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ARTICLE INFO ABSTRACT

Keywords: Protovirgularia is an old name for prominent trace fossils common throughout the Phanerozoic and fascinating
Ichnotaxonomy geologists for about 175 years. Repeatedly described under different names, taxonomic work from the 1990’s
Trace fossil argued for the inclusion of several morphologically similar ichnogenera in Protovirgularia. A critical review of the
;&fgaay type specimens of the included ichnospecies and their synonyms confirms the validity of five ichnospecies by
Arthropod applying uniform ichnotaxobases. A morphometric analysis of key parameters assists in the distinction of these
Molluse ichnospecies. The type ichnospecies Protovirgularia dichotoma, generally regarded as a trail, is better qualified as a

trackway, in contrast to the remaining ichnospecies, which represent shallow burrows. Beside the habitus of the
burrow, the shape, density and orientation of its sediment pads (or chevrons) and their ornamentation allow the
distinction of P. pennata, P. rugosa, P. longespicata and P. bifurcata. Compound forms resulting from locomotion
and resting are rejected as an ichnotaxobase. The enigmatic nature of Protovirgularia led to speculations about its
origin, including various body-fossil interpretations (e.g., sea pens and annelids). Now widely accepted as a trace
fossil, the interpretation of its producer varied and became oversimplified based on an experiment made with
protobranch bivalves. Several characteristics support an interpretation of many Protovirgularia specimens as
arthropod-produced (e.g., malacostracan crustaceans) instead of molluscs, which is in alignment with sugges-
tions by older work. A literature review of verifiable illustrations of trace fossils conformable with one of the five
ichnospecies not only confirms their recurrence and validity as endmembers, but also highlights stratigraphical
and palaeoenvironmental trends.

1. Introduction appendages or sediment pads (chevrons).

Protovirgularia is a multifaceted trace fossil that occurs with a vast

THE iconic ichnogenus Protovirgularia is a common trace fossil that is
frequently reported from marine and continental deposits globally of
early Cambrian to Holocene age. Despite its long research history and
repeated reviews (e.g., Han and Pickerill, 1994; Seilacher and Seilacher,
1994; Uchman, 1998; Méangano et al., 2002a; Luo and Shi, 2017), it
remains poorly and partly controversially understood, which hinders its
full utilization in palaeoenvironmental and evolutionary re-
constructions. Inconsistencies exist with the ichnotaxonomy of Proto-
virgularia, both on the ichnospecies level as well as between
morphologically similar ichnogenera, which has led to numerous po-
tential synonyms. This situation results from regarding a diverse range
of characters (i.e., ichnotaxobases), including the kind of trace fossil
(burrow, trail, or trackway), the behaviour of the tracemaker (e.g.,
locomotion, resting, or a combination of both), penetration depth
(shallow versus deep), the kind and intensity of ornamentation (e.g.,
tubercular, biramous), as well as the shape and density of the lateral
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range of morphological variability, which complicates a proper
distinction of ichnospecies. Consequently, many authors have grouped
their material into morphotypes or morphologic variants (e.g., Richter,
1941; Gibert and Domenech, 2008; Carmona et al., 2010; Lopez Cabrera
et al., 2019) or described it in open nomenclature (isp., aff., cf.). Some
endmembers of these morphological ranges have been given names,
whereas others remain unnamed, which makes a grouping of the
morphologically diverse material difficult.

The interpretation of the tracemaker of Protovirgularia likewise has
been challenging. Originally described as a sea pen (octocoral; see also
Bayer, 1955), its morphology led to confusion with other body fossils
such as graptolites (Richter, 1853), annelids (Mayer, 1954) and shark
teeth (Itano, 2020). Although Hantzschel (1958) revealed the trace-
fossil nature of Protovirgularia, its producer(s) remained highly contro-
versial, probably partly because of the wide morphological range of
included forms and their origin by the activity of more than one kind of
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tracemaker.

Based on experiments with protobranch bivalves, Seilacher and
Seilacher (1994) convincingly showed that molluscs (bivalves and sca-
phopods) can produce Protovirgularia. Although this account might be
valid for only a fraction of cases, a mollusc interpretation of Proto-
virgularia has been widely accepted by the ichnological community and
beyond. However, some morphological features such as chevrons
diverging in different directions, branching and the orientation of the
chevrons are hardly consistent with such a universal interpretation (e.g.,
Fiirsich, 1998) but call for alternative producers, foremost arthropods
(e.g., malacostracan crustaceans, Knaust, 2022).

This review attempts (1) to revise the ichnotaxonomy of Proto-
virgularia by a uniform approach of relevant ichnotaxobases and by the
restudy of type specimens, (2) to verify the validity of recurrent ichno-
species, (3) to offer interpretations of their producers by characteristic
features and comparison with modern analogues, and (4) to highlight
stratigraphic and palaeoenvironmental distribution trends. This analysis
is based on a revisit of available type material of the relevant ichno-
species and hundreds of specimens inspected in a comprehensive liter-
ature review.

2. Systematic ichnology

Institutional abbreviations

AMNH American Museum of Natural History, Division of Paleontology, USA

GIT Geological Institute Tallinn, Estonia

IGF Museo di Storia Naturale - Sistema Museale d’Ateneo, Universita degli
Studi di Firenze, Italy

KUMIP University of Kansas, Museum of Invertebrate Paleontology, USA

LL Manchester Museum, The University of Manchester, UK

MB.W. Museum of Natural History Berlin, Palaeontological Collection,
Germany (material investigated first-hand)

MCZIP Museum of Comparative Zoology, Invertebrate Paleontology, Harvard
University, USA

MHI Muschelkalkmuseum Ingelfingen, Germany (material investigated first-
hand)

MWG University of Warsaw, Faculty of Geology, Poland

NMB Naturhistorisches Museum Basel, Switzerland

PAULg Animal and Human Paleontology of the University of Liege, Belgium

PMM Paleontological Museum Moscow, Russia (material investigated first-
hand)

PMSPU St. Petersburg State University, Russia

SM Stadtmuseum Berlin, Germany

SM A Sedgwick Museum, Cambridge, UK

SMF Senckenberg Institute Frankfurt am Main, Palaeontological Collection,
Germany (material investigated first-hand)

SMNK-Pal  Staatliches Museum fiir Naturkunde Karlsruhe, Paldontologie, Germany

UCGM Cincinnati Museum Center, Cincinnati, USA

Author names in [square bracket] in the synonymy lists indicate
workers who first suggested this nomenclatural act.

Ichnogenus Protovirgularia M’Coy, 1850

* 1850 Protovirgularia M’ Coy, pp. 272-273

* 1851 Protovirgularia M’Coy, pl. 1b, figs. 11, 11a, 12, 12a

non 1851 Crossopodia M’ Coy, p. 130, pl. 1.d.15 (- Dictyodora) [Benton and
Trewin, 1980]

non 1870 Pennatulites Cocchi in Grattarola et al., 1870 p. 116 (nomen nudum)

[Hantzschel, 1975]

1878a Walcottia Miller and Dyer, p. 39; pl. 2, figs. 11, 11a [Seilacher and

Seilacher, 1994]

Crossochorda Schimper and Schenk, 1879, p. 568; fig. 410 (—

Crugziana) [Seilacher and Seilacher, 1994]

1885 Pennatulites De Stefani, p. 99; pl. 2, fig. 1 [Seilacher and Seilacher,
1994]

1885 Paleosceptron De Stefani, p. 101; pl. 2, fig. 2 [Seilacher and
Seilacher, 1994]

non 1879

non 1949 Biformites Linck, 1949, p. 44; fig. 1; pl. 4, figs. 1-2 [Knaust and
Neumann, 2016]
non 1951 Rhabdoglyphus Vassoevich, 1951, p. 61; pl. 6, fig. 4 [Uchman, 1998]

(continued on next column)
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(continued)

non 1954 Triadonereis Mayer, p. 224; fig. 1-2 [Knaust, 2021]
1954 Triadonereites Mayer, p. 224; fig. 6 [Stachacz et al., 2022]
non 1967 Uchirites Macsotay, p. 38; figs. 15, 15a [Seilacher and Seilacher,
1994] (= Oravaichnium)
1970 Imbrichnus Hallam, p. 197; pl. 2, figs. b-c [Seilacher and Seilacher,
1994]
1970 Baghichnus Verma, p. 38; pl. 1, figs. 1-5
non 1971 Sustergichnus Chamberlain, p. 231; pl. 31, figs. 8, 11 [Seilacher and
Seilacher, 1994] (- Ptychoplasma)
1976 Chevronichnus Hakes, p. 22; pl. 3, fig. 1a-b; pl. 4, fig. 1a [Uchman,
1998]
1978 Chagrinichnites Feldmann et al., p. 288; figs. 2-8

? 1986 Polypodichnus Ghare and Kulkarni, p. 50; pl. 4, figs. 1-3 [Fiirsich,
1998]

? 1986 Annulotunnelichnus Ghare and Kulkarni, pp. 44-45; pl. 4, fig. 4

? 1989 Pinsdorfichnus Vialov, pp. 77-78

? 1989 Radhostium Plicka and Riha, p. 84; fig. 5; pls. 1-2

1992 Lechratichnus Yang, p. 171; pl. 15, fig. 5
1993 Talitrichnus Brustur and Alexandrescu, p. 80; pl. 1, fig. 1

Diagnosis. Horizontal to sub-horizontal, unbranched or branched,
straight or slightly curved, carinate or trough-shaped trackway or
burrow with a median line (ridge or furrow) and lateral appendages
arranged in a chevron pattern. Actively filled burrows are formed by
successive pads of sediment with an overall chevron pattern. (Modified
after Han and Pickerill, 1994; Seilacher and Seilacher, 1994; Uchman,
1998).

Type ichnospecies. Protovirgularia dichotoma M’ Coy, 1850, by original
monotypy.

Differential diagnosis. Fourteen ichnogenus nomina were erected for
traces like Protovirgularia, all now regarded as its junior synonyms.
Similarities exist with the following ichnogenera:

Nereites MacLeay in Murchison, 1839, a winding to regularly

meandering burrow with a median back-filled string enveloped by an

even to lobate zone of reworked sediment (Benton, 1982; Uchman,

1998).

e Crugiana D’Orbigny, 1842, a bilobate burrow with herringbone-

shaped or transverse striations (Keighley and Pickerill, 1996).

Scolicia Quatrefages, 1849, a winding or meandering, bilobate or

trilobate, backfilled burrow with two basal parallel sediment strings

(Uchman, 1998).

e Protichnites Owen, 1852, a trackway with a single medial impression
and a definite number of paired tracks per repeating track series sets
(Burton-Kelly and Erickson, 2010).

e Psammichnites Torell, 1870, a bilobate burrow preserved on the
upper bedding plane with a sinuous, meandering or circular path,
transverse or arcuate internal structure, and a distinct median-dorsal
ridge, groove, or regularly spaced circular mounds or holes
(Mangano et al., 2002b).

e Archaeonassa Fenton and Fenton, 1937a, raised, narrow traces,

straight to sinuous or gently meandering, having a median groove

flanked by rounded ridges (Yochelson and Fedonkin, 1997).

Oniscoidichnus Brady, 1949, a trackway characterized by a median

ridge and lateral, perpendicular to oblique bars (Brady, 1947).

In addition, there are compound traces with transitions between
Protovirgularia longespicata and Arthrophycus Hall, 1852 (see below); and
P. rugosa and Lockeia James, 1879 (see Seilacher and Seilacher, 1994); as
well as Protovirgularia and Halimedides Lorenz Von Liburnau, 1902 (see
Novis et al., 2022); Ptychoplasma Fenton and Fenton, 1937b (see Uch-
man et al., 2011); and Oravaichnium Plicka and Uhrova, 1990 (see Sta-
chacz et al., 2022).

Protovirgularia may also resemble inorganic sedimentary structures,
in particular chevrons that originate as tool marks at the bottom of
turbidites and fluvial channel deposits (e.g., Dzutynski and Sanders,
1962; Allen, 1982; Peakall et al.,, 2020). Such structures remain
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restricted to the base of high-energetic sandy deposits, are linked to
related structures such as grooves and flutes, are typically closely spaced
and aligned in one and the same direction, and are characterized by
transitional forms (e.g., chevrons and grooves).

Ichnotaxonomy. Protovirgularia was introduced as a trail, although it
rather conforms with a trackway. A trackway comprises a succession of
tracks (impressions left in underlying sediment by an individual foot or
podium) reflecting directed locomotion, whereas a trail consists of a
continuous groove produced during locomotion by an animal having
part of its body in contact with the substrate surface (Frey, 1973).
Subsequently, burrows with similar features were also included in
Protovirgularia.

Ichnotaxobases used for the classification of trace fossils must
include reproducibly observable morphological characters (Bertling
et al., 2022). Morphology is the primary source of ichnotaxonomic

P. dichotoma
M'Coy, 1850

P. pennata
(Eichwald, 1854)

‘fmﬂ'ji/
. g

3

- stem dichotomous - thick, branched,

branching feather-like stem
- alternating pinnules - dense, short
branches

- pinnules contracted
or extended

Dictyota spiralis
Ludwig, 1869
(nomen dubium)

P. rugosa
(Miller and Dyer, 1878)

- slender, tapering,
flexuous body

- evenly rugose on
each side

- strong ridges,
diagonally inclined
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information, which is a result of interactions of the body plan and the
behaviour of the producer, as well as the substrate conditions. Substrate
conditions seem to be a substantial control on the morphology of Pro-
tovirgularia. Trace morphology is strongly dependent on substrate con-
sistency, therefore open or passively filled trackways and burrows are
common in firm substrate, whereas soft sediment gives reason to pre-
serve burrows with an actively filled trace.

