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Abstract

Gastropod rebound from the end-Permian mass extinction event initiated in the Olenekian and diversification continued until
the Carnian. The most diverse and abundant Early Triassic gastropod faunas are from the Moenkopi Formation (Utah) and the
Upper Werfen Formation (Europe, Alps), which contribute as much as 50% to the reported global gastropod diversity of the
Early Triassic. Gastropod faunas with more than 10 to 15 species are unknown from the Induan. However, the Olenekian fauna
from the Sinbad Limestone (Moenkopi Formation) comprises 26 species. Faunas with more than 100 gastropod species have not
been reported prior to the Late Anisian. The number of reported gastropod taxa continues to rise until the Carnian. Several
caenastropod groups and the opisthobranchs have their first occurrence in the Olenekian, which indicates a major turnover
within the Gastropoda. Typical Palaeozoic gastropod groups were rapidly replaced and Early Triassic gastropod faunas are
distinct form Late Palacozoic faunas. Zygopleura rugosa Batten and Stokes is transferred to the genus Ampezzopleura and its
diagnostic larval shell is reported for the first time. It corroborates the view that the highly diverse pseudozygopleurids became
extinct at the end-Permian mass extinction event and were replaced by the superficially similar Mesozoic Zygopleuridae. To cite
this article: A. Niitzel, C. R. Palevol 4 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Reconquéte par les gastéropodes au Trias inférieur. La récupération des gastéropodes consécutive  la crise biologique de
la fin du Permien débute a I’Olenekien. La diversification du groupe se poursuit jusqu’au Carnien. Les faunes de gastéropodes
les plus riches du Trias inférieur, a la fois par leur diversité et par leur abondance, proviennent de la formation Moenkopi (Utah)
et de la formation supérieure de Werfen (Europe, Alpes) qui contribuent pour 50% a la biodiversité globale des gastéropodes du
début du Trias. L’Indusien n’a pas livré de faunes de gastéropodes comportant plus de 10 a 15 especes. Cependant, la faune
olenekienne du « Sinbad Limestone » (formation Moenkopi) comprend 26 especes. Des faunes comptant plus de 100 especes de
gastéropodes n’ont pas été rencontrées avant I’ Anisien tardif. Le nombre de taxons recensés continue de croitre ensuite jusqu’au
Carnien. Les premiers représentants de plusieurs groupes de caenogastéropodes et d’opisthobranches apparaissent a 1I’Olenekien,
une époque qui marque un renouvellement majeur parmi les gastéropodes. Des groupes de gastéropodes typiquement paléozo-
iques sont rapidement remplacés et les faunes du début du Trias sont différentes de celles de la fin du Permien. Zygopleura
rugosa Batten et Stokes est rapporté au genre Ampezzopleura et la diagnose de sa coquille larvaire est décrite pour la premiere
fois. Ceci conforte I’opinion que les pseudozygopleuridés hautement diversifiés s’éteignent lors de la crise biologique de la fin
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du Permien et sont remplacés par les Zygopleuridae mésozoiques d’apparence proche. Pour citer cet article : A. Niitzel, C. R.

Palevol 4 (2005).
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1. Introduction

Gastropods, as a major metazoan clade, play an
important role for analyses of palaeodiversity at the
Permian/Triassic boundary, because they were abun-
dant in the Late Palaeozoic and Early Mesozoic, but
nevertheless considerably affected by the end-Permian
extinction, which eliminated as many as 20% of all
families and correspondingly a much higher percent-
age of genera and species [3,10,11,15,17]. Recently dis-
covered Latest Permian well-preserved gastropod fau-
nas from southern China still contain typical Palaeozoic
taxa, which suggests that the extinction was sudden
[36,37]. Popular phrases like ‘Lazarus-Taxon’, ‘Elvis
Taxon’, and ‘Dead Clade Walking’ were first coined
for gastropods [3,16,18,23,24]. There is a consensus
that gastropods and bivalves were less affected by the
end-Permian mass extinction event than most other
invertebrate clades and that this extinction resistance
was a precondition for their high diversity in modern
faunas (e.g., [10,11]). The Mesozoic radiation of the
Gastropoda represents a continuation of a previous
Palaeozoic expansion. Gastropods were not marginal-
ized effectively by the extinction event, but recovered
successfully; so it is obvious that extinction resistance
must have formed the base for their post-Palacozoic
expansion. However, interesting shifts within the clade
Gastropoda can be recognized during the aftermath of
the extinction and during the recovery period.

Gastropods are one of the most diverse marine inver-
tebrate groups of the Early Mesozoic: 2100 Triassic
nominate gastropod species represent roughly 400 gen-
era. These numbers are small when compared with the
diversity of Recent gastropods, which is estimated
between 40 000 to 150 000 species [6,40]. Despite the
relatively high diversity of Triassic gastropods, analy-
ses are hindered by several factors such as poor preser-
vation or convergence of shell characters, which pro-
duce an unknown number of misleading taxonomic

assignments. With the exception of the Moenkopi For-
mation [5,32], Early Triassic gastropod faunas (espe-
cially those from the Griesbachian) are generally poorly
preserved. Therefore, most generic and family assign-
ments of Early Triassic gastropods are questionable.
Triassic gastropod diversity is distributed unevenly
among the Triassic stages. It is lowest in the Early Tri-
assic, peeks in the Carnian and declines severely in the
Norian and Rhaetian (Fig. 1). An ongoing diversity
study on the species and genus level conducted by the
author and D.H. Erwin (Smithsonian Institution, Wash-
ington D.C.) will tackle the question whether this pat-
tern does reflect the evolution of biodiversity, and if so,
to what degree. The Early Triassic is characterized by a
historic low in the number of reported gastropod taxa.
Only about 80 nominate gastropod species, represent-
ing roughly 40 genera (excluding Lazarus taxa), are
known from the Scythian and by far most of these taxa
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Fig. 1. Species diversity throughout the Triassic; after an Early Triassic
low, the number of species increases rapidly, peeks in the Carnian and
drops subsequently in the Norian and Rhaetian; includes species in
open nomenclature; data from own species-level database.

