The anterior canal of juveniles is
much shorter and straighter (Figures SD-E, M, P).
The last whorl often has a reduced diameter (espe-
cially on the dorsal side), which gives a pupiform as-
pect to the shell.



240 Jenny Silgeback and Enrico Savazzi

Figure 5. Recent Rhinoclavis. Arrows indicate the ventrolateral varix or swelling. A—H. R. vertagus, Iriomote Island, Japan. Living
individual on the surface of the sediment (A) and burrowing (B), detail of symbiotic actinian (C), subadult (D-E) and adult (F-H) shells.
I-M. R. sinensis, Recent, Iriomote Island, Japan. Adult (I-L) and subadult (M) shells. N-P. R. aspera, Iriomote Island, Japan. Adult (N-
0O) and subadult (P) shells. Q-T. R. fasciata, the Philippines. Scale bars represent 10 mm.

The aperture plane of Rhinoclavis is not perpendic-
ular to the anterior canal. Since the latter is held verti-
cal in infaunal individuals, the aperture plane forms an
angle of up to 45° to the surface of the sediment. This
is especially evident in R. vertagus and R. fasciata (Fig-
ures SF—-H, Q-T). During ploughing and burrowing,
the outer shell lip functions like the blade of a plough,
and shelters the visceral sac and the upper portion of
the foot stalk from direct contact with the sediment.
When Rhinoclavis is epifaunal, it keeps the aperture
plane roughly parallel to the sediment surface, and
therefore the siphon points obliquely sideways.

The Palaecogene Semivertagus (Figure 6) is com-
parable in general morphology to Rhinoclavis. The
adult siphon in Semivertagus is shorter than in Rhino-
clavis, but is bent to the same degree and in the same

direction. . Lo . Figure 6. Semivertagus striatus, Middle Eocene, Paris Ba-
Pseudovertagus (Figures 7A-J), Cerithioclava (Fig- sin, France (NHM). Adult (A-C) and subadult (D). Scale bars
ures 7K-M), Bezanconia (Figures 7N-P) and Bella- represent 10 mm.
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Figure 7. Cerithiidae. Arrows indicate the ventrolateral varix or swelling. A-C, Q. Pseudovertagus aluco, Recent, Tayud, Cebu Is-
land, the Philippines. D-E, R. P. varicosum, Pliocene, Castell’Arquato, Italy. F-G, S-T. P. nobilis, Cebu Island, the Philippines. H-J, U.
P. clava, Tahiti, French Polynesia (NSM). K-M, V. Cerithioclava caloosaensis, Pliocene, Florida, USA (NHM). N-P. Bezanconia spirata,

Paris Basin, France (NHM). Scale bars represent 10 mm.

tara (Figures 8A-H) display general affinities with
Rhinoclavis and Semivertagus, but differ in the orien-
tation of the aperture (almost tangential) and the si-
phon (long and oblique, but to a lesser extent than
Rhinoclavis). Also in these genera the juvenile siphon
is much shorter and straighter than in the adult. Re-
cent Pseudovertagus (Figures 7A—C) displays a behav-
iour and a distribution of epibionts (see above) consis-
tent with facultative semi-infaunal burrowing, but is
not constantly infaunal.

The Pliocene P. varicosum has a rather smooth
shell and an unusually long siphon, which is not bent
obliquely dorsally but sideways (Figures 7D-E). Pa-
laecogene Bezanconia (Figures 7N-P) is comparable
with Pseudovertagus, but differs mainly in its smooth
and thicker shell, a deep sutural furrow and a shorter
and less curved anterior canal.

Rhinoclavis possess a columellar fold, albeit not very
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distinct. The species of Cerithium, Clypeomorus, Col-
ina and Pseudovertagus we inspected have none.

Palaeogene cerithiids display a broader range of
sculpture than subsequent forms. In addition to the
spiral rows of knobs, tubercles and beads displayed
by most Neogene to recent taxa, Eocene species dis-
play also sharp denticulated carinae (e.g., Serratocer-
ithium serratum, Figures 8I-J), axially or obliquely
elongated nodes (e.g., Tenuicerithium fragile), essen-
tially smooth forms except for one or few spiral fur-
rows (e.g., Bezanconia spirata; Figures 7N-P) or
broad rounded knobs on part of the shell (e.g., Bella-
tara palaeochroma, Figures 8A—H). Ptychocerithium is
characterised by a few very strong smooth spiral lines
on the basis (Figure 9A). A reticulate sculpture is also
observed (e.g., Orthochetus).

The tubercles on the penultimate whorl of Bellatara
(Figures 8A—H) are unique in that the earlier ones in
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Figure 8. Cerithiidae. Thicker arrows indicate the ventrolateral swelling. A—H. Bellatara palaeochroma, Eocene, Monte Postale, It-
aly (NHM). Inset in (A) shows an enlargement of one of the cratered tubercles. I-J. Serratocerithium serratum, Middle Eocene, Paris Ba-

sin. Scale bars represent 10 mm.

ontogeny, which are smaller in size and located ven-
trally in the adult, have a crater-like appearance, with
an oval or eye-shaped thin rim and a hollow center
(Figures 8A-B). An examination of the growth lines
on the shell surface shows no trace of a closed seleni-
zone in the region between adjacent craters. Unfortu-
nately, no material was available to prepare sections.

Typically, the larger tubercles on the dorsal surface
of the penultimate whorl of Bellatara are large, appar-
ently not hollow, and do not display craters (Figures
8B-D). However, rare specimens display craters also
in this region. Conversely, in exceptional individuals,
the tubercles are large and lack craters also on the
ventral region of the penultimate whorl (Figure 8G).

Bellatara possesses a sideways-elongated ventrolat-
eral tubercle (thicker arrows in Figure 8) in a position
roughly corresponding to the ventrolateral varix or
swelling of other cerithiids.

In a number of cerithiid species scattered among
several genera, the adult aperture is elongated in the
posterior direction, and this region is set off from the
main (i.e., pedal) region by a constriction in the outer
shell lip and a facing tubercle on the inner lip (e.g.,
Figures 2A, I, T-U; Figures 3F-I; Figures 5I, R;
Figure 6A; Figures 7F-I, K-M). The elongation of
the aperture always develops in proximity of the adult
aperture, and is a part of determinate growth. Species
of Cerithium (Figures 2T-U) and Cerithioclava (Fig-
ures 7K-M) are the most extreme examples of this
character.

Campanilidae

The shell consists of a large number of whorls and
typically is high-spired (Figures 9B-J). The aperture
is opisthocline, with a marked notch near its posterior
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extremity (Figure 9F, and growth lines in Figure 9J)
and usually a flared and thickened adult outer lip.
The basis of the shell is relatively flat. These charac-
ters result in a round or subrectangular aperture,
proportionally shorter antero-posteriorly than in the
Cerithiidae. The anterior canal is short but well differ-
entiated.

The external surface typically bears a prominent
sculpture of spiral threads and/or knobs (Figures 9B,
D, I, J). A gradual ontogenetic change in sculpture is
often observed, especially in large species, with spiral
threads (Figure 9D) disappearing except for the most
adapical one, which changes into a row of large knobs
(Figures 9B, I-J).

The subadult shell surface of the Eocene Campanile
cornucopiae bears a fine sculpture pattern which is
spiral near the suture, but apparently growth-
unconformable between large knobs (Figures 9H-I;
see also Wrigley, 1940).