Various ichnotaxobases have been applied to differentiate Proto-
virgularia ichnospecies, foremost the shape of ornamentation (e.g.,
P. dichotoma, P. longespicata, P. bidirectionalis, P. bifurcata), but also the
depth of penetration (e.g., P. pennata, P. tuberculata), the transition from
resting to locomotion (e.g., P. rugosa), or a combination of them (Fig. 1).
This revision of Protovirgularia ichnospecies follows established princi-
ples in ichnology and is based on significant and accessory features
sensu Fiirsich (1974). Accordingly, the kind of trace fossil (e.g.,

P. bifurcata
Knaust, 2021

P. longespicata
(De Stefani, 1885)

- bipartite structure
with a median groove

- straight or winding
burrow

- obtuse, almost
truncated ends

- open or passively
filled

- cylindrical peduncle
of smaller diameter

- carinate, trough-
shaped or tripartite
cross section

- numerous semi-
circular pinnules - strong transverse

ridges or grooves

- V-shaped bifurcated
striae

Fig. 1. Protovirgularia ichnospecies that are herein regarded as valid, based on historical illustrations of their holotype, lectotype and (partly) paralectotype(s), as

well as Dictyota spiralis, a nomen dubium.
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trackway or burrow) and its habitus (e.g., branched, unbranched,
spreite-bearing) are regarded as significant features, whereas the shape,
size and orientation of appendages or sediment pads (e.g., inclination,
ornamentation) are accessory (Fig. 2).

Protovirgularia dichotoma M’Coy, 1850

* 1850  Protovirgularia dichotoma M’Coy, pp. 272-273
* 1851  Protovirgularia dichotoma M’Coy, pl. 1b, figs. 11-11a, 12-12a
1853 (?) Cladograpsus nereitarum Richter, p. 450; pl. 12, figs. 1-2 [Volk,
1961]
1871 Triplograpsus nereitarum (Richter) Richter, pp. 251-252; pl. 5, figs.
10-13 [Volk, 1961]
1879  Provirgularia (?) nereitarum Giimbel, 1879, pp. 469, 471 (lapsus
calami) [Volk, 1961]
Rhabdoglyphus grossheimi Vassoevich, p. 61; pl. 6, fig. 4 [Uchman,
1998]
1970  Baghichnus bosei Verma, p. 38; pl. 1, figs. 1-5
1970  Nereites malwaensis Chiplonkar and Badwe, p. 5; pl. 2, fig. 3
1970  Oniscoidichnus communis Chiplonkar and Badwe, p. 5; pl. 2, figs. 1-1a
1970  Oniscoidichnus ampla Chiplonkar and Badwe, p. 6; pl. 1, figs. 2-2a
1970 Oniscoidichnus elegans Chiplonkar and Badwe, p. 6; pl. 1, fig. 6
1970  Oniscoidichnus robustus Chiplonkar and Badwe, pp. 6-7; pl. 1, figs.
3-3a
1972 Arthropodichnus jacquetensis Greiner, p. 1774; figs. 1-8 [Han and
Pickerill, 1994]
Polypodichnus wynnei Ghare and Kulkarni, p. 50; pl. 4, figs. 1-3
[Fiirsich, 1998]
1993  Tdlitrichnus panini Brustur and Alexandrescu, p. 80; pl. 1, fig. 1

non 1951

? 1986

Diagnosis. Keel-like trackway with paired or alternating, lateral,
elongate to lobate appendages of even or variable spacing and variable
angle to the main axis. (Modified after M’Coy, 1850; Benton, 1982;
Uchman, 1998).

Lectotype and paralectotypes. Designated by Benton (1982). The
designated lectotype contains three individual specimens with highly
variable morphology, including one with a V-shaped turn (after distur-
bance) and previously interpreted as two specimens (Fig. 3A). Specimen
1 is herein refined as lectotype, whereas specimens 2 and 3 become
paralectotypes, in addition to the other paralectotypes as defined by
Benton (1982). Silurian (Wenlock), Scotland. SM A45582-SM A45584.

Description. The type material of Protovirgularia dichotoma was
figured by Hantzschel (1958, fig. 5) and redescribed by Benton (1982),
but given its importance for the definition of Protovirgularia and its
interpretation, some more observations are herein made. Neither M’Coy
(1850) nor Benton (1982) indicated the preservation of these traces,
such as epichnia or hypichnia. The slab with the lectotype (SM A45582)
contains four branches, three of which were interpreted by M’Coy
(1850) to be dichotomous branching, while Benton (1982) assumed they
are overlapping (Fig. 3A). Complicatedly, the ‘branching points’ are
covered by other, larger burrows, which are herein interpretated due to
predation of the P. dichotoma tracemaker. Specimen 2 reacted on the
predation by changing its course by 170°, which resulted in two con-
nected branches, as confirmed by their similar size, shape and sense of
movement.

Specimen 3 originates from one branch of specimen 2, again its
beginning being overprinted by a larger trace (Fig. 3A). It starts with a
straight course, before it becomes disturbed by a sinusoidal trace (aff.
Cochlichnus), which results in a slight lateral shift of P. dichotoma away
from the disturbing trace and its continuation as a straight trace. Spec-
imen 1 appears to be a straight trackway with a median furrow, which
together with Helminthoidichnites trails supports an interpretation of the
traces as epirelief. This specimen is herein refined as the lectotype. It is
morphologically similar to specimen 4 on a different slab (SM A45583),
that is preserved in hyporelief and represents a paralectotype (Fig. 3B).

Remarks. Protovirgularia dichotoma represents a trackway with paired
or alternating, chevron-shaped appendages of various shape and size
and thus differs from all other Protovirgularia ichnospecies (Figs. 1-2).

Concerning the diagnosis of P. dichotoma, several aspects of the
lectotype and paralectotypes are of importance. In his diagnosis of the
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then monospecific ichnogenus Protovirgularia, M’ Coy (1850) defined a
‘stem, ... dichotomously branching, closely set on each side with short,
alternately placed pinnules, either contracted close up to the axis in a
doubly oblique alternating series, or extended with a gentle upward and
outward curve ...". Instead of symmetrical paired appendages, as sug-
gested by subsequently revised diagnoses, asymmetric arrangement of
appendages is common. The original description and the lectotype and
paralectotypes indicate a relatively high degree of morphological vari-
ation, which guides the diagnosis and indicates potential for synonyms.

With respect to the interpretation of the moving direction and pro-
ducer, the disturbance occurring in specimen 2 offers a clue to the sense
of movement (Fig. 3A). After disturbance and resulting rapid change of
course, the first segment of the continuing trace is weakly developed and
contains irregularly arranged appendages with an increased distance in
between compared to the remaining part. This relationship suggests
movement in direction of the concave part of the appendages.

Morphological variability of P. dichotoma is not only apparent in the
lectotype and paralectotypes but was also described from Lower and
Middle Devonian slates of Germany by Richter (1941) and Volk (1961).
A slab from the Hunsriick Slate shows a curved trackway with paired
appendages, some of them from the outer side are biramous (Fig. 3C).
Imprints of parts of the carapace and antennae of its presumed
malacostracan producer occur at the termination of the trace. An
important aspect is substrate consistency and its impact on the trackway
morphology, where a change from soft to firm substrate results in an
increased definition of individual tracks (Fig. 3D, F). Appendages occur
with a wide range of spacing, alternation and morphology, including
linear, curved, lobate and platy (Fig. 3E-I). In originally water-saturated
sandy substrate, the definition of individual tracks is rather poor
compared to their firm muddy counterparts, as shown in Oligocene
turbidites of France (Fig. 3J).

Rhabdoglyphus grossheimi is defined as ‘... a series of invaginated
calices whose widths taper along their length’ (Stanley and Pickerill,
1993) and was included in P. dichotoma as its synonym by Uchman
(1998), who extended the diagnosis of the latter accordingly. Herein, the
procedure by Stanley and Pickerill (1993) is followed and R. grossheimi
retained as a different ichnospecies due to significant morphological
differences.

Oniscoidichnus communis has a close affinity with P. dichotoma, which
together with most of its synonyms as defined by Kulkarni and Uchman
(2021) is included in it. It comprises a ‘... straight or winding trackway
composed of a median linear trace [ridge or groove] and oblique or
perpendicular lateral elements [ribs, lobes], which are approximately
symmetrically located on both sides. The ribs are isolated, but lobes can
be shingled.” Baghichnus bosei and Arthropodichnus jacquetensis also
belong to this group and are included too.

Talitrichnus panini is interpreted as an amphipod trail and described
as ‘... straight, more or less curved circular line, shallow central furrow,
bordered by lateral slightly outlined margins with oblique striations’,
essentially consistent with the diagnosis of P. dichotoma.

Polykampton alpinum and Flyschichnium plickai are ‘... composed of a
median tunnel and lateral, inclined, crescentic lobes’ (Uchman et al.,
2019), thus morphologically similar to the quite variable expression of
the paralectotypes of P. dichotoma (specimens 2 and 3 in Fig. 3A,
respectively). The main difference, although not regarded as diagnostic,
is the faint but pronounced internal structuring of their sediment pads
(lobes) and a size that is about ten times larger than P. dichotoma,
indicating a closer affinity with Nereites cambrensis MacLeay in Murch-
ison, 1839 (see Orr and Pickerill, 1995). Trace fossils of similar
morphology and size can be produced by a wide range of animals,
including turtles as described as Australochelichnus and Marinerichnus
from coastal deposits (Lockley et al., 2019).

¢
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elongate to lobate variable spacing trough-shaped to
appendages and angle carinate cross section

delicate
bifurcated striae
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dichotoma bifurcata
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Protovirgularia
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poorly defined
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Fig. 5A
Fig. 2. Sketches of the five valid Protovirgularia ichnospecies and their characteristics, based on observations made on the type specimens (holotype, lectotype,

paralectotype, topotype). The ring chart in the centre indicates their preservation and trace-fossil type. The idealized morphological features are illustrated in the
figures as indicated. Not to scale.
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Fig. 3. Protovirgularia dichotoma. Scale bars = 1 cm. A: Lectotype (specimen 1) and paralectotypes (specimen 2, V-shaped, and specimen 3) of P. dichotoma, herein
refined after the designation made by Benton (1982). Arrows show direction of movement. H - Helminthoidichnites, C - aff. Cochlichnus, b - burrow, d - trace of
disturbance, t - large trace. Epirelief. See text for explanation. Silurian (Wenlock), Scotland. SM A45582. Image courtesy of the JISC GB3D Type Fossils Online project
partners. B: Paralectotype (specimen 4), different slab than in A. Hyporelief. Silurian (Wenlock), Scotland. SM A45583. Image courtesy of the JISC GB3D Type Fossils
Online project partners. C: Curved specimen with paired appendages, some of which show double imprints on one side (arrows). ¢ = carapace and a = antennae
imprints of its presumed producer, H = Helminthoidichnites. Epirelief. Hunsriick Slate, Lower Devonian, Gemiinden, Germany. SMF XXX 525b. Original to Richter
(1941; fig. 5). D: Trackway starting with a diffuse shape (1), having a clearly defined portion (2), and terminating with a rugose part that contains bifurcated
appendages of various, partly reversed, orientation (3). C = Chondrites intricatus. Hyporelief. Hunsriick Slate, Lower Devonian, Bundenbach, Germany. SMF XXX
525c. Original to Richter (1941; fig. 6). E: Specimen with bent appendages. A second specimen (upper part) is only diffusely preserved. H = Helminthoidichnites.
Hyporelief. Hunsriick Slate, Lower Devonian, Schielenberg, Germany. SMF XXX 525a. Original to Richter (1941; fig. 4). F: Specimen preserving its shallow (right)
and deeper part (left) on a cleavage surface running slightly obliquely to the bedding. Epirelief. Hunsriick Slate, Lower Devonian, Wiesbaden-Naurod, Germany.
Senckenberg Frankfurt, uncatalogued. G: Burrow with platy, alternating sediment pads. Epirelief. Hunsriick Slate, Lower Devonian, Bundenbach, Germany. SMF XXX
183a. Original to Richter (1941, fig. 7). H: Numerous small burrows originally assigned to Protovirgularia nereitarum and associated with larger Nereites irregularis (N).
Epirelief. Nereiten-Schiefer, Middle Devonian, Spechtsbrunn, Germany. SMF XXX 728. Original to Volk (1961; pl. 1). I: Enlarged upper left specimen from H. See also
Volk (1961; pl. 2, fig. c). J: Specimens with weakly and asymmetrical developed chevron-shaped imprints. Turbiditic sandstone bed, epirelief. Oligocene, Gres
(i’Annot Formation, Grand Coyer, SE France. From Knaust et al. (2014; fig. 10b).

Protovirgularia pennata (Eichwald, 1854a, 1854b)

* 1854a Caulerpites pennatus Eichwald, p. 60
* 1854b  Caulerpites pennatus Eichwald, pl. 1, fig. 1
1881 Crossochorda marioni Dewalque, p. 45; pl. 2, fig. 1
1887 Chrossochorda tuberculata Williamson, p. 22; pl. 1, figs. 1, 3; pl. 3,
fig. 2 (lapsus calami)

non 1967 Uchirites triangularis Macsotay, p. 38; figs. 15, 15a [Uchman, 1998]
(included in Oravaichnium)
non 1971 Sustergichnus lenadumbratus Chamberlain, p. 231; pl. 31, figs. 8, 11

[Seilacher and Seilacher, 1994] (— Ptychoplasma vagans)

1977 Gyrochorte burtani Ksiazkiewicz, p. 113; pl. 11, figs. 1-5 [Uchman,
1998]

1981 Ichnyspica guptai Chiplonkar et al., p. 147; fig. 1

1981 Walcottia devilsdingli Benton and Gray, p. 686; fig. 11d-g

Diagnosis. Deeply impressed, carinate or bilobate burrow (median
ridge or furrow in hyporelief) with densely spaced striae representing
external expression of sediment pads (chevrons). (Modified after Sei-
lacher and Seilacher, 1994, based on Chrossochorda tuberculata; and
Uchman, 1998).

Holotype. Eichwald (1854b; pl. 1, fig. 1). Upper Devonian, NW
Russia. PMSPU 1/3280.

Description. Eichwald (1854a) defined Caulerpites pennatus as ‘... a
thick, branched feather-like stem with dense short branches with con-
fluences.” The holotype is a poorly preserved and washed-out specimen
(counterpart of the originally figured specimen) that shows densely
spaced striae (Fig. 4A), which are better visible in well-preserved top-
otype material (Fig. 4B-E).

