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Paleozoic plankton revolution: Evidence from early
gastropod ontogeny
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ABSTRACT
A major macroevolutionary trend in gastropod larval shell morphology occurred

throughout the middle and late Paleozoic. The majority of Ordovician and Silurian gas-
tropods have openly coiled initial whorls; this morphology was gradually lost. Mesozoic
gastropods have exclusively tightly coiled initial whorls. Most protoconchs were formed
by planktonic larvae, and this is the first documentation of a supraspecific trend in Pa-
leozoic invertebrate larvae. Open coiling makes shells weak and vulnerable to attack and
force. The replacement of weak-shelled plankton by stronger-shelled plankton was prob-
ably caused by predatory, selective forces. It coincides with other fundamental changes in
plankton communities during the middle and late Paleozoic, including the decline of ac-
ritarchs and graptolites. Plankton communities suffered from crises that were probably
caused by extrinsic forces. During plankton restructuring in the aftermath, predation
could have become an increasingly important selective factor for gastropod larvae.

Keywords: Paleozoic larval shells, gastropods, macroevolution, plankton predation.

INTRODUCTION
The surprising discovery of openly coiled

early ontogenetic shells in Paleozoic snails
was one of the most important paleontological
contributions to the research of the gastropod
evolution in the past decades. This feature has
been used in phylogenetic analyses and for
taxonomic diagnoses (e.g., Dzik, 1994, 1999;
Frýda and Manda, 1997; Bandel and Frýda,
1998, 1999; Nützel et al., 2000; Frýda and
Heidelberger, 2003). Its paleobiological impli-
cations are even more interesting, especially
concerning its function and the reason why
this openly coiled morphology was lost during
the Paleozoic. The quantitative assessment of
the openly coiled larval shell morphology
shows that its gradual loss represents one of
the clearest examples for a macroevolutionary
trend, comparable to Vermeijs Mesozoic ma-
rine revolution. Since the Jurassic–Cretaceous
marine revolution, gastropods representing a
wide variety of clades have reacted to increas-
ing selective pressure by durophagous (shell
crushing) predators by building stronger ex-
ternal sculptures and narrower apertures bear-
ing dentition (Vermeij, 1977, 1987). Such
macroevolutionary changes are probably not
constrained by parallel mutations in genomes
of separate evolutionary lineages, but by se-
lective forces (Erwin, 2000; Jablonski, 2000).
The gradual disappearance of openly coiled
gastropod larval shells during the Paleozoic
indicates a major change in embryonic and
larval shell morphology of this highly diverse
marine invertebrate group and represents the
first fossil example for a distinct macroevo-
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lutionary trend in larval morphology of an in-
vertebrate group. Open coiling makes shells
weak and vulnerable to attack and force. The
replacement of weak-shelled by stronger-
shelled planktonic gastropod larvae was prob-
ably caused by predatory, selective forces.

Protoconchs are early ontogenetic gastropod
shells that are formed by planktonic larvae and
within egg capsules. In well-preserved fossil
gastropods, protoconchs may be preserved on
the apex of the adult shell. Consequently, gas-
tropod shells reflect ontogenies and life his-
tories to an exceptionally high degree when
compared to most other marine invertebrates
(Jablonski and Lutz, 1983). Protoconchs can
differ considerably from adult shells in shape
and ornament and can be used for phyloge-
netic studies (e.g., Bandel and Frýda, 1999;
Nützel et al., 2000) or to infer larval strategies
for biogeographic and diversity studies (Ja-
blonski, 1986). When well preserved, it is
possible to reconstruct life histories of Paleo-
zoic gastropods. However, preservation of ear-
ly ontogenetic shells of Paleozoic and early
Mesozoic gastropods is rare because proto-
conchs are small (usually ,1 mm), delicate,
and aragonitic. Consequently, they are com-
monly removed from the fossil record by
taphonomic and diagenetic processes. Despite
their comparative rarity, over the past 25 years
protoconchs have been increasingly studied
and imaged using scanning electron
microscopy.

METHODS
We have compiled a database of all pub-

lished gastropod protoconchs from the Ordo-
vician to the Triassic. In addition, unpublished

data were included in the database, which con-
tains 507 species-level taxa with known pro-
toconchs. The protoconchs of just 8% of all
described Triassic gastropod species are
known and the percentage is even lower for
Ordovician to Permian stages, but because the
data come from different supraspecific taxa
and a wide range of fossil localities repre-
senting different stages, sampling can be con-
sidered to be essentially random.

Open coiling is used to describe a range of
protoconch morphologies in which the interior
side of the initial shell tube is disjunct along
the coiling axis. Such protoconchs may be
umbilicated with a central gap, coiled in a
loose spiral, or they may be stretched and
tube-like (Fig. 1). Using the present database,
the relative occurrence of this conspicuous lar-
val shell morphology can be shown quantita-
tively through the period 450–200 Ma or ap-
proximately the first half of the duration of the
class Gastropoda (Fig. 2). Of all described or
illustrated Ordovician gastropod species with
known protoconchs, 61.0% have an open ini-
tial whorl. Ordovician small shelly faunas
from different areas of Baltica consist entirely
of isolated protoconchs of this type (Bockelie
and Yochelson, 1979). Only a few Silurian
gastropod protoconchs have been reported
(Dzik, 1994; Frýda, 1999) (Fig. 1C), but two
largely undescribed small shelly assemblages
from Silurian strata of the Prague Basin con-
sist of more than 80% of isolated openly
coiled protoconchs (our observation). Of all
Devonian protoconchs, 17.4% are openly
coiled. This percentage drops further in the
Carboniferous (11.7%) and Permian (2.4%).
Not a single openly coiled initial whorl has
been reported for the Triassic. There is also no
report of a post-Triassic protoconch of this
form excepting the modern holoplanktic
pteropods, which have a stretched protoconch
(Bandel and Hemleben, 1995). However, these
gastropods are highly derived and have a fos-
sil record only to the early Tertiary. Therefore,
their protoconch morphology is not homolo-
gous with that of early Paleozoic gastropods,
but represents an adaptation to a completely
planktonic life cycle. The Caecidae are the
only extant benthic gastropods with similar
stretched or uncoiled protoconchs, but in con-
trast to Paleozoic gastropods, their initial
whorls are always tightly coiled (Ponder and
Keyzer, 1998).
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Figure 1. Gastropod initial whorls; scale bars 5 0.3 mm. A–E: Ancient type (openly coiled) from Early Devonian (A, E), Late Silurian (C),
and Carboniferous (B, D). A is neritimorph, B is limpet-shaped platyceratid, C is isolated larval shell, E is caenogastropod. F–J: Closely
coiled initial whorls in four major modern gastropod groups. F is Carboniferous and G is Holocene caenogastropod larval shell. H is
Holocene vetigastropod, I is Holocene neritimorph, and J is Pliocene heterostrophic. Sources: A—Fry ´da and Manda (1997), B—Bandel and
Frýda (1999), C—Fry ´da and Blodgett (2001), D, F—Nu ¨ tzel and Mapes (2001), E—Fry ´da (1999), G–J—this study.

Figure 2. Occurrence of openly coiled
initial whorls from Ordovician to Tri-
assic (in percent of published species
with known protoconchs). Too few
published data are available for Cam-
brian and Silurian. Ord, Ordovician;
Dev, Devonian; Carb, Carboniferous;
P, Permian; Tr, Triassic; error bars
represent 95% confidence intervals,
calculated after Raup (1991) and Kies-
sling (2002, personal commun.).

DISCUSSION
In contrast to modern gastropods, most ear-

ly Paleozoic gastropods hatched with a loose
initial whorl. The presence of such tube-like

protoconchs in most early Paleozoic gastropod
groups suggests that this type of protoconch
could represent the plesiomorphic state in
Gastropoda (Frýda, 1999; Nützel and Mapes,
2001). Few data about the initial whorls of
Cambrian univalves are available (Runnegar,
1981, 1983). Some of the oldest putative gas-
tropods such as Aldanella have a loosely or
openly coiled initial whorl (Runnegar, 1983).
However, the phylogenetic relationships of
Cambrian univalves to their supposed younger
descendants are unresolved (Wagner, 2002).
The majority of them are even interpreted to
represent untorted molluscs (Peel, 1991). It is
currently not possible to correlate the timing
of torsion to stages of shell formation (Wan-
ninger et al., 2000); therefore, it is unclear
whether openly coiled larval shells were
formed by torted or untorted life stages, and
it is possible that the larvae of these ancient
gastropods were untorted prior to metamor-
phosis. The initial cap of many of the early
Paleozoic gastropods with tube-like proto-
conchs is ;50–100 mm. In comparison to re-
cent gastropod larval shells, this indicates that
they hatched at a small size and that the eggs
did not contain much yolk. In gastropods with
tightly coiled initial whorls, this size would
suggest planktonic and possibly planktotroph-
ic larval development (Jablonski and Lutz,
1983). The only known exception is the plan-
ispiral Euomphalidae, which has an initial cap
diameter of ;150–200 mm (Nützel, 2002)
that indicates lecithotrophic early ontogeny.

Therefore, it is likely that the majority of Pa-
leozoic open protoconchs represent shells of
planktonic larvae. This is strongly supported
by the presence of Ordovician and Silurian
small shelly assemblages in which adults are
absent and that represent larval shell com-
munities in which metamorphosis was pre-
vented by unfavorable conditions on the bot-
tom (Nützel and Mapes, 2001). In contrast, a
gastropod larval shell assemblage from the
late Paleozoic (Mississippian) of Arkansas
consists largely of specimens with tightly
coiled initial whorls (Nützel and Mapes,
2001).

Paleozoic gastropods with openly coiled
initial whorls show various adult (teleoconch)
forms, e.g., naticiform, planispiral, fusiform,
and limpet-like. Major extinct Paleozoic
clades comprising species with openly coiled
protoconchs include the limpet-shaped platy-
ceratids (Bandel and Frýda, 1999) (Fig. 1B)
and the planispiral Euomphalidae (Bandel and
Frýda, 1998; Nützel, 2002). This morphology
is also shown by stem members of extant
clades such as the Caenogastropoda (Perune-
lomorpha) (Frýda, 1999) (Figs. 1D, 1E) and
Neritimorpha (Bandel and Frýda, 1999) (Fig.
1A), whereas it is absent in all possible mod-
ern descendants of these clades. Openly coiled
initial whorls are known from most major Pa-
leozoic gastropod clades excepting the Veti-
gastropoda, which lack a planktonic larval
stage.

One explanation of the lack of this feature
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in extant gastropods would be that Paleozoic
gastropod clades with openly coiled proto-
conchs became extinct selectively during the
Paleozoic and all modern gastropods are ex-
clusively descendants of Paleozoic gastropods
that had tightly coiled protoconchs. Another
hypothesis would suggest that openly coiled
protoconchs were present in the stem lines of
most extant gastropod clades, but taxa bearing
this feature were differentially lost across ma-
jor clades. The resolution of the phylogeny of
fossil gastropods is not yet good enough to
decide which of these hypotheses is closer to
the facts. It is possible that both scenarios con-
tributed to produce the lack of openly coiled
protoconchs in modern gastropods.

CONCLUSION
Gastropods with openly coiled initial

whorls existed for ;250 m.y. (Cambrian to
Permian) and dominated faunas for ;100 m.y.
in the early Paleozoic (Ordovician—Silurian).
The gradual loss of this morphology across
distinct high-level clades suggests that a new
selective force acted against this morphology.
There is a clear analogy with the extremely
long-term decrease in openly coiled or umbil-
icate gastropod teleoconch morphology
through the Phanerozoic to Cenozoic (Ver-
meij, 1987). Such shells are mechanically
weaker and more susceptible to successful at-
tack by durophagous predators than the non-
umbilicate morphologies that dominate ben-
thic gastropod faunas today. Similarly to the
Mesozoic marine revolution, new predators
could have emerged, but there is little known
about predator and prey relationships involv-
ing gastropod larvae even in the recent plank-
ton. Recent planktonic gastropod larval shells
commonly have chipped apertures or healed
shell fractures, suggesting failed predation at-
tempts (Hickman, 1999). Many recent gastro-
pod larval shells are ornamented and this
might represent increased armor to combat
predation (Hickman, 1999). Although plausi-
ble, predators have yet to be identified. The
loss of the openly coiled form in gastropod
larval shells is contemporaneous with major
changes in world plankton, including the mid-
dle to late Paleozoic decline of acritarchs and
associated biomarkers (phytoplankton gap)
(Moldowan et al., 1996; Riegel, 2001), the
Early Devonian extinction of the graptolites
(Sepkoski, 1981), and the appearance of dac-
ryoconariid tentaculites. These changes show
that the world plankton, including invertebrate
larvae, was fundamentally restructured in the
middle to late Paleozoic. It is unlikely that
gastropod larvae, acritarchs, and graptolites
were attacked by the same or similar predators
because they are very different in size and

ecology. It is probably more realistic that Pa-
leozoic plankton communities suffered from
crises caused by extrinsic forces and that dur-
ing plankton restructuring in the aftermath,
predation became an increasingly important
selective factor for gastropod larvae.
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Advances in biochirality: Amsterdam, Elsev-
ier, p. 153–190.

Erwin, D.H., 2000, Macroevolution is more than re-
peated rounds of microevolution: Evolution
and Development, v. 2, p. 78–84.

Frýda, J., 1999, Higher classification of Paleozoic
gastropods inferred from their early shell on-
togeny: Czech Geological Society Journal
v. 44, p. 137–154.
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Frýda, J., and Heidelberger, D., 2003, Systematic
position of Cyrtoneritimorpha within the class
Gastropoda with description of two new gen-
era from Siluro-Devonian strata of Central Eu-
rope: Bulletin of Geosciences, v. 78, p. 35–59.
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Nützel, A., and Mapes, R.H., 2001, Larval and ju-
venile gastropods from a Mississippian black
shale: Paleoecology, and implications for the
evolution of the Gastropoda: Lethaia, v. 34,
p. 143–162.
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