Fig. 1. Diversité spécifique au cours du Trias ; aprés un creux au
début du Trias, le nombre des especes croit rapidement, culmine au
Carnien et chute ensuite durant le Norien et le Rhétien ; les especes
en nomenclature ouverte ont été incluses. D’apres une banque de
données des especes réalisée par 1’auteur.
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are from the Olenekian. Compared to the 150 000 Re-
cent gastropod species, the number of Early Triassic
gastropod taxa must be considered extremely low, even
if a considerable incompleteness of the fossil record is
assumed. The reported gastropod diversity seems to be
even lower in the Induan, although abundance may be
high. However, the stratigraphy of many Early Triassic
gastropod occurrences is poorly resolved. Moreover,
gastropod preservation is generally poor in the Induan,
which represents a major handicap for any analysis.
Most reports of Early Triassic gastropods come from
North America, Europe and Asia (especially southern
China). However, almost nothing is known from the
Gondwana continents.

Induan gastropod faunas usually comprise only a few
species, and reports of single species occurrences are
common. The richest Griesbachian gastropod fauna was
recently reported from Oman and contains just about
ten taxa [49,53]. Early Triassic gastropod faunas with
more than ten species and reasonable preservation have
not been reported prior to the Olenekian. The Upper
Werfen Formation (Alps) and the Sinbad Limestone
(Moenkopi Formation, Utah) form the most diverse
Olenekian gastropod Lagerstétten. However, these fau-
nas are not highly diverse and still lack the complexity
of Late Triassic or Late Permian gastropod faunas. They
come both from shallow marine environments without
true metazoan reefs. Together, the Werfen and the
Moenkopi Formations contribute more than 50% to the
global number of described nominate gastropod spe-
cies from the Early Triassic. Early Triassic gastropod
faunas, including those from the Werfen and Moen-
kopi Formations, have been interpreted as opportunis-
tic faunas that were dominated by small, commonly
abundant, r-selected species and are characterized by
relatively low species richness [20,43]. The gastropod
faunas of the Moenkopi and upper Werfen Formations
differ strongly from each other on the species and even
on the genus level, which suggests that cosmopolitism
played no important role in Olenekian gastropods.

2. The gastropods of the Moenkopi Formation
(Sinbad limestone)

The gastropod fauna from the Sinbad Limestone
Member (Moenkopi Formation) from Utah is crucial for
the understanding of recovery patterns, because it is vir-

tually the only well-known and relatively diverse fauna
from the Early Triassic. The Sinbad Limestone Member
is a 15 m to 30 m thick carbonate unit within the pre-
dominantly siliceous clastic, terrestrial Moenkopi For-
mation [7]. Fossiliferous limestones, dolomite and cal-
careous siltstones are the major constituents of the Sinbad
Limestone Member. These beds were deposited in a shal-
low, epicontinental sea. The best-preserved gastropod
material comes from weathered mollusc coquinas (rud-
stones with grain- and packstones matrix) of the San
Rafael Swell [5,7], which are interpreted as tempestites
[7,43]. The coquinas are mainly composed of bivalves,
gastropods, and annulated tubes (supposed scaphopods
of the Plagioglypta-type) (Fig. 2). The presence of echi-
noderm ossicles indicates a normal salinity for these beds.
There are also stromatolites and oolites in the marine
limestones of the Moenkopi Formation, which indicates
warm shallow marine conditions. The presence of stro-
matolites in normal subtidal marine environments was
interpreted as a disaster phenomenon [42].

Twenty-six species representing 16 genera have been
reported from the Moenkopi Formation [5], which
forms about one third of the global Early Triassic gas-
tropod diversity. Some of the species appear in ‘astro-
nomical’ numbers [5]. Ongoing re-sampling and taxo-
nomic re-evaluation of the Moenkopi gastropod fauna
show that this species richness and diversity will not

Fig. 2. Thin section of Sinbad Limestone mollusc coquina (rudstone
with grain-packstone matrix) with bivalves, supposed scaphopods
(Plagioglypta), and gastropods as components; American Museum
of Natural History (AMNH) locality 3026 [5]; oriented; 10 mm wide.

Fig. 2. Lame mince dans un calcaire coquillier du « Sinbad Limes-
tone » (rudstone avec une matrice grain-packstone) comportant des
lamellibranches, des scaphopodes probables (Plagioglypta) et des
gastéropodes ; American Museum of Natural History (AMNH) loca-
1ité€ 3026 (5) ; orienté ; largeur = 10 mm.
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Fig. 3. Rarefaction analysis of the Moenkopi Formation and some
Late Triassic gastropod faunas; the most diverse Early Triassic gas-
tropod fauna is distinctly less diverse than the great Late Triassic
faunas; from [33].

Fig. 3. Analyse de raréfaction de la formation de Moenkopi et de
quelques faunes de gastéropodes du Trias supérieur ; la faune de gas-
téropodes la plus diversifiée du Trias inférieur est nettement moins
diversifiée que les grandes faunes du Trias supérieur. D’apres [33].

increase considerably, i.e. not many additional taxa can
be found. The species richness and diversity of the Sin-
bad gastropod fauna can be considered as normal (or at
least not extraordinarily low) for a non-reefal Meso-
zoic environment. However, rarefaction analyses of Late
Triassic gastropod faunas have shown that the Sinbad
fauna (i.e. the most diverse Early Triassic gastropod
fauna) is clearly less diverse than the most diverse Late
Triassic faunas [33] (Fig. 3).

Most of the Moenkopi snails have an adult size
smaller than 10 mm [20]. The dominance of microgas-
tropods and the lack or scarcity of large gastropod in
the Early Triassic seem to be a global phenomenon.
Open-shelf environments that were dominated by
opportunistic microgastropods have been interpreted as
a non-actualistic re-population phenomenon [20].
Reduced body size was also interpreted as a possible
consequence of productivity decline [48]. However,
even most Recent gastropods are small [9] and the abun-
dant gastropods ‘Turbo’ rectecostatus and Natiria cos-
tata from the Upper Werfen Formation are as large as
20-35 mm and therefore are not microgastropods.

