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Muscle scars in enomphaline gastropods from the Ordovician of Baltica
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Abstract. A discrete pair of muscle scars is described for the first time on the umbilical wall of the open-coiled, hyperstrophic
ophiletoidean gastropod Asgardispira, a close relative of the widely distributed Lytospira, from the middle Ordovician of the
eastern Baltica. In a unique specimen of the euomphaloidean Lesueurilla of similar age and derivation, the muscles have
coalesced into a single scar. A pair of pedal retractor muscles is characteristic of several major groups of gastropods both in the
Lower Palacozoic and at the present day, and was likely an ancestral character of the class. The consolidation of muscle
attachment to a single site may reflect the tightening of the logarithmic spiral of the shell and is probably related to the increasing
development of anisostrophic coiling and shell re-orientation during gastropod evolution.
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INTRODUCTION

Snails are attached to their shells by muscles which
often leave distinct attachment scars on the shell interior.
Muscle scars may be readily visible in limpets and other
cap-shaped shells but they are usually difficult to see
in coiled shells where the muscle attachment site lies
on the adaxial surface at some distance within the
aperture, as a columellar scar. Scars may be prominent in
thick-shelled forms, but they are often inconspicuous,
especially on thinner shells. If preserved, muscle attach-
ment scars in fossil material are usually only discerned
on internal moulds but in most cases incomplete
exfoliation of specimens, adherent matrix or just their
adaxial location in coiled forms prevent their recognition.

Amongst lower Palaeozoic univalve molluscs, muscle
scars are well known in cephalopods (Mutvei 1957, 2002;
Kroger & Mutvei 2005) and in the rapidly expanding,
cap-shaped or slightly coiled shells of monoplacophoran
molluscs, such as the tergomyans Tryblidium Lindstrom,
1880 and Pilina Koken & Perner, 1925 (Lindstrom
1884; Peel 1977a) or the cyrtonellids Cyrtolites Conrad,
1838, Cyrtonella Hall, 1879 and Yochelsonellis Horny,
1966 (Horny 1961, 1962, 1963, 1997a, 2002, 2005,
2009; Rollins 1969). Cambrian—Ordovician helcionelloid
monoplacophorans can often be compared loosely with
tergomyan monoplacophorans in terms of shell shape,
but not in their interpreted anatomy (Peel 1991a, 1991b;
Parkhaev 2007, 2008, 2017), but soft tissue attachment
is often epithelial (Ushatinskaya & Parkhaev 2005).

However, the concentration of attachment sites into
distinct muscle sites has been described by Parkhaev
(2002, 2014) and in the strongly coiled, anisostrophic,
pelagiellids (Runnegar 1981). Attachment scars are
also described in morphologically similar Palaeozoic
gastropod limpets such as Archinacella Ulrich & Scofield,
1897, Floripatella Y ochelson, 1988, Guelphinacella Peel,
1990 and Barrandicella Peel & Horny, 1999. Muscle
scars are well known in Palaeozoic members of the
bilaterally symmetrical (isostrophic) Bellerophon group
where the gastropod shell is coiled through several
whorls and both umbilical shoulders may be well
exposed in internal moulds (Knight 1947; Peel 1972,
1976, 1993; Horny 1995a, 1997b, 1997c, 1997d, 1999).
Several attachment sites are present in Sinuites Koken,
1896 and Sylvestrosphaera Peel, 1980 (Horny 1986) but
in Bellerophon Montfort, 1808 itself, muscle attachment
is consolidated to a single pair of scars located one
on each shoulder, deep within the shell (Knight 1947,
Peel 1972, 1982). A prominent spiral ridge formed by
the migrating dorsal margin of each scar is the most
frequently observed indication of the muscle attach-
ment sites.

In helically coiled, anisostrophic gastropods, paired
muscle attachment scars are reported in adult shells
in several Palacozoic platyceratoideans and rarely in
pleurotomarioideans, but at the present day they are also
present in some extant vetigastropods, neritomorphans,
patellogastropods and a few caengastropods (Fretter &
Graham 1994; Ponder & Lindberg 1997). Traditionally,
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the differential development of such muscles in early
ontogeny has been considered to be the driving
mechanism in torsion, the defining gastropod char-
acter (Knight 1952; Crofts 1955; Ghiselin 1966; Lever
1979; Salvini-Plawen 1980; Pennington & Chia 1985;
Haszprunar 1988; Page 2006). However, developmental
studies of several recent gastropod taxa have clearly
indicated that the muscles enabling torsion in the larva
are not retained in the adult (Page 1997, 1998, 2002,
2003; Wanninger et al. 1999, 2000). Thus, as somewhat
forcibly stated by Wanninger et al. (2000, p. 185), it
is evident that fossil material only provides reliable
information concerning attachment sites of adult shell
muscles and not torsion. However, Page & Ferguson
(2013) noted that even the youngest larvae of an extant
neritomorphan had bilateral larval retractor muscles
and pedal retractor muscles and that the latter carried
through into the juvenile and adult stages. It is an
interesting speculation, therefore, that the rather wide-
spread occurrence of a pair of muscle attachment scars
in adult ancestral gastropods half a billion years ago
may have had greater developmental significance than
the largely biomechanical function of adult muscles at
the present day.

This paper describes muscle scars on internal moulds
of two Ordovician euomphaline gastropods with loosely
coiled, anisostrophic shells from the palaecocontinent of
Baltica, contributing new morphological information
from one of the major lower Palacozoic gastropod
groups. The specimens were probably derived from the
late Middle Ordovician (Darriwilian Stage) of the east
Baltic area, although their exact collection localities
are not known. They are some of the oldest described
anisostrophic undisputed gastropods with preserved
muscle scars, although Runnegar (1981) described a
single scar in the macluritoidean Matherella Walcott,
1912 from the latest Cambrian Theresa Formation
of New York. Runnegar (1981) and Parkhaev (2006)
have also described muscle scars in the problematic
anisostrophic Cambrian fossils Pelagiella Matthew, 1895
and Aldanella Vostokova, 1962 which they interpreted
as gastropods, but this interpretation is controversial,
as are some of the alternative suggestions (Dzik &
Mazurek 2013). The earliest uncontested gastropods are
from the upper Cambrian (Ponder & Lindberg 2008;
Fryda 2012).

In the ophiletid Asgardaspira Wagner, 2002, the
whorls rise in an open coil from or close to the apex to
form a dextral hyperstrophic shell (Fig. 1F). The whorls
remain barely in contact in the widely phaneromphalous
dextral shell of Lesueurilla Koken, 1896 in which coiling
is essentially planispiral (Fig. 2A, B). In Asgardaspira
a pair of discrete muscle scars occurs on the baso-
umbilical wall, deep within the shell, but in Lesueurilla

these scars have coalesced to form a single figure-of-
eight muscle attachment area. This fusion into a single
scar probably foreshadows the presence of only a single
columellar scar in most extant gastropods (Fretter &
Graham 1994) as a response to increasing anisostrophism
and realignment of the axis of coiling (Linsley 1977,
McNair et al. 1981; Peel 1987, fig. 14.31).

SYSTEMATIC PALAEONTOLOGY

Note on terminology. Wagner (2002, p. 9) clarified the
varied usage and ambiguity of sinus, slit and selenizone
in connection with the interpreted exhalant zone in
Palaeozoic gastropods. He applied the term ‘peripheral
band’ to the trace at the acute angulation on the upper
whorl surface in Asgardaspira (Fig. 1F) and Lesueurilla
(Fig. 2A). This usage, although clearly defined by Wagner
(2002, fig. 2E) and applicable to most anisostrophic
gastropods, is not followed here since the structure does
not lie near the whorl periphery; it is not a trace of the
whorl distal from the axis of coiling. In the present
context, the acute angulation is referred to as the dorsal
angulation in accordance with its location in a gastropod
shell in standard orientation (Figs 1F, 2A).

Class GASTROPODA Cuvier, 1797
Superfamily OPHILETOIDEA Koken, 1897
Family OPHILETIDAE Koken, 1897

Remarks. Morris & Cleevely (1981) and Rohr &
Measures (2001) placed Lytospira Koken, 1896 within
the euomphaloidean Family Ophiletidae Knight, 1956,
although Knight et al. (1960) had considered ophiletids
to be pleurotomarioids. Knight et al. (1960) placed
Lytospira within the Family Euomphalidae of the
Superfamily Euomphaloidea, the authorship of both
of which was attributed to de Koninck (1881) by
Knight et al. (1960) and P.J. Wagner (2017, http:
/l'www.fossilworks.org), but to White (1877) by Bouchet
et al. (2017). Wagner (2002) placed Lytospira and the
closely similar new genus, Asgardaspira, within the
euomphaline Superfamily Ophiletoidea Knight, 1956 but
made no family assignment.

Bouchet et al. (2017, p. 333) listed a Superfamily
Ophiletoidea Koken with date 1907, equivalent in rank
to Euomphaloidea, and placed these together within
‘Palaeozoic basal taxa that are certainly Gastropoda’.
This superfamily was based on the statement of author-
ship given by Perner (1907, p. 153) of a Subfamily
Ophiletidae, within the Family Euomphalidae, to Koken.
Perner (1907) made reference to a Family Ophiletidae
proposed by Koken (1897, p. 163) but he did not con-
sider this to have been formally introduced. However,
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Koken’s (1897) proposal and discrimination of the
family from true euomphalids in the text (noted by
Perner 1907, p. 153) appear to suffice for authorship,
and this date is adopted here. Lytospira was not included
within Ophiletidae, either by Koken (1897) or Perner
(1907), the latter placing Lytospira within the Subfamily
Euomphalinae of Euomphalidae (Perner 1907, p. 164).
Koken & Perner (1925) placed it within Euomphalidae.

Genus Asgardaspira Wagner, 2002

Type species. Lytospira yochelsoni Rohr, 1994 from the
Antelope Valley Formation (Ordovician, Whiterockian)
of Nevada.

Remarks. Many species of Lytospira have been described,
notably by Koken & Perner (1925) on the basis of

internal moulds, and the group is in great need of
revision. Wagner (2002) separated Asgardaspira from
Lytospira due to the presence in the former of an acute
dorsal angulation generating a spiral band (the peripheral
band of Wagner 2002, fig. 6E), and suggested that many
species assigned to Lytospira in the literature belonged
in Asgardaspira. Lytospira evolvens Koken, 1897 is
one such species, according to P.J. Wagner (2017,
http://www.fossilworks.org), although both the speci-
mens illustrated by Koken & Perner (1925) are internal
moulds, as is the present specimen. Wagner’s (2002)
assignment is followed here. However, the significance
of the character he used to discriminate the two genera
is questioned and a revision of the relationship between
the two genera is desirable.

Rohr (1994, fig. 6.1) noted a deep sinus in Lyfospira
yochelsoni, the type species of Asgardaspira, culminating

Fig. 1. Asgardaspira evolvens (Koken, 1897), CNIGRM 5756 (80/10903), internal mould; A, detail of umbilical wall showing
muscle attachment scar (m1); B, oblique basal view showing spiral trace on outer whorl surface and muscle attachment scar m2;
C, detail of muscle attachment scar m2; D, upper surface showing broad dorsal ridge; E, detail of circumbilical ridge and groove
complex; F, standard orientation of dextral hyperstrophic shell, showing location of muscle attachment scar m1 and the dorsal
angulation (da); G, basal surface; H, oblique umbilical view showing circumbilical ridge and groove complex and muscle
attachment scar m1 (arrow). Scale bars: 2 mm (A, C); 4 mm (B); 10 mm (D-H).
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at an acute crest which is visible as a spiral band in his
illustration. There is no indication of a slit. The holotype
of Lytospira angelini Lindstrom, 1884, the type species
of Lytospira, also shows a deep sinus (but no slit) at
the dorsal angulation and a spiral band is visible on the
internal mould (Lindstrdm 1884, pl. 13, fig. 36; Knight
1941, pl. 71, fig. 1). A pronounced peripheral flange is
present at the junction between the basal surface and
the outer whorl surface in the holotype of Lytospira
yochelsoni (Rohr 1994, fig. 6.3) but this is not expressed
on the uniformly curved shell interior. The flange (basal
carina and stubby frill of Wagner 2002, p. 71) probably
reflects shell thickening due to stacking of the flared
apertural margin associated with a peripheral notch.
A flange of this type is not known in Lytospira angelini
where the junction between the base and the outer wall
is uniformly convex on both the internal mould and the
shell exterior (Lindstrom 1884, pl. 13, fig. 37).

Thus, internal moulds cannot be referred to Lytospira
or Asgardaspira with certainty. However, a spiral trace
on the internal mould, located at the junction between
the weathered base and the outer whorl surface
(Fig. 1B), promotes assignment ot the present material
to Asgardaspira at this time.

Asgardaspira evolvens (Koken, 1897)
Figure 1

Figured material. Specimen CNIGRM 5756 (80/10903)
in the collection of the F.N. Chernyshev Central
Geological Survey Research Museum, St Petersburg,
Russia. The specimen is labelled ‘Lyfospira evolvens
Kok., PL. XIII, fig. 1, Ordovician (C;,a) Kandel’, but this
is a reference to the illustration in Koken & Perner
(1925) rather than the origin of the specimen itself. The
specimen is clearly not one of the two illustrated by
Koken & Perner (1925, pl. 12, fig. 3; pl. 13, fig. 1), both
of which are stated to have been deposited in the
Museum of Reval (= Tallinn). According to Koken &
Perner (1925), the first of these is from Bj; (Kunda
Stage) at Karrol (now called Karula) and the second is
from Cj,a (Aseri Stage) at Kandel (now called Kandle).
Koken (1897) gave the stratigraphic derivation of these
Estonian specimens as Obere Linsenschicht (= Kandle
Formation, Aseri Stage of local usage; Middle Ordovician,
Darriwilian Stage).

Remarks. Rohr (1994) delimited Lytospira yochelsoni
(now Asgardaspira yochelsoni) from all other species of
Lytospira in possessing a circumbilical spiral ridge on
the shell exterior at the junction between the umbilical
and basal walls. Rohr (1994) noted that Koken & Perner
(1925) considered a spiral groove on the interior of the
whorl (equivalent to a ridge on the internal mould) to be
a diagnostic feature of Lyfospira, but commented that

this feature was absent in the two specimens of Lyfospira
yochelsoni available to Rohr (1994). Neither is it known
from the type species of Lytospira, Lytospira angelini
Lindstrom, 1884. Such an internal spiral groove complex
is present in material here assigned to Asgardaspira
evolvens (Fig. 1) but it is not equated with the external
spiral ridge described by Rohr (1994).

The specimen described here is an internal mould
coiled through about three quarters of a whorl, with a
maximum preserved length of 43.5 mm; fragments of
shell are retained on the concave adaxial surface near
the apex (Fig. 1C). When viewed in standard orientation,
with the aperture facing the viewer, the aperture lies to
the right and above the apex (Fig. 1F). The whorls are
not in contact but the separation is uniform and does
not show appreciable uncoiling. Thus, the shell can
be described as open coiled and dextral hyperstrophic
(Fig. 1F). The specimen has been broken about a quarter
of a whorl from the apical termination and subsequently
glued together. The dorsal and lateral surfaces are
smooth (Fig. 1D) but the basal surface is irregular,
probably as a result of differential weathering (Fig. 1C),
and has been eroded in the latest quarter of a whorl
(Fig. 1H).