The internal shell surface in most species of Campa-
nile carries two well-developed columellar folds that
appear a short distance within the aperture (Figure
9C). In C. giganteum, fine spiral threads are observed
inside the early whorls. A substantial portion of the
early whorls is secondarily thickened and sealed off
by septa. Because of this, internal moulds of large
campanilids are substantially shorter than the original
shells (e.g., Figure 9E), and their apices are rounded
into an unusually large (up to 20 mm in diameter)
“protoconch”-like hemisphere (which corresponds
to the adoral surface of the last septum). Cretaceous
campanilids have one to three columellar folds, which
often decrease in number or disappear during growth
(Kiel, unpublished; Kiel et al., 2000). The Cretaceous
Metacerithium is distinguished by a strong external
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Figure 9. Cerithiidae (A) and Campanilidae (B-J). A. Ptychocerithium lamellosum, Middle Eocene, Paris Basin, France. B-C. Cam-
panile giganteum (Lamarck), Middle Eocene, Paris Basin, France (NHM G73778). D. Campanile cf. giganteum (Lamarck), Cotentin,
France, Middle Eocene (NHM G58560). E. Mould of Campanile sp., Easington, St. David’s, Jamaica, Eocene (Yellow Limestone),
(NHM 36459). F-G. Campanile symbolicum Tate, Rottnest Island, SW Australia, NSM. H-1. Campanile cornucopiae (Sowerby), Upper
Eocene, Stubbington, UK (NHM C66400). J. Campanile sp., Portland, Jamaica, Tertiary (NHM G10990). Scale bars represent 10 mm (A,

D, H,J) or 100 mm (B-C, E-G, I).

basal keel with denticles or tubercles, and no columel-
lar folds (Kiel, unpublished; Kiel et al., 2000).

Moulds of an Eocene species (Figure 9E) possess
numerous internal knobs as well as spiral ridges. The
knobs are arranged in sets of internal barriers, each
consisting of several teeth projecting inward from the
periphery of the whorl. They show a complex ontoge-
netic pattern, with the number of knobs in each bar-
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rier increasing during growth, their height decreasing,
and the corresponding knobs on successive barriers
gradually merging together to form spiral ridges.
Campanile symbolicum (Figures 9F-G), the only
Recent species of this genus, has an essentially smooth
shell, no columellar folds (Houbrick, 1981, 1984) and
(at least in the material we were able to observe) no
visibly specialised adult aperture. However, the sculp-
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Figure 10. Living Terebralia palustris, Recent, Iriomote Island, Japan. Adults clustering among mangrove roots (A), subadults on
coral rubble (B), adults crawling on muddy sand (C, D), track left by a buried individual emerging from the sediment (E), and complete
track (F) from emergence from the sediment (bottom arrow) to the current epifaunal position of the individual (top arrow).

ture of its early teleoconch is comparable to that of
fossil representatives (Wrigley, 1940), and its shell ge-
ometry (in particular the shape and inclination of the
aperture) fully agrees with that of other campanilids.
The literature (e.g., Houbrick, 1984) mentions that a
slight change in the profile of the whorl (which possi-
bly refers to the increase in sutural concavity visible in
Figures 9F-G) occurs in the last couple of whorls in
adult specimens, which suggests a determinate growth
pattern.

Species of Campanile from the European and
Caribbean Eocene are among the largest gastropods,
with shell lengths reaching 90-100 cm (e.g., Jung,
1987).

Diastomatidae
The shell of Diastoma (Figures 1F-G) lacks a true
anterior canal, and instead has an indistinct notch at
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the basis of the columella. Its sculpture is typically spi-
ral or reticulated.

Potamididae and Batillariidae

The aperture of the Potamididae (Figures 10-12) is
rounder than that of the Cerithiidae, and the anterior
canal shorter, but well differentiated.

Terebralia (Figures 10, 11A-M) possesses a set of
very narrow and deep spiral furrows on the outer sur-
face. The sides of the furrows are in contact with each
other near the top of the furrow, leaving a cavity in
their innermost portion. In unthickened shells, the fur-
rows correspond to rounded ridges on the interior of
the aperture. Secondary thickening gradually smooth-
ens out the inner surface, but the furrows still extend
through most of the shell thickness.

In Terebralia palustris, (Figures 10, 11A-I) the inte-
rior shell surface always possesses an internal barrier
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Figure 11. Recent Potamididae. Short arrows indicate the ventrolateral swelling or varix. A-IL. Terebralia palustris, Recent, Iriomote
Island, Japan. Adult morphs from the same population (A—C, I), subadult (D), tangential sections through adult (E) and subadult (F)
showing internal barriers (long arrows), transversal sections of one adult showing internal barriers (arrows in G-H). J-M. T. sulcata,
Tayud, Cebu Island, the Philippines (J-L) and Moluccas (M, UMUT). N-P. Cerithideopsilla cingulata, Iriomote Island, Japan. Scale bars

represent 10 mm.

in correspondence of the ventrolateral swelling (Fig-
ures 11F, H). The barrier consists of a row of teeth
projecting from the outer and posterior regions of
the whorl and arranged approximately parallel to the
swelling and to the growth lines on the shell surface.
This is not an apertural barrier, because it is never ob-
served at the aperture of subadult individuals. Instead,
it is a secondary feature and accretes gradually within
the ventrolateral swelling.

Most specimens of 7. palustris also display a
variable number of internal barriers at earlier growth
stages (Figures 11E-G). Each of these barriers is
placed within a slight swelling of the outer shell lip,
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which is secondarily thickened into a varix. The
number and spacing of these barriers are extremely
variable.

T. sulcata (Figures 11J-M) differs from other spe-
cies discussed herein for its tangential aperture well
suited to clamping. In addition, the anterior region of
the outer lip wraps around the siphon, completely sur-
rounding and protecting it except at the tip (Figures
11J, L, M). The epifaunal life habits of this species on
mangrove roots (see above) are unusual among the
Potamididae.

Cerithideopsilla (Figures 11N-P) is smaller than
Terebralia and has a proportionally more flared aper-
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Figure 12. Batillariidae (A-D, I-P) and Potamididae (E-H). A-B, M. Pyrazus ebeninus, Recent, Australia (UMUT). C-D. Pyrazus
cochlear, Oligocene, Castelgomberto, Italy (MNHN). E. Potamides cf. lapidum, Middle Eocene, Grignon, Paris Basin (NHM). F. P. angu-
losus, Eocene, Paris Basin, France (NHM). G-H. P. tricarinatus, Eocene, Paris Basin, France. Typical morph (G) and a morph with ex-
tremely developed peripheral spines and basal thread but otherwise smooth (H) (G: NHM). I, L. Pyrazus angulatus, Middle Eocene, Dam-
ery, Marne, France (I) and Upper Bracklesham Beds, Brook, UK (L) (NHM). J, N. P. heptagonum, Middle Eocene, Ronc4, Italy (J) and
Paris basin, France (N: NHM). K. P. pentagonatus, Middle Eocene, Ronca, Italy. O-P. P. hexagonum, Cuisian, Eocene, Gan, France

(NHM G82647-9). Scale bars represent 10 mm.

ture, but is otherwise comparable in morphology to 7.
palustris and other soft-bottom potamidids.

Telescopium possesses two columellar folds, and
one is present near the aperture of Terebralia palust-
ris. In this species, a second fold is gradually built on
the posterior side of the whorl (rather than on the col-
umella) over the span up to one whorl (Figures 11E—
F). Telescopium seems to lack a specialized adult
aperture.