Remarks. Protovirgularia pennata is a relative thick burrow with a
carinate or subcircular cross section. It often comprises a smooth core
surrounded by faint striae resulting from densely packed sediment pads,
by which it differs from other Protovirgularia ichnospecies (Figs. 1-2).

Crossochorda marioni is described as a phyllome [of a fucoid], where
. we distinctly see two series of oblique, slightly protruding ribs,
separated by many grooves and generally alternating from one side to
the other of a shallow median furrow’ (Dewalque, 1881). The original
slab contains several specimens that have been refigured by Morelle and
Denayer (2020) and compared with Protovirgularia rugosa, the latter
which lacks the bilobate cross section and has rugose instead of faint
striae. Habitus and chevrons of C. marioni are very similar to that of
P. pennata, both ichnospecies originally described from the late Devo-
nian. Although the original description and drawing of C. marioni sug-
gest the presence of a clear median furrow, syntypes refigured by
Morelle and Denayer (2020) show the transition between a weakly
developed median furrow into a ridge (Fig. 4F). A characteristic feature
of P. pennata is the occurrence of burrow sections in form of a smooth
core that is surrounded by a striated mantle (Fig. 4B, E, G).

Chrossochorda tuberculata from the Carboniferous of England is also
defined by ... a median furrow [that] runs along the entire length of the
track of these casts ...” and preserves ‘... a row of small tubercles ...

¢

along the summits of each of these lateral ridges’ (Williamson, 1887). Its
three syntypes also alternate between a median furrow and a ridge, a
fact that is also true for topotype material of P. pennata (Fig. 4G).
Additional common features include smooth burrow segments and
burrows that ‘... terminate in an irregular mass’ (Williamson, 1887).
Consequently, C. marioni and C. tuberculata can be considered as junior
synonyms of P. pennata.

In his modified diagnosis, Uchman (1998, p. 164) emphasizes ‘...
faint and densely spaced’ chevron markings and includes Uchirites tri-
angularis Macsotay, 1967 as junior synonym of P. pennata. Given the
distinct sculpture of P. pennata, smooth forms like U. triangularis are
rather included in the ichnogenus Oravaichnium Plicka and Uhrova,
1990. The holotype of Sustergichnus lenadumbratus Chamberlain, 1971
(pl. 31, fig. 11) occurs at the sand-mud interface and results in a hypo-
relief in form of a discontinuous ridge containing a series of elongate
mounds, which would justify its inclusion in Ptychoplasma vagans
(Ksigzkiewicz, 1977). In contrast, the second specimen in Chamberlain
(1971; pl. 31, fig. 8) illustrates the gradation from Protovirgularia pen-
nata to P. rugosa.

Protovirgularia rugosa (Miller and Dyer, 1878a)

*partin  1878a  Walcottia rugosa Miller and Dyer, p. 39; pl. 2, figs. 11-11a

? 1878b  Walcottia cookana Miller and Dyer, p. 11; pl. 3, figs. 12-12a
(nomen inquirenda) [Osgood, 1970]
? 1881 Walcottia sulcata James, 1881, p. 44 (nomen inquirenda)

[Osgood, 1970]
1963 Beloraphe fulgur Vialov, p. 104; fig. 2 (lapsus calami)
partim 1967 Pelecypodichnus ornatus Bandel, p. 8; pl. 4, figs. 2-4; pl. 5, fig. 1
[Han and Pickerill, 1994]
1972 Protovirgularia mongraensis Chiplonkar and Badve, p. 2; pl. 1, fig.
2 [Han and Pickerill, 1994]
1976 Chevronichnus imbricatus Hakes, p. 22; pl. 3, fig. 1a-b; pl. 4, fig.
la
? 1977 Gyrochorte obliterata Ksiazkiewicz, p. 115; pl. 11, fig. 9
1984 Oniscoidichnus sintanensis Yang, p. 711; pl. 2, figs. 9-11
1984 Oniscoidichnus hubeiensis Yang, p. 712; pl. 2, figs. 12-14
1988 Merostomichnites piauiensis Muniz, pp. 49-53; pl. 1; figs. 1-2
? 1992 Lechratichnus kachegouensis Yang, p. 171; pl. 15, fig. 5

Diagnosis. Burrow with distinct, imbricated sediment pads and a
strong V-shaped ornamentation (chevrons). (Modified after Miller and
Dyer, 1878a; Seilacher and Seilacher, 1994).

Lectotype and paralectotype. From the two syntypes, ‘... the form
which probably best typifies the species’ (Osgood, 1970, p. 78) is herein
designated as lectotype (MCZIP 114304; Miller and Dyer, 1878a, fig. 11;
fig. 5A), whereas the other one represents the paralectotype (MCZIP
114305; Miller and Dyer, 1878a; fig. 11a; fig. 5B).

Description. Both, lectotype and paralectotype occur as hyporelief at
the base of a thin sandstone bed together with other burrows and tool
marks. The lectotype is winding and consists of a bilobate ridge with V-
shaped lateral sediment pads (Fig. 5A). These occur irregularly and
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Fig. 4. Protovirgularia pennata in epirelief (A) and hyporelief (B-G). Scale bars = 1 cm. A: Holotype. Upper Devonian, Tsjudovo, NW Russia. PMSPU 1-3280. Image
courtesy of Vadim Glinskiy. B: Two strongly ornamented burrows, a third one only showing the smooth burrow core (arrow). Upper Devonian, Syas’ River, NW
Russia. PMM 2425-47. Original to Hecker (1983; pl. 43, fig. 1). C: Cluster of burrows with a slight median furrow and various degree of ornamentation. Upper
Devonian, Irboska, Russia. GIT 776-1-1. Image courtesy of Gennadi Baranov. D: Two curved burrows with distinct ornamentation resulting from closely stacked
sediment pads. Upper Devonian, NW Russia. Coll. Andrei Dronov. E: Densely ornamented burrows with a smooth core. Lower Silurian, Rohukiila Quarry, Estonia. GIT
362-234-2. Image courtesy of Gennadi Baranov. F: Crossochorda marioni (junior synonym of P. pennata), syntypes. Late Devonian (Upper Famennian), Belgium.
PAULg 496. Original to Dewalque (1881; pl. 2, fig. 1). Image courtesy of Julien Denayer. G: Chrossochorda tuberculata (junior synonym of P. pennata), syntypes. Some
burrow portions reveal the smooth core (arrows). Carboniferous, England. LL.7415. Original to Williamson (1887; pl. 1, fig. 1). Image courtesy of Lindsey Loughtman

(©Manchester Museum, The University of Manchester, UK).

poorly developed (or preserved) at the thinner end of the specimen, are
more regularly developed in large parts of the middle. At the opposite
end, the sediment pads become poorly organized and terminate abruptly
to give way to a short, smooth burrow portion that is penetrated by a
vertical burrow with an irregular elliptical outline. The paralectotype is
shorter, straight, and preserves a rounded elliptical burrow at the
concave end of the burrow (Fig. 5B).

Remarks. Protovirgularia rugosa is characterized by its rugose
appearance with strong, V-shaped sediment pads (imbricated chevrons,
Figs. 1-2).

Protovirgularia rugosa is commonly defined based on the diagnosis
provided by Seilacher and Seilacher (1994): ‘Cubichnial version of
Protovirgularia, recognized by a chevroned escape burrow leaving away
from a smooth, Lockeia-like resting burrow. Chevron marks very strong.’
Although compound Lockeia-Protovirgularia burrows may exist (i.e.,
resting and locomotion), their treatment as an ichnotaxonomic unit
would become complicated, ‘... because they are morphologically
distinct from each other and because they do not always occur con-
nected’ (Hakes, 1976, p. 22; see also Uchman et al., 2011). Moreover,
Miller and Dyer (1878a) clearly defined the repichnial part of the
burrow as Walcottia rugosa, while describing and figuring a connection
with a ‘hole’. Osgood (1975) interpreted the lectotype of W. rugosa
(Fig. 5A) as ‘... the segmented body of an annelid’ connected to an ovoid
marking that ‘... is interpreted as the place where the organism bur-
rowed into subjacent mud’. Because this specimen is preserved at the
base of an event bed with tool marks, it is more likely to assume
escapement of the tracemaker upwards through the shaft to avoid deep
burial, in which case the direction of motion would be towards the
smooth part (Knaust, 2022).

The original diagnosis reads like: ‘This species consists of a slender,
tapering, flexuous body, evenly rugose on each side. From the middle of
the back, strong ridges run off, diagonally inclined toward the tapering
end. These ridges are in pairs, one upon each side of the body, and form
an angle at their junction on the top of the fossil’ (Miller and Dyer,
1878a). Because of this description, the ornamented burrow part is
considered diagnostic for P. rugosa, whereas the smooth part may occur
occasionally.

Osgood (1970) figured casts of both syntypes from a latex mould that
is housed in the Cincinnati Museum Center (UCGM 37677, Brenda
Hunda, pers. comm. April 2022). Based on it, the morphology of
W. rugosa appears to be insignificantly different from that of
P. dichotoma and would suggest its inclusion in P. dichotoma as its junior
subjective synonym. However, the original lectotype and paralectotype
are deposited in the Museum of Comparative Zoology of the Harvard
University and provide a different view on that ichnospecies, confirming
its validity. Accordingly, the lectotype represents the heterogeneous
appearance of that ichnospecies (Fig. 5A), which is not unique but has
been shown in many cases (e.g., Ekdale and Bromley, 2001, figs. 1-2;
Fernandez et al., 2010, figs. 3-4; Lopez Cabrera et al., 2019, figs. 7e, 8a,
c—d, 9b, 10a; fig. 5C-I).

Beloraphe fulgur is figured with a long, winding specimen that has the
same rugosity as P. rugosa and is included in it, whereas a second, shorter
specimen ends with a smooth burrow part. In a similar manner, Pele-
cypodichnus ornatus is diagnosed as ‘almond-shaped trace fossils ...
connected with spicate structures consisting of median ridge and ridges
branching opposite each other from it’ (Bandel, 1967), the latter also

included in P. rugosa. The slender, rope-like Lechratichnus kachegouensis
Yang, 1992 is formed by a series of X-shaped traces arranged in parallel
with each other, representing chevrons arranged in opposite directions.

Protovirgularia longespicata (De Stefani, 1885)

? 1869  Dictyota spiralis Ludwig, p. 114; pl. 20, fig. 7 (nomen dubium)

non 1870  Pennatulites longespicata Cocchi in Grattarola et al., p. 116 (nomen
nudum)

* 1885  Pennatulites longespicata De Stefani, p. 99; pl. 2, fig. 1

1885  Paleosceptron meneghinii De Stefani, p. 101; pl. 2, fig. 2 [Seilacher and
Seilacher, 1994]

? 1903  Pennatulites manzonii Nelli, 1903, p. 241; pl. 10, fig. 4a
? 1954  Triadonereis cingulata Mayer, p. 224; fig. 1
? 1954  Triadonereis obliqua Mayer, p. 224; fig. 2
? 1954  Triadonereites mesotriadica Mayer, p. 224; fig. 6
non 1954  Triadonereis eckerti Mayer, p. 226; fig. 9 (— polychaete)
non 1955  Virgularia presbytes Bayer, p. 295; fig. 2a—f [Seilacher and Seilacher,
1994] (— modern octocoral)
1960  Nereites tosaensis Katto, pp. 324-326; pl. 34, figs. 6, 12; pl. 35, fig. 17
[Uchman, 1998]
1960  Nereites murotoensis Katto, p. 326; pl. 35, figs. 3, 14-15 [Uchman,
1998]
1967  Crossopodia dichotoma Bandel, p. 5; pl. 3, figs. 1, 3
1970  Imbrichnus wattonensis Hallam, p. 197; pl. 2, figs. b-c
? 1975  Phycodes mongraensis Chiplonkar and Ghare, p. 72; fig. 1a
? 1975  Spongeliomorpha reticulata Chiplonkar and Ghare, p. 77; figs. 2e, 3
1977  Arthrophycus(?) dzulynskii Ksiazkiewicz, p. 58; pl. 1, fig. 13
1977  Gyrochorte imbricata Ksiazkiewicz, p. 114; pl. 11, figs. 6-8
1978  Chagrinichnites brooksi Feldmann et al., p. 288; figs. 2-8
1982  Pennatulites (?) corrugata D’Alessandro, p. 531; pl. 36, figs. 1-2; pl.
39, figs. 1, 3; pl. 43, fig. 2
? 1986  Annulotunnelichnus wagadensis Ghare and Kulkarni, pp. 44-45; pl. 4,
fig. 4
1986 Crossopodia major Ghare and Kulkarni, p. 47; pl. 3, fig. 1
? 1989  Pinsdorfichnus abeli Vialov, 1989, p. 77-78
? 1989  Radhostium carpaticum Pli¢ka and Riha, p. 84; fig. 5; pls. 1-2

2002  Protovirgularia bidirectionalis Mangano et al., p. 59; figs. 48a-c, 49a-g

Diagnosis (revised). Compound, arcuate to horizontal, single or
palmate, bilobate burrow with strong, tightly imbricated, V-shaped
sediment pads (chevrons) and a median furrow, band or tunnel (in
hyporelief). Burrow can be interrupted by smooth portions and
comprising a vertical spreite. Sediment pads can be papillate and their
orientation bidirectional.

Holotype. De Stefani (1885; pl. 2, fig. 1; IGF 5035). Upper Cretaceous
(Turonian?), Northern Italy.