The Moenkopi material yields the oldest Mesozoic
gastropods with known protoconchs — it is in fact the
only Triassic formation with well-preserved gastropod
protoconchs (see below, Figs. 8—10) except of the Early

Carnian Cassian Formation, in the Italian Alps. The pro-
toconch morphology is crucial for phylogeny, systemat-
ics and recognition of larval strategies of gastropods. Bat-
ten and Stokes [5] reported the protoconch morphology
of a few taxa from the Sinbad Limestone. Ongoing addi-
tional sampling produced many well-preserved speci-
mens, so that the protoconch morphology of most spe-
cies from the Moenkopi Formation can be reported in
the near future. Meanwhile, even the protoconch mor-
phology of the type species of several Late Triassic gen-
era from the Cassian Formation has become known and
can be compared with some of the gastropods from the
Sinbad Limestone. This will change several generic
assignments and improve substantially comparisons with
Late Palaeozoic and other Early Mesozoic gastropods.

3. The gastropods of the Werfen Formation

The Lower Triassic Werfen Formation produced
about 15 nominate gastropod species [27,56]. It crops
out in a vast area of the Alps and overlies the Upper
Permian (Wuchiapingian to Changhsingian) Bellero-
phon Formation, which yields a typical Late Palaeo-
zoic marine fauna with abundant brachiopods and bel-
lerophontids in its upper part. The Werfen Formation is
up to several hundred metres thick and ranges from the
earliest Early Triassic (Griesbachian, Induan) to the late
Early Triassic (Olenekian). It yields an abundant marine
fauna, which is dominated by bivalves and gastropods.
The preservation of the gastropods is generally poor
and the fauna consists commonly of steinkerns. The
bellerophontid Retispira? vacecki seems to be restricted
to the lower part of the Werfen Formation (Induan) —
its taxonomy and stratigraphic occurrence was inten-
sively discussed by Yochelson and Kollmann [60].
Abundant microgastropods occur in a facies that is
called ‘Gastropod Oolite’. This term is also used in a
lithostratigraphic sense for a horizon between the Seis
and Campil Members. This member consists of oolites
in which gastropods may form the cores of the ooids,
but more commonly they occur as iron oxide encrusted
or impregnated components of wackestones and grain-
stones [8]. Some of these gastropod-dominated beds
are tempestites. The occurrence of similar microgastro-
pod coquinas seems to represent a global phenomenon
[20] and is absent or rare in the Palaeozoic.

The microgastropods (gastropods smaller than
10 mm) of the Werfen Formation are poorly studied
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and generic assignments are usually doubtful, wrong
or outdated. In part, this seems to be the result of the
poor preservation of these gastropods. For example,
Polygyrina gracilior is based on poorly preserved speci-
mens (steinkerns) of Anisian age. This species name is
frequently used as a dustbin for high-spired Early to
Late Triassic gastropod specimens from the Alps and
the German/Polish basin. Based on the study of the type
specimens (housed in the ‘Naturkundemuseum’ of
Coburg, Germany), it must be stated that these speci-
mens are undeterminable and that the taxon is there-
fore a nomen dubium. Similarly, Coelostylina werfen-
ensis is another taxon for high-spired small gastropods,
which is based on poorly preserved, basically undeter-
minable material, as is indicated by an examination of
the type material at the University of Tiibingen. How-
ever, it is a fact that small high-spired gastropods are
abundant in the Werfen Formation (Fig. 4), especially
in the Gastropod Oolite. They represent probably cae-
nogastropods (e.g., Polygyrina) or possibly hetero-
branchs (Allogastropoda). Their systematic and taxo-
nomic placement is doubtful as long as no well-
preserved material with protoconchs can be studied.
Werfenella rectecostata (the former ‘Turbo’ rect-
ecostatus) and Natiria costata represent the most abun-

Fig. 4. Gastropod oolite facies; Valsugana (northern Italy, near Borgo)
[56]; coll. Universitit Tiibingen (Germany); small high-spired gas-
tropods are abundant and were commonly assigned to Polygyrina
gracilior, which represents a nomen dubium, because it is based on
poorly preserved material from the Recoaro area (northern Italy);
width: 36 mm.

Fig. 4. Facies oolitique a gastéropodes ; Valsugana (Nord de I'Italie,
pres de Borgo) [56] ; coll. université de Tiibingen (Allemagne) ; de
petits gastéropodes a spire étroite sont abondants et sont communé-
ment rapportés a Polygyrina gracilior, qui correspond a un nomen
dubium parce que sa diagnose se réfere a un matériel mal conservé
de la région de Recoaro (Nord de I'Italie) ; largeur : 36 mm.

dant larger gastropods of the Werfen Formation. They
occur in the upper part of the Werfen Formation (Ole-
nekian) and form an important part of its fauna. As men-
tioned, both species are as large as two to four centi-
metres, and therefore they do not represent
microgastropods. Natiria costata is commonly rela-
tively well-preserved, because it probably has a thin
calcitic outer shell layer, which is common among neri-
taemorph gastropods. This species closely resembles
Late Palaeozoic species of the genus Natiria and spe-
cies such as the Latest Permian Naticopsis shizishanen-
ensis [37]. Itis likely that Natiria costata belongs to an
evolutionary line that crossed the P/T and was impor-
tant in the Late Palacozoic and Early Mesozoic. Wer-
fenella rectecostata is normally preserved as steink-
ern, but is nevertheless characteristic and easy to
recognize by its angular shape. Werfenella rectecos-
tata does not belong to the modern genus Turbo, but
represents the recently erected genus Werfenella [30],
which is probably related to the Mesozoic family Pur-
purinidae and could represent the progenitor taxon of
this family [30]. This genus originated in and is re-
stricted to the Early Triassic. Therefore, it represents
an example for an initially successful newcomer.

In conclusion, the fauna of the Werfen Formation
shows that gastropods formed an abundant and consid-
erable part of the marine benthic fauna in the Early Tri-
assic of the western Tethys. A few gastropod taxa are
sufficiently characteristic for an unproblematic species
identification. However, most species are only known
from poorly preserved specimens and provide limited
phylogenetic and palaeobiogeographic information.