Several potamidids possess a ventrolateral varix
(short arrows in Figures 11-12). In Recent genera,
shell sculpture often consists of either spiral furrows
or spiral rows of rounded beads. Tertiary taxa were
very varied (e.g., Figures 12C-P; see also Cossmann,
1906), and additionally display rounded oblique ridges
reminiscent of Eocene Campanilidae (e.g., in Pliocene
Terebralia scalata) or sets of prominent, smooth spiral
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keels (e.g., in Oligocene Tympanotonos trochlearis). A
single thread may develop into a row of spines on the
shoulder (e.g., several Palacogene Tympanotonos), or
a crenellated carina (e.g., the Eocene Potamides angu-
losus). A few Palaeogene Pyrazus possess strong axial
varices that are juxtaposed among adjacent whorls
(Figures 12I-L, N-P). A recurrent theme, especially
in the Tertiary, is the presence of a peripheral or su-
tural row of large knobs (Figures 12A-D, F, 13A-D,
14A-D). This parallels the sculpture of the Campani-
lidae (see above).

In Rhinocoryne, a ventrolateral swelling (arrows in
Figures 14A-D) is located anteriorly to the peripheral
row of tubercles, which continues uninterrupted past
the swelling. The latter is a primary feature bearing
the same fine sculpture as the surrounding regions,
not a secondary apertural callus.
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Figure 13. Potamididae. A. Tympanotonos fuscatus, Re-
cent, West Africa (UMUT). B-C. T. submargaritaceus, Miocene,
Kleinkarben, Mainz Basin, Germany (NHM G22617). D. Vic-
arya yokoyamai, Early Miocene, Mizunami City, Gifu Prefec-
ture, Japan (Mizunami Fossil Museum, Mizunami, Japan). Scale
bars represent 10 mm.

Batillariidae

The shell aperture (Figures 14E-H) is typically
oval and elongated in the antero-posterior direction,
slightly opisthocline and with an anterior notch and a
small sinus or inflection of the outer lip. Sculpture is
variable. This family does not display evident evolu-
tionary trends, and Eocene species of Batillaria (e.g.,
B. pleurotomoides) are similar to Recent ones.

Thiaridae sensu lato

This section includes with the Thiaridae also genera,
like Brotia, assigned to other families in recent litera-
ture (e.g., see Kohler and Glaubrecht, 2003, and refer-
ences therein). Most Thiaridae s./. are not cerithiform.
In particular, their aperture often is proportionally
much larger and higher, and the pleural angle is
higher. However, a few taxa have secondarily evolved
a cerithiform shell morphology, albeit lacking a true
anterior canal. These include species of Pachychi-
lus, Doryssa, Brotia, Melanotria, Glauconia and Mela-
noides (Figures 141-J). Several of these forms are dif-
ficult to distinguish from Batillariidae. The Recent
Faunus ater (Figures 15A-B) and a few fossil species

Figure 14. Potamididae (A-D), Batillariidae (E-H) and Thiaridae (I-J). A-D. Rhinocoryne humboldti, Recent, Costa Rica (Na-
tional Museum, Tokyo). Arrows indicate the ventrolateral swelling. E-H. Batillaria multiformis, Hamana Lake, Shizuoka Prefecture, Ja-
pan. I-J. Melanoides inquinata, Eocene, Eparnay, France (NHM32052-4). Scale bars represent 10 mm.
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Figure 15. Thiaridae. A-B. Faunus ater, Recent, Cebu Island, the Philippines. C. F. rigidus, Upper Eocene, Highcliff, Hants, UK
(NHM 72059A). D. F. auriculatus, Middle Eocene, Ronca, Italy (NHM). E-F. Pseudobellardia gomphoceras, Eocene, Monte Postale, Italy

(NHM). Scale bars represent 10 mm.

of Faunus (Figure 15C) are smooth, but the Eocene F.
auriculatus (Figure 15D) possesses both axial (in the
juvenile) and spiral ridges and knobs, and is more typ-
ically cerithiform than the former species. F. auricula-
tus often is placed in the genus or subgenus Pseudo-
bellardia. However, Palacogene species traditionally
referred to Pseudobellardia include also large, smooth
Thiaridae (e.g., Figures 15E-F).

A rounded anterior notch and an additional notch
of the outer lip are constant features in this family,
but the development of the notch on the outer lip
ranges from barely noticeable (Figures 141-J) to very
obvious (Figure 15C), and its placement from sutural
(Figures 15A-B) or subsutural (Figure 15C) to more
anterior (Figures 141-J).

Pachymelania is probably unique among Recent
Thiaridae in possessing a spiral row of very large tu-
bercles. In this respect, it parallels the most heavily
sculptured Cerithiidae and Potamididae.

Procerithiidae

Shell morphology in this family (Figure 16) is rather
difficult to categorize. It contains taxa superficially
similar to Cerithium and Pseudovertagus, as well as
taxa closely reminiscent of Pyrazus and Terebralia
(Figures 16A-D). Some procerithiids also display
smooth shells or numerous, weak and smooth spiral
lines (Figure 16E), which remind one of the Loxo-
nematidae. Although several procerithiids display a
determinate growth, a differentiated adult aperture is
not always visible. Nonetheless, examples like Figure
16A are remarkably “modern” in appearance, and
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morphologically closer to the Potamididae than Ceri-
thiidae. In fact, some of these taxa could prove to be
early potamidids.

Discussion

Life habits and ecology

Recent cerithiforms are primarily grazers or detritus
feeders (Morton, 1967, and therein), mobile, largely
marine in shallow water (especially the Cerithiidae),
or brackish-water forms (Batillariidae, Potamididae).
They are often the most common molluscs in salt
marshes and mangrove swamps (Healy and Wells,
1998a, and therein). Many representatives are inter-
tidal or shallow-subtidal. A few (e.g., Melanopsidae)
are freshwater forms.

The Potamididae are amphibious (Morton, 1967).
Telescopium, Pyrazus, Terebralia and a few species of
Potamides can be considered semi-terrestrial. These
genera have replaced the gill with a pallial lung (Mor-
ton, 1967, and therein). Life in intertidal environments
has been proved in the Miocene potamidid Vicarya
(Tojo and Masuda, 1999) and was likely also in Palae-
ogene potamidids.

Adult and subadult Terebralia palustris cluster
among mangrove roots at low tide (Figure 10A), while
juveniles are common among coral rubble (Figure
10B). The few adults we observed on exposed tidal
flats (Figures 10C-D) were at the end of meandering
tracks several metres long, which start with a depres-
sion where the organism emerged from the sediment
(Figure 10E, bottom of Figure 10F). The mollusc itself
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Figure 16. Procerithiidae. A. ?Diatinostoma sp., Cretaceous, Syria (SMNH Moll3872). B-C. Cryptaulax contorta, Bajocian, Jurassic,
Sully (B) and Les Moutiers (C), Bayeux, Calvados, France (NHM G618764 and 81454). D. Rhabdocolpus scalariformis, Bajocian, Jurassic,
St. Vigor, Bayeux, Calvados, France (NHM 81440). E. “Cerithium” abbas, Middle Jurassic, Bradford Abbas, Dorset, UK (NHM G11282).

Scale bars represent 10 mm.

is at the top of Figure 10F. Most adults show a slight
selective wear on the ventral apical region (Figures
11A-B) and a higher wear on the dorsal apical region
(Figure 11C). While the former is consistent with epi-
faunal shell dragging, the latter instead suggests that
the apex lies exposed at the surface of the sediment
when the organism is infaunal and stationary.

In the literature, Cerithium is almost always re-
ported as epifaunal on a variety of substrates, with the
notable exceptions of C. salebrosum (infaunal in sand;
Houbrick, 1992), C. tenellum and C. munitum (Figures
2L-M) (both facultatively infaunal; Houbrick, 1992).
Many other species of Cerithium burrow shallowly for
temporary shelter (e.g., Taylor, 1968; Houbrick, 1974,
1992). C. coralium is the only Recent species that lives
on muddy sand near mangroves, together with Pota-
mididae (Houbrick, 1992).