Description. Despite its long history, Protovirgularia longespicata has
been only occasionally and recently reported (e.g., Luo and Shi, 2017;
Kuwazuru and Nakadawa, 2018; Ding et al., 2021), based on the diag-
nosis provided by Seilacher and Seilacher (1994), which was slightly
modified by Uchman (1998) and Luo and Shi (2017). P. longespicata is a
taxonomically inconsistent name that remains poorly defined. The
reason for this is a high degree of morphological variation that resulted
in the application of different diagnostic features (i.e., ichnotaxobases)
in its erection and that of its synonymous ichnospecies. Furthermore,
most of the type specimens are incomplete and only show a fraction of
the morphological spectrum. De Stefani (1885) emphasizes the bipartite
nature of the structure, with a uniform thickness and very obtuse and
almost truncated ends, a cylindrical peduncle of smaller diameter [the
stalk of the supposed sea pen], numerous semi-circular pinnules, and a
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Fig. 5. Protovirgularia rugosa in hyporelief (A-F, H-I) and epirelief (G). Scale bars = 1 cm (A, C-D, F-H) and 0.5 cm (B, E). A: Lectotype as herein defined. The burrow
terminates with a smooth portion (left) that is penetrated by a vertical burrow (arrow), indicating an escaping producer. Maysville Beds, Upper Ordovician, Cin-
cinnati, Ohio. MCZIP 114304. Image courtesy of Mark D. Renczkowski (©President and Fellows of Harvard College). B: Paralectotype. Maysville Beds, Upper
Ordovician, Cincinnati, Ohio. MCZIP 114305. Image courtesy of Mark D. Renczkowski (OPresident and Fellows of Harvard College). C: Elongate burrow with varying
shape of sediment pads (left) and a smooth burrow portion (arrow), indicating affinity with Protovirgularia longespicata. Lower Carboniferous, Belgium. PAULg_30016.
Original to Fraipont (1912; pl. 3, Empreinte néreitiforme). Image courtesy of Julien Denayer. D: Specimen with strong, partly biramous sediment pads (arrows). Glen
Dean Limestone (Mississippian), Sulphur, Indiana. SM 2014-3694. Image courtesy of Beate Witzel. E: Small specimen with inclined sediment pads (right) changing
into straight sediment pads (left). Ocieseki Formation, Cambrian Series 2, Poland. MWG Z1/29/3892. Original to Ortowski & Zylifiska (2002; fig. 3e). Image courtesy
of Anna Zylir’lska. F: Burrow with a regularly ornamented (right) and a smooth portion (left), associated with the bivalve Hoernesia socialis (right, excavated). Middle
Triassic (Anisian, Lower Muschelkalk), Berlin-Riidersdorf, Germany. MB.W.2012. G: Firmground surface with shallow burrows. Middle Triassic (Anisian, Lower
Muschelkalk), Berlin-Riidersdorf, Germany. MB.W.1874. H: A trace that originated on the right and progressed to the left, where it was replaced by an escape burrow
(b) through the overlaying sand (event bed). The appendages show an increasing increment. Udelfangen Formation (Anisian) of Ralingen-Kersch near Trier, Ger-
many. MHI 2191/2. I: Elongate burrow with intervals of bundled sediment pads (arrows) and cooccurrence of Lockeia isp. (L). Hyporelief, cast, plaster of paris.
Eointe—é—Pierre Formation (Eocene), Trinidad. Original of Bayer (1955; p. 300). NMB D18. Image courtesy of Walter Etter.

median groove. herein designated as its type species.

The holotypes of Pennatulites longespicata and its junior synonym Nereites tosaensis is described as ‘long to short, up to about two meters
Paleosceptron meneghinii, together with the specimen of Pennatulites sp. long, ribbon shaped, elevated, scale-like appendages well developed
as described and figured by De Stefani (1885; pl. 2, figs. 1-3), as well as with mesial ridge’, N. murotoensis being insignificantly different from it
additional unpublished material collected by De Stefani were inspected (Katto, 1960), both are conformable with P. longespicata (see Uchman,
for this review (Fig. 6). Although the papillae are well developed in the 1998). This form is well exposed in Palaeogene deep-marine levee de-
three published specimens (Fig. 6A, B, D), additional material from the posits of Japan, where it shows a broad range of features, such as clus-
same area and stratigraphic level shows a broad morphological vari- tering, branching, and smooth burrow segments (Nara and Ikari, 2011;
ability, including non-papillated sediment pads (Fig. 6F), palmate Fig. 7F-H). The sediment pads (chevrons) are strong and densely stacked
clustering (Fig. 6C, E), a median furrow or band (Fig. 6A, F), and poorly into each other (imbricated), separated by a complex median line, and
defined or smooth cylindrical burrow segments (Fig. 6A, C, E). Indi- bearing papillae. Burrows appear with a wide morphological spectrum
vidual sediment pads may have different morphology, orientation and and cooccur with P. pennata on the same bedding plane.
spacing (Fig. 6B). The chevrons are commonly widely opened (obtuse The diagnosis of Crossopodia dichotoma from the Upper Pennsylva-
angle) and have a concave shape towards the preserved opening of the nian of Kansas includes two different forms, whereas the holotype refers
burrow (Fig. 6A, B, D, F). The holotype of Pennatulites longespicata shows to a ‘segmented branching burrow ... used more than once.” Imbrichnus
regularly arranged lateral appendages and preserves a burrow aperture wattonensis comprises sediment-filled burrows with an imbricate struc-
at one end and a smooth portion at the other, presumably being part of a ture that alternates with smooth-walled segments, both features com-
shallow U-shaped burrow (Fig. 6A). Another specimen contrasts with its mon in P. longespicata. A slab with several specimens has been assigned
radial arrangement of rectilinear burrows around a central shaft as holotype (Hallam, 1970; fig. 2c), some of which contain a ‘smooth-
(Fig. 6G). The holotype of Paleosceptron meneghinii is also incomplete walled structure’, which represents a resting trace and consequently is
and comprises an arcuate, heavily ornamented proximal part that excluded from that ichnospecies. Arthrophycus (?) dzulynskii ‘... consists
changes abruptly into a non-ornamented and disorganized central of tuberculated transversal narrow ribs slightly bent in one direction’,
portion (Fig. 6B). Its other (incomplete) end is poorly ornamented with although its holotype suggests reverse inclination of the ribs at one end
chevrons that are oriented in opposite direction. The third specimen, and an elliptical knob at the other (see Ksiazkiewicz, 1977; pl. 1, fig. 13).
Pennatulites sp., is part of an arcuate burrow with aperture (Fig. 6D). In A similar account is provided for Pennatulites (?) corrugata from the
all three specimens, the opening of the chevrons is towards the burrow Miocene of Italy, which has a corrugated surface with ‘... coarse V-
aperture. Additional specimens from the De Stefani collection appear to shaped transverse wrinkles’ and an ‘... external structure, in some cases
be bundled burrows with spreiten development (Fig. 6C-E), transitional missing for short stretches’ (D’Alessandro, 1982).
to some Palaeozoic Arthrophycus (e.g., Legg, 1985, pl. 4, fig. e; Davies Chagrinichnites brooksi was introduced from the Upper Devonian of
et al., 2011, fig. 5j; see Seitz and Brandt, 2019). Ohio for elongate, bilaterally symmetrical traces with a slightly raised

Remarks. Protovirgularia longespicata is the most complex ichnospe- axial region, a depressed lateral region, and well-developed appendage
cies of Protovirgularia and differs from other burrows of this ichnogenus marks (Feldmann et al., 1978). It is represented by three forms, two of
by including branched forms, smooth burrow portions, spreiten, densely them interpreted as feeding and one as resting trace, respectively. The
imbricated sediment pads that may have papillae, and sediment pads holotype and paratype of form 1 (Feldmann et al., 1978, figs. 2-3)
oriented in opposite direction (Figs. 1-2). comprise relatively large forms with fan-shaped branching, smooth,

Dictyota spiralis from the Upper Devonian of Germany was intro- ovoid burrow segments that merge into a slightly bilobate sediment
duced sixteen years earlier than W. longespicata but is only known from a envelop with chevron marks (Fig. 7A). These features are consistent
drawing that cannot be verified, whereas search for the holotype in with material of De Stefani (1885) (e.g., Fig. 6C, E). A second ichno-
relevant collections such as the Senckenberg in Frankfurt, Museum species, C. osgoodi Hannibal and Feldmann, 1983, was described from
Wiesbaden, the Hessisches Landesmuseum Darmstadt and the Federal the same formation as the type ichnospecies but differs from it
Institute for Geosciences and Natural Resources (BGR) in Berlin morphologically and represents an escape burrow. Chagrinichnites is
remained without success and renders it a nomen dubium (Fig. 1). interpreted as the trace of malacostracan crustaceans (Feldmann et al.,

Triadonereis cingulata, T. obliqua and Triadonereites mesotriadica are 1978; Jones et al., 2018).
small, elliptic cylindrical burrows with a belt-shaped sculpture consist- Annulotunnelichnus wagadensis comprises a flattened core surrounded
ing of ribs arranged perpendicularly or slightly obliquely to the burrow by an annulated mantle with marginal impressions that are consistent
axis and are herein potentially regarded as preservational variants of with those in P. longespicata and therefore suggests inclusion in it as a
P. longespicata. This heterogeneous form occurs as burrows (partly morphological variant. Similar forms occur in the Middle Triassic
branched) with a strong ornament preserved as limestone-filled exichnia (Anisian) Muschelkalk of Germany and are somewhat reminiscent of
in soft marl (Fig. 7E). In contrast, Triadonereis eckerti represent the casts Diplopodichnus biformis (see Buatois et al., 1998, fig. 5.2) or Siphonichnus
of polychaetes comparable to Palaeoscoloplos triassicus Knaust, 2021. ophthalmoides (see Knaust, 2015, fig. 7c; fig. 10E-F) and its potential
Due to the absence of a prior type fixation for Triadonereis, T. eckerti is junior synonym Fimbritubichnus biserialis Gluszek, 1998.

11
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Fig. 6. Holotype and additional original specimens of Protovirgularia longespicata (De Stefani, 1885) in hyporelief. Upper Cretaceous (Turonian?), Pietraforte For-
mation, Pratolino, Northern Italy. Images courtesy of Stefano Dominici. Scale bars = 1 cm. A: Burrow with strong papillate chevrons, a short vertical part towards the
bedding surface (right) and a slightly smaller smooth portion (left). Holotype. IGF 5035. B: Arcuate burrow with an ornamented (right) and disorganized portion
(left) crosscut by a cylindrical shaft (s). Poorly developed chevrons in the left are oriented in opposite direction than chevrons in the right (arrows). Original to De
Stefani (pl. 2, fig. 2; holotype of Paleosceptron meneghinii). IGF 105070. C: Cluster of tightly packed elongate burrows branching in a broom-like pattern with a vertical
spreite. Heavily ornamented burrow parts abruptly change into weakly ornamented or smooth, smaller portions. IGF 5036E. D: Arcuate burrow part with strong
papillate chevrons. Original to De Stefani (pl. 2, fig. 3; Pennatulites sp.). IGF 105072. E: Bunch of tightly clustered burrows with strong, partly papillate ornamentation
encasing a nearly smooth core. IGF 105071. F: End of burrow. IGF 105076. G: Cluster of poorly defined burrows radiating away from a central cylindrical shaft (s).

IGF 105079.

Chiplonkar and Ghare (1975) reported Protovirgularia longespicata
from the Upper Cretaceous of India, together with their new ichnospe-
cies Phycodes mongraensis and Spongeliomorpha reticulata, each based on
a single specimen. These ichnospecies share features with P. longespicata
and therefore are provisionally included in it as junior synonyms.

Protovirgularia bidirectionalis from the Carboniferous of Kansas is a
shallow, arcuate burrow with basal V-shaped markings oriented in
opposite directions (Mangano et al., 2002a), thick wall, laminar spreite
and successive branching (Fig. 7B-C). ‘Many tunnels display chevron
markings in one predominant orientation, but careful examination
commonly reveals V-shaped markings in opposite directions.” This form
is also described from the Middle Triassic of Germany (Knaust, 2022; fig.
7D). All these features can be seen in the type material of Pennatulites
longespicata and related original specimens, thus justifying the inclusion
of P. bidirectionalis in that ichnospecies.

Pinsdorfichnus abeli and Radhostium carpaticum are transversally
segmented burrows comprising a median longitudinal feature with ‘... a
marked V-shaped indentation’ (Plicka and Riha, 1989; fig. 7.J). Overall,
their morphology is consistent with P. longespicata and therefore both
ichnospecies are provisionally included in it. Segmental parts may
alternate on both sides of the median line, a feature that was emphasized
in the original diagnosis of Protovirgularia. However, the size of P. abeli
and R. carpaticum is an order of magnitude greater than comparable
specimens and resulted in a debate of this mystery fossil for over 120
years (Weidinger, 2014; Uchman and Pervesler, 2014). Uchman (1999)
realized the similarity with Protovirgularia, but finally hesitated to assign
it to this ichnogenus due to its gigantism and the fact that apparently no
such large cleft-footed mollusc existed as producer in the Upper Creta-
ceous (Uchman, 2007). A similar conclusion draws Simo and
Zahradnikova (2023) in their review of Radhostium, who reconstructed
it as a row of U-shaped elements penetrated by a horizontal burrow. This
incongruity can be resolved by considering arthropods (e.g., malacos-
tracan crustaceans) in addition to molluscs as producers of Proto-
virgularia (Knaust, 2022), and the giant deep-marine isopod Bathynomus
giganteus with a body length of up to 50 cm may serve as a modern
analogue (McClain et al., 2015). In contrast to protobranch bivalves,
which cleft-foot produces chevrons that are open towards its producer (i.
e., concave), P. abeli (and many other Protovirgularia) has sediment pads
that can be slightly inclined and stacked on top of each other (e.g.,
Weidinger, 2014; fig. 45), indicating motion in the opposite (i.e.,
convex) direction (Knaust, 2022; fig. 3).

Protovirgularia bifurcata Knaust, 2021

*vo 2021
1869

Protovirgularia bifurcata — Knaust, pp. 11-12; pls. 12-13
Palaeophycus kochi — Ludwig, p. 110; pl. 18, fig. 2, 2a, b (-
Protovirgularia cf. P. bifurcata)

v?

Diagnosis. Sub-horizontal to oblique, straight or winding burrow,
open or passively filled, with a carinate, partly trough-shaped or
tripartite cross section. Ornamentation variable and compound, with
strong transverse ridges or grooves and delicate V-shaped striae. The
striae are bifurcated at their distal ends and may continue across the
sharp burrow margin.