The adapical termination of the mould is smoothly
rounded, indicating closure of the earliest whorls by a
transverse septum, probably one of several such septa of
the type illustrated by Lindstrom (1884, pl. 13, fig. 36)
and Knight (1941, pl. 71, fig. 1) in the holotype of
Lytospira angelini, from the Middle Ordovician of
Utby, Lindgéarden in Dalarna, central Sweden. Thus,
the earliest portion of the original shell, probably a whorl
or more in extent and lying adapical to this septum, is
not preserved. The aperture of the internal mould is also
broken away and there are no traces on the internal
mould of the prominent comarginal growth ornamentation
illustrated by Lindstrém (1884) and Koken & Perner
(1925). The aperture at the latest preserved stage is
tear-shaped, sub-triangular in cross section, with its
long axis parallel to the axis of coiling and its greatest
width close to the flattened base (Fig. 1F). The shallowly
convex umbilical surface and the more strongly convex
outer whorl surface converge to form the arched dorsum
(Fig. 1F) which carries a raised, shallowly convex,
spiral band on the internal mould bounded by weak
depressions (Fig. 1D), representing a shallow excavation
on the shell interior. This band corresponds to the
culmination of the dorsal sinus seen in Lyfospira angelini
(Lindstrom 1884, pl. 13, fig. 36). In the earliest third
of the specimen, as preserved, the profile is more
elliptical with the adaxial lateral surface (‘umbilical
wall’) flattened and passing angularly onto the uniformly
convex outer whorl surface which lacks the spiral band
on the dorsum.
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A prominent spiral ridge and groove complex is
gradually developed on the internal mould during the
last half whorl at the junction between the base and
the umbilical wall (Fig. 1H). This consists of a strong,
convex, central ridge, representing a broad groove on
the shell interior (Fig. 1E-H). It is bounded by grooves,
representing smoothly rounded, spiral ridges on the shell
interior. During the same growth interval, about seven
somewhat discontinuous shallow, rounded grooves and
ridges are developed on the umbilical wall (Fig. 1A, F).

Muscle scars. Two distinct muscle scars are preserved
as slightly raised areas on the internal mould about half
a whorl back from the latest preserved growth stage, just
adapertural of the transverse repaired break. The first of
these (labelled m1 in Fig. 1) is located on the umbilical
wall just prior to the zone of spiral grooves and ridges
(Fig. 1A, F). It has a length of about 4.8 mm and width
of about 3 mm, and is marked with concentric striations.
The second muscle scar (m2 in Fig. 1) is located on
the transition from the base to the outer whorl surface
(Fig. 1B) and is subtriangular in shape, widening towards
the aperture; length about 3.7 mm, width 3.4 mm. Trans-

verse striations on the scar parallel the adapertural margin
(Fig. 1C). In axial view, muscle scar m2 lies on a radius
that is closer to the aperture than scar m1, but ml has
a shorter distance to the aperture in terms of spiral
distance around the surface of the mould.

In addition to the muscle scars on the shell interior,
some specimens of the Lytospira/Asgardaspira morpho-
logical group carry prominent scars on the shell exterior.
These scars, however, result from cementation of shells
and other extraneous materials to the outer surface of
the shell as a form of camouflage (Linsley & Yochelson
1973; Boucot 1990; Rohr 1993), without affecting the
inner surface. No traces of such attachments have been
discerned in the present material.

Superfamily EUOMPHALOIDEA White, 1877
Family LESUEURILLIDAE Wagner, 2002

Remarks. Knight et al. (1960) placed Lesueurilla
Koken, 1896 within the Family Euomphalidae, together
with Lytospira. Wagner (2002) erected Lesueurillidae
within Euomphaloidea, a classification followed by
Bouchet et al. (2017).

Fig. 2. Lesueurilla cf. helix (Eichwald, 1856), SMNH Mo 70510, internal mould with adherent shell patches; A, oblique apical
view; B, C, basal view showing muscle attachment scar (arrow), enlarged in C; D, E, early whorls removed to show figure-of-eight
muscle attachment scar. Scale bars: 5 mm (A, B, D); 2 mm (C, E).
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Genus Lesueurilla, Koken 1896

Type species. Maclurea infundibulum Koken, 1896 from
the Middle Ordovician of Oland, Sweden.

Lesueurilla cf. helix (Eichwald, 1856)
Figure 2

Figured material. Specimen SMNH Mo 70510, labelled
from the ‘Ordovician of Estland’, in the palaeozoological
collections of the Swedish Natural History Museum
(Naturhistoriska Riksmuseet), Stockholm, Sweden.

Remarks. This Estonian specimen is an internal mould
with adherent patches of shell preserving at least two
and a half whorls (Fig. 2A, B); the apex is missing. The
specimen has been broken historically and glued back
together again, although the earliest preserved whorl
is misaligned; the aperture is not preserved (Fig. 2A).
To enable closer study, the glued inner portion was
removed along a prominent fracture about three quarters
of a whorl back from the latest growth stage (Fig. 2D)
after initial examination and photography.

The shell is essentially planispiral but the tear-shaped
whorl profile (Fig. 2A), with the long axis parallel to the
axis of coiling, results in the apical surface being more
deeply excavated than the base. Sutures are deep, with
consecutive whorls barely in contact. The acute dorsum
is the locus of a broad sinus that is marked by a raised
ridge on the internal mould (Fig. 2A). Ornamentation
consists of fine transverse growth lines with regularly
spaced stronger transverse elements in the latest pre-
served growth stage (Fig. 2B).

Amongst the several species assigned to Lesueurilla
by Koken & Perner (1925), the present specimen most
closely resembles Lesueurilla helix (Eichwald, 1856) in
terms of the shape of the whorl.

Muscle scars. A subcircular muscle scar was observed
at the junction between the basal and umbilical surfaces
almost half a whorl back from the preserved aperture
(Fig. 2B, C). Removal of the inner whorls demonstrated
that this scar was part of a larger scar with a figure-of-
eight shape (Fig. 2D, E), the long axis of which lies
transverse to the whorl. The scar is slightly raised above
the surface of the internal mould and is delimited by a
sharp groove. It is ornamented with numerous longitudinal
striations parallel to the spiral of the shell, but traces
of concentric striations are present near the margin. If
viewed as two intersecting circles (although there is no
suggestion in the ornamentation that two separate scars
are present), the larger circle lies almost centrally on
the umbilical wall, whereas the smaller one crosses the
umbilical shoulder onto the base.

COMPARISON OF MUSCLE SCAR PATTERNS

The main difference in shell morphology between the
described specimens of Asgardaspira and Lesueurilla is
not the basic shape of the whorl in cross section (it is
elongated approximately parallel to the axis of coiling in
both forms), or its rate of expansion, but in the rate of
expansion of the logarithmic spiral of the shell. Thus,
consecutive whorls remain just in contact in Lesueurilla
(Fig. 2B) but are widely separated in the open coiled
Asgardaspira on account of its more rapidly expanding
spiral (Fig. 1D), the effect being enhanced by the pro-
nounced hyperstrophic coiling of the latter (Fig. 1F).
More complete illustrations of this open coiling were
given by Koken & Perner (1925, pl. 13, fig. 3), Knight
et al. (1960, fig. 107), Yochelson (1971, pl. 1, fig. 5)
and Rohr (1993, fig. 1.4). The aperture is broken away
in both of the described specimens but in each case the
muscle attachment sites lie almost half a whorl back
from the latest preserved growth stage. The muscle scars
in Asgardaspira lie one on each side of the circumbilical
angulation separating the basal and umbilical walls. The
two halves of the single figure-of-eight scar in Lesueurilla
are similarly placed.

Hypomphalocirrus Linsley, 1973 from the Devonian
of North America was considered to be a paragastropod,
not a gastropod, by Linsley & Kier (1984) but was
placed within Euomphaloidea by Bouchet et al. (2017).
The open coiled shell is similar in coiling pattern to
Asgardaspira but it was considered to be sinistral by
Linsley & Kier (1984) and Schopf & Morris (1994). A
single large muscle scar described by Schopf & Morris
(1994) in Hypomphalocirrus is located about three
quarters of a whorl back from the aperture, some-
what deeper in the shell than the paired muscles of
Asgardaspira and Lesueurilla. However, the single
muscle scar is located on the outer whorl surface in
contrast to the baso-umbilical position of the scars
in Asgardaspira and Lesueurilla. While deeply placed
muscle scars are known in many anisostrophic gastro-
pods, the location of the muscle scar on the outer whorl
surface is highly unusual. Dorsally placed muscle scars
are seen in some platyceratids (Horny 1964; Peel 1977b;
Mazaev 1996), and even in the isostrophic cyrtonelliform
molluscs (Horny 1965; Rollins 1969), but these have shell
forms and modes of life quite unlike Hypomphalocirrus.

Horny (1995b) described a large muscle attachment
scar in Oriostoma Munier-Chalmas, 1876 from the
Silurian of Bohemia which was located on the baso-
umbilical wall close to the aperture; the possible presence
of a second scar on the umbilical wall was also dis-
cussed. Oriostoma has a tightly coiled shell with globose
whorls unlike the open coiled Asgardaspira or the widely
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phaneromphalous Lesueurilla. The shallow placing of
the muscle scar in Oriostoma may reflect this more
globose shell or the well-known occurrence of a heavily
calcified operculum (Lindstrom 1884; Peel 2015). The
varied systematic placing of oriostomatids in the literature
was noted by Bouchet et al. (2017, p. 370, footnote 22).

The relationship and systematic affinities of
macluritoideans and euomphaloideans have been widely
discussed (Linsley & Kier 1984; Yochelson 1984;
Wagner 2002; Fryda et al. 2008; Fryda 2012) but
Bouchet et al. (2017, p.333) recognized both as
superfamilies of ‘Palacozoic basal taxa that are certainly
Gastropoda’. The widely phaneromphalous form of
many macluritoideans is similar to that of Lesueurilla
but paired muscle scars are only known from the
operculum of some species of Maclurites Le Sueur,
1818 (Knight 1952: Rohr & Gubanov 1997; Rohr &
Yochelson 1999). It it not known if these opercular
muscles equate with a pair of separate muscle scars on
the inner surface of the conch, as supposed by Knight
(1952), or originated within a single attachment scar.
While muscles in most extant anisostrophic gastropods
undoubtedly perform a similar range of functions to
those in their Palacozoic predecessors, reorientation of
the shell and modifications to shell form and mantle
cavity function (Linsley 1977; McNair et al. 1981; Peel
1987, fig. 14.31) have usually resulted in the consolidation
of these muscles to a single attachment site, the familiar
columellar muscle.

Muscle scars are often preserved in Palaeozoic
platyceratoidean gastropods. The scars are commonly
paired, but unequal in size and irregular; they may
be band-like, close to the periphery of the irregular
cap-shaped late growth stage, or large sub-circular
scars, commonly associated with a second small scar
(Yochelson 1956; Horny 1964, 2004; Mazaev 1996;
Fryda et al. 2008). Platyceratoidean shell form varies
from turbiniform to cap-shaped and is therefore not-
ably unlike the widely phaneromphalous Lesueurilla
and open coiled 4Asgardaspira. Platyceratid shells are
often highly irregular on account of their frequent
symbiotic relationship with echinoderms, although not
all platyceratoideans share this mode of life (Bowsher
1955; Rollins & Brezinski 1988; Horny 2000a, 2000b;
Baumiller 2002, 2003; Fryda et al. 2009).

The well-developed anisostrophic coiling of most
pleurotomarioidean and murchisonioidean gastropods
generally hinders recognition of muscle scars since
adaxial portions of the whorl are covered, but a single
scar was described by Fortey & Peel (1990, fig. 12)
in Plethospira(?) floweri Fortey & Peel, 1990 from the
Early Ordovician Poulsen Cliff Formation of Washington
Land, North Greenland. The scar is spirally elongate
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in contrast to the equidimensional scars described in
Asgardaspira (Fig. 1A, C). The unusual location of the
scar at the upper suture of the whorl in the high spired
shell, rather than at the baso-umbilical shoulder, may
suggest that a pair of muscle attachment scars was present.
Traces of scars on the baso-umbilical shoulder are often
observed on internal moulds but rarely described (Peel
19770, fig. 8).

Paired muscle attachment scars in Palaecozoic
pleurotomarioideans are known from pseudo-isostrophic
specimens described by Peel (1986, 2001, 2004) from
the Carboniferous of the United Kingdom. The scars
are located on the umbilical shoulders, half a whorl or
more back from the aperture, as in contemporaneous
bellerophontoideans (Knight 1947; Peel 1972, 1982).
Their visibility on internal moulds reflects the almost
bilateral symmetry of adults, with the open umbilici
developed on each side equivalent to the basal and apical
umbilici in Lesueurilla. As with the bellerophontoideans,
the muscle scars usually show spiral elongation and a
pronounced spiral trace associated with the abaxial
margin of the scars, features not seen in the specimens
of Asgardaspira and Lesueurilla.

A pair of muscle scars was described by Horny
(2000b) in the craspedostomatid Spirina Kayser, 1889
from the Silurian of Bohemia. As with material
described by Peel (1986, 2001, 2004), the symmetry of
the scar on the umbilico-lateral shoulders likely reflects
the pseudo-isostrophic coiling of the shell.

The morphology and systematic position of
bellerophontiform molluscs (Peel 1991b) has been
the subject of intense debate in the literature and need
not be repeated here; they encompass a spectrum of
isostrophic molluscs ranging from untorted mono-
placophorous molluscs to torted gastropods. Recent
summaries are given by Fryda et al. (2008), Fryda (2012)
and Bouchet et al. (2017). A gastropod Superfamily
Bellerophontoidea McCoy, 1852 (in Sedgwick & McCoy
1851-1855) was recognized by Bouchet et al. (2017).
As first described by Knight (1947), muscle attachment
sites in Bellerophon consist of a pair of muscle scars
located one on each umbilico-lateral shoulder of the
isostrophically coiled shells (Peel 1972, 1982). The scars
are relatively well known on account of the ease of
visibility of these locations on coiled internal moulds
(Peel 1972, 1976, 1980, 1993; Wahlman 1992; Horny
1995a, 1997a, 1997b, 1997¢, 1999). Symmetry in size
and location of the muscle scars reflects the bilateral
symmetry of the shells, with the axis of coiling parallel
to the substrate in the living animal. Development of
anistrophic coiling would likely disrupt symmetry in
both these characters, just as secondary acquisition of
isostrophic coiling in adult shells would enhance it
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(Peel 2001, 2004). Thus, muscle scars in Asgardaspira
(Fig. 1) and Lesueurilla (Fig. 2) are located close to the
baso-umbilical shoulder rather than symmetrical about
the mid-dorsal plane as in bellerophontoideans.

THE RIDGE AND GROOVE COMPLEX IN
ASGARDASPIRA

Several species assigned in the literature to Lytospira (but
not the type species Lytospira angelini) or Asgardispira
display a prominent circumbilical ridge and groove
complex at the junction between the umbilical (adaxial)
wall and the base (Koken 1897; Ulrich & Scofield 1897;
Koken & Perner 1925; Rohr 1993). This complex is
seemingly unconnected with the circumbilical ridge
developed only on the outside of the shell in Asgardaspira
yochelsoni (Rohr 1994). On the internal mould the
complex consists of a central rounded ridge bounded
by grooves (Fig. 1E, G, H), corresponding to a median
channel with bounding ridges on the interior of the
shell wall (Rohr 1993, fig. 3.2). The complex is most
prominent near the aperture and gradually decreases
in expression over a distance of about one third of
a whorl back from the latest preserved growth stage,
terminating adaperturally of the muscle scars (Fig. 1H).
The median rounded ridge on the internal mould
terminates as a small notch within the thickness of the
shell at the apertural margin but without the develop-
ment of a sinus or band visible in the growth lines on
the shell exterior.

Rohr (1993) discussed the possibility that the
complex might represent a muscle track and its position
on the baso-umbilical wall is not inconsistent with
the position of the columellar muscle in many living
gastropods. However, columellar muscles are usually
located some distance back from the aperture to facilitate
withdrawal of the soft parts into the protective shell,
unlike the location of the complex in Asgardaspira.
True muscle attachment scars are also deeply placed in
Asgardaspira, adapical of the spiral ridge and groove
complex. Columellar muscles in present-day gastropods
may be associated with folds on the columella itself
which have been considered to facilitate the mechanical
action of the muscle (Signor & Kat 1984), but see Price
(2003). It is possible that the ridge and groove complex
could help constrain the action of a muscle bundle
extending adaperturally beyond the aperture from the
preserved muscle attachment scars but the function of
such a muscle bundle is not known; convincing analogues
have not been discovered amongst living gastropods.
The complex might reflect the attachment site of an
operculum, but muscle attachment just on the periphery

of an operculum is not conducive to effective function.
Although certainly present, opercula are not known
in Asgardospira, Lytospira or Lesueurilla (or in most
fossil gastropods) but several euomphalines have a
prominent calcified operculum (Yochelson & Linsley
1972; Yochelson 1979; Peel 2015).

Ridges associated with migrating muscles have
been described on internal moulds of a number of
bellerophontoidean gastropods (Knight 1947; Peel 1972,
1976, 1982, 1991b, 1993; Horny 1995a, 1997a, 19970,
1997¢) and pleurotomarioideans (Peel 1986), but these
ridges frequently have an acute abaxial margin reflecting
insertion of the muscle fibres into the shell. Additionally,
they are located at some distance back from the aperture
with the muscle attachment area placed at their adaxial
termination. The situation in Asgardaspira is dissimilar.
The muscle attachment scars are located deep in the
shell interior, beyond the adapical termination of the
ridges (Fig. 1H). As such, the ridge and groove complex
is clearly not directly connected with the attachment of
the pedal retractor shell muscles. The muscle scars are
disposed one to each side of the ridge and groove
complex whereas a spiral ridge in bellerophontoideans
lies dorsally of each of the two muscle scars (Peel 1972,
1982).

Ridge and groove complexes are present between
the muscle scars, but dorsally, on the internal moulds
of other Palacozoic gastropods and bellerophontiform
molluscs in association with the selenizone. Thus, some
bellerophontoideans display a median dorsal ridge and
groove complex on the internal mould corresponding
to the selenizone (Koken & Perner 1925, pl. 24, fig. 7;
Peel 1976, fig. 2; Peel 1991c, figs 26d, 30c). The
selenizone indicates the position of the exhalant current
from the mantle cavity and in 4Asgardaspira this current
was located at the sinus-bearing dorsal angulation, far
from the location of the ridge and groove complex.

R. S. Houbrick (in Rohr 1993) suggested that the
ridge and groove complex might reflect mantle folds
used to channel water into the mantle cavity. Many
caenogastropods develop notches or even siphonal canals
in this position of the whorl indicating the position
of the inhalant stream. Houbrick’s suggestion is in
accordance with the general opinion concerning the flow
of water streams through the mantle cavity (Knight 1952;
Linsley 1977, 1978; McNair et al. 1981) and is followed
here. However, the illustration of Asgardaspira yochelsoni
presented by Rohr (1994, fig. 6.4) shows a notch in
the angular periphery at the junction between the
base and the outer whorl surface which probably also
serves as the locus of an inhalant stream. This notch
on the abaxial surface does not generate structures
comparable to the ridge and groove complex preserved
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on the adaxial surface, the latter showing an unusually
prominent and persistent morphology. Separate inhalant
streams are interpreted in pleurotomarioideans and
bellerophontoideans (Knight 1952) and a pair of
spiral traces, one on each dorso-lateral area, in some
bellerophontoideans (e.g. Peel 1974, pl. 1, figs 2, 11)
has been interpreted as a reflection of the location
of the gills (Ebbestad 1999). The presence of two
inhalant streams in Asgardaspira suggests two gills in
the mantle cavity, but the issue of a single or pair of
gills in euomphalines is contentious (Knight at al.
1960; Morris & Cleevely 1981; Linsley & Kier 1984;
Yochelson 1984).

MODE OF LIFE

Deep location of the muscle scars in strongly coiled
gastropods reflects withdrawal of the cephalopedal mass
into the shell as a response to environmental stress or
predation, in conjunction with the development of an
operculum. In contrast, the muscle scars in the various
limpet groups are arranged around the periphery, close
to the apertural margin, since their defensive strategy
involves clamping against the substratum rather than
withdrawal into the shell; an operculum is not retained in
the adult. The hyperstrophic open coiling of Asgardaspira
and widely phaneromphalous coiling of Lesueurilla
indicate that they were probably sessile filter feeding
molluscs (Yochelson 1971; Peel 1975; Morris & Cleevely
1981; Linsley & Kier 1984). Thus, deep placement of
the muscle scars probably reflects enlargement of the
gills in the mantle cavity in association with this life
style, although the slow rate of expansion of the whorl
probably requires a relatively longer mantle cavity than
in more rapidly expanding shell morphologies. Sus-
ceptibility to predation was probably enhanced by the
sessile mode of life which in turn may be reflected
in the development of a massive operculum in many
similarly coiled forms (Yochelson & Linsley 1972;
Yochelson 1979; Rohr & Yochelson 1999; Vermeij &
Williams 2007; Peel 2015, 2018).

Acknowledgements. Ursula Toom (Tallinn) is thanked for
information concerning the modern names of localities
in Estonia. Nina K. Kadlets (St Petersburg) and Christian
B. Skovsted (Stockholm) kindly provided access to collections
in their care. Jan Ove R. Ebbestad (Uppsala) reviewed an
carlier draught of the manuscript. The reviewers Alexander
P. Gubanov (Uppsala) and David M. Rohr (Sul Ross, Texas)
and the editor are thanked for comments. The publication
costs of this article were covered by the Estonian Academy of
Sciences.

96

REFERENCES

Baumiller, T. K. 2002. Multi-snail infestation of Devonian
crinoids and the nature of platyceratid—crinoid inter-
actions. Acta Palaeontologica Polonica, 47, 132-139.

Baumiller, T. 2003. Evaluating the interaction between
platyceratid gastropods and crinoids: a cost-benefit
approach. Palaeogeography, Palaeoclimatology, Palaeo-
ecology, 201, 199-209.

Bouchet, P., Rocroi, J.-P., Hausdorf, B., Kaim, A., Kano, Y.,
Niitzel, A., Parkhaev, P., Schrodl, M. & Strong, E. E.
2017. Revised classification, nomenclator and typifi-
cation of gastropod and monoplacophoran families.
Malacologia, 61, 1-526.

Boucot, A. J. 1990. Evolutionary Paleobiology of Behavior
and Coevolution. Elsevier, New York, 725 pp.

Bowsher, A. L. 1955. Origin and adaptation of platyceratid
gastropods. University of Kansas, Paleontological Con-
tributions. Mollusca, 5, 1-11.

Conrad, T. A. 1838. Report on the palacontological depart-
ment of the survey. New York Geological Survey, Annual
Report, 2, 107-119.

Crofts, D. R. 1955. Muscle morphogenesis in primitive
gastropods and its relation to torsion. Proceedings of the
Zoological Society of London, 125, 711-750.

Cuvier, G. 1797. Tableau élémentaire de [’histoire naturelle
des animaux. Baudouin, Paris, 710 pp.

Dzik, J. & Mazurek, D. 2013. Affinities of the alleged earliest
Cambrian gastropod Aldanella. Canadian Journal of
Zoology, 91, 914-923.

Ebbestad, J. O. R. 1999. Bucaniidae (Gastropoda) from the
Upper Ordovician of Norway. Norsk Geologisk Tidsskrift,
79, 241-258.

Eichwald, E. 1856. Beitrag zur geographischen Verbreitung
der fossilen Thiere Russlands. Alte Periode. Société
Impériale des Naturalistes de Moscou, 29, 555-608.

Fortey, R. A. & Peel, J. S. 1990. Early Ordovician trilobites
and molluscs from the Poulsen CIliff Formation,
Washington Land, western North Greenland. Bulletin of
the Geological. Society of Denmark, 38, 11-32.

Fretter, V. & Graham, A. 1994. British Prosobranch Molluscs.
Revised and Updated Edition. The Ray Society 161,
820 pp.

Fryda, J. 2012. Phylogeny of Palaeozoic gastropods inferred
from their ontogeny. In Earth and Life (Talent, J. A.,
ed.), pp. 395-435. Springer Science and Business Media
B.V.

Fryda, J., Racheboeuf, P. R. & Frydova, B. 2008. Mode of life
of Early Devonian Orthonychia protei (Neritimorpha,
Gastropoda) inferred from its post-larval shell ontogeny
and muscle scars. Bulletin of Geosciences, 83, 491-502.

Fryda, J., Racheboeuf, P. R., Frydova, B., Ferrova, L. Mergl, M.
& Berykova, S. 2009. Platyceratid gastropods — stem
group or patellogastropods, neritomorphs or something
else? Bulletin of Geosciences, 84, 107-120.

Ghiselin, M. T. 1966. The adaptive significance of gastropod
torsion. Evolution, 20, 337-348.

Hall, J. 1879. Containing descriptions of the Gasteropoda,
Pteropoda, and Cephalopoda of the Upper Helderberg,
Hamilton, Portage, and Chemung Groups. Natural History
of New York, Paleontology, 5(2), 1-492.

Haszprunar, G. 1988. On the origin and evolution of
major gastropod groups, with special reference to



J. S. Peel: Ordovician gastropod muscle scars

the Streptoneura. Journal of Molluscan Studies, 54,
367-441.

Horny, R. J. 1961. New genera of Bohemian Monoplacophora
and patellid Gastropoda. Vestnik Ustredniho Ustavu
Geologickéeho, 36, 299-302.

Horny, R. J. 1962. New genera of Bohemian lower Palaeozoic
Bellerophontina. Vesmik Ustredniho Ustavu Geologického,
37, 473-476.

Horny, R. J. 1963. Lower Palacozoic Monoplacophora and
patellid Gastropoda (Mollusca) of Bohemia. Sbornik
Ustiedniho Ustavu Geologického, oddil paleontologicky,
28, 7-83.

Horny, R. J. 1964. Muscle scars in the Bohemian platyceratids
(Gastropoda). Casopis Néarodniho Muzea, 133, 89-92.

Horny, R. J. 1965. Cyrtolites Conrad, 1838 and its position
among the Monoplacophora (Mollusca). Shornik Néarodniho
Muzea v Praze, 21, 57-70.

Horny, R. J. 1966. Yochelsonellis, new name for Yochelsonia
Horny, 1962. Casopis Nérodniho Muzea, 135, 69.

Horny, R. J. 1986. Muscle scars in Sinuites (Strangulites)
(Mollusca) from the Ordovician of Bohemia. Casopis
Narodniho Muzea, 155, 109-118.

Horny, R. J. 1995a. Muscle attachment areas in the Silurian
bellerophontacean gastropods Bellerophon scaber (Perner)
and Bubovicus tardus (Barrande in Perner). Acta Musei
Nationalis Pragae, series B, Historia Naturalis, 50, 13—
24.

Horny, R. J. 1995b. Adapertural location of the retractor
muscle attachment area in Oriostoma (Mollusca,
Gastropoda): a consequence of mode of life. Casopis
Narodniho Muzea, 166, 39—44.

Horny, R.J. 1997a. New, rare, and better recognized
Ordovician Tergomya and Gastropoda (Mollusca) of
Bohemia. Véstik Ceskeho Ustavu Geologického, 72,
223-237.

Horny, R. J. 1997b.  Grandostoma: an  additional
bellerophontiform mollusc with circumbilical retractor
muscle attachment area. Journal of the Czech Geological
Society, 41, 221-231.

Horny, R.J.  1997c. Bucanopsina gen. n., a new
bellerophontoidean gastropod with circumbilical muscle
attachment areas from the Middle Ordovician of Bohemia.
Veéstnik Ceskeho Ustavu Geologického, 72, 5-13.

Horny, R. J. 1997d. Circumbilical retractor muscle attachment
area in the Ordovician trilobed bellerophontoidean
gastropod Tritonophon peeli sp. n. Véstnik Ceskeho
Ustavu Geologického, 73, 333-338.

Horny, R. J. 1999. Circumbilical retractor muscle attach-
ment areas found in Tropidodiscus (Gastropoda,
Bellerophontoidea). Journal of the Czech Geological
Society, 44, 126-130.

Horny, R. J. 2000a. Mode of life of some Silurian and
Devonian platyceratids. Véstnik Ceskeho Ustavu
Geologického, 75, 135-143.

Horny, R. J. 2000b. Tachloconcha gen. n. and Spirina Kayser,
1889, two additional lower Palacozoic gastropods with
preserved retractor muscle attachment scars. Véstnik
Ceskeho Ustavu Geologického, 75, 415-426.

Horny, R.J. 2002. Ordovician Tergomya and isostrophic
Gastropoda (Mollusca) of Bohemia: types and referred
specimens in the collections of the National Museum,
Prague, Czech Republic. Acta Musei Nationalis Pragae,
Series B, Historia Naturalis, 57, 69—102.

Horny, R. J. 2004. The oldest description and illustration of
muscle scars in platyceratid gastropods, published by
Daniel Oehlert in 1883. Casopis Narodniho Muzea, 173,
59-64.

Horny, R. J. 2005. Muscle scars, systematics and mode of
life of the Silurian family Drahomiridae (Mollusca,
Tergomya). Acta Musei Nationalis Pragae, Series B,
Historia Naturalis, 61, 53-76.

Horny, R. J. 2009. Patelliconus Horny, 1961 and Mytoconula
gen. n. (Mollusca, Tergomya) from the Ordovician of
Perunica. Acta Musei Nationalis Pragae, Series B,
Historia Naturalis, 65, 25-36.

Kayser, F. H. E. 1889. Ueber einige neue oder wenig gekannte
Versteinerungen des rheinischen Devon. Zeitschrift der
Deutschen geologischen Gesellschaft, 41, 288-296.

Knight, J. B. 1941. Paleozoic gastropod genotypes. Geological
Society of America Special Papers, 32, 1-510.

Knight, J. B. 1947. Bellerophont muscle scars. Journal of
Paleontology, 21, 264-267.

Knight, J. B. 1952. Primitive fossil gastropods and their bearing
on gastropod classification. Smithsonian Miscellaneous
Collections, 114(13), 1-55.

Knight, J. B. 1956. New families of Gastropoda. Journal of
the Washington Academy of Sciences, 46, 41-42.

Knight, J. B. Cox, L.R., Keen, A. M., Batten, R. L.,
Yochelson, E. L. & Robertson, R. 1960. Systematic de-
scriptions [Archaeogastropoda). In Treatise on Invertebrate
Paleontology. Part I, Mollusca 1 (Moore, R. C., ed.),
pp. 1169-1310. Geological Society of America and
University of Kansas Press, Boulder, Colorado and
Lawrence, Kansas.

Koken, E. 1896. Die Leitfossilien. Ein Handbuch fiir den
Unterricht und fiir das Bestimmen von Versteinerungen.
Tauchnitz, Leipzig, 848 pp.

Koken, E. 1897. Die Gastropoden des baltischen Untersilurs.
Bulletin de 1’Académie Impériale des Sciences de St.
Petersburg, 7, 97-214.

Koken, E. & Perner, J. 1925. Die Gastropoden des baltischen
Untersilurs. Mémoires de I’Académie des Sciences de
Russie, Série. 8, Classe Physico-mathématique, 37, 1—
326.

Koninck, L. G., de 1881. Faune du calcaire carbonifére de la
Belgique. 3. Gastéropodes. Mémoires du Musée Royal
d’Historie Naturelle Belgique, Série Paléontologique, 6,
1-170.

Kroger, B. & Mutvei, H. 2005. Nautiloids with multiple paired
muscle scars from Lower—Middle Ordovician of Balto-
scandia. Palaeontology, 48, 781-791.

Le Sueur, C. A. 1818. Observations on a new genus of fossil
shells. Journal of the Academy of Natural Sciences of
Philadelphia, 1, 310-313.

Lever, J. 1979. On torsion in gastropods. In Pathways in
Malacology (van der Spoel, S., van Bruggen, A. C. &
Lever, J., eds), pp. 5-23. Bohn, Scheltema & Holkema,
Hague.

Lindstrom, G. 1880. Fragmenta Silurica e dono Caroli
Henrici Wegelin. Stockholm, Samson & Wallin, 60 pp.

Lindstrom, G. 1884. On the Silurian Gastropoda and Pteropoda
of Gotland. Kongliga svenska Vetenskaps-Akademiens
Handlingar, 19(6), 1-250.

Linsley, R. M. 1973. The Omphalocirridae: a new family of
Palaeozoic Gastropoda which exhibits sexual dimorphism.
Memoirs of the National Museum of Victoria, 39, 33—54.

97



Estonian Journal of Earth Sciences, 2019, 68, 2, 88—100

Linsley, R. M. 1977. Some ‘laws’ of gastropod shell form.
Paleobiology, 3, 196-206.

Linsley, R. M. 1978. Shell form and the evolution of
gastropods. American Science, 66, 432—441.

Linsley, R. M. & Kier, W. M. 1984. The Paragastropoda:
a proposal for a new class of Paleozoic Mollusca.
Malacologia, 25, 241-251.

Linsley, R. M. & Yochelson, E. L. 1973. Devonian carrier
shells (Euomphalidae) from North America and Germany.
U. S. Geological Survey Professional Paper, 824, 1-26.

Matthew, G. F. 1895. The Protolenus fauna. Transactions of
the New York Academy of Sciences, 14, 101-153.

Mazaev, A. Y. 1996. Middle and Late Carboniferous
gastropods from the Central part of the Russian Plate:
part 2. Platyceratidae. Ruthenica, 6, 85-106.

McNair, C. G., Kier, W. M., La Croix, P. D. & Linsley, R. M.
1981. The functional significance of apertural form in
gastropods. Lethaia, 14, 63-70.

Montfort, P. D., de. 1808-1810. Conchyliologie systématique,
et classification méthodique des coquille; offrant leurs
figures, leur arrangement générique, leurs descriptions
characteéristiques, leurs noms; ainsi que leur synonymie
en plusieurs langues. F. Schoell, Paris, 409 pp.

Morris, N. J. & Cleevely, R. J. 1981. Phanerotinus cristatus
(Phillips) and the nature of euomphalacean gastropods.
Bulletin of the British Museum of Natural History
(Geology), 35, 195-212.

Munier-Chalmas, E. 1876. Mollusques nouveaux des terrains
paléozoiques des environs de Rennes. Journal de
Conchyliologie, 3e série, 16, 102—109.

Mutvei, H. 1957. On the relations of the principal muscles to
the shell in Nautilus and some fossil nautiloids. Arkiv for
Mineralogi och Geologi, 2, 219-254.

Mutvei, H. 2002. Nautiloid systematics based on siphuncular
structure and the position of muscle scars. Abhandlungen
der Geologischen Bundesanstalt, 57, 379-392.

Page, L. R. 1997. Ontogenetic torsion and protoconch form in
the archaeogastropod Haliotis kamtschatkana: evolutionary
implications. Acta Zoologica, 87, 227-245.

Page, L. R. 1998. Sequential developmental programmes
for retractor muscles of a caenogastropod: reappraisal
of evolutionary homologues. Proceedings of the Royal
Society of London, B, 265, 2243-2250.

Page, L. R. 2002. Ontogenetic torsion in two basal gastropods
occurs without shell attachment for larval retractor
muscles. Evolution & Development, 4, 212-222.

Page, L. R. 2003. Gastropod ontogenetic torsion: develop-
mental remnants of an ancient evolutionary change
in body plan. Journal of Experimental Zoology, 297,
11-26.

Page, L. R. 2006. Modern insights on gastropod development:
reevaluation of the evolution of a novel body plan.
Integrative and Comparative Biology, 46, 134—143.

Page, L. R. & Ferguson, S.J. 2013. The other gastropod
larvae: larval morphogenesis in a marine neritomorph.
Journal of Morphology, 274, 412-428.

Parkhaev, P. Yu. 2002. Muscle scars of the Cambrian univalved
mollusks and their significance for systematics. Pale-
ontological Journal, 36, 453-459 [also Paleontologicheskii
Zhurnal, 2002, 5, 15-19].

Parkhaev, P. Yu. 2006. New data on the morphology of
ancient gastropods of the genus Aldanella Vostokova,
1962 (Archaeobranchia, Pelagielliformes). Paleontological

98

Journal, 40, 244-252 [also Paleontologicheskii Zhurnal,
20006, 3, 15-21].

Parkhaev, P. Yu. 2007. The Cambrian “basement” of gastropod
evolution. In The Rise and Fall of the Ediacaran Biota
(Vickers-Rich, P. & Komarower, P. L., eds), Geological
Society of London Special Publication, 286, 415-421.

Parkhaev, P. Yu. 2008. The Early Cambrian radiation of
Mollusca. In Phylogeny and Evolution of the Mollusca
(Ponder, W. F. & Lindberg, D. R., eds), pp.33-69.
University of California Press, Berkeley.

Parkhaev, P. Yu. 2014. Structure of shell muscles in the
Cambrian gastropod genus Bemella (Gastropoda:
Archaeobranchia: Helcionellidae). Paleontological Journal,
48, 17-25 [also Paleontologicheskii Zhurnal, 2014, 1,
20-27].

Parkhaev, P. Yu. 2017. On the position of Cambrian
Archaeobranchians in the system of the Class Gastropoda.
Paleontological Journal, 51, 453-463 [also Paleonto-
logicheskii Zhurnal, 2017, 5, 3—12].

Peel, J. S. 1972. Observations on some Lower Palacozoic
tremanotiform Bellerophontacea (Gastropoda) from North
America. Palaeontology, 15, 412—422.

Peel, J. S. 1974. Anapetopsis, a new Late Silurian gastropod
from Nova Scotia. Canadian Journal of Earth Sciences,
12, 509-513.

Peel, J. S. 1975. A new Silurian gastropod from Wisconsin
and the ecology of uncoiling in Palaeozoic gastropods.
Bulletin of the Geological Society of Denmark, 24, 211—
221.

Peel, J. S. 1976. Musculature and systematic position of
Megalomphala taenia (Bellerophontacea, Gastropoda)
from the Silurian of Gotland. Bulletin of the Geological
Society of Denmark, 25, 49-55.

Peel, J. S. 1977a. Relationship and internal structure of a new
Pilina (Monoplacophora) from the late Ordovician of
Oklahoma. Journal of Paleontology, 51, 116-122.

Peel, J. S. 1977b. Systematics and palacoecology of the
Silurian gastropods of the Arisaig Group, Nova Scotia.
Biologisk Skrifter, Dansk Videnskabernes Selskab, 21(2),
1-89.

Peel, J. S. 1980. A new Silurian retractile monoplacophoran
and the origin of the gastropods. Proceedings, Geological
Association, 91, 91-97.

Peel, J. S. 1982. Muscle scars in Bellerophon recticostatus
(Mollusca) from the Carboniferous of Ireland. Journal of
Paleontology, 56, 1307-1310.

Peel, J. S. 1986. Muscle scars in Porcellia (Gastropoda;
Pleurotomariacea) from the Carboniferous of England.
Bulletin of the Geological Society of Denmark, 35, 53—
58.

Peel, J. S. 1987. Class Gastropoda. In Fossil Invertebrates
(Boardman, R. S., Cheetham, A. H. & Rowell, A. J., eds),
pp. 304-329. Blackwell, San Francisco.

Peel, J. S. 1990: Morphology and systematic position of
Tryblidium canadense Whiteaves, 1884 (Mollusca) from
the Silurian of North America. Bulletin of the Geological
Society of Denmark, 38, 43-51.

Peel, J. S. 1991a. Functional morphology of the Class
Helcionelloida nov., and the early evolution of the
Mollusca. In The Early Evolution of Metazoa and the
Significance of Problematic Taxa (Simonetta, A. M. &
Conway Morris, S., eds), pp. 157-177. Cambridge University
Press, Cambridge.



J. S. Peel: Ordovician gastropod muscle scars

Peel, J. S. 1991b. The Classes Tergomya and Helcionelloida,
and early molluscan evolution. Bulletin Gronlands Geo-
logiske Undersogelse, 161, 11-65.

Peel,J.S.  1991c. Salpingostomatiform and related
bellerophontacean gastropods from Greenland and the
Baltic region. Bulletin Gronlands Geologiske Undersogelse,
161, 67-116.

Peel,J. S. 1993. Muscle scars and mode of life of
Carinaropsis (Bellerophontoidea, Gastropoda) from the
Ordovician of Tennessee. Journal of Paleontology, 67,
528-534.

Peel, J. S. 2001. Musculature and asymmetry in a Carboniferous
pseudo-bellerophontoidean gastropod (Mollusca). Palae-
ontology, 44, 157-166.

Peel,J. S. 2004. Asymmetry and musculature in some
Carboniferous bellerophontiform gastropods (Mollusca).
GFF, 126, 213-220.

Peel, J. S. 2015. Operculum regeneration and failed predation
in the Silurian gastropod Oriostoma. Palaeontology, 58,
229-237.

Peel, J. S. 2018. Teller’s operculum; revising a rare operculate
gastropod from the Silurian of Wisconsin (Laurentia).
Bulletin of Geosciences, 93, 499-511.

Peel, J. S. & Horny, R. J. 1999. Muscle scars and systematic
position of the Ordovician limpets Archinacella and
Barrandicella gen. nov. (Mollusca). Journal of the Czech
Geological Society, 44, 97-115.

Pennington, J. T. & Chia, F. S. 1985. Gastropod torsion: a test
of Garstang’s hypothesis. Biological Bulletin, 169, 391—
396.

Perner, J. 1907. Gastéropodes, Tome 2. In Systéme silurien du
centre de la Bohéme, Vol. 4 (Barrande, J., ed.). Bellman,
Prague, 380 pp.

Ponder, W. F. & Lindberg, D. R. 1997. Towards a phylogeny
of gastropod molluscs: an analysis using morphological
characters. Zoological Journal of the Linnean Society,
119, 83-265.

Ponder, W. F. & Lindberg, D. R. (eds). 2008. Phylogeny and
evolution of the Mollusca. University of California Press,
Berkeley, Los Angeles, London, 469 pp.

Price, R. M. 2003. Columellar muscle of neogastropods:
muscle attachment and function of columellar folds. The
Biological Bulletin, 205, 351-366.

Rohr, D. M. 1993. Middle Ordovician carrier shell Lytospira
(Mollusca, Gastropoda) from Alaska. Journal of Pale-
ontology, 67, 959-962.

Rohr, D. M. 1994. Ordovician (Whiterockian) gastropods
of Nevada: Bellerophontoidea, Macluritoidea, and
Euomphaloidea. Journal of Paleontology, 68, 473-486.

Rohr, D. M. & Gubanov, A. P. 1997. Macluritid opercula
(Gastropoda) from the Middle Ordovician of Siberia and
Alaska. Journal of Paleontology, 71, 394-400.

Rohr, D. M. & Measures, E. A. 2001. Middle Ordovician
(Whiterockian) gastropods of Western Newfoundland:
Macluritoidea and Euomphaloidea. Journal of Pale-
ontology, 75, 284-294.

Rohr, D. M. & Yochelson, E. L. 1999. Life association of
shell and operculum of Middle Ordovician gastropod
Maclurites. Journal of Paleontology, 73, 1078-1080.

Rollins, H. B. 1969. The taxonomic position of Cyrtonella
mitella (Hall) (Mollusca, Monoplacophora). Journal of
Paleontology, 43, 136—140.

Rollins, H. B. & Brezinski, D. K. 1988. Reinterpretation of
crinoid-platyceratid interaction. Lethaia, 21,207-217.

Runnegar, B. 1981. Muscle scars, shell form and torsion in
Cambrian and Ordovician univalved molluscs. Lethaia,
14, 311-322.

Salvini-Plawen, L. V. 1980. A reconsideration of systematics
in the Mollusca (phylogeny and higher classification).
Malacologia, 19, 249-278.

Schopf, K. M. & Morris, P. J. 1994. Description of a muscle
scar and two other novel features from steinkerns of
Hypomphalocirrus (Mollusca: Paragastropoda). Journal
of Paleontology, 68, 47-58.

Sedgwick, A. & McCoy, F. 1851-55. A Synopsis of the
Classification of the British Palaeozoic Rocks [by the
Rev. Adam Sedgwick] with a Systematic Description of
the British Palaeozoic Fossils in the Geological Museum
of the University of Cambridge [by Frederick McCoy]
with Figures of New and Imperfectly Known Species.
Parker & Son, London, 661 pp.

Signor, P. W. & Kat, P. W. 1984. Functional significance of
columellar folds in turritelliform gastropods. Journal of
Paleontology, 58, 210-216.

Ulrich, E. O. & Scofield, W. H. 1897. The Lower Silurian
Gastropoda of Minnesota. Minnesota Geological Survey,
3(2), 813-1081.

Ushatinskaya, G. T. & Parkhaev, P. Yu. 2005. Preservation of
imprints and casts of cells of the outer mantle epithelium
in the shells of Cambrian brachiopods, molluscs, and
problematics. Paleontological Journal, 39, 251-263 [also
Paleontologicheskii Zhurnal, 2005, 3, 29-39].

Vermeij, G.J. & Williams, S. T. 2007. Predation and the
geography of opercular thickness in turbinid gastropods.
Journal of Molluscan Studies, 13, 67-73.

Vostokova, V. A. 1962. Kembrijskie gastropody Sibirskoj
platformy i Taijmyra [Cambrian gastropods of the Siberian
platform and Taimyr]. Trudy Nauchno Issledovatel'skogo
Instituta Geologii Arktiki, 28, 51-74.

Wagner, P. J. 2002. Phylogenetics of the earliest aniso-
strophically coiled Gastropods. Smithsonian Contributions
to Paleobiology, 88, 1-132.

Wahlman, G. P. 1992. Middle and Upper Ordovician
symmetrical univalved molluscs (Monoplacophora and
Bellerophontina) of the Cincinnati arch region. U. S.
Geological Survey Professional Paper, 1066-0O, 1-213.

Walcott, C. G. 1912. Cambrian geology and paleontology. II.
New York Potsdam Hoyt fauna. Smithsonian Miscellaneous
Collections, 57, 263-289.

Wanninger, A., Ruthensteiner, B, Dictus, W.J. A.G. &
Haszprunar, G. 1999. The development of the musculature
in the limpet Patella with implications on its role in the
process of ontogenetic torsion. Invertebrate Reproduction
and Development, 36, 211-215.

Wanninger, A., Ruthensteiner, B., Dictus, W.J. A. G. &
Haszprunar, G. 2000. Torsion in Patella caerulea
(Mollusca, Patellogastropoda): ontogenetic process,
timing, and mechanisms. Invertebrate Biology, 119,
177-187.

White, C. A. 1877. Report upon the invertebrate fossils
collected in portions of Nevada, Utah, Colorado, New
Mexico, and Arizona, by parties of the expeditions
of 1871, 1872, 1873, and 1874. Report upon United
States Geographical Surveys West of the One Hundredth

99



Estonian Journal of Earth Sciences, 2019, 68, 2, 88—100

Meridian. Vol. 4, Paleontology. Government Printing
Office, Washington, 219 pp.

Yochelson, E. L. 1956. Permian Gastropoda of the south-
western United States: I. Euomphalacea, Trochonematacea,
etc. Bulletin of the American Museum of Natural History,
110, 173-260.

Yochelson, E. L. 1971. A new late Devonian gastropod and
its bearing on problems of open coiling and septation.
Smithsonian Contributions to Paleobiology, 3, 231-
241.

Yochelson, E. L. 1979. Gastropod opercula as objects for
paleobiogeographic study. In Historical Biogeography,
Plate Tectonics, and the Changing Environment (Gray, J.

& Boucot, A. J., eds), pp. 37-43. Oregon State University
Press, Corvallis, Oregon.

Yochelson, E. L. 1984. Historic and current considerations for
revision of Paleozoic gastropod classification. Journal of
Paleontology, 58, 259-269.

Yochelson, E. L. 1988. A new genus of Patellacea (Gastropoda)
from the Middle Ordovician of Utah: the oldest known
example of the superfamily. New Mexico Bureau of
Mines and Mineral Resources Memoir, 44, 195-200.

Yochelson, E. L. & Linsley, R. M. 1972. Opercula of two
gastropods from the Lilydale Limestone (Early Devonian)
of Victoria, Australia. Memoirs of the National Museum
of Victoria, 33, 1-13.

Lihaste Kkinnitusjiljed euomphaliinsetel tigudel Baltika Ordoviitsiumis

John S. Peel

Esmakordselt on kirjeldatud lihaste kinnitusjélgede paari ophiletoidse gastropoodi Asgardispira avatud keermestiku
nabavaheseinal. See tigude perekond on ldhedane sugulane Ida-Baltikumi Kesk-Ordoviitsiumis ulatuslikult levinud
perekonnale Lytospira. Uhel unikaalsel samavanuselisel euomphaloidsel Lesueurilla eksemplaril on lihaste kinnitus-
jéljed liitunud iiheks jéljeks. Teo jala taandlihaste ehk retraktorite paarikaupa esinemine on iseloomulik mitmele
suurele Vara-Paleosoikumi ja ka retsentsete gastropoodide rithmale, mistSttu peetakse seda nende klassi péarilikuks
tunnuseks. Lihaste koondumine iihele kinnituskohale vdib olla pdhjustatud logaritmiliselt keerdunud teokoja tihene-
misest, mida omakorda vdis pohjustada ebaiihtluse kasv keerdumisel, ja selle suunamuutustest tigude evolutsioonis.
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