Many other cerithiforms are recorded as epifaunal
(e.g., Proclava; Houbrick, 1978). Ochetoclava lives
both on sandy and rocky bottoms (Houbrick, 1978).
Small taxa like Colina are typically epifaunal, as
shown by epibiont encrustation of their shells.

Rhinoclavis is consistently reported as a sand bur-
rower. Houbrick (1978) reported infaunal habits in
R. diadema, R. bituberculata and R. brettinghami. Our
observations of other Rhinoclavis species (see above)
confirm this. Pseudovertagus is a facultative semi-
infaunal burrower, but is frequently epifaunal (obser-
vations herein). It is often observed on or in coarser

Downloaded From: https://complete.bioone.org/journals/Paleontological-Research on 13 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use

sediments than Rhinoclavis (herein, and Houbrick,
1978).

Potamididae and Batillariidae prefer muddy sand.
Several representatives of these two families burrow
for temporary shelter at high tide (see above).

The Recent Campanile symbolicum is a subtidal al-
gal feeder creeping on both rock and soft sediments.
When on sand, often it lies half-buried or drags the
shell through the topmost layer of sediment, leaving a
deep furrow (e.g., Houbrick, 1981, 1984). The largest
species of Campanile from the southern European Eo-
cene generally are found in mixed boulders and loose
rubble environments, in shallow water and probably
close to the shore (E. Savazzi, pers. obs.). Literature
records of fossil campanilids are consistent with an en-
vironment comparable to that recorded for C. symbol-
icum (Donovan and Blissett, 1998; Darragh, 2002, and
references therein).

Feeding. Most cerithiforms are algal grazers or
detritus feeders (Morton, 1967; Houbrick, 1978, 1981,
1985, 1992; Healy and Wells, 1998a, 1998b; references
therein), but a few exceptions are known. Bittium se-
lects and eats Foraminifera from bottom sediments
(Fretter, 1951). Cerithiopsis grazes on sponges (Fret-
ter, 1951). Batillaria zonalis is a facultative suspension
feeder in addition to detritivore (Kamimura and Tsu-
chiya, 2003). Cerithiforms in mangrove swamps (e.g.,
Terebralia) typically feed on fallen leaves at low tide
(Fratini et al., 2001, 2004; albeit Terebralia was de-
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scribed as a grazer on the algal coating of soft sedi-
ments by Taylor, 1968).

Shell growth

The shells of cerithiform gastropods are character-
ised by a determinate growth pattern (Vermeij and
Signor, 1992; Savazzi et al., in prep.), as clearly shown
by their usually specialised adult apertures. After
growth stops, shell secretion is restricted to the thick-
ening of internal and/or external surfaces.

Numerous cerithiform taxa also display a count-
down growth pattern (Seilacher and Gunji, 1993), in
which the construction of the adult aperture is pre-
ceded by other specialisations of the shell. This
implies that there is a morphogenetic programme at
work, which consists of a series of orderly steps pre-
ceding the end of the growth process.

Since virtually all gastropods display ontogenetic
changes in shell morphology, a useful definition of
countdown cannot include all changes preceding the
end of the growth process. In the case of cerithiforms,
three morphologic categories of changes in shell sculp-
ture and/or geometry are concentrated in separate
shell regions. The first change is sudden and located
between the larval and post-larval stages. A second
change is usually gradual and located within the top-
most 1/3 to 1/2 of the adult shell length. This is a tran-
sition between the juvenile and subadult stages. A
third change begins with the onset of features not
present at earlier stages and usually located at fixed
angular distances from the adult aperture. In the pre-
sent paper, the term countdown refers exclusively to
this third category of changes. The terms juvenile,
subadult and adult are used herein only in a morpho-
logic sense.

Once the external shell surface has been built, it is
never secondarily modified in cerithiforms. The inter-
nal shell surfaces and apertural callus, on the other
hand, are often secondarily thickened.

The countdown process in several cerithiforms
begins with the construction of a varix, or swelling,
placed at a fixed angular distance (most often about
2/3 of a whorl) from the adult aperture (i.e., ventrolat-
erally; see above). The adult aperture usually is the
most conspicuous ontogenetic change in shell mor-
phology subsequent to the juvenile stage.

Houbrick (1974) reported that species of Cerithium
from Florida (USA) with a lifespan of about one year
grow from juveniles to adults in 3 to 12 months. Ob-
servations on other species (Houbrick, 1974; Ayal and
Safriel, 1982; Yamaguchi, 1977) indicate a life span of
a few years. Thus, in several of these species, individ-
uals spend a large portion of their lifespans as adults.
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This is particularly important because an extended
duration of the adult stage can be expected to play a
role in the tradeoffs between characters that can be
optimized either in the adult or in the juvenile, but
not in both.

Evolution

Procerithiidae. The family Procerithiidae appears
to constitute the earliest stock attributable with con-
fidence to the Cerithioidea (Niitzel, 2002, and re-
ferences therein). With the exception of one or a
few Late Triassic species assigned to Cryptaulax (e.g.,
by Haas, 1953 and Niitzel, 2002), the earliest well es-
tablished occurrence of the Procerithiidae dates from
the Lower Jurassic (Niitzel, 2002, and references
therein).

Jurassic and Cretaceous Procerithiidae like Crypt-
aulax, Rhynchocerithium and Exelissa are cerithiform
in general aspect and in the presence of an anterior
canal, and at least some of them display a differenti-
ated adult aperture not unlike those of Caenozoic cer-
ithiforms (Figure 16A). Likely, these Procerithiidae
constitute the ancestors of later cerithioidean stocks
like the Cerithiidae. Some Jurassic Procerithiidae dis-
play possible affinities with the Loxonematacea.

Cerithiidae. Cretaceous cerithiids are scarce and,
probably, some of these taxa are more properly as-
signed to the Potamididae (see below). “Modern” cer-
ithiids became common first in the Eocene. At that
time, cerithiids were already differentiated into two
morphologic groups, one related to Cerithium and
Clypeomorus, the other leading to Rhinoclavis, Pseu-
dovertagus and Ochetoclava. Several peculiar taxa
from the Eocene appear to be related to, or conver-
gent with, Pseudovertagus and Ochetoclava. True Rhi-
noclavis evolved later (probably in the Neogene), and
represents one of the few evolutionary innovations in
cerithiforms after the Palacogene.

Semivertagus from the Middle Eocene (Figure 6)
is similar to Recent Rhinoclavis (Figure 5) in shell
proportions and sculpture, but the anterior canal and
aperture of the former are closer to Pseudovertagus
(Figures 7A-J, Q-V). Semivertagus is the most likely
Palaeogene ancestor of Rhinoclavis. Eocene Colina
(Figure 4A) are already fully differentiated from the
above lineages and similar to Recent ones (Figures
4B-D).

Potamididae. Turonian species of Pyrazus and
Tympanotonus illustrated by Cossmann (1906) are
similar to Tertiary species in shell proportions and
strong sculpture. Their anterior canal seems less dif-
ferentiated than in Caeonozoic taxa. Taxonomic and
morphologic diversity within this family apparently
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peaked in the Eocene of the western Tethys, and has
steadily declined since.

Batillariidae. Eocene and later representatives
are similar to Recent ones. This family never ap-
proached the diversity displayed by the Cerithiidae
and Potamididae.

Thiaridae s.1. This family was morphologically ex-
tremely diversified in the Palaeogene. In the Neogene,
shell geometries with large and antero-posteriorly
elongated apertures became predominant, a trend
that, with few exceptions, continued to the Recent.

Campanilidae. The Campanilidae are variously
placed in the Cerithioidea or Campaniloidea (above
references). Several campanilids are known from the
Cretaceous of Europe and the Americas (Kiel et al.,
2000). Campanile became widespread in the Tethys
during the Eocene, with numerous records from North
and South America, the Caribbean, Europe, Africa,
and Asia as far east as Japan (see review in Darragh,
2002). Since the early Miocene Campanile is docu-
mented in Southeast Asia, Australia and New Zea-
land, and since the Pliocene it has been exclusively
found in Australia (Darragh, 2002, and therein).

As a whole, cerithiform gastropods had a diversity
explosion in the Lower to Middle Eocene, and subse-
quently declined in both number of taxa and variety
of shell morphologies. This trend is common to other
gastropod lineages (e.g., the Strombidae; see Savazzi,
1991b). The emergence of cerithioidean taxa in the
Mesozoic and their reciprocal relationships are not
satisfactorily documented in the fossil record.

Recurrent morphologic characters

This section discusses characters, or sets of associ-
ated characters, that recur in different cerithiform
taxa, but are displayed by only a minority of
species within each group. Therefore, a morphologic
approach is more suitable to the discussion of
these characters than one based on taxonomic
ordering.

Columellar folds. From the above description of col-
umellar folds, it appears that this character is present
in unrelated lineages. Among genera with this feature,
Rhinoclavis is an active infaunal burrower, but Tere-
bralia is only a facultative burrower, and large Campa-
nile are or were epifaunal or, at most, semi-infaunal.
Telescopium is a facultative burrower, but it tends to
cluster epifaunally and subaerially under bushes when
inactive for extended periods at low tide (Lasiak and
Dye, 1986). Other cerithiforms known to have infau-
nal habits (see above) do not possess columellar folds.

Thus, this character is not consistently present in
burrowing forms, and is also found in prevalently epi-
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faunal forms. It has been stated in the literature (e.g.,
Signor and Kat, 1984, and references therein) that col-
umellar folds often are associated with burrowing
(at least in gastropods with elongated shells). As
pointed out by Price (2003), columellar folds have
evolved multiple times in gastropods (and among cer-
ithiforms). Several hypotheses have been proposed
about their function (see review in Price, 2003), but
none have been satisfactorily proven, and the adaptive
value of these features in general must be regarded as
not understood (Price, 2003). Our observations do not
support their use as a reliable indicator of burrowing
in cerithiforms.

Siphon. The upward-bent anterior canal of adult
Rhinoclavis (Figures 5F-H, J, L, Q-T) allows the or-
ganism to inhale water when buried, and is an obvious
adaptation to infaunal life. Together with the lack of
cemented epibionts, the consistent placement of sym-
biotic actinians at the basis of the siphon in R. vertagus
confirms our observations that this species is con-
stantly or almost constantly infaunal. Namely, the ba-
sis of the siphon (and, to a lesser degree, the dorsal
surface, on which actinians are also occasionally ob-
served) allows an epibiont to reach above the sedi-
ment surface when the host is buried, and at the same
time shelters it from abrasion against the substrate
while the gastropod is burrowing.

Among the Strombidae, Strombus (Euprotomus)
possesses a remarkable convergent canal with a simi-
lar function (Savazzi, 1988, 1991b, 1994b). In juveniles
of both Euprotomus and Rhinoclavis, the anterior ca-
nal must be located along the coiling axis of the shell,
where it does not prevent shell growth because it is
enveloped by subsequent shell whorls. This constraint
is removed in adults, which in turn allows the adult
siphon to be better optimized for its respiratory
function.

The adult siphon of Semivertagus (Figures 6A-D),
the likely Palacogene ancestor of Rhinoclavis, is
shorter, but still optimized for a comparable function.
For this reason, Semivertagus is likely to have been a
burrower. Bezanconia (Figures 7N-P) is probably re-
lated to Pseudovertagus. Facultative burrowing has
been observed in Recent Pseudovertagus, and, based
on the morphology of the siphon, is likely in fossil spe-
cies and related genera.

The siphon of Pseudovertagus varicosum (Figures
7D-E) is less curved than usual for the genus, and
morphologically closer to Cerithium, but still oriented
obliquely. The reasons for this unusual siphon are
unclear.

Aperture plane. According to our observations, in-
faunal Rhinoclavis keep the aperture plane oblique
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with respect to the sediment surface, and the siphon
vertical.

The apertures of Rhinoclavis, Semivertagus, Bezan-
conia, Cerithioclava, most species of Pseudovertagus
and Bellatara (Figures 5-7, 8A-H) are not suitable
for effective clamping onto a solid substrate. This
agrees well with their documented or inferred life hab-
its on or in soft sediments. In particular, clamping is
obviously impossible in most species of Rhinoclavis.

Flared apertures as observed in most cerithiforms
provide a broad ‘footprint” and make accidental
overturning of the shell less likely. A flared aperture
may also shelter the extended soft parts against pred-
ators when the organism is epifaunal.

The tangential and very broad aperture of Terebra-
lia sulcata (Figures 11J-M) allows efficient clamping
onto flat surfaces, and agrees well with the observed
preference for solid substrates. When clamped, this
semi-terrestrial species communicates with the exter-
nal environment only through the tip of the siphon
(Figures 11J-M), likely as an adaptation against
desiccation.

According to Houbrick (1985), Clypeomorus pellu-
cida differs from other Clypeomorus in living on
the aerial roots of mangroves. This is reflected in the
tangential adult aperture, the plane of which passes
through the shell apex and allows the entire shell to
clamp against the substrate (Houbrick, 1985). In most
of the other species, clamping on flat surfaces is partly
prevented by the projecting ventral region of the pen-
ultimate whorl. In these species, the problem is proba-
bly lessened by a covering of soft sediment and/or
algae on the rock substrates preferred by most Cly-
peomorus (see above), which makes desiccation less
of a problem than on mangrove roots. Thus, C. pellu-
cida may be regarded as convergent with 7. sulcata.

Mud-dwelling Potamididae also have adult aper-
tures not well suited to clamping (e.g., T. palustris,
and to a higher extent Telescopium telescopium).

Posteriorly elongated aperture and apertural sinus. A
posteriorly elongated aperture with a posterior region
separated from the pedal one by a tooth on the inner
lip and/or a constriction of the outer lip seems opti-
mized to provide a better separation of the inhalant
and exhalant currents (the latter of which exits from
the posterior region of the aperture). It occurs in scat-
tered epifaunal as well as infaunal species of the Cer-
ithiidae (e.g., Figures 2A, T-U, 3F, H, 5R, 7K-M), al-
beit not in the most efficient burrowers. In fact, this
adaptation would be ineffective when the aperture is
deeply buried.

An exhalant sinus located in the posterior half of
the aperture, as observed in the Campanilidae (Figure
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9F, growth lines in Figure 9J), Batillariidae (Figure
14H) and Thiaridae (Figures 14J, 15B-C, growth lines
in Figure 15F) may also enhance the respiratory activ-
ity, and allow the exhalant current to flow unimpeded
when the outer lip lies on the surface of the sediment.
Thus, it may be related to sedentary, epifaunal or
semi-infaunal habits. It is found mostly in freshwater,
estuarine and semiterrestrial forms (with the remark-
able exception of the Campanilidae, in which it may
be related to the large and heavy shell, in addition to
scarce mobility).

Ventrolateral varix or swelling. The ventrolateral
swelling is optimally placed to enhance the stability
of the shell, by analogy with the flared aperture on
the opposite side of the shell. This is equally advanta-
geous in soft-bottom and hard-bottom forms, and ac-
cordingly it is frequently found in both.

The penultimate varix in Clypeomorus is placed in a
variety of positions (see observations). When ventro-
lateral (Figures 3K, Q), it provides a stabilising plat-
form on the opposite side of the flared aperture.
When dorsolateral (Figure 3J), it is possibly still func-
tional as a stabiliser, to some extent, by providing a
counterweight to the adult aperture and to stop a shell
from being completely overturned, but normally does
not touch the substrate. This position is uncommon,
and a dorsolateral varix is often accompanied by an
additional slight swelling (which may not be a true
varix) in a ventrolateral position (Figures 3H, J).
A dorsal penultimate varix (Figures 3D-E), on the
other hand, is positioned to function like a righting
dorsal tubercle (see below). In this case, the penulti-
mate varix is virtually always accompanied by an addi-
tional, ventrolateral varix positioned as a stabiliser
(Figures 3D-E).

The ventrolateral swelling of Rhinocoryne (Figures
14A-D) is constructionally unrelated to the periph-
eral tubercles, as shown by its placement. Likely, it
has the same function of a ventrolateral varix as a sta-
biliser. In Bellatara, instead, both the ventrolateral
swelling and a spiral row of tubercles are located
along a pigmented line that is visible just above the
whorl suture of the last couple of whorls (Figures
8D-E). Thus, the swelling in this genus probably is a
modified tubercle, and is only convergent with the
swelling of Rhinocoryne and the ventrolateral varix
of other cerithiforms. Thus, the occurrence of at least
three constructionally distinct but morphologically
convergent structures in similar locations reinforces
the functional interpretation given above.

Dorsal righting projections. Knobs, tubercles or
swellings located on the dorsal surface of the last or
penultimate whorl are optimally positioned to facili-
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tate righting by preventing an overturned shell from
laying with the aperture pointing straight upwards.
An aperture that is forced to be inclined toward either
side is closer to the substrate, and also reduces the risk
that the organism will be attacked by a predator while
attempting to right itself. Comparable features have
been described in other gastropods (e.g., Savazzi,
1991b; Savazzi and Sasaki, 2004).

These features are common on the last whorl of
epifaunal or presumed epifaunal cerithiforms (e.g.,
Figures 2C, O, U; 3K-M; 12D, L-P; 14D), but are
located on the penultimate whorl in burrowing forms
(Figures 3N-Q; 7C, Q, U; 8H). A similar situation oc-
curs in epifaunal versus burrowing strombids (Savazzi,
1991b). This can be explained as a tradeoff with the
necessity of shallow burrowers to prevent portions of
the shell from projecting above the surface of the sed-
iment, which is easier to achieve if dorsal projections
are not located on the last whorl.

In this context, the slightly dorsolateral varix of
some Clypeomorus (Figure 3J) may represent a com-
promise between the advantage in righting provided
by a dorsal projection, and its disadvantage in projec-
ting above the substrate when shallowly buried (which
is lessened by a dorsolateral, rather than dorsal, place-
ment).

Partly hollow tubercles. The ventral crater-like
tubercles of Bellatara are superficially similar to the
respiratory holes of the Haliotidae, which become
plugged secondarily with shell material. However,
adult and subadult haliotids display a suture-like line
joining adjacent holes, marking a corresponding per-
manent slit in the mantle edge. No such feature is
present in Bellatara, and no cerithiforms possess a se-
lenizone, unless one considers the exhalant respiratory
tube of the Triforidae or the exhalant notch of Faunus
(Figures 15B-C) as analogous. The former, however,
is present only near the adult aperture. The latter is
most developed in the adult.

This suggests that the craters in Bellatara do not
represent secondarily plugged apertures in the shell
surface. We propose that the cratered tubercles were
originally covered by a thin canopy of shell material.
Secondary shell thickening, instead of filling these tu-
bercles, bridged across their bases, leaving a hollow
space within the tubercles. Erosion of the shell surface
at a subsequent growth stage (i.e., when the tubercles
were located ventrally), caused by friction of the shell
being dragged against the substrate, destroyed the
canopy, leaving its sharp margin as the edge of the
craters.

On the dorsal region, these tubercles are optimally
positioned to facilitate righting (see above). Accord-
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ingly, these tubercles usually are larger and not
cratered.

The ventral region of the last whorl is flat and re-
cessed with respect to the preceding whorl (Figures
8A-D, F, H). Together with a similarly flattened dor-
sal portion of the last half-whorl (Figures 8B, D, F),
this gives the adult shell a pupiform profile when
viewed from the side, suggesting that this species was
infaunal or semi-infaunal like Rhinoclavis. Savazzi
(1991b) described a comparable morphology in bur-
rowing strombids.

The tubercles of Bellatara likely evolved from anti-
predatory features comparable with those of many
other cerithiforms. They possessed a stiffening func-
tion also if not secondarily filled with shell material,
especially while located near the thin aperture of a
growing shell (it is useful to remember that even non-
thickened undulations of the shell surface increase its
stiffness). Once growth brought them to a ventral po-
sition, however, they became an obstacle to shell drag-
ging. Selective pressure to secondarily remove the tu-
bercles from the ventral region of the adult may have
favoured the evolution of hollow tubercles preprog-
rammed to wear down. This may appear as an “‘awk-
ward” solution (from the point of view of a technolog-
ical design), but many such examples are known in
evolutionary biology. Occasional individuals with
large and massive ventral tubercles (Figure 8G) sug-
gest that the morphogenetic program of these features
was not yet fully stable in this species.

Internal barriers. These features in Terebralia pal-
ustris are not apertural, because they are built well
within the aperture. Thus, their function is not compa-
rable to the superficially similar apertural barriers
observed in other gastropods (e.g., Ranellidae, Nas-
sariidae, several pulmonate families). In the latter gas-
tropods, the barrier is an integral part of the aperture,
built at the same time as other apertural features. The
principal function of apertural barriers is restricting
access to the shell interior by predators, or defending
against shell peelers, by making it difficult to position
correctly the peeling organs, as well as by increasing
the aperture stiffness.

The internal barriers of 7. palustris become effec-
tive against peelers only once the portion of shell be-
tween the barrier and the aperture is peeled off. Thus,
the barrier constitutes a second line of defence. Until
the flaring adult aperture has been built and thickened
(and possibly even afterwards), its outer lip is vulner-
able to breakage, as documented by frequent in-
stances of shell repair in this region. This sublethal
breakage was never observed to cross an internal
barrier. In the latter event, the attack invariably seems
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to be lethal, because the thin shell past the barrier
allows a predator to continue peeling.

Internal barriers located within the penultimate
varix are observed also in Rhinoclavis kochi (Fig-
ure 1E). Frequent sublethal attacks by peeling crabs
(Figures 1D-E) show its effectiveness as an anti-
predatory adaptation. Vermeij (1982) found that
varices in several Indo-Pacific species of Rhinoclavis
deter predation by Calappa crabs, and prevent the
spreading of cracks. In this context, it should be noted
also that high-spired shells in general allow the mol-
lusc to retract deeply within the shell, which forces a
peeling predator to expend a large amount of energy
to reach the soft parts, and thus are in themselves a
defence against predators (Vermeij, 1993). Thus,
even broadly spaced varices (like those often ob-
served in juvenile cerithiforms) are an effective anti-
predator device.

The presence of deep furrows that cross most of the
shell thickness in Terebralia is surprising, considering
that the furrows interrupt the shell structure across
the whorl, making it presumably less stiff than a uni-
formly thickened structure. In fact, the whorls in these
forms effectively consist of a rib cage of thick spiral
stripes joined by a thin coating of shell material bridg-
ing the shell interior between adjacent stripes.