Holotype and paratypes. MB.W.2041.3 (holotype; Knaust, 2021; pl.
12, fig. 1); MB.W.2047.3, 2050.2, 2058.2, 2070.3, 2073.1, 2, 2076.4,
2078.2, 2080.2, 2102.2, 3, 2104.1, 2, 2105-2108, 2109.1, 2,
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2110-2115, 2116.1, 2117, 2134.1-3 (paratypes; Knaust, 2021; pl. 12,
figs. 2-16; pl. 13). Middle Triassic (Anisian-Ladinian), Germany.

Description. Protovirgularia bifurcata occurs in a micritic microbialite,
where it is preserved in negative epirelief on the bedding surface. The
superficial furrows are straight, winding or undulating, some of which
emerge from a subvertical burrow. Changing substrate consistency leads
to varying degree of preservation, from diffuse, blurred and poorly
defined to well-defined details. The burrows have a carinate (V-shaped)
cross section that is diffuse and trough-like, or tripartite with a flat
bottom flanked by the inclined margins. Ornamentation is complex and
consists of strong transverse ridges or grooves with a parallel or fusiform
outline, and delicate striae either running perpendicular to the burrow
axis, or V-shaped and inclined with the opening towards the producer.
The tips of the straight to curved delicate striae are bifurcated and
feather out towards the burrow margin, partly continuing across the
edge. Some specimens show a significantly pronounced chevron pattern
with deeply incised V-shaped imprints.

Remarks. Protovirgularia bifurcata is characterized by its trough-
shaped to carinate cross section and the delicate bifurcated striae
interrupted by strong fusiform ridges, which makes this ichnospecies
distinct from all other Protovirgularia ichnospecies (Figs. 1-2).

This ichnospecies is a common trace in a microbialite described from
the Middle Triassic Muschelkalk Group of Germany (Fig. 8A-E). It was
produced by the polychaete Palaeoscoloplos triassicus Knaust, 2021,
whose remains are often preserved within their burrows. Similar traces
are produced by various polychaetes, such as Hediste diversicolor (e.g.,
Kulkarni and Panchang, 2015; fig. 3d, e) and Perinereis aibuhitensis (e.g.,
Wang et al., 2019; fig. 3a—c) on modern tidal flats and it can be expected
that P. bifurcata is more common in the geological record as currently
realized.

For instance, Palaeophycus kochi Ludwig, 1869 from the Lower
Carboniferous of Sinn (Germany) was the subject of investigations by
Richter (1927) and Michelau (1955), after which it has gained broad
acceptance as the oldest junior subjective synonym of Cochlichnus
anguineus Hitchcock, 1858 (e.g., Hantzschel, 1975). An inspection of the
lectotype of P. kochi, as defined by Michelau (1955), reveals that it has
little in common with Cochlichnus but represents a shallow, winding,
open burrow (or trail) along the bedding plane with a trough-shaped
cross section and branching. It contains faint transverse striae that
seem to bifurcate towards the burrow margins. Based on these features,
P. kochi can be included in Protovirgularia instead of Cochlichnus, with an
affinity to Protovirgularia bifurcata Knaust, 2021 (Fig. 8F). Unfortu-
nately, no confident assignment is possible because of its insufficient
preservation due to tectonic overprint (e.g., shearing) and metamorph-
ization. In analogy to P. bifurcata from the Middle Triassic, polychaetes
can also be assumed as producer of P. kochi.

3. Morphometric analysis

In addition to a conventional determination of ichnotaxa based on
their morphological characteristics, analytical tools can be employed for
quantifying morphological parameters of trace fossils (e.g., Orr, 1999;
Lehane and Ekdale, 2014). The above provided classification of Proto-
virgularia based on their ichnotaxobases has been constrained and tested
by a morphometric analysis. Key parameters have been obtained from
the holotype, paratype, syntype, lectotype or topotype specimens of all
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Fig. 7. Protovirgularia longespicata in epirelief (A), hyporelief (B-D, F-J) and exorelief (E). Scale bars = 1 cm (A-I) and 10 cm (J). A: Holotype of Chagrinichnites
brooksi (herein regarded as junior synonym of P. longespicata) with smooth burrow portion enclosed by a mantle with chevrons. Upper Devonian Chagrin Formation
of Ohio, USA. AMNH-FI 36117. Original to Feldmann et al. (1978; fig. 2). Image courtesy of AMNH. B: Holotype of Protovirgularia bidirectionalis (herein regarded as
junior synonym of P. longespicata) with opposite direction of chevrons and overlapping (crosscutting) a deeper branch (lower left). Upper Pennsylvanian Kanwaka
Formation of Kansas, USA. KUMIP 288599. Original to Mangano et al. (2002; fig. 49b). Image courtesy of Natalia Lopez Carranza. C: Paratype of P. bidirectionalis with
spreiten-like branching, a smooth branch, and a unidirectional sculptured other branch that continuous as smooth core. Upper Pennsylvanian Kanwaka Formation of
Kansas, USA. KUMIP 288552. Original to Mangano et al. (2002; fig. 49e). Image courtesy of Natalia Lopez Carranza. D: Shallow arcuate burrow with a clear vertical
spreite component, chevrons arranged in the opposite direction and a smooth central burrow portion with reduced diameter. Middle Triassic (Anisian) Udelfangen
Formation of Germany. MHI 2191/3. E: Fragments of Triadonereites mesotriadica (herein regarded as potential junior synonym of P. longespicata). Middle Triassic
(Anisian) Trochitenkalk Formation of Germany. Original of Mayer (1954; fig. 1). SMNK-Pal 42021a-d. Images courtesy of Linus Stolp. F: Specimens comprising a
strongly ornamented part and a smaller smooth portion, resembling the stalk of a sea pen (therefore the name Protovirgularia). Palaeogene Muroto-Hanto Group, SW
Japan. G: Large specimen with two very shallow, ornamented, arcuate parts separated by a smooth portion in the middle. Associated are Protovirgularia pennata
(arrow) and undetermined trace fossils. Palaeogene Muroto-Hanto Group, SW Japan. H: Branched specimen. Palaeogene Muroto-Hanto Group, SW Japan. I: Part of a
specimen with biramous sediment pads. Cast, plaster of paris. Pointe-a-Pierre Formation (Eocene), Trinidad. Original of Bayer (1955; fig. 2a). NMB D5518. Image
courtesy of Walter Etter. J: Pinsdorfichnus abeli (potential junior synonym of P. longespicata), a giant burrow with strong sediment pads. Upper Cretaceous, Austria.
Qriginal of Lukeneder (2018).
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Fig. 8. Protovirgularia bifurcata on the top relief of a microbialite (epirelief) from the Middle Triassic Meissner Formation of Germany (A-E) and Palaeophycus kochi
from the Lower Carboniferous of Germany (F). Scale bars = 1 cm. A: Holotype, overprinted by the placozoan Maculicorpus microbialis Knaust, 2021 (m). MB.
W.2041.3. B: Paratype with patches of punctiform pustulate imprints of setae (arrows) and remains of the polychaete Palaeoscoloplos triassicus Knaust, 2021 preserved
in limonite (left). MB.W.2104.1. C: Paratype with patches of punctiform pustulate imprints of setae (arrows), the placozoan M. microbialis (m) and remains of the
producing polychaete preserved in limonite (left). MB.W.2108. D: Paratype with varying degree of preservation due to changing sediment consistency. Remains of
the producing polychaete are preserved in limonite (left). MB.W.2117. E: Paratype with faint ornamentation and remains of the producing polychaete preserved in
limonite (left). MB.W.2107. F: Branched winding burrow or trail with diffuse ornamentation. Original to Ludwig (1869; fig. 2a). SMF XXX 19a.

valid Protovirgularia ichnospecies and their synonyms based on verifi- linear ANOVA test indicates that mean values for trace width and the
able images. These parameters include the trace width, the number of angle of the sediment pads or chevrons are significant at p < 0.1,
segments per square width, and the angle of the sediment pads or whereas those for the number of segments or not. Nevertheless, plots of
chevrons to the midline of the trace (Fig. 9). these parameters reveal clusters that are specific for the different ich-

In general, all three parameters indicate existing transition fields nospecies, distinguished by each other by their means and range.
between ichnospecies and none of them has the significance to be Moreover, combination of the clustering of different parameters pro-
entirely diagnostic for distinguishing ichnospecies (Fig. 10). A non- vides a good measure to constrain the morphologically separated
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Fig. 9. Measurements and descriptive terminology applied in this study.
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Fig. 10. Box and whisker plots of the herein as valid regarded Protovirgularia
ichnospecies including their synonyms (n = number), based on their original
(type) specimens. Each data point may comprise several specimens with mea-
surements. A: Trace width. B: Number of segments per square width. C: Angle of
the sediment pads or chevrons to the midline of the trace.

ichnospecies (Fig. 11).

Although absolute size is regarded as a poor ichnotaxobase (Bertling
et al., 2022), there is a significant distribution of trace width of the in-
dividual ichnospecies. P. bifurcata is the smallest trace (mean = 4 mm),
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Fig. 11. 3D plot showing the means of the trace width, the number of segments
per square width, and the angle of the sediment pads or chevrons to the midline
of the trace for each Protovirgularia ichnospecies including their synonyms,
based on their original (type) specimens.

followed by P. dichotoma and P. rugosa (mean = 7 mm). P. pennata
contrasts from them by a larger width (mean 11 mm), while
P. longespicata is by far the largest ichnospecies (mean = 22 mm) and
appears with the widest range.

The number of segments per square width has a wide range in
P. bifurcata (mean = 4.5). P. dichotoma and P. rugosa have similar values
(mean = 3.2 and 3.1, respectively), but the former has a more than
double range than the latter. P. pennata has the highest value, which is
more than doubled compared with P. dichotoma and P. rugosa (mean =
6.6), while P. longespicata has a very wide range and a moderate value
(mean = 5.4).

The angle of the sediment pads or chevrons to the midline of the trace
is highest in P. bifurcata (mean = 80°), followed by P. longespicata (mean
= 73°) and P. dichotoma (mean = 69°). P. pennata and P. rugosa have the
smallest angle (mean = 56°).

4. Producers

Since Seilacher and Seilacher (1994) demonstrated by experiments
that protobranch bivalves can produce Protovirgularia, there has been a
tenor to generally adopt a mollusc interpretation of specimens belonging
to this ichnogenus. The ichnological rule that a particular trace can be
produced by different producers also holds true for Protovirgularia and
can be illustrated on several examples (e.g., Knaust, 2022). Various
kinds of animals belonging to different higher-level taxa must be
considered as the producers of Protovirgularia as suggested by the high
morphological variability of the included ichnospecies.

There is no doubt that molluscs, foremost Protobranchia but also
Scaphopoda, have produced many Protovirgularia, as convincingly
shown in the complex bivalve trace fossil Hillichnus lobosensis Bromley
et al., 2003. Further evidence comes from the interconnection or close
association of Protovirgularia with Lockeia, the latter interpreted as a
bivalve resting trace (e.g., Mangano et al., 1998).

Changing direction of chevrons, as described in P. bidirectionalis, as
well as branching and spreiten patterns (e.g., Mangano et al., 2002a;
Nara and Ikari, 2011) require more advanced interpretations. Fiirsich
(1998) described P. longespicata (therein assigned to cf. P. rugosa) from
the Middle Jurassic of Kachchh in India, which ‘... cannot be explained
as the locomotion trace of a bivalve.” Combination or association of
Protovirgularia with Rusophycus-like resting traces are repeatedly
described (e.g., Mangano et al., 2002a; Knaust, 2022) and rather suggest
an arthropod tracemaker. Interconnection of P. rugosa with a vertical
escape trace through a storm layers indicates that the concave part of the
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Fig. 12. Protovirgularia and related trace fossils from the Middle Triassic Meissner Formation of Thuringia (Germany) and their potential isopod producer. Scale bars
=1 cm (A-B, E) and 0.5 cm (C-D, F). A: P. dichotoma in negative epirelief. Schlotheim. Original to Claus (1965). SMF 19520. B: A sediment-filled trace cf.
P. dichotoma in positive epirelief with its isopod-like producer preserved at the termination (right). Weimar-Troistedt. C: Close-up view of B with faint chevrons. D:
Close-up view of B with isopod-like producer preserved as recrystallized calcite aggregate. E-F: Horizontal burrows with a distinct core surrounded by an annulated
mantle with parapodia-like imprints, comparable with Siphonichnus ophthalmoides. Weimar-Troistedt.

chevrons points towards the producer of the trace (Knaust, 2022; fig. 5A,
E), in contrast to bivalve traces (Seilacher and Seilacher, 1994). This
makes arthropods (e.g., malacostracan crustaceans) as likely producers,
as envisaged by earlier workers (e.g., Richter, 1941; Volk, 1961; Claus,
1965; Greiner, 1972; Han and Pickerill, 1994; Lima et al., 2017). Such
an interpretation is supported by the occasional occurrence of biramous
sediment pads (i.e., chevrons) that is comparable with the V-shaped
paired foot marks produced by some Isopoda (Gibbard and Stuart,
1974), a broad transition field to arthropod-produced traces, and
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modern analogues (e.g., Davis et al., 2007). The putative imprints of a
carapace and antennae at the termination of P. dichotoma from the
Lower Devonian Hunsriick Slate (Fig. 3D) may be indicative of a mala-
costracan crustacean, which is described from there as body fossil (Haug
et al., 2017). Moreover, P. dichotoma from the Upper Muschelkalk of
Thuringia (Germany; Claus, 1965; Fig. 12A) occurs in the same beds as
size-conformable isopods (Schadel et al., 2020), and an isopod-like
producer is preserved within such a trace (Fig. 12B-D).

Besides molluscs and arthropods, annelids can be regarded as
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Table 1

Records of the revised Protovirgularia ichnospecies, based on publications with verifiable figures and including their original designation, age, depositional environment, stratigraphic unit, and locality. Bold and
Underlined: type specimens, Bold: junior synonyms, Italics: uncertain environment.