4. Recovery in China

China, and particularly southern China, is one of the
most important regions for the study of the end-
Permian mass extinction event, because several
continuous marine P/T-sections can be studied.
Well-preserved Latest Permian (Wuchiapingian-
Changhsingian) gastropod faunas from southern China
are diverse and contain mostly typical Late Palaeozoic
taxa [36,37]. Most of the Palaeozoic genera are not
known after the Griesbachian [36]. Only a few Early
Triassic taxa were described and most of them are based
on poorly preserved material. Similar to the Werfen For-
mation, bellerophontids and several high-spired, smooth
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and poorly preserved caenogastropods (Polygyrina,
Omphaloptycha, Toxoconcha) were reported from
Lower Triassic Formations of China (e.g., the Zalishan
and Maresongduo Formations) [47,51]. The number of
reported genera in South China remains low during the
Olenekian, e.g., five genera were reported from the
Smithian [36], while the contemporaneous Moenkopi
Formation alone produced as many as 16 genera. It is
unclear whether this reflects preservation bias or rep-
resents a true regional signal.

5. Anisian recovery and the Muschelkalk
of the German/Polish Basin

There are no marine P/T sections in Middle Europe;
Late Permian marine deposits (Zechstein, Wuchiapin-
gian—Changhsingian) are covered with the terrestrial red
beds of the Buntsandstein (Early Triassic to Earliest Ani-
sian). The Zechstein yields a typical Late Palaeozoic gas-
tropod fauna. In the uppermost portions of the Buntsand-
stein (Rot), marine influence reappears, indicating a
transgression. The Rot-facies contains several marine
gastropod taxa. However, the stratigraphic position of
this lithological unit is unclear but it probably encom-
passes Late Olenekian and Early Anisian. Since the trans-
gression, the German/Polish Basin hosted a shallow epi-
continental sea during the Anisian and part of the
Ladinian, called the Muschelkalk Sea. The Muschelkalk
Sea has produced about 250 described gastropod spe-
cies (60 genera), most of them of Anisian age. This is
about 50-60% of the described global Anisian gastro-
pod diversity and although there are probably synonyms
and questionable assignments, the Muschelkalk fauna is
crucial for studies on gastropod recovery. Fig. 5 shows
the number of gastropod species in the different lithos-
tratigraphic units of the Muschelkalk according to a tabu-
lar compilation from Schmidt [41]. The lithostrati-
graphic subdivision in this work is outdated, but the data
suggest that most units of the Anisian Muschelkalk pro-
duced as many as 50 to 90 species. This is much more
than any Lower Triassic Formation and it suggests a cer-
tain stability without strong fluctuations of the diversity
of the Muschelkalk populations. These data imply that
recovery was completed or was progressing consider-
ably during the Anisian.

Other diverse Anisian gastropod faunas were de-
scribed from the Alps and especially from China (e.g.,

Olenekian Anisian ‘ Ladinfan ‘Carm‘an

marine

—

[=]
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Fig. 5. Gastropod diversity in the Triassic German/Polish Basin
(Anisian/Ladinian Muschelkalk), based on Schmidt’s [41] compila-
tion; the Muschelkalk is the greatest source of global Anisian gastro-
pod diversity; the lithostratigraphic subdivision is partly outdated, but
the data suggest that most units of the Anisian Muschelkalk produced
as many as 50 to 90 species, which is much more than any Early Triassic
Formation. This suggests that recovery was complete or progressing.

Fig. 5. Diversité des gastéropodes dans le Trias du bassin germano-
polonais (Anisien/Ladinien, Muschelkalk), d’aprés une compilation
des données de Schmidt (41) ; le Muschelkalk est la plus importante
source pour la diversité des gastéropodes de 1’ Anisien ; les subdivi-
sions lithostratigraphiques sont partiellement périmées mais les don-
nées suggerent que la plupart des unités du Muschelkalk (Anisien)
ont livré de 50 a 90 especes, bien plus que n’importe quelle autre
formation du Trias inférieur. Ceci semble indiquer que la reconquéte
était complete ou en cours.

[47,57-59]). A Late Anisian gastropod fauna from
Qingyan (southwestern China) comprises about
120 species [46], which indicates that the recovery pro-
cess was completed or still progressing at this time.

6. Diversity trends in specific gastropod groups
6.1. Bellerophontoideans

The bellerophontoideans crossed the P/T boundary
with several genera in Europe, Asia, and North America.
At least three genera (Retispira, Bellerophon, Euphe-
mites) crossed the Permian/Triassic boundary, each rep-
resented by only one or two species [61]. However, most
of the Triassic bellerophontoideans seem to be restricted
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to earliest Early Triassic, are absent or rare in the Ole-
nekian and probably did not survive the Early Triassic.
Thus, they represent a holdover taxon sensu Hallam
and Wignall [22]. Because of their characteristic
bilaterally-symmetrical shape, bellerophontoideans are
relatively easy to recognize even if preservation is poor,
although species identification and generic assignment
are commonly problematic. There are no reports of Ani-
sian bellerophontoids, except one from China [36],
which should be confirmed. This enigmatic phenom-
enon of survival without recovery [18] has been chris-
tened ‘Dead Clade Walking’ [24]. Bellerophontoide-
ans are not part of the gastropod recovery.

6.2. Limpets

Limpet-shaped gastropods are unknown from the
Early Triassic. They are not even important parts of Late
Palaeozoic gastropod faunas. Limpets which could
belong to the patelloideans became more abundant and
diverse during the Late Triassic. Limpets (of whatever
systematic placement they were) do not play an impor-
tant role in the recovery process. In part, this might be
result of preservation bias because most patellids live
on near-shore hardgrounds, an environment with a par-
ticularly bad preservation potential and fossil record.
However, limpet-shaped gastropods may also occur in
other more quiet environments.

6.3. Euomphalina

Planispiral enomphalid shells are abundant and wide-
spread in the Late Palaeozoic. They are characterized
by a vetigastropod-type protoconch [29], which is more
or less openly coiled in some genera [2]. However, there
seems to be no report of a planispiral or widely phan-
eromphalous gastropods from the Early Triassic. This
suggests that the P/T selectively hits the euomphalines.
Planispiral gastropods reappear in the Anisian but it is
unknown whether these gastropods are descendants of
the Palaeozoic euomphalines or whether the planispi-
ral teleoconch shape is convergent as has been shown
for various Late Triassic and younger taxa [1]. Gener-
ally, the family diversity of marine larger planispiral or
widely phaneromphalous gastropods declined during
the Phanerozoic [50]. This trend against planispiral mor-
phology was not stopped by the emergence of Middle
and Late Triassic euomphalid-like looking gastropods.

True euomphalines either became extinct and were
replaced by convergent forms or they survived but
played no important role in gastropod recovery.

6.4. Vetigastropods

Slit-bearing vetigastropods (pleurotomarioideans)
were highly diverse and abundant in the Late Palaeo-
zoic and declined considerably at the P/T extinction
event. They are unknown from the Werfen Formation
and play a minor role in the Moenkopi Formation with
only two species of the Worthenia-group, one of which
israre [5]. Subsequently, Worthenia-like gastropods and
other slit-bearing vetigastropods recovered quickly and
Worthenia-like gastropods (Worthenia or Wortheniella)
are known from numerous Middle to Late Triassic spe-
cies [57]. The slitless vetigastropods may represent an
important component of Late Palaeozoic faunas, espe-
cially members of the Microdomatidae and Anompha-
lidae can contribute considerably to Late Palacozoic
gastropod faunas. Both families are absent in the Early
Triassic. Similar forms reappear in the Middle Triassic
and are among the most abundant gastropods in the Car-
nian Cassian Formation. The first occurrence of the
Mesozoic trochomorph genus Chartroniella in the Early
Triassic Moenkopi fauna is noteworthy [5].

The vetigastropods were severely hit by the end-
Permian mass extinction and are generally rare in Early
Triassic faunas. However, they rebound considerably
and became a major component of Middle and Late
Triassic gastropod faunas, e.g. of the fauna of the Car-
nian Cassian Formation.

6.5. Neritaemorpha

Neritaemorphs form an important part of Late Palaeo-
zoic gastropod faunas and are well represented in Early
Triassic gastropod faunas. They were reported from the
Griesbachian and are abundant in the Olenekian. Small
neritaemorphs are highly abundant and even dominant
in the Sinbad limestone. The neritaemorph Natiria cos-
tata is one of the most abundant gastropods in the Upper
Werfen Formation where it is even used as an index
fossil (Fig. 6). Genera such as Naticopsis and Natiria
seem to represent examples of survivors. However, the
platyceratids, which are probably closely related to the
neritaemorphs, became extinct. The taxonomy of neri-
taemorphs is particularly difficult and therefore conclu-
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Fig. 6. Early Triassic neritaemorphs; upper figures: Natiria costata,
common gastropod of the Upper Werfen Formation, Naturhistoris-
ches Museum Wien (NHMW 1884 D 587), Grones, Gadertal, height
18 mm; Lower figure Neritaria sp. from the Sinbad Limestone (Utah)
height 1.7 mm.

Fig. 6. Neritaemorphes du Trias inférieur ; figures du haut : Natiria
costata, gastéropode commun dans la Formation supérieure de Wer-
fen, Naturhistorisches Museum Wien (NHMW 1884 D 587), Gro-
nes, Gadertal, hauteur = 18mm ; figure du bas : Neritaria sp. du
« Sinbad Limestone » (Utah, USA), hauteur = 1,7 mm.

sions about their diversity patterns are tentative. How-
ever, it seems obvious that several neritaemorph genera
crossed the Palaeozoic/Mesozoic transition and that
neritaemorphs contributed considerably to the recov-
ery during the Olenekian and Anisian. They are diverse
in the Anisian, e.g. in the European Muschelkalk and
the Qinling Mountains in China [47].

6.6. Caenogastropoda

The caenogastropods are the most diverse Recent gas-
tropod subclass. They represent an important group in
the Late Palaeozoic but were seemingly not as diverse as
the modern caenogastropods. However, their contribu-
tion to Late Palacozoic faunas is generally underesti-
mated. For instance, caenogastropods contribute about
one third (32%) of the individuals and more than 50% of
the species of the Middle Pennsylvanian gastropod fauna
of the Flechado Formation (New Mexico, USA), which
represents one of the most abundant and species-rich Late
Palaeozoic gastropod collections [25]. Caenogastropods
even form a considerable part of the Changsinghian gas-
tropod fauna of South China [37]. There are 26 nomi-

nate Early Triassic caenogastropod species. All were
assigned to Mesozoic to Modern genera and families
[32]. Although many of these assignments are question-
able, mainly due to poor preservation, this indicates a
major faunal turnover within the Caenogastropoda on
the genus and family levels. This turnover originated as
early as the Early Triassic and was sudden, as is sug-
gested by the fact that Changsinghian gastropod faunas
from China still contain almost exclusively typical Late
Palaeozoic caenogastropod taxa, such as the Meekospiri-
dae, Soleniscidae, Pseudozygopleuridae, Orthonema-
tidae, and Pithodeidae [35-37]. While the extinction on
the genus and family level was rather profound, several
higher rank clades passed the transition and must repre-
sent the ancestors of major Mesozoic to modern caeno-
gastropod groups.

The Late Palacozoic families Goniasmatidae and
Pithodeidae are unusual for caenogastropods because
they have a distinct selenizone and associated with this,
a slit or pronounced sinus. In any other respect, they
are typical caenogastropods (larval shell, shell struc-
ture). The families Goniasmatidae, Pithodeidae, and
Orthonematidae are diverse and abundant from the
Early Carboniferous to the Late Permian [31,35,62].
The evolutionary history of slit-bearing caenogastro-
pods is largely restricted to the Palaeozoic. There are a
few high-spired Triassic gastropod genera with a well-
developed selenizone which could represent Mesozoic
descendants of the Palaeozoic Goniasmatidae but their
protoconch morphology is largely unknown so that their
systematic placement is tentative. The genus Pseudo-
murchisonia was reported from the Werfen Formation
[56] and could represent Early Triassic descendants of
the Late Palaeozoic slit-bearing caenogastropods. How-
ever, wide-spread and long-ranging genera such as
Goniasma, Stegocoelia and similar forms are restricted
to the Middle and Late Palaeozoic. Therefore, most of
these groups are victims of the end-Permian mass
extinction event.

The subulitoid caenogastropod families Solenis-
cidae and Meekospiridae range from the Devonian to
the Latest Permian (Changhsingian) (e.g., [34]) but also
have some Early Triassic members, e.g., Strobeus and
probably even Soleniscus are present in the Early Tri-
assic of the Salt Range (Pakistan) and in the Moenkopi
Formation (Fig. 7). Thus, subulitoids contain hold-
overs and are mentioned as an example for the Dead
Clade Walking phenomenon [14]. However, similar and
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Fig. 7. Early Triassic Soleniscidae as Palacozoic holdovers; left
Strobeus sp. “Upper Ceratite Beds, Bellerophon Bed, Mittialiwani
near Chideru” (probably Mittiwali Member, Mianwali Formation
[26]), Salt Range, Pakistan, height 20 mm, collection of the Univer-
sitdt Tibingen (Germany); middle and right, Soleniscus sp. or
Strobeus sp., from the Sinbad Limestone, Moenkopi Formation,
American Museum of Natural History (AMNH) locality 3026 [5];
middle 10.5 mm high; right 8.5 mm high.

Fig. 7. Les Soleniscidae du Trias inférieur, des survivants du Paléo-
zoique ; a gauche : Strobeus sp. « Couches supérieures a cératites,
niveau a Bellerophon, Mittialiwani prés Chideru » (probablement
Membre Mittiwali, Formation Mianwali (26), Salt Range, Pakistan,
hauteur = 20 mm, coll. université de Tiibingen (Allemagne) ; au cen-
tre et a droite, Soleniscus sp. ou Strobeus sp., du « Sinbad Limes-
tone », formation Moenkopi, American Museum of Natural History
(AMNH) localité 3026 (5) ; hauteur : échantillon du cen-
tre = 10,5 mm, échantillon de droite = 8,5mm.

potentially related Mesozoic snails are found in the
Coelostylinidae and Pseudomelaniidae. The Coelostyl-
inidae have their first relatively well-documented
appearance in the Permian (Wordian) [4] but radiated
tremendously in the Triassic. Possible phylogenetic
relationships of the largely smooth ‘subulitoid’ gastro-
pods and similar Mesozoic forms are difficult to sub-
stantiate, because there are few discrete shell charac-
ters available and excellent preservation is needed for a
meaningful taxonomy.

The Zygopleuroidea (formerly included in the catch-
all Loxonematoidea) represent an important group of
Late Palaeozoic to Early Mesozoic high-spired caeno-
gastropods. On the generic and family levels, the
Zygopleuroidea suffered heavy extinction at the P/T.
The abundant caenogastropod family Pseudozygopleu-
ridae became extinct at the P/T. They are well repre-
sented with several genera in the Changsinghian of
South China [37]. However, there are no reports of Tri-
assic pseudozygopleurids that have an extremely char-
acteristic larval shell morphology, with strongly sinu-
ous axial ribs forming a pseudospiral (Fig. 8). In

Fig. 8. The Pseudozygopleuridae (right) superficially resemble
Ampezzopleura (Zygopleuridae) (left) but have a larval shell with
strongly sinuous axial ribs forming a pseudospiral. These slight dif-
ferences can only be observed in exceptionally well-preserved mate-
rial and are highly diagnostic. They suggest that the very diverse
Pseudozygopleuridae are restricted to the Palaeozoic and that the
important Mesozoic Zygopleuridae originated in the Early Triassic
as part of the caenogastropod turnover. Left: Ampezzopleura rugosa
(Batten and Stokes) (new combination) from the Sinbad Limestone
(Moenkopi Formation) represents the earliest certain member of the
Zygopleuridae; it has a planktotrophic larval shell with simple axial
ribs; upper left 0.6 mm high; lower left 1.3 mm high; right: Pseudo-
zygopleura sp. from the Pennsylvanian of West Virginia (U.S.A.),
Ames Shale; upper right 0.8 mm high; lower right 2.2 mm high.

Fig. 8. Les Pseudozygopleuridae (a droite) ressemblent superficiel-
lement a Ampezzopleura (Zygopleuridae) (a gauche) mais posse-
dent une coquille larvaire avec des careénes spirales axiales tres sinueu-
ses formant une pseudospire. Ces légeres différences peuvent
uniquement étre observées sur des échantillons exceptionnellement
bien conservés et sont hautement significatives. Elles suggerent que
I’ensemble tres diversifié des Pseudozygopleuridae est restreint au
Paléozoique et que I’important groupe des Zygopleuridae mésozoi-
ques apparait au Trias inférieur comme une composante du renou-
vellement des caenogastéropodes. A gauche : Ampezzopleura rugosa
(Batten et Stokes) (nouvelle combinaison) du « Sinbad Limestone »
(formation Moenkopi) représente le premier représentant avéré des
Zygopleuridae ; il posséde une coquille larvaire planctonique, avec
des carenes axiales simples ; hauteur : en haut a gauche = 0,6 mm, en
bas a gauche = 1,3 mm ; a droite : Pseudozygopleura sp. du Penn-
sylvanien de I’Ouest de la Virginie (USA), Ames Shale ; hauteur : en
haut a droite = 0,8mm, en bas a droite = 2,2 mm.
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Fig. 9. The caenogastropod Battenizyga eotriassica, one of the more
common, characteristic gastropods of the Sinbad Limestone (Moen-
kopi Formation); according to the current state of knowledge, Batte-
nizyga originates and is restricted to the Early Triassic as part of the
Early Mesozoic turnover within the Caenogastropoda; left 2.7 mm
high; right 1.1 mm high.

Fig. 9. Le caenogastéropode Battenizyga eotriassica, un des gasté-
ropodes les plus communs et les plus caractéristiques du « Sinbad
Limestone » (formation Moenkopi) ; dans I’état actuel de nos connais-
sances, Battenizyga apparait et reste limité au Trias inférieur, comme
une composante du renouvellement des caenogastéropodes au début
du Mésozoique ; hauteur : a gauche = 2,7 mm, a droite = 1,1 mm.

contrast, the Mesozoic subfamily Ampezzopleurinae
(family Zygopleuridae) has rather straight ribs on the
larval shell. Ampezzopleura rugosa (Batten and Stokes)
[5] (new combination, formerly in Zygopleura) from
the Sinbad Limestone (Moenkopi Formation) repre-
sents the earliest certain member of the subfamily
Ampezzopleurinae (family Zygopleuridae) (Fig. 8). The
larval shell of this species is shown here for the first
time. The comparison of the Palaeozoic Pseudozy-
gopleura and the Triassic Ampezzopleura shows that
the correct systematic placement relies on exception-
ally well-preserved material with preserved proto-
conch. Battenizyga represents another caenogastropod
genus with axial ribs on the early ontogenetic shell
(Fig. 9). This genus is only known from the Moenkopi
Formation [32] where it is relatively abundant. It was
placed in the Triassic family Protorculidae which is
closely related to the Zygopleuridae. The Ampezzopleu-
rinae (Zygopleuridae) and Protorculidae are probably
descendants of the Pseudozygopleuridae [28]. The
highly diverse Pseudozygopleuridae are restricted to the
Palaeozoic and the important Mesozoic Zygopleuridae

occurs first in the Early Triassic and radiates subse-
quently as part of the caenogastropod turnover.

The caenogastropods are clearly a major contribu-
tor to the recovery process. Despite the poor preserva-
tion of many Early Triassic caenogastropod taxa, a pro-
found faunal turnover on the genus and family levels
can be recognized in the Olenekian.

6.7. Heterobranchia (Heterostropha)

The heterobranch order Allogastropoda was present
with several geographically wide-spread genera in the
Late Palacozoic, most of which belong to the Strepta-
cididae (e.g., the genera Donaldina and Streptacis). This
family is well represented in the Changsinghian [37].
The Early Triassic record is relatively poor, probably
because strepatcidids are small and knowledge of their
protoconch is needed for recognition. However, proto-
conch preservation is generally rare and small gastro-
pods are commonly not sufficiently well preserved.
Nevertheless, the streptacidids Donaldina, Streptacis,
and Laxella were reported from the Griesbachian of
southwestern China and survived the P/T mass extinc-
tion [38]. The Griesbachian Jiangxispira from the same
locality was interpreted as a strepatcidid that is transi-
tional to the cylindrobullinids (opisthobranchs) [38].
This genus is very close to Cylindrobullina, a shelled
opisthobranch that is abundant in the Mesozoic (see
below). Promathilda spirocostata from the Moenkopi
Formation is the only Early Triassic species which has
been assigned to the mathildids [5]. However, its pro-
toconch is unknown and the teleoconch morphology is
not particularly typical for mathildids, so that family
and generic assignment are not beyond doubt. The
radiation of the mathildids started in the Anisian and
continued into the Jurassic. Especially the genus Pro-
mathilda became highly diverse in the Late Triassic.
The small architectonicoid planispiral allogastropod
Stuoraxis was reported from the Changhsingian and
reappears in the Carnian Cassian Formation [35]. In
this case, the Lazarus phenomenon is probably preser-
vation driven because the small planispiral shell with a
heterostrophic larval shell needs exceptional preserva-
tion for recognition. Such delicate shells are only pre-
served under particular circumstances, i.e. the silicifi-
cation of even the finest shell details as found in the
Latest Permian gastropod from Yunnan [35,37] and the
exquisite original shell preservation of the Late Trias-
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Fig. 10. Cylindrobullina convexa, the earliest certain opisthobranch
as part of gastropod turnover in the aftermath of the end-Permian
mass extinction event. Sinbad Limesteone (Moenkopi Formation);
the excellently preserved material shows the sinistral, heterostrophic
larval shell which was produced by a planktotrophic veliger larva;
very similar species are known from the Carnian Cassian Formation
and various Jurassic formations.

Fig. 10. Cylindrobullina convexa, le plus ancien opisthobranche avéré,
une composante du renouvellement des gastéropodes au lendemain
des extinctions en masse de la fin du Permien. « Sinbad Limestone »
(formation Moenkopi) ; I’excellent état de conservation des échan-
tillons montre la coquille larvaire hétérotrophique a enroulement
sénestre, issue d’une larve véligeére planctonique ; des especes pro-
ches sont connues du Carnien de la formation Cassian et de diverses
formations du Jurassique.

sic Cassian Formation. Such good preservation is
largely unknown from the Early and Middle Triassic
and thus it is unlikely that small genera like Stuoraxis
are reported. Eventually, even reduced population sizes
contributed to the discontinuous fossil record of Stuo-
raxis. Generally, small population sizes (‘below detec-
tion limit”) were hypothesized to contribute to the Laz-
arus phenomenon [54] (see below).

The genus Cylindrobullina as well as the family
Cylindrobullinidae has its first certain occurrence in the
Olenekian Moenkopi Formation, in which Cylindro-
bullina convexa is one of the most abundant gastro-
pods (Fig. 10). This genus remains diverse and abun-
dant during the Middle Triassic to Jurassic and produces
very similar species throughout so that the group is
almost morphostatic. Cylindrobullina is probably a
member of the stem-line of the modern Opisthobran-
chia. However, the Palacozoic precursors of Cylindrob-
ullina still have to be identified. As mentioned, the
Griesbachian genus Jiangxispira could link the cylin-
drobullinids to the Allogastropoda. The Palaeozoic
genus Acteonina has a similar teleoconch morphology

and was interpreted to represent Opisthobranchia. How-
ever, this genus is not heterostrophic and therefore not
a shelled opisthobranch (e.g., [34]).

In conclusion, the Heterostropha cross the P/T-
boundary with several genera. They contributed con-
siderably to the recovery process through the origina-
tion and surprisingly early radiation of the
opisthobranchs (cylindrobullinids) and even the later
origination of the mathildids that radiate in the Middle
and Late Triassic.

7. Discussion and conclusions

There is an active discussion about the term ‘recov-
ery’ (see for areview: [13,14,45]). A sigmoidal increase
of the number of taxa to a new equilibrium after the
extinction has been suggested in various models.
Accordingly, an exponential increase of taxa (rebound
with high origination rates) characterizes the post-
extinction interval and recovery is accomplished when
origination rates drop. This view of recovery does not
necessarily consider the absolute number of taxa before
and after an extinction event, but refers to a stable equi-
librium between originations and extinctions. The num-
ber of reported gastropod taxa is very low in the Early
Triassic. There is no well-preserved Induan gastropod
fauna, so that most taxonomic assignments of gastro-
pods from this period are questionable or tentative,
which is also reflected by an extensive use of open
nomenclature for gastropods from this period. How-
ever, there is a considerable number of first occur-
rences in the Olenekian (notably several caenogastro-
pod families and the opisthobranchs). Thus, the rebound
of gastropods starts as early as Olenekian, as is indi-
cated by the first occurrence of several taxa. Therefore,
from a taxonomic or systematic point of view, the term
‘recovery’ is somewhat misleading, because it would
suggest that Permian taxa regain their pre-extinction
diversity. Below the family or superfamily level, this
seems not to be the case and in these groups ‘replace-
ment’ would be the more appropriate term. The main
source of information about Olenekian gastropods is
the Moenkopi Formation. The stable and relatively high
number of marine gastropod taxa throughout lithostrati-
graphic units of the Anisian/Ladinian Muschelkalk
Basin (Fig. 5) suggests that equilibrium was reached.
Moreover, diverse Anisian faunas from China are much
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more diverse than any Early Triassic fauna. The num-
ber of reported species and genera continues to rise until
the Carnian when Triassic diversity peeks (Fig. 1).
The Lazarus phenomenon is rather pronounced in
Early Triassic gastropods and may exceed 30-50% of
the genera [12,14]. It is unsure to what portion this phe-
nomenon is caused by questionable or outdated generic
assignments that are mainly due to the generally poor
preservation. The contribution of preservation bias to the
Lazarus phenomenon has been questioned because there
is no correlation with the number of fossiliferous strata
[54]. However, the number of such strata alone is not the
only potential source of bias and preservation variations
may also play arole [17]. The abundance of Lazarus taxa
in the aftermath has also been interpreted as a reflection
of the extreme rarity of organisms at this time [54].
Accordingly, such small populations were caused by a
productivity decline [48]. Generally, there is still a need
for a more sufficient quantification of the mentioned fac-
tors which potentially contribute to this phenomenon.
An important aspect of the Triassic recovery is the
long lag phase in the aftermath of the extinction (e.g.,
[21]). Three possibilities were discussed to explain this
phenomenon [17]: prevailing unfavourable conditions,
preservation bias or the destruction of complex ecosys-
tems was so complete that forming new ecosystems
took a lot of time. There is no evidence that diverse and
complex faunas as well as true metazoan reefs were
present in Early Triassic [19,44]. Obviously, the main
reef building organisms were hard hit by the extinction
event. Reefs start to recover in the Anisian, but meta-
zoan reefs are formed by other organisms than in the
Palaeozoic and there are no undoubted Lazarus taxa
among reef builders [44]. Therefore, it seems that the
reefs did not recover but were reinvented and this prob-
ably took a considerable amount of time. An atmo-
spheric oxygen drop was discussed as cause for the reef
collapse [52]. It is possible that these or other unfavour-
able conditions were prolonged and suppressed meta-
zoan reef formation for an extended time. However, the
replacement of the main reef builders almost certainly
delayed reef recovery. Today, the highest number of gas-
tropod species are found in tropical shallow water and
especially in or near reefs (e.g., [9]). Therefore, it is
reasonable to assume that the worldwide species diver-
sity of the gastropods is constrained to a high degree
by the presence and frequency of reefs. This would
explain the low diversity in the Early Triassic and the

long duration of the recovery phase. The breakdown of
the reef ecosystem results in a dramatic reduction of
possible ecological niches, which causes or maintains
a sharp decrease in the species richness of the gastro-
pods. On the other hand, the diversity of the Anisian
gastropod fauna from the German/Polish Muschelkalk
Basin (which contains only a few, small reefs) exceeds
that of the Werfen and Moenkopi Formation by far
although the depositional environment and facies are
similar to that of the Werfen and Moenkopi forma-
tions. This indicates that the absence of reefs was cer-
tainly not the only reason for the low diversity of Early
Triassic gastropods. However, it would not be plau-
sible to assume that the lack of reefs as speciation and
diversity hotspots had no limiting impact on the global
diversity. Another possible constraint for the duration
of the recovery is the magnitude of the loss of species
and thus genetic information during the mass extinc-
tion event. The lower the number of species was, the
more speciation events and time were needed to accom-
plish recovery. A recent model suggests that there is a
correlation between the magnitude of extinction and
the pace of recovery, mainly if a certain percentage of
primary producers is removed (become extinct) [45].

It is unknown how long unfavourable conditions pre-
vailed after the extinction and what the nature of those
conditions specifically was although oxygen minimum
conditions are in discussion (e.g., [21,55]). Strong fluc-
tuations of stable carbon isotopes during the Early Tri-
assic indicate a profoundly disturbed carbon cycle dur-
ing the aftermath of the end-Permian extinction which
was related to the delayed recovery [39]. The richest
Griesbachian gastropod fauna is from Oman (with just
about ten taxa) and comes from a well oxygenated envi-
ronment which is an exception for the Earliest Triassic
[49,53]. The richest Olenekian gastropod faunas are
from formations (Moenkopi and Upper Werfen) with
environments which are devoid of black shales or other
obvious signs of oxygen deficiency. These Early Trias-
sic faunas are still by far less diverse than Late Permian
or Late Triassic faunas but oxygen deficiency was seem-
ingly not the limiting factor.

The impact of the Permian/Triassic mass extinction
event on the evolution of the Gastropoda was consid-
erable. If an Early Carboniferous gastropod fauna was
found in the Late Permian, it probably would not stand
out very much. There would be some bellerophontids,
several pleurotomariids, euomphalids, pseudozygopleu-
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rids etc. However, if the Olenekian fauna from the Sin-
bad Limestone would be found in the Permian, it would
appear very strange: the abundance of true het-
erostrophic opisthobranchs, the dominance of small
neritaemorphs, presence of several Mesozoic caenogas-
tropod genera as well as the absence of most of the
mentioned Palaeozoic groups would make this fauna
very unusual for the Permian, although some Palaeo-
zoic holdovers are present too. This thought experi-
ment shows that the end-Permian mass extinction and
the subsequent recovery period caused major shifts
within the Gastropoda.
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