In other gastropods (e.g., the Conidae; Kohn, 1999,
and references therein) the shell microstructure fa-
vours breakage of the shell in a direction parallel to
the outer lip. This has been interpreted (Kohn, 1999,
and therein) as a defence against predators, effective
in increasing the amount of time and energy spent by
shell peelers to gain access to the soft parts. In Tere-
bralia, it could be expected that the spiral furrows in
a secondarily thickened shell have the opposite effect
(i.e., favouring cracks to follow a spiral direction).
However, repaired damage of this type was not ob-
served in our material. Instead, all sublethal damage
in Terebralia seems to have occurred when the shell
was very thin, and did not display a marked tendency
to break in any specific direction. This type of un-
successful attack almost always stops in proximity of
an internal barrier.

These characteristics suggest that the primary adap-
tive significance of the furrows is of stiffening the shell
against peeling (by the corrugated iron paradigm)
when the shell is thinnest. Once secondarily thick-
ened, these regions of the shell become effectively
protected by their increased stiffness, even though the
thickened shell is made less than optimal by the pre-
sence of external furrows (which cannot be filled
secondarily). This appears to be a tradeoff between
mechanical performance in the growing versus adult
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stages, and its inherent risks to the subadult and adult
are also lowered by the internal barrier.

Synchronised sculpture. This is a periodic sculpture
with elements juxtaposed from one whorl to the next.
It is relatively frequent among gastropods (albeit not
cerithiforms), and has been interpreted as possessing
a variety of functions (Savazzi and Sasaki, 2004).
In Pyrazus, synchronised sculpture (Figures 12I-K)
likely plays a dual role in stabilizing the shell against
overturning, and providing a mechanical stiffening
(Savazzi and Sasaki, 2004). In some Pyrazus with
synchronised sculpture, the sculpture on the last whorl
differs from earlier stages (Figures 121, L, N), and its
elements are modified in shape and position to form
a ventrolateral varix and/or one or more dorsal right-
ing projections. Synchronised sculpture is also dis-
played by several Mesozoic Procerithiidae (Figures
16A-D). This is an unusually modern feature among
Mesozoic gastropods.

Terraces. The orientation of terraces in Rhinoclavis
is consistent with a burrowing function for these sculp-
tures (see Savazzi, 1994a, 1994b, and references there-
in, for a review of burrowing terraces and other
frictional sculptures). In fact, Signor (1982a) experi-
mentally demonstrated a burrowing function for the
terraces in living R. aspera. Comparable asymmetrical
sculptures occur in several other cerithiids, including
Bittium (which does indeed burrow; Savazzi, 1989a)
and Argyropeza (Kohn, 1986). Houbrick (1991), how-
ever, disagreed with a burrowing function for sculp-
tures in the latter genus.

Other cerithiids (e.g., Pseudovertagus aluco) possess
an asymmetric sculpture superficially similar to bur-
rowing terraces. However, this sculpture is much
coarser than burrowing terraces (Figures 7B-C; see
discussion in Savazzi, 1994a, 1994b). In addition, often
it occurs in species that do not seem to burrow, or that
do not do so often and/or quickly.

There may be another explanation for these asym-
metric sculptures. These species periodically drag the
shell along the surface of the substrate during locomo-
tion. Once the shell is pulled forward and above the
cephalopedal mass of the mollusc, it may tend to slip
backwards after the columellar muscle is relaxed.
In fact, a moderate amount of shell backslippage is
observed, e.g., in the epifaunal locomotion of Batil-
laria (Savazzi, unpublished), especially when moving
slightly uphill on mud. Under these conditions, back-
slippage may be reduced by asymmetrical sculptures,
in a way not unlike the function of burrowing sculp-
tures. In fossil species, such sculptures could errone-
ously be interpreted as burrowing terraces if attention
is not paid to their coarseness.
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Comparison with the Strombidae

Savazzi (1991b, and references therein) studied
the constructional morphology of the Strombidae.
Although obviously different from cerithiforms in
general shape, behaviour and evolutionary history,
strombids share with cerithiforms a determinate
growth pattern with specialised adult apertures and,
frequently, a countdown ontogenetic pattern. Savazzi
(1991b) proposed several criteria for the functional in-
terpretation of morphology in strombids. A compari-
son of the two groups is carried out in this section.

Anterior siphonal canal. The anterior canal of adult
Rhinoclavis is essentially identical to the one of Strom-
bus (Euprotomus). Both taxa are sand burrowers, and
their anterior canal houses the inhalant respiratory
current (Savazzi, 1988). Unlike in Rhinoclavis, the an-
terior canal of Fuprotomus is bent perpendicularly to
the aperture plane (as a consequence of the latter be-
ing held horizontal, not oblique like in Rhinoclavis).
In both taxa, different species show a different length
of the anterior canal.

Anterior region of outer lip. A few burrowing strom-
bids (e.g., Strombus dentatus) have the anterior por-
tion of the outer lip modified into an oblique plough,
which shelters the footstalk from being directly pressed
against the substrate (Savazzi, 1988). These strombids
also have a slightly prosocline aperture, which pre-
sumably facilitates dragging the shell forward through
the sediment by contracting the columellar muscle.
Both characters are observed also in Rhinoclavis.
Strombus dentatus possesses three blunt teeth on the
portion of the outer teeth that slices through the sedi-
ment. These projections may be involved in burrowing
(e.g., compare with the teeth along the digging edge
of mechanical excavators). Cerithiforms, however, do
not possess comparable projections, with the notable
exception of the Eocene Ptychocerithium lamellosum
(Figure 9A), in which two large teeth on the outer lip
are located in correspondence of prominent spiral
keels on the shell exterior.

In this context, it can be noted that material of
this species from the Paris Basin (France) is generally
small-sized and lacks any visible asymmetry of the
keels, while larger specimens from other localities
(e.g., Savazzi, 1989a, Figure 9F) have distinctly
terrace-shaped keels. Strombids lack terrace sculp-
tures (Savazzi, 1991b).

Ventrolateral swelling. A ventrolateral varix, swell-
ing or projecting secondary callus is common in strom-
bids. In this family, it acts as a stabiliser to reduce the
risk of overturning during surface locomotion. The
closely comparable ventrolateral swelling or varix of
cerithiforms is discussed above.
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Flattened dorsum of last whorl. In the Strombidae,
this adaptation is related to burrowing, and prevents
the dorsal portion of the last whorl from projecting
above the surface of the sediment when infaunal. It is
found also in Recent infaunal or semi-infaunal Ceri-
thiidae (e.g., Rhinoclavis, Figures 5G, J, O, T; Pseudo-
vertagus, Figure 7C) as well as fossil taxa likely to
have been burrowers (e.g., Cerithioclava, Figure 7L;
Bezanconia, Figure 70; Bellatara, Figures 8B, D), but
also in taxa that are only occasional burrowers (e.g.,
Cerithium rostratum; Figures 2G—H, species of Cly-
peomorus; Figure 30) or probably epifaunal (e.g.,
Colina, Figure 4C).

Dorsal righting knobs or varices. This character is
common among the Strombidae, with most genera dis-
playing examples. These features are essentially iden-
tical to those observed in cerithiforms. In both cerithi-
forms and strombids, dorsal righting projections are
typically found on the last whorl in epifaunal forms,
and on the penultimate whorl in infaunal ones (see
also above).

Concluding remarks. All characters discussed in this
comparison between strombids and cerithiforms result
from a determinate growth pattern (albeit a few of
them may also be achieved, to some extent, by a peri-
odic growth pattern). A few adaptations of strombids
(e.g., long posterior canals to inform the organism
whether the dorsal portion of the shell is buried; selec-
tive weighting of the ventral shell regions; extensive
secondary apertural calluses that modify the shape of
the aperture or whole shell) do not have counterparts
in cerithiforms. Nonetheless, we regard it as remark-
able that gastropod groups with such different modes
of locomotion (leaping in strombids versus shell drag-
ging in cerithiforms) and evolutionary histories share
several morphologic adaptations that are the result of
parallel evolution. In both groups, many of these func-
tional characters have evolved multiple times in sepa-
rate lineages.