Ichnospecies Number  Original designation Age Environment Stratigraphic unit Locality Reference Comment
Protovirgularia 1 Crugiana isp. Cambrian (Miaolingian) Shallow-marine (shelf) Kaili Formation S China Lin et al. (2010; fig. 2e) Tentative assignment
dichotoma
Protovirgularia 2 Protovirgularia dichotoma Lower to Middle Deep-marine Lower Hovin Group Central Norway Uchman et al. (2005; fig. 8)
dichotoma Ordovician
Protovirgularia 3 Protovirgularia dichotoma Middle Ordovician Deep-marine Fjellvollen Formation Central Norway Smelror et al. (2023; fig. 4b)
dichotoma
Protovirgularia 4 Protovirgularia isp. Middle to Upper Deep-marine Vuddudalen or Ekne groups Central Norway Smelror et al. (2020; fig. 5)
dichotoma Ordovician
Protovirgularia 5 Gyrochorte sp. Upper Ordovician Shallow-marine (shelf) Kosov Formation Czech Republic Mikulds (1992; pl. 13, fig. 4)  Tentative assignment
dichotoma
Protovirgularia 6 Protovirgularia dichotoma Silurian (Llandovery) Deep-marine UK (Wales) Orr (1995; fig. 7¢)
dichotoma
Protovirgularia 7 Protovirgularia dichotoma Silurian (Llandovery- Deep-marine Waterville Formation USA (Maine) Orr and Pickerill (1995; fig.
dichotoma Wenlockian) 7¢)
Protovirgularia 8 Protovirgularia dich Silurian (Wenlock) Deep-marine Riccarton Group UK (Scotland) M’ Coy (1851; figs. 11-11a, Lectotype and paralectotypes
dichotoma 12-12a), Benton (1982; fig.
7a), Knaust (2022; fig. 2a),
Fig. 3A-B
Protovirgularia 9 Crugiana isp. Silurian (Ludlow) Shallow-marine Kuressaare Formation Estonia Vinn and Toom (2016; fig. Tentative attribution
dichotoma (epeiric carbonate 2¢)
platform)
Protovirgularia 10 Arthropodichnus Lower Devonian Marginal-marine Jacquet River Formation E Canada Greiner (1972; figs. 1-8) Junior synonym
dichotoma Jjacquetensis (Lochkovian) (nearshore)
Protovirgularia 11 Ichnia spicea Lower Devonian Shallow-marine (shelf) Hunsriick Slate S Germany Richter (1941; figs. 4-7),
dichotoma (Emsian) Fig. 3C-E, G
Protovirgularia 12 Protovirgularia dichotoma Lower Devonian Shallow-marine (shelf) Hunsriick Slate S Germany This study, Fig. 3F
dichotoma (Emsian)
Protovirgularia 13 Protovirgularia dichotoma Lower Devonian Deep-marine Wapske Formation E Canada Han and Pickerill (1994; figs.
dichotoma 3-5)
Protovirgularia 14 (?) Cladograpsus nereitarum  Middle Devonian Deep-marine Nereiten-Schiefer Central Germany Richter (1853; pl. 7, fig. 1) Junior synonym
dichotoma
Protovirgularia 15 Triplograpsus nereitarum Middle Devonian Deep-marine Nereiten-Schiefer Central Germany Richter (1871; pl. 5, figs. Junior synonym
dichotoma 10-13)
Protovirgularia 16 Protovirgularia nereitarum Middle Devonian Deep-marine Nereiten-Schiefer Central Germany Volk (1961; pls. 1-2), Junior synonym
dichotoma Fig. 3H-1
Protovirgularia 17 Protovirgularia nereitarum Middle Devonian Deep-marine Nereiten-Schiefer Central Germany Hundt (1931; p. 35 top, figs.
dichotoma 1-3; p. 48, figs. 1-2)
Protovirgularia 18 Protovirgularia nereitarum Middle Devonian Deep-marine Nereiten-Schiefer Central Germany Pfeiffer (1968; pl. 1, figs.
dichotoma 6-7)
Protovirgularia 19 Protovirgularia nereitarum Lower Carboniferous Deep-marine Kulm Central Germany Pfeiffer (1968; pl. 1, fig. 8)
dichotoma (Mississippian)
Protovirgularia 20 Crossopodia? Lower Carboniferous Shallow-marine (shelf) Three Forks Formation, USA (Montana) Rodriguez and Gutschick Conformable with
dichotoma (Mississippian) Sappington Member, Upper (1970; pl. 7, fig. d) Oniscoidichnus communis
Siltstone H
Protovirgularia 21 Feather-stitch trail Upper Carboniferous Marginal-marine USA (Alabama) Buta et al. (2013; figs. 15b—d,  Transitional to chevronate
dichotoma (Lower Pennsylvanian, (coastal plain, tidal, 17a-b) and leveed trails
Westphalian) deltaic)
Protovirgularia 22 Protovirgularia dichotoma Upper Carboniferous Continental Rio do Sul Formation S Brazil Lima et al. (2015; fig. 5e)
dichotoma (Upper Pennsylvanian) (glaciolacustrine)
Protovirgularia 23 Isopodichnus-like trail ?Carboniferous/ Continental (lacustrine-  Slates of Lirquén Central Chile Bandel and Quinzio-Sinn
dichotoma Permian limnic) (1999; fig. 5.1-5.2)
Protovirgularia 24 Looping trail Lower Permian Marginal-marine (tidal Robledo Mountains USA (New Minter and Braddy (2009;
dichotoma (Cisuralian) flat) Formation Mexico) fig. 51b)

(continued on next page)
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Table 1 (continued)

Ichnospecies Number  Original designation Age Environment Stratigraphic unit Locality Reference Comment
Protovirgularia 25 Protovirgularia dichotoma Upper Permian Marginal-marine (tidal) ~ Talung Formation S China Ding et al. (2021; fig. 5¢-f)
dichotoma (Lopingian)
Protovirgularia 26 Protovirgularia? sp. H Middle Triassic Shallow-marine Meissner Formation Central Germany Claus (1965; pl. 18), Knaust Annelid interpretation
dichotoma (Anisian) (2022; fig. 2b), Fig. 12A
Protovirgularia 27 Polypodichnus wynnei Middle Jurassic Shallow-marine Khadir Formation, Gangta W India Ghare and Kulkarni (1986; Junior synonym
dichotoma (Bajocian) Member pl. 4, figs. 1-3)
Protovirgularia 28 Protovirgularia dicotoma Middle Jurassic Shallow-marine Carmel Formation USA (Utah) Gibert and Ekdale (1999; fig.
dichotoma [lapsus calami] (Bajocian-Callovian) 3.6)
Protovirgularia 29 Protovirgularia dichotoma Lower Cretaceous Continental Jinju Formation South Korea Kim et al. (2000; fig. 3) Tentative assignment
dichotoma (Albian) (lacustrine)
Protovirgularia 30 Baghichnus bosei Upper Cretaceous Marginal-marine (tidal) ~ Bagh Beds, Nimar Sandstone W India (Gujarat) ~ Verma (1970; pl. 1, figs. 1-5)  Junior synonym
dichotoma (Turonian)
Protovirgularia 31 Dreginozoum orientale Upper Cretaceous Marginal-marine Bagh Formation, Nimar W India Chiplonkar and Badwe Junior synonyms
dichotoma (Turonian) (estuarine) Sandstone (19705 pl. 2, fig. 4), Kulkarni
and Uchman (2021; fig. 4)
Protovirgularia 32 Nereites malwaensis Upper Cretaceous Marginal-marine Bagh Formation, Nimar W India Chiplonkar and Badwe Junior synonyms
dichotoma (Turonian) (estuarine) Sandstone (19705 pl. 2, fig. 3), Kulkarni
and Uchman (2021; fig. 6a)
Protovirgularia 33 Oniscoidichnus communis Upper Cretaceous Marginal-marine Bagh Formation, Nimar W India Chiplonkar and Badwe Junior synonyms
dichotoma (Turonian) (estuarine) Sandstone (19705 pl. 2, fig. 1), Kulkarni
and Uchman (2021; fig. 3)
Protovirgularia 34 Oniscoidichnus ampla Upper Cretaceous Marginal-marine Bagh Formation, Nimar W India Chiplonkar and Badwe Junior synonyms
dichotoma (Turonian) (estuarine) Sandstone (19705 pl. 1, fig. 2), Kulkarni
and Uchman (2021; fig. 5¢-f)
Protovirgularia 35 Oniscoidichnus elegans Upper Cretaceous Marginal-marine Bagh Formation, Nimar W India Chiplonkar and Badwe Junior synonyms
dichotoma (Turonian) (estuarine) Sandstone (19705 pl. 1, fig. 6), Kulkarni
and Uchman (2021; fig.
6b-d)
Protovirgularia 36 Oniscoidichnus robustus Upper Cretaceous Marginal-marine Bagh Formation, Nimar W India Chiplonkar and Badwe Junior synonyms
dichotoma (Turonian) (estuarine) Sandstone (19705 pl. 1, fig. 3), Kulkarni
and Uchman (2021; fig. 6e—f)
Protovirgularia 37 Protovirgularia dichotoma Upper Cretaceous Marginal-marine Mancos Shale, Prairie Canyon ~ USA (Utah) Buatois et al. (2019; fig. 6)
dichotoma (Campanian) (prodelta, channel) Member
Protovirgularia 38 Crossopodia sp. Upper Cretaceous Marginal-marine Dakota, Graneros, Greenhorn USA (Kansas, Hattin and Frey (1969; fig. 2) ~ Worms or crustaceans as
dichotoma (deltaic), shallow- and Carlile formations Iowa, Oklahoma) producers
marine (offshore)
Protovirgularia 39 Protovirgularia dichotoma Oligocene Deep-marine Grés d’Annot Formation S France Knaust et al. (2014; fig. 10b),
dichotoma Fig. 3J
Protovirgularia 40 Talitrichnus panini Miocene Marginal-marine Gray Formation Romania Brustur and Alexandrescu Junior synonym
dichotoma (molasse) (1993; pl. 1, fig. 1)
Protovirgularia 41 Protovirgularia morphotype 1 Miocene Shallow-marine NE Spain Gibert and Domenech (2008;
dichotoma fig. 3a, g)
Protovirgularia 42 Protovirgularia cf. pennatus Cambrian (Miaolingian)  Shallow-marine (shelf) Spence Shale USA (Utah) Hammersburg et al. (2018; Tentative assignment
pennata fig. 17.2-4)
Protovirgularia 43 Crossopodia ichnospecies Furongian Marginal-marine (tidal)  Deadwood Formation USA (South Stanley and Feldmann (1998;
pennata Dakota) fig. 6a-b)
Protovirgularia 44 Scolicia isp. Cambrian-Ordovician Marginal-marine Balcarce Formation Argentina Poire and Del Valle (1996; pl.  Tentative assignment
pennata (subtidal) (Buenos Aires) 2, fig. 1)
Protovirgularia 45 Crossopodia Lower Ordovician Shallow-marine Despensa Formation NW Argentina Alonso et al. (1982; pl. 2, fig.  Tentative assignment
pennata b)
Protovirgularia 46 Crossopodia scotica Lower Ordovician Shallow-marine Sandstone of Bagnoles, Gres NW France Schimper and Schenk (1890;
pennata Armoricain fig. 40)
Protovirgularia 47 Protovirgularia isp. Middle to Upper Deep-marine Ghelli Formation N Iran Bayet-Goll et al. (2023; fig.
pennata Ordovician 15k)
Protovirgularia 48 Protovirgularia pennata Upper Ordovician Shallow-marine Vauréal Formation E Canada This study
pennata (Katian)
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Table 1 (continued)

Ichnospecies Number  Original designation Age Environment Stratigraphic unit Locality Reference Comment
Protovirgularia 49 Walcottia devilsdingli Silurian (Llandovery) Shallow-marine (distal Hughley Shales UK (Wales) Benton and Gray (1981; fig. Junior synonym
pennata shelf) 11d-g)
Protovirgularia 50 Protovirgularia pennata Silurian (Llandovery) Shallow-marine Raikkiila Stage Estonia This study, Fig. 4E
pennata
Protovirgularia 51 Protovirgularia pennatus Silurian (Llandovery) Shallow-marine Raikkiila Stage Estonia Toom et al. (2019; fig. 3c)
pennata
Protovirgularia 52 Protovirgularia pennata Silurian (Ludlow) Shallow-marine Juuru Stage Estonia This study
pennata
Protovirgularia 53 Protovirgularia pennatus Silurian (Ludlow) Shallow-marine Kuressaare Stage Estonia Toom et al. (2019; fig. 3a,
pennata pars)
Protovirgularia 54 Cruziana isp. Silurian (Ludlow) Shallow-marine Kuressaare Formation Estonia Vinn and Toom (2016; fig.
pennata 2d-e)
Protovirgularia 55 Uchirites Silurian (Ludlow) Shallow-marine Douro Formation N Canada Narbonne (1984; fig. 7f)
pennata (subtidal shelf)
Protovirgularia 56 Crugiana plicata Silurian (Pridoli) Shallow-marine Ohesaare Stage Estonia Toom et al. (2019; fig. 3f)
pennata
Protovirgularia 57 Caulerpites pennatus Upper Devonian Shallow-marine NW Russia Eichwald (1854b; pl. 1, fig. Holotype
pennata 1), Fig. 4A
Protovirgularia 58 Caulerpites pennatus Upper Devonian Shallow-marine NW Russia Hecker (1965; pl. 11, fig. 5;
pennata 1983; pls. 43-44), Fig. 4B
Protovirgularia 59 Protovirgularia pennata Upper Devonian Shallow-marine NW Russia This study, Fig. 4C-D
pennata
Protovirgularia 60 Crugiana? trackways Upper Devonian Shallow-marine (shelf) Lower Pilot Shale USA (Utah) Gutschick and Rodriguez
pennata (1977; pl. 1, fig. h)
Protovirgularia 61 Lophoctenium Upper Devonian Shallow-marine NW Russia Mikulds and Dronov (2006;
pennata pl. 9)
Protovirgularia 62 Crossochorda marioni Upper Devonian (Upper = Marginal-marine Montfort Formation Belgium Dewalque (1881; pl. 2, fig. Junior synonym
pennata Famennian) 1), Morelle and Denayer
(2020; fig. 10a—e, pars),
Fig. 4F
Protovirgularia 63 Cruziana? Lower Carboniferous Shallow-marine (shelf) Lodgepole Limestone, Paine USA (Montana) Rodriguez and Gutschick
pennata (Lower Mississippian) Member (1970; pl. 9, fig. d)
Protovirgularia 64 Cruziana? Lower Carboniferous Marginal-marine Lodgepole Limestone USA (Montana) Rodriguez and Gutschick
pennata (Lower Mississippian) (shoal, lagoon) (1970; pl. 10, fig. b)
Protovirgularia 65 Sustergichnus lenadumbratus Carboniferous Deep-marine USA (Oklahoma) Chamberlain (1971; pl. 31, Paratype, compound with
pennata (Mississippian- fig. 8) P. rugosa
Pennsylvanian)
Protovirgularia 66 Chrossochorda tuberculata Carboniferous (Middle Marginal-marine (tidal) ~ Yoredale Series UK (England) Williamson (1887; pl. 1, figs.  Junior synonym
pennata Mississippian to Upper 1, 3; pl. 3, fig. 2), Fig. 4G
Pennsylvanian)
Protovirgularia 67 Protovirgularia dichotoma Middle Triassic Shallow-marine Gogolin Beds S Poland Stachacz et al. (2022; fig.
pennata (Anisian) 17a-b, pars)
Protovirgularia 68 Protovirgularia cf. rugosa Middle Jurassic Shallow-marine Khadir Formation W India Darngawn et al. (2018; pl. 2,  Burrow with core and
pennata (Bajocian) fig. 8) mantle, cf. with
Annulotunnelichnus and
Polypodichnus
Protovirgularia 69 Ichnyspica guptai Upper Jurassic Shallow-marine Jaisalmer Series (Formation) W India Chiplonkar et al. (1981; fig. Junior synonym
pennata (Rajasthan) 1)
Protovirgularia 70 Protovirgularia obliterata Lower Cretaceous Deep-marine Upper Cieszyn Beds, S Poland Uchman (2008b; fig. B13.1. Tentative assignment
pennata (Valanginian- Grodziszcze Beds b)
Hauterivian)
Protovirgularia 71 Gyrochorte burtani Lower Cretaceous Deep-marine Grodziszcze Beds S Poland Ksiazkiewicz (1977; pl. 11, Junior synonym
pennata (Hauterivian) figs. 1-5), Uchman (2008a;
fig. 64)
Protovirgularia 72 Gyrochorte ichnosp. Lower Cretaceous Deep-marine Grodischt Beds S Poland Ksigzkiewicz (1970; pl. 1, fig.
pennata (Hauterivian) a)
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Table 1 (continued)

Ichnospecies Number  Original designation Age Environment Stratigraphic unit Locality Reference Comment
Protovirgularia 73 Protovirgularia pennatus Lower Cretaceous Deep-marine Verovice Beds S Poland Uchman (1998; fig. 67a)
pennata (Barremian-Aptian)
Protovirgularia 74 Gyrochorda sp. Lower Cretaceous Deep-marine Sandebugten Formation South Georgia Wilckens (1947; pl. 9, fig. 1)
pennata (Aptian)
Protovirgularia 75 Gyrochorda? sp. Lower Cretaceous Deep-marine Sandebugten Formation South Georgia Wilckens (1947; pl. 9, fig. 2)
pennata (Aptian)
Protovirgularia 76 Protovirgularia dzulynskii, Oligocene-Miocene Deep-marine Marnoso-arenacea Unit N Italy Milighetti et al. (2009; pl. 21,  Tentative assignment
pennata Protovirgularia isp. (maybe P. fig. 5), Monaco et al. (2010;
cf. obliterata) pl. 2, fig. 5)
Protovirgularia 77 Protovirgularia? Miocene Deep-marine Verghereto Formation N Italy Monaco (2008; fig. 7a) Tentative assignment
pennata
Protovirgularia 78 Protovirgularia isp. Terreneuvian (possibly Shallow-marine Tornetrask Formation N Sweden McLoughlin et al., 2021 Tentative assignment
rugosa Fortunian) (shoreface, intertidal)
Protovirgularia 79 Protovirgularia isp. Series 2 Shallow-marine Ocieseki Formation S Poland Ortowski and Zylifiska (2002;
rugosa fig. 3e), Fig. 5E
Protovirgularia 80 Nereites isp. Series 2 Shallow-marine Ocieseki Formation S Poland Stachacz (2016, fig. 16 g-h)
rugosa
Protovirgularia 81 Uchirites triangularis Lower Ordovician Marginal-marine Dominion Formation E Canada Fillion and Pickerill (1990;
rugosa (lagoon) pl. 17, figs. 9-11)
Protovirgularia 82 Protovirgularia isp. Lower Ordovician Deep-marine Chiquero Formation NW Argentina Buatois et al. (2009; fig. 5a) Poorly preserved specimen
rugosa
Protovirgularia 83 Walcottia isp. Middle Ordovician Shallow-marine Laval Formation E Canada Hofmann (1979; pl. 10, fig. f) ~ Tentative assignment
rugosa
Protovirgularia 84 Uchirites isp. Middle Ordovician Shallow-marine Upper Stairway Sandstone Central Australia Davies et al. (2011; fig. 5g)
rugosa (epeiric)
Protovirgularia 85 Walcottia rugosa Upper Ordovician Shallow-marine McMillan (Grant Lake) USA (Cincinnati) Miller and Dyer (1878b; pl. Lectotype, paralectotypes
rugosa Formation 2, figs. 11-11a), Osgood
(1970; pl. 67, fig. 6; pl. 69,
fig. 5), Fig. 5A-B
Protovirgularia 86 Protovirgularia rugosa Upper Ordovician Shallow-marine Georgian Bay Formation E Canada Stanley and Pickerill (1998;
rugosa pl. 10, fig. 1)
Protovirgularia 87 Protovirgularia Silurian (Llandovery) Shallow-marine (shelf, Formigoso Formation N Spain Sudrez De Centi et al. (1989;
rugosa epicontinental) (Shales) (Cantabria) pl. 3, fig. e)
Protovirgularia 88 ‘Feather’ trace (cf. Silurian (Llandovery) Shallow-marine (shelf) Rose Hill Formation USA Tarhan (2018; fig. 12g) Similar to Chevronichnus
rugosa Protovirgularia) (Pennsylvania) imbricatus Hakes, 1976
Protovirgularia 89 Oniscoidichnus sintanensis Silurian (Llandovery) Marginal-marine (tidal, = Shamao Formation S China Yang (1984; pl. 2, figs. 9-11)  Junior synonym
rugosa deltaic)
Protovirgularia 90 Oniscoidichnus hubeiensis Silurian (Llandovery) Marginal-marine (tidal, =~ Shamao Formation S China Yang (1984; pl. 2, figs. Junior synonym
rugosa deltaic) 12-14)
Protovirgularia 91 Beloraphe fulgur [lapsus Silurian Deep-marine Kazakhstan Vialov (1963; fig. 2) Junior synonym
rugosa calami]
Protovirgularia 92 Protovirgularia rugosa Lower Devonian Shallow-marine (tidal) Taunusquarzit S Germany Schlirf et al. (2002; pl. 5, figs.
rugosa (Pragian) 1,3,5)
Protovirgularia 93 Protovirgularia dichotoma Lower Devonian Shallow-marine (tidal) Taunusquarzit S Germany Schlirf et al. (2002; pl. 4, fig.
rugosa (Pragian) 4)
Protovirgularia 94 Koprolithen, Fisch- Lower Devonian Shallow-marine (tidal) Taunusquarzit S Germany Dahmer (1937, pl. 35, figs.
rugosa Exkremente? (Pragian) 5-9; 1938, figs. 18-22)
Protovirgularia 95 Protovirgularia isp. Lower Devonian Shallow-marine Teferguenite Formation SW Algeria Bendella et al. (2022; fig. 6d)
rugosa (Pragian-Emsian) (shoreface)
Protovirgularia 96 Rusophycus isp. Lower Devonian Shallow-marine Teferguenite Formation SW Algeria Bendella et al. (2022; fig. 6e)
rugosa (Pragian-Emsian) (shoreface)
Protovirgularia 97 Edestus tooth whorl Lower Devonian Shallow-marine (shelf) Hunsriick Slate S Germany Itano (2020; fig. 1)
rugosa (Emsian)
Protovirgularia 98 Protovirgularia rugosa Lower Devonian Shallow-marine Pingyipu Formation S China Zhang et al. (2020; fig. 4g)
rugosa (nearshore)
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Table 1 (continued)

Ichnospecies Number  Original designation Age Environment Stratigraphic unit Locality Reference Comment
Protovirgularia 99 Ptychoplasma vagans Lower Devonian Shallow-marine Pingyipu Formation S China Zhang et al. (2020; fig. 4h)
rugosa (nearshore)
Protovirgularia 100 Trail of unknown affinity Upper Devonian Shallow-marine (shelf) Three Forks Formation, USA (Montana) Rodriguez and Gutschick
rugosa (Famennian) Sappington Member, Upper (1970; pl. 9, fig. e)
Siltstone H
Protovirgularia 101 Protovirgularia dichotoma Devonian Shallow-marine Pimenteira Formation NW Brazil Silva et al. (2012; fig. 3d)
rugosa
Protovirgularia 102 Mer ichnites p Devonian Shallow-marine Pimenteira Formation NW Brazil Muniz (1988; pl. 1, figs. 1-2),  Junior synonym
rugosa Fernandes et al. (2002; fig.
82)
Protovirgularia 103 Empreinte néreitiforme Lower Carboniferous Shallow-marine Belgian (black) marble Belgium (Dinant) Fraipont (1912; pl. 3),
rugosa (Lower Visean) (carbonate platform) Hantzschel (1958; fig. 7),
Fig. 5C
Protovirgularia 104 Protovirgularia isp. Lower Carboniferous Shallow-marine Paprotnia Beds (Bardo Unit) S Poland Muszer and Uglik (2013; fig.
rugosa (Upper Visean) (shoreface) 7€)
Protovirgularia 105 Back-filled burrow Lower Carboniferous Marginal-marine Ramp Creek Formation USA (Indiana) Archer (1984; fig. 3¢)
rugosa (Middle Mississippian) (lagoon)
Protovirgularia 106 Protovirgularia aff. Dichotoma Lower Carboniferous Shallow-marine Glen Dean Limestone USA (Indiana) Knaust (2022; fig. 2d),
rugosa (Upper Mississippian) (subtidal) Fig. 5D
Protovirgularia 107 Walcottia rugosa Lower Carboniferous Shallow-marine Hartselle Sandstone USA (Alabama) Rindsberg (1994; pl. 16, figs
rugosa (Upper Mississippian) a—c)
Protovirgularia 108 Walcottia imbricata Lower Carboniferous Shallow-marine Hartselle Sandstone USA (Alabama) Rindsberg (1994; pl. 16, figs
rugosa (Upper Mississippian) d-e)
Protovirgularia 109 Gasteropod tracks Upper Carboniferous Marginal-marine Lower Kinderscout Grit UK (England, Sheldon (1968; pl. 12)
rugosa (Upper Namurian) (nearshore, coastal Yorkshire)
plain)
Protovirgularia 110 Hypichnial ridges, bivalve Upper Carboniferous Marginal-marine Upper Kinderscoutian UK (England, Eagar et al. (1985; pl. 7, fig.
rugosa trails (Upper Namurian) (deltaic, siltstones and sandstone Yorkshire) a)
interdistributary bay)
Protovirgularia 111 Bivalve plough marks Upper Carboniferous Marginal-marine Cracken Edge UK (England, Miller (1985; pl. 12, fig. a) Poorly developed
rugosa (Upper Namurian) (deltaic) Derbyshire)
Protovirgularia 112 Uchirites isp. Upper Carboniferous Marginal-marine Tradewater Formation USA (Illinois) Devera (1989; pl. 8, fig. b)
rugosa (Lower Pennsylvanian)
Protovirgularia 113 Biformites Upper Carboniferous Marginal-marine (tidal Fentress Formation USA (Tennessee) Miller and Knox (1985; pl. 2,
rugosa (Lower Pennsylvanian) flat) fig. h)
Protovirgularia 114 Protovirgularia dichotoma Upper Carboniferous Shallow-marine Lower Atoka Series (or USA (Arkansas) Ekdale and Bromley (2001;
rugosa (Lower-Middle possibly Morrow Series) figs. 1-2)
Pennsylvanian)
Protovirgularia 115 Pelecypodichnus ornatus Upper Carboniferous Shallow-marine Stranger Formation, Vinland USA (Kansas) Bandel (1967; pl. 4, figs. 2-4;  Junior synonym
rugosa (Upper Pennsylvanian) (litoral) Shale Member pl. 5, fig. 1)
Protovirgularia 116 Chevronichnus imbricatus Upper Carboniferous Shallow-marine Stanton Formation, Rock USA (Kansas) Hakes (1976; pl. 3; pl. 4, fig.  Junior synonym
rugosa (Upper Pennsylvanian) Lake Shale Member la)
Protovirgularia 117 Protovirgularia isp. Upper Carboniferous Marginal-marine (tidal Stanton Formation, Rock USA (Kansas) Lopez Cabrera et al. (2019;
rugosa (Upper Pennsylvanian) flat) Lake Shale Member figs. 9b; 10a)
Protovirgularia 118 Protovirgularia rugosa Upper Carboniferous Marginal-marine (tidal Stanton Formation, Rock USA (Kansas) Lopez Cabrera et al. (2019;
rugosa (Upper Pennsylvanian) flat) Lake Shale Member figs. 7e; 8a, c-d)
Protovirgularia 119 Ladder trail Upper Carboniferous Marginal-marine Lawrence Shale USA (Kansas) Hakes (1977; pl. 1, fig. a) Could also be assigned to
rugosa (Upper Pennsylvanian) (deltaic) P. dichotoma
Protovirgularia 120 Chevron locomotion trace Upper Carboniferous Marginal-marine (tidal Kanwaka Formation, Stull USA (Kansas) Mangano et al. (1998; fig. 4)  Combination of
rugosa (Upper Pennsylvanian) flat) Shale Member Protovirgularia and Lockeia
Protovirgularia 121 Gyrochorte sp. Upper Carboniferous Lacustrine (periglacial) Dwyka Series South Africa Savage (1971; fig. 12a) Arthropod trace, direction of
rugosa (Pennsylvanian) (Natal) movement towards convex
side
Protovirgularia 122 Protovirgularia dichotoma Upper Carboniferous Lacustrine (glacial) Rio do Sul Formation S Brazil Lima et al. (2017; fig. 5e) Interpreted as isopod or
rugosa (Pennsylvanian) amphipod trace
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Ichnospecies Number  Original designation Age Environment Stratigraphic unit Locality Reference Comment
Protovirgularia 123 Protovirgularia isp. Upper Carboniferous to Lacustrine (glacial) Itararé Group S Brazil Netto et al. (2012; fig. 6f)
rugosa Lower Permian
Protovirgularia 124 Protovirgularia Lower Permian Marginal-marine Mackellar Formation Antarctica Jackson et al. (2016; fig. 8d)
rugosa (deltaic)
Protovirgularia 125 Protovirgularia aff. Dichotoma ~ Middle Triassic Shallow-marine Udelfangen Formation S Germany Knaust (2022; fig. 2¢),
rugosa (Anisian) Fig. 5H
Protovirgularia 126 Protovirgularia dichotoma Middle Triassic Shallow-marine Lower Muschelkalk N Germany Stachacz et al. (2022; fig.
rugosa (Anisian) 17c-e), Fig. SF-G
Protovirgularia 127 Protovirgularia dichotoma Middle Triassic Shallow-marine Gogolin Beds S Poland Stachacz et al. (2022; fig.
rugosa (Anisian) 17a-b, pars)
Protovirgularia 128 Lechratichnus Middle Triassic Deep-marine (ramp, Guanggaishan Formation E China Yang (1992; pl. 15, fig. 5) Potential junior synonym
rugosa kachegouensis (Ladinian) slope)
Protovirgularia 129 Protovirgularia rugosa Upper Triassic (Norian- Shallow-marine Nayband Formation Central and E Bayet-Goll and Daraei (2017;
rugosa Rhaetian) Iran fig. 5m-n)
Protovirgularia 130 Biformites sp. Lower Jurassic? Continental (alluvial, Passaic (Brunswick) USA (New Boyer (1979; fig. 1)
rugosa lacustrine, playa) Formation Jersey)
Protovirgularia 131 Isopodichnus sp. Lower Jurassic Continental (alluvial, Zagaje Formation S Poland Pienkowski (1985; pl. 2, fig. Tentative assignment
rugosa (Hettangian) fluvial, lacustrine, h)
swamp)
Protovirgularia 132 Protovirgularia isp. Lower Jurassic Marginal-marine Ciechocinek Formation SW Poland Leonowicz (2008; fig. 6¢)
rugosa (Toarcian) (brackish, low
oxygenation)
Protovirgularia 133 Protovirgularia Middle Jurassic Marginal-marine Forest Marble Formation UK (England) Buatois et al. (2016b; fig. Strongly ornamented
rugosa (Bathonian) 9.7a) specimen interrupted by a
long, smooth section
Protovirgularia 134 Protovirgularia?bidirectionalis Middle Jurassic Marginal-marine Jaisalmer Formation, Bada W India Paranjape et al. (2013; fig.
rugosa (Callovian) (subtidal) Bagh Member (Rajasthan) 3a)
Protovirgularia 135 Protovirgularia rugosa Middle Jurassic Marginal-marine Jaisalmer Formation, Bada W India Paranjape et al. (2013; fig.
rugosa (Callovian) (subtidal) Bagh Member (Rajasthan) 3c-f)
Protovirgularia 136 Ptychoplasma vagans Middle Jurassic Marginal-marine Jaisalmer Formation, Bada W India Paranjape et al. (2013; fig.
rugosa (Callovian) (subtidal) Bagh Member (Rajasthan) 3g-i)
Protovirgularia 137 Protovirgularia dichotoma Middle Jurassic Shallow-marine Patcham Formation W India Fiirsich (1998; fig. 50.3)
rugosa (Bathonian) (shoreface) (Kachchh)
Protovirgularia 138 Protovirgularia dichotoma Middle Jurassic Shallow-marine (shoal) ~ Chari Formation W India Fiirsich (1998; figs. 50.2,
rugosa (Callovian) (Kachchh) 51.1)
Protovirgularia 139 Protovirgularia cf. dichotoma Upper Jurassic Shallow-marine (shelf Faidja Formation NW Algeria Bouchemla et al. (2020; fig.
rugosa (Kimmeridgian) to lower shoreface) 10h)
Protovirgularia 140 Protovirgularia rugosa Lower Cretaceous Marginal-marine (tidal) ~ Hastings Beds, Lower UK (England) Goldring et al. (2005; fig. Grooved burrows with
rugosa (Valanginian) Turnbridge Wells Sand 7a-b) ornamented levees
Protovirgularia 141 Protovirgularia cf. dichotoma—  Lower Cretaceous Marginal-marine (tidal) ~ Agrio Formation Central Argentina ~ Fernandez et al. (2010; figs.
rugosa Protovirgularia cf. rugosa (Valanginian- 3-4)
Barremian)
Protovirgularia 142 Taenidium isp. Lower Cretaceous Shallow-marine Mesilla Valley Formation USA (New Kappus and Lucas (2020; fig.
rugosa (Albian) Mexico) 6a)
Protovirgularia 143 Gyrochorte obliterata Lower Cretaceous Deep-marine Verovice Shales S Poland Ksiazkiewicz (1977; pl. 11, Junior synonym, tentative
rugosa (Barremian) fig. 9), Uchman (2008a; fig. assignment
66)
Protovirgularia 144 Protovirgularia obliterata Lower Cretaceous Deep-marine Verovice Beds S Poland Uchman and Cieszkowski
rugosa (Aptian-Albian) (2008; fig. B1.6.a)
Protovirgularia 145 Protovirgularia mongraensis  Upper Cretaceous Marginal-marine Bagh Formation, Nimar W India Chiplonkar and Badve (1972;  Junior synonym
rugosa (Turonian) (estuarine) Sandstone pl. 1, fig. 2)
Protovirgularia 146 Protovirgularia isp. Upper Cretaceous Deep-marine Ressen Formation Austria Mikulas et al. (2010; pl. 2, Small specimens, tentative
rugosa (Campanian) fig. 4) assignment
Protovirgularia 147 Protovirgularia isp., Upper Cretaceous Deep-marine Rosario Group Mexico (Baja Callow et al. (2013a, fig. 5h;
rugosa Protovirgularia pennatus California) 2013b, fig. 10c)
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Ichnospecies Number  Original designation Age Environment Stratigraphic unit Locality Reference Comment
Protovirgularia 148 Protovirgularia isp. Paleocene-Eocene Deep-marine Szczawnica Formation S Poland Uchman (1998; fig. 67b)
rugosa
Protovirgularia 149 Protovirgularia rugosa Eocene Deep-marine Cigzkowice Sandstone S Poland Uchman (1998; fig. 67¢)
rugosa
Protovirgularia 150 Virgularia presbytes Eocene Deep-marine Pointe-a-Pierre Formation Trinidad Bayer (1955; fig. 2b-c),
rugosa Fig. 51
Protovirgularia 151 Pistas de crustdceo? Eocene Deep-marine Flysch numulitico N Spain Gomez De Llarena (1946; pl. ~ Tentative assignment
rugosa 7, fig. 27)
Protovirgularia 152 Nereites isp. Eocene Deep-marine Belluno flysch N Italy Loffler and Geyer (1994; fig. Tentative assignment, lobate
rugosa 3f-g) form
Protovirgularia 153 Protovirgularia rugosa Oligocene Deep-marine Krosno Beds S Poland Uchman (1998; fig. 67d)
rugosa
Protovirgularia 154 (?) Scolicia Miocene Deep-marine Waitemata Group New Zealand Gregory (1969; pl. 3, fig. 2) Strongly biramous chevrons
rugosa (Auckland)
Protovirgularia 155 Protovirgularia morphotype 2,  Miocene Shallow-marine NE Spain Gibert and Domenech (2008;
rugosa 3 figs. 3b-e, 4a)
Protovirgularia 156 Protovirgularia Miocene Marginal-marine Chenque Formation S Argentina Carmona et al. (2008, fig. Morphologic variants 1-5
rugosa (deltaic) 6.4; 2009, figs. 3d, 4c, 6h;
2010, fig. 3)
Protovirgularia 157 Protovirgularia trackway Pliocene Marginal-marine Kueichulin Formation, Taiwan Nagel et al. (2013; fig. 5¢)
rugosa (deltaic) Yutengping Sandstone
Member
Protovirgularia 158 Protovirgularia cf. rugosa Holocene Lacustrine (litoral) Central Norway Smelror and Knaust (2021;
rugosa fig. 5b)
Protovirgularia 159 Protovirgularia dichotoma Holocene Shallow-marine Seilacher and Seilacher Modern bivalve traces
rugosa (1994; pl. 1, figs. a-b) (experiment)
Protovirgularia 160 Halimedides annulatus Cambrian (Series 2- Shallow-marine Duolbagéisa Formation, N Norway Novis et al. (2022; fig. 7e-f) Compound with Halimedides
longespicata Miaolingian) (offshore) Upper Member
Protovirgularia 161 Arthrophycus sp. Cambrian (Miaolingian) ~ Marginal-marine Oville Formation N Spain Legg (1985; pl. 4, fig. e)
longespicata (deltaic)
Protovirgularia 162 Arthrophycus alleghaniensis Middle Ordovician Shallow-marine Upper Stairway Sandstone Central Australia Davies et al. (2011; fig. 5j) Bundled specimen
longespicata (epeiric)
Protovirgularia 163 Protovirgularia rugosa Lower Devonian Shallow-marine Santa Rosa Formation Bolivia Gaillard and Racheboeuf
longespicata (nearshore) (2006; fig. 3.5)
Protovirgularia 164 Protovirgularia aff. P. rugosa Devonian Shallow-marine Pimenteira Formation NW Brazil Silva et al. (2012; fig. 2i)
longespicata
Protovirgularia 165 Chagrinichnites brooksi Upper Devonian Shallow-marine Chagrin Shale Formation USA (Ohio) Feldmann et al. (1978; figs. Junior synonym
longespicata (Famennian) (offshore to nearshore) (Ohio Shale Formation) 2-8), Fig. 7A
Protovirgularia 166 Dictyota spiralis Upper Devonian Shallow-marine Kulm Central Germany Ludwig (1869; pl. 20, fig. 7) Potential senior synonym,
longespicata (deeper shelf) tentative assignment (nomen
dubium)
Protovirgularia 167 Possibly Phycodes Carboniferous (Lower Shallow-to marginal- Lodgepole Limestone USA (Montana) Rodriguez and Gutschick Tentative assignment
longespicata Mississippian) marine (shoal, lagoon) (19705 pl. 10, fig. )
Protovirgularia 168 Laminites kaitiensis Upper Carboniferous Shallow-marine (shelf) Wapanucka Limestone USA (Oklahoma) Chamberlain (1971; pl. 29,
longespicata (Lower Pennsylvanian) fig. 11)
Protovirgularia 169 Protovirgularia isp. Upper Carboniferous Marginal-marine (tidal Pottsville Formation, Mary USA (Alabama) Lucas and Lerner (2005; fig.
longespicata (Lower Pennsylvanian) flat) Lee coal zone 2b)
Protovirgularia 170 Crossopodia dichotoma Upper Carboniferous Shallow-marine Stanton Limestone, Rock Lake ~ USA (Kansas) Bandel (1967; figs. 1, 3) Junior synonym
longespicata (Upper Pennsylvanian) (litoral) Shale Member; Stranger
Formation, Vinland Shale
Member
Protovirgularia 171 Protovirgularia Upper Carboniferous Marginal-marine (tidal Kanwaka Formation, Stull USA (Kansas) Méngano et al. (2002; figs. Junior synonym
longespicata bidirectionalis (Upper Pennsylvanian) flat) Shale Member 48-49), Fig. 7B-C
Protovirgularia 172 Chevron locomotion trace Upper Carboniferous Marginal-marine (tidal Kanwaka Formation, Stull USA (Kansas) Méngano et al. (1998; fig.
longespicata (Upper Pennsylvanian) flat) Shale Member 12a, c)

(continued on next page)
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Table 1 (continued)

Ichnospecies Number  Original designation Age Environment Stratigraphic unit Locality Reference Comment
Protovirgularia 173 Bivalve trace Upper Carboniferous Marginal-marine (tidal Stanton Formation, Rock USA (Kansas) Mangano and Buatois (2004;
longespicata (Upper Pennsylvanian) flat) Lake Shale Member fig. 9e)
Protovirgularia 174 Protovirgularia isp. Upper Carboniferous Marginal-marine (tidal Stanton Formation, Rock USA (Kansas) Lopez Cabrera et al. (2019;
longespicata (Upper Pennsylvanian) flat) Lake Shale Member figs. 3; 4b—c; 5f; 9a)
Protovirgularia 175 Protovirgularia rugosa Upper Carboniferous Marginal-marine (tidal Stanton Formation, Rock USA (Kansas) Lopez Cabrera et al. (2019;
longespicata (Upper Pennsylvanian) flat) Lake Shale Member figs. 6h; 7a, c, f, h)
Protovirgularia 176 Protovirgularia rugosa Upper Carboniferous Shallow-marine USA (Oklahoma) Seilacher and Seilacher
longespicata (Pennsylvanian) (1994; pl. 1, figs f-h)
Protovirgularia 177 Protovirgularia longespicata Middle Permian Shallow-marine Wandrawandian Siltstone SE Australia Luo and Shi (2017; figs. 4-5)
longespicata (Roadian) (offshore)
Protovirgularia 178 Protovirgularia longespicata Middle Permian Shallow-marine Broughton Formation, SE Australia Luo et al. (2017; fig. 6€)
longespicata (Wordian to (shoreface) Jamberoo Sandstone Member
Capitanian)
Protovirgularia 179 Protovirgularia longespicata Upