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ABSTRACT

Observations of living Cernina fluctuata (Sowerby), the sole extant species of the Me-
sozoic and Cenozoic prosobranch gastropod family Ampullospiridae, show that this spe-
ciesisan algal grazer and is not a shell-drilling, predatory naticid gastropod. All Jurassic
and Early Cretaceous gastropods previously assigned to Naticidae belong to Ampullo-
spiridae and are now inferred to be herbivores, not shell-drillers. This finding refutesthe
Triassic origin and favorsa Cretaceous origin for naticid drilling predation. A preliminary
revision of Cenozoic and Cretaceous species previously assigned to Naticidae suggeststhat
naticids were absent prior to the Cretaceous Campanian and diversified at a modern level
in Eocene time. This pattern of naticid diversification from the Late Cretaceous onward
coincides roughly with the evidence of naticid predation. The fossil record of naticid drill
holes—once of anomalously short duration—now accurately reflects the geologic history

of naticid predation activity.
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INTRODUCTION

Naticids are predatory prosobranch marine
snails that drill characteristically circular, par-
abolic holes through mollusc shells to con-
sume the soft parts within. The fossil record
of naticid drill holes since the middle Creta-
ceous has been celebrated as a major piece of
evidence for the ‘“Mesozoic marine revolu-
tion” (Vermeij, 1977). Previous studies have
suggested either that naticids initiated drilling
predation in the late Early Cretaceous (Taylor
et al., 1983), despite having a fossil record in
the Jurassic (Tracy et a., 1993), or that they
initiated drilling predation (but failed to radi-
ate) in the Late Triassic, on the basis of al-
leged naticid drill holes in North America
(Newton, 1983) and Italy (Fursich and Jablon-
ski, 1984). The complete absence of naticid
drill holes for 120 million years, from the Late
Triassic to the late Early Cretaceous, and their
near absence (except for one Albian example;
see Taylor et al., 1983) for most of the Cre-
taceous has been a mystery in the history of
naticid predation (e.g., Kowalewski et a.,
1998). Drill holes first appeared infrequently
late in the Cretaceous and significantly in-
creased in the Paleocene and Eocene; after a
remarkable decline in the late Eocene, drilling
frequencies attained their high modern occur-
rence levels since the Oligocene but exhibited
a dlightly fluctuated pattern in the Neogene
(Kelley and Hansen, 1993, 1996, 2003; for an
exception, see Allmon et a., 1990).

The fossil record has implied that naticid
gastropods prior to the late Early Cretaceous
all belonged to the almost extinct subfamily
Ampullospirinae (here regarded as a family-
level taxon). The other naticid subfamilies

(Naticinae, Polinicinae, and Sininae) have
been recorded since the late Early Cretaceous
(Aptian) (Kase, 1984; Tracy et a., 1993). Am-
pullospirids only became major components
of naticid assemblages late in the Cretaceous,
and naticids other than ampullospirids radiat-
ed at modern levels beginning in the Eocene
(Marincovich, 1977). As aresult of this fossil
record, disagreement about the origin of nati-
cid predation, and interpretation of the mys-
terious fossil record of drill holes since the
middle Cretaceous, primarily centers on
whether or not the Ampullospiridae were bor-
ers (e.g., Sohl, 1969; Taylor et a., 1980; Fur-
sich and Jablonski, 1984).

Cernina fluctuata (Sowerby) is the sole liv-
ing species of Ampullospiridae and has been
poorly studied since it was first found >150
yr ago at Mindoro, Philippines. Learning its
feeding strategy holds the key to unlocking
the mystery of naticid predation history.
Amauropsis has frequently been cited as an-
other living example of Ampullospiridae, but
its naticid affinity is unequivocal, based on
redular and egg-mass features (Giglioli, 1955;
Marincovich, 1977). Our study of live C. fluc-
tuata shows that this snail is an algal grazer
and does not belong to the predatory, carniv-
orous Naticidae. This evidence refutes the pre-
sumed Triassic origin of naticid predation and
effectively explains the once-mysterious dis-
cordance between the fossil record of naticid
shells and the fossil record of drill holes.

FEEDING AND ANATOMY OF
CERNINA FLUCTUATA

Living specimens of C. fluctuata were col-
lected on the lower part of atidal flat on Cuyo
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Island, Philippines (Fig. 1A). Nocturnal in na-
ture, these snails remain in burrows during
daylight hours and emerge at dusk to browse
over the substrate. This substrate is composed
of coral sand mixed with alarge proportion of
mud and covered by discontinuous patches of
sea grass (Enhalus acoroides) and several
kinds of macroalgae. Analysis of the animal’s
alimentary-canal contents showed that the ex-
panded mid-esophagus (esophageal bulb) was
filled with large fragments of macroal gae such
as Padina australis Hauk and Hypnea sp.
(Fig. 1B). Culturing these snails for three
years in an aguarium resulted in their growing
quite large (~20% larger in maximum shell
diameter) by devouring the macroalga Undar-
ia pinnatifida.

Dissection of its soft parts reveals that C.
fluctuata has anatomical features shared with
the freshwater Ampullariidae and the marine
Campanilidae (Kase, 1990). The foot of C.
fluctuata consists of a small, flat, quadrangular
propodium and a massive, yet short, metapo-
dium that are separated from each other by an
ill-defined fold (Fig. 1A). The wide, flat, bi-
partite and snoutless head has a mouth at its
base that lacks an extensible proboscis (Fig.
1B). In strong contrast, naticids possess ana-
tomical features speciaized for drilling pre-
dation, including a large plow-like propodium
to firmly grasp its molluscan prey, and an ac-
cessory boring organ, which is a pad-like
structure at the ventral tip of along, extensible
proboscis that contains a radula (Carriker,
1981). Naticid drilling activity is achieved by
radular action enhanced by chemical agents
released by the tall secretory cells of the ac-
cessory boring organ (Carriker, 1981).

The feeding habits and attendant anatomy
of C. fluctuata, a grazer, are quite distinct from
those of the predatory, carnivorous Naticidae,
so Cernina and all of its relatives in the Am-
pullospiridae (all of which are inferred to be
herbivores) should be removed from the fam-
ily Naticidee. The lack of available living
specimens may have prevented previous re-
searchers from recognizing that the ampullo-
spirid shell is an example of convergence with
naticids.

AMPULLOSPIRIDS VS. NATICIDS
Although the supraspecific classification of

Ampullospiridae (particularly Mesozoic taxa)

has never been thoroughly evaluated (see Ka-
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Figure 1. A: A live Cernina fluctuata (Sow-
erby), captured at Cuyo, Philippines, crawl-
ing over coral sand in aquarium. Note that
small propodium and short metapodium are
quite different from those in naticids. B:
Sagittal section of animal, showing expand-
ed mid-esophagus (esophageal bulb) filled
with large fragments of macroalga Padina
australis Hauk. Abbreviations: bc—buccal
mass; f—foot; m—mouth; me—mid-
esophagus.

bat, 1991), paeontologists have long been
aware of the differences in shell features be-
tween naticids and ampullospirids (e.g., Wrig-
ley, 1946; Sohl, 1960; Marincovich, 1977). In
addition to the usually highly elevated, point-
ed spire and tabulate (sometimes grooved)
whorls, ampullospirid shells have distinguish-
ing umbilical features (Fig. 2). The columellar
lip is lined abaxialy with a feature (some-
times raised above the base) termed a
‘“sheath” by Wrigley (1946; sin Fig. 2B). The
sheath generally begins from just behind the
anteriormost tip of the aperture (sp in Fig.
2B), coils aongside the columellar lip, and is
delimited abaxialy from the shell base by a
rim (r in Fig. 2B) that originates from a some-
what raised bundle of growth lines at the point
where the growth lines change curvature from
the base to the umbilical area. The anterior tip
of the columellar lip often expands abaxially
into a round lobe that covers (and may be
dlightly elevated above) the sheath (I in Fig.
2B); in some taxa (e.g., Globularia sigaretina
[Eocene]) the columellar lip is entirely incor-
porated into the sheath (Fig. 2D). Develop-
ment of the sheath varies among ampullospir-
id species. Those species with a wide
umbilicus have a wide sheath (Fig. 2B),
whereas the sheath narrows or becomes indis-

Figure 2. Shells of living and fossil ampullospirids. A: Cernina fluctuata (Sowerby), living

species from Philippines, showing acuminate and pointed apical whorls and presence of
callus (pc) over parietal area. C. fluctuata has shell characteristics very similar to those of
Globularia sigaretina Lamarck (D), except latter species lacks parietal callus. B: Basal view
of Globularia parisiensis (d’Orbigny) from Eocene of Paris basin, France, with lobe on col-
umella (I) and wide sheath (s) that is surrounded by rim (r) and that begins at anteriormost
point (sp) of aperture. C: Pseudamaura bulbiformis (Sowerby) from Upper Cretaceous of
Gosau district, Germany, is elongate ampullospirid, in which sheath is usually covered by
columellar lip. However, rim (r) is exceptionally visible in specimen illustrated here. Oblique
apertural view. D: Globularia sigaretina Lamarck from Eocene of Paris basin, France.
Sheath is incorporated into columellar border. E: Crommium willemeti (Deshayes) from
Eocene of France. Sheath is enrolled entirely by columellar border. F: Gyrodes spillmani
Gabb from Maastrichtian of Tennessee. Scale bar represents 10 mm for A and C and 5 mm

for B, E, and F.

tinct (or absent) in species with a small um-
bilicus (Fig. 2D) or mostly closed umbilicus
(e.g., Crommium willemeti [Eocene]; Fig. 2E).
The Cretaceous genera Tylostoma and Pseu-
damaura most probably represent one end
member of abroad spectrum of such variation,
where the sheath is only slightly present (Fig.
2C) or is totaly absent owing to being cov-
ered by the columellar lip. In Cernina and
Eocernina, the columellar lip, parietal area,
and sheath are further covered with a thick
parietal callus (pc in Fig. 2A).

In contrast, naticids generally are devoid of
a sheath and instead develop one or more fu-
nicles (plug-like structures growing continu-
ously from the columellar lip and extending
spirally into the umbilicus) that partly or
wholly fill the umbilical cavity. The size,
shape, and position of the funicle(s) differ
among naticid species. In Amauropsis and
Bulbus, the columella forms a thin, simple lip
without a funicle. Some polinicine naticids,
however, possess a sheath-like structure in the
umbilicus (e.g., Polinices flemingianus), but it
differs from the ampullospirid sheath in im-
portant ways:. the structure starts from behind
the anteriormost columellar lip (so that it

starts more adaxially than in ampullospirids),
and the columellar lip is simple and never ex-
pands onto the sheath.

Protoconch morphology is another shell
character that separates the two groups. This
distinction is particularly evident in species
with asmall protoconch, which most probably
reflects planktotrophic development. The pro-
toconch in this type of ampullospirid (includ-
ing C. fluctuata and many fossil ampullospir-
ids we examined) consists of 1.2-1.5
helicospiral, smooth, inflated whorls with an
almost-smooth protoconch | (Figs. 3B and 3C)
nearly identical to that of Campanile symbol-
icum (see Houbrick, 1981), whereas a naticid
protoconch consists of 2.2-3.5 whorls with a
protoconch | that is coiled amost planispirally
and ornamented with granules, often arranged
spirally (Fig. 3A; see also Bouchet and Warén,
1993). Owing to this difference, apica whorls
are acutely pointed in ampullospirids and ob-
tusely pointed in naticids.

Kowalke and Bandel (1996) proposed the
new family Pseudamaurinidae [sic], primarily
based on protoconch morphology that differs
from naticids, and suggested an affinity with
the herbivorous Cerithiimorpha (see aso Ban-
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Figure 3. Scanning electron microscope (SEM) micrographs showing apical teleoconch
whorls and protoconch of naticid (A) and ampullospirid gastropods (B-D). Scale bar rep-
resents 500 uwm. A: Natica lurida (Philippi), living specimen from Philippines, showing
planktotrophic protoconch and apical teleoconch whorls typical of naticids. Arrow indicates
boundary between teleoconch and protoconch. B: Cernina fluctuata (Sowerby) from Phil-
ippines. Apical teleoconch whorls are distinctly inflated and highly elevated, and proto-
conch consists of ~1.5 smooth and elevated helicospiral whorls. C: Globularia parisiensis
(d’Orbigny) from Eocene of Paris basin, France, exhibiting apical whorls and protoconch
almost identical to those of C. fluctuata. D: Gyrodes spillmani Gabb from Maastrichtian of
Tennessee, showing protoconch and apical teleoconch whorls similar to those of

ampullospirids.

del, 1999). Unfortunately, this proposal ap-
pears to be based on misperceptions. First, the
protoconch that ostensibly characterizes the
new family was stated to be on the Late Cre-
taceous Natica lyrata (Sowerby), which is a
typical ampullospirid. Second, the protoconch
morphology does not actually differ from that
of C. fluctuata and other typical ampullospir-
ids. Bandel (1999) assigned a number of am-
pullospirid species to the proposed new
family.

Gyrodes is a dominant genus in the Late
Cretaceous “‘naticid” fauna and has been as-
signed to the subfamilies Gyroninae (Sohl,
1960; Popenoe et a., 1987) and Ampullo-
spirinae (Marincovich, 1977) (Fig. 2F). Decid-
ing its systematic placement (Ampullospiridae
versus Naticidae) primarily centers upon un-
derstanding the diversification of naticids in
the Cretaceous. Popenoe et a. (1987) viewed
the modern naticid Hypterita helicoides
(Gray) asthe sole living species of Gyrodinae,
thereby implying a naticid affinity for the sub-
family. We differ in thinking that Gyrodes be-
longs in Ampullospiridae, because its shells
often have an acute spire and tabulate whorls,
which are characteristic of ampullospirids. Po-
penoe et al. (1987) observed that the Eocene
Gyrodes robustus Waring is morphologically
similar to a species of the ampullospirid
Eocernina and suggested derivation of the lat-
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ter genus from Gyrodes. Such aview isclearly
supported by the presence on Gyrodes of a
protoconch and apical teleoconch whorls,
which are typical of ampullospirids (Fig. 3D).

On the basis of the aforementioned criteria,
we reexamined a total of 394 nominal species
of the Cretaceous gastropods previously de-
scribed as naticids and/or ampullospirids in
published monographs. We find that the oldest
unequivocal fossil naticids are from the Cam-
panian of the Aachen Cretaceous in northern
Europe (Lunatia stoliczkai and L. klipsteini),
the Maastrichtian of India (Mammila carna-
tica and M. edura), the Campanian and Maas-
trichtian of the United States (Euspira rectil-
abrum, E. obliqua, E. dakotensis, Polinices
kummeli, and Banis simiformis), and the
Maastrichtian of Chile (Polinices ganae), and
also that all species older than Campanian are
ampullospirids. Even the four species from the
Middle Albian Blackdown Greensand of Eng-
land, which allegedly made the oldest naticid
drill holes (Taylor et a., 1983), are ampullo-
spirids. The purported oldest naticid, assigned
to Euspira sp., is based on a few poorly pre-
served Aptian specimens from Japan (Kase,
1984; see dso Tracy et a., 1993). However,
an additional better-preserved specimen re-
veals that this species belongs in the Ampul-
lospiridae, most probably to Globularia, given
its narrow sheath. In summary, athough some

dubious naticid species in Cretaceous faunas
need further assessment (e.g., Popenoe et a.,
1987), naticids evidently first appeared in the
Campanian.

DISCUSSION AND CONCLUSIONS

The previous theory that naticid drilling
predation originated in the Late Triassic (New-
ton, 1983; Fursich and Jablonski, 1984) was
anomalous, given the absence of evidence for
drilling in the Jurassic and early Early Creta-
ceous, the infrequent occurrence of drill holes
during most of the Late Cretaceous, and the
overall high frequency of drilling from the Eo-
cene to the present. Late Triassic drill holes
were attributed to associated ampullospirid
shells in the faunas, because past workers er-
roneously assigned ampullospirids to the du-
rophagous, predatory family Naticidae. Our
research now makes it highly likely that these
naticid-like drill holes were produced by other,
as yet unknown predators.

Naticiform snails were as common in the
Mesozoic as in the Cenozoic (Sohl, 1969;
Marincovich, 1977; Taylor et a., 1983), but
we assign al Late Triassic to Early Cretaceous
taxa (previously regarded as naticids) to the
Ampullospiridae. Our new evidence strongly
favors a Late Cretaceous origin for naticid
drilling predation (Sohl, 1969; Taylor et al.,
1983) and is in accord with the once-
mysterious lack of naticid drill holes in the
Jurassic and early Early Cretaceous. Recently
discovered Jurassic predatory drill holes are
thought to be the handiwork of organism(s)
other than naticids (Harper et a., 1998; Ko-
walewski et a., 1998).

Our analysis of naticid diversity (defined as
the number of naticid species divided by the
total number of prosobranch species in local
faunas worldwide, as treated in published
monographs) from the middle Cretaceous on-
ward sheds new light upon the history of na-
ticid predation: durophagous predatory nati-
cids were absent or, if any, very uncommon
and localized prior to the Campanian, but be-
came common and widespread in Campanian
and Maastrichtian shallow-marine environ-
ments; by Eocene time, such naticids were as
common as in modern seas (Fig. 4; see Tables
DR1 and DR2Y). It is interesting to note that
increased naticid diversification since the Cre-
taceous (the Paleocene being an exception)
closely coincides with an increase in naticid
drill holes, as observed by many workers.
Given the excellent correlation between in-
creased naticid diversification and evidence

1GSA Data Repository item 2003062, locations and
sources for naticid and ampullospirid diversity, isavail-
able on request from Documents Secretary, GSA, PO.
Box 9140, Boulder, CO 80301-9140, editing@
geosociety.org, or a www.geosociety.org/pubs/ft2003.
htm.
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Figure 4. Historical changes in naticid diver-
sity. Each bar represents mean percentage
of naticid species divided by total number
of prosobranch species in local faunas.
Values used are based upon data from pub-
lished studies of gastropod faunas in local
areas, geographic regions, formations, or
stratigraphic intervals: 7 for Pliocene—
Pleistocene, 16 for Oligocene—Miocene (two
studies span Miocene—Pliocene), 7 for Eo-
cene, 6 for Paleocene, 10 for Campanian—
Maastrichtian, 3 for Turonian-Santonian,
and 8 for Aptian—Cenomanian. Naticid diver-
sity was significantly lower in Cretaceous
and Paleocene than in later three age clas-
ses (Mann-Whitney’s U test, p < 0.05).

for drilling since the later Cretaceous, we sug-
gest that the infrequent pre-Cenozoic evidence
of naticid drilling predation is primarily due
to the scarcity of naticid species and that the
abundance of Cenozoic drilling is due to the
rediation of naticids from the Eocene onward.

Naticid-like drill holes in the Late Triassic
molluscan fossils of Italy and the Albian
Blackdown Greensand of England remain
mysterious, given that they are difficult to dis-
tinguish from those produced by modern na-
ticids. We cannot identify the culprits respon-
sible for those drill holes and prefer to think
that they resulted from predation by organ-
ism(s) other than naticids. Similar drill holes
have been recorded widely in the Paleozoic
and Mesozoic, suggesting the presence of un-
identified organisms that practiced predation
by means of naticid-like drilling (Ausich and
Gurrola, 1979; Smith et al., 1985; Harper et
al., 1998; Baumiller et a., 1999). The Albian
drill holes could be interpreted as the result of
one or more associated muricids because Her-
bert and Dietl (2002) have shown that some
modern muricids produce drill holes undistin-
guishable from those of naticids.

By excluding ampullospirids from Natici-
dae, the fossil record of true naticid drill holes
redistically reflects changes in naticid preda-
tion intensity since the Late Cretaceous. The
scenario of marine predation we present here
is arare example of direct paleontological ev-
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idence for increased predation pressure on
benthic marine assemblages after the middle
Cretaceous, as one aspect of the Mesozoic ma-
rine revolution.
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