Functional contexts

This section summarizes the above discussion by ar-
ranging the adaptive significance of morphologic char-
acters in general functional contexts.

Defence from shell-peeling predators. Most types of
sculpture, and especially spiral rows of tubercles and
knobs, increase shell stiffness (by analogy with the
paradigm of a corrugated or ribbed iron sheet). Pre-
adult internal barriers, preadult varices and flared
and thickened adult apertures are also functional in
this context.

Burrowing and infaunal life. Burrowing sculptures,
a bent and elongated inhalant adult siphon, a plough-
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like adult outer lip and/or a flattened dorsal region of
the last whorl accompany this life habit.

Caution should be exercised when using the pre-
sence of naticid boreholes as indirect evidence of in-
faunal habits in cerithiforms. Although most naticids
hunt and drill infaunally (e.g., Kabat, 1990, and refer-
ences therein), exceptions are known (e.g., Guerrero
and Reyment, 1988; Savazzi and Reyment, 1989; Di-
etl, 2002). In addition, it is well known that naticids
sometimes drill empty buried shells (above references,
and therein). Nonetheless, a high frequency of naticid
borings in certain species, together with additional ev-
idence, can weight in favour of a burrowing hypothe-
sis. This is the case, for instance, of a few cerithiid and
potamidid species from the European Palaeogene, in-
cluding taxa, like Semivertagus, that are regarded as
very likely infaunal on the basis of shell morphology.

Clamping of the aperture onto a solid substrate. A
broad tangential adult aperture provides this function
in a few convergent taxa. The adult siphon in Terebra-
lia sulcata wraps completely around the mantle tissues,
leaving only the tip open for respiration. This appears
to be an extreme adaptation to prevent desiccation.

Stabilisation of the shell when epifaunal. A flared
adult outer lip, accompanied by a ventrolateral varix
or swelling on the opposite side of the shell, increases
the width of its “footprint”, and makes it less likely
to overturn. This applies to both hard bottom and
soft bottom forms. While a flared aperture is almost
ubiquitous among cerithiforms, and therefore likely
a shared character of the cerithiform Bauplan, there
are three distinct types of ventrolateral swellings or
varices located on the opposite side of the last whorl.
Their construction follows different principles, and
this allows us to recognize them as a result of conver-
gent evolution triggered by a highly adaptive premium
of this character.

Righting after accidental overturning. One or more
projecting dorsal tubercles, or a dorsal varix, facilitate
righting by preventing the aperture of an overturned
shell from facing directly upwards. This reduces the
efforts of the organism in righting, and the risk of
being attacked by a predator in the process. These
characters are located on the last whorl in prevalently
epifaunal forms, but on the penultimate whorl in bur-
rowers, in which the surface of the last whorl would
project above the surface of the sediment when infau-
nal. In Bellatara, secondarily thickened (and therefore
permanent) dorsal tubercles are accompanied by hol-
low ventral tubercles that are removed by abrasion
against the substrate in the adult stage. This removes
the conflict between a stiffening function of these tu-
bercles, advantageous to the subadult, and the hin-
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drance caused to the adult, at a subsequent time, by
their additional friction when dragging the shell
against the substrate.

Conclusions

Several morphological characters of cerithiforms
are observed, or inferred, to be adaptive. While some
of these characters are widespread, and therefore pro-
vide little clue as to their evolutionary patterns, a few
display unique constructional differences, which are
the telltale sign of convergent evolution. The adapta-
tions occur within a few broad functional areas.

Defence from shell-peeling predators

External relief increases shell stiffness, especially
when the shell is thin. A thickened and flared adult
aperture is also functional in this context. The multi-
ple evolution of comparable sculptures has resulted
in a high degree of convergence among unrelated
cerithiform lineages. The coarsest sculpture is found
among epifaunal taxa, or taxa that burrow only for
temporary shelter.

The very deep and narrow furrows of Terebralia are
interpreted as increasing stiffness during growth, by
folding the shell surface perpendicularly to the aper-
ture at a time when the most recent portion of the
shell is very thin. Once the shell is secondarily thick-
ened, the relief is secondarily filled and smoothened
interiorly, but the corresponding external furrows can-
not be filled. They appear to lose their advantage as
stiffeners in the adult, and may even lower the overall
strength of the shell. This sculpture is interpreted as a
tradeoff between the optimizations of a growing and a
fully developed shell.

Internal barriers, effective in stopping shell peelers,
are found in at least two families. They occur at appar-
ently random intervals during growth, but in the adult
the last barrier is located at an angular distance from
the aperture that is constant in each species. The bar-
riers are built secondarily within the shell, not at its
aperture.

Burrowing and infaunal life

Burrowing sculptures are present in some species
of Rhinoclavis. Superficially similar, but coarser sculp-
tures are found in both epifaunal forms and facultative
burrowers. It is proposed that the frictional properties
of these sculptures may reduce backslippage of the
shell also during epifaunal shell dragging, in a manner
similar to burrowing.

Rhinoclavis has a very curved and elongated inhal-
ant adult siphon, functional in reaching the surface of
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the sediment when infaunal. Other taxa have a similar,
albeit shorter siphon that probably functions in the
same way.

Rhinoclavis also possesses a distinctive plough-like
adult outer lip, which shelters the head and foot stalk
from abrasion against the sediment.

The dorsal region of the last whorl is flattened and
its profile is often recessed with respect to the penulti-
mate whorl in burrowing forms. This allows the last
whorl to lie at or below the surface the sediment.

Clamping of the aperture onto a solid substrate

A broad tangential adult aperture, suitable for
clamping, is observed in hard-bottom species, espe-
cially among Clypeomorus and Terebralia. Soft-
bottom forms, conversely, have apertures poorly
suited to clamping.

Specialised exhalant regions

A posteriorly elongated adult aperture in a few Cer-
ithiidae is likely to provide a better separation be-
tween inhalant and exhalant currents. An exhalant
notch in the Potamididae, Campanilidae and Thiari-
dae provides a similar function.

Stabilisation of the shell

A broad, usually flaring adult outer lip increases the
ventral “footprint” of the shell on the substrate.

In numerous taxa, a swelling or varix is located on
the left ventrolateral side of the last whorl in the adult
stage. This projection increases the footprint of the
shell on the side opposite the aperture. This projection
sometimes houses an internal barrier (see above). In
these cases, a concurrent function as antipredator de-
fence is involved. However, the latter function alone
does not explain the preferential placement of the
swelling/varix. At least three nonhomologous and con-
structionally different types of ventrolateral projec-
tions, some of which have no apparent antipredatory
value, but all of which fit the stabilizing paradigm,
have evolved in cerithiforms, as a result of functional
convergence.

Righting after accidental overturning

Projecting dorsal tubercles or a varix on the last or
penultimate whorl are common. They make an over-
turned shell unstable, and force its aperture to lean to-
ward either side instead of pointing straight up. Like
in other gastropods, this facilitates righting.

In Bellatara, secondarily filled dorsal tubercles are
accompanied by hollow ventral tubercles that are re-
moved by abrasion against the substrate in the adult
stage.
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Epifaunal forms tend to have dorsal projections on
the last whorl, while burrowers often build them on
the penultimate whorl, where they project to a lesser
extent above the surface of the sediment when the or-
ganism is infaunal or semi-infaunal.

Growth pattern

Most of the adaptive characters discussed in this pa-
per are allowed by determinate growth and a count-
down ontogenetic programme. In particular, the latter
is essential to features, like dorsal tubercles and ven-
trolateral projections, that must be placed at a precise
angular distance from the adult aperture in order to
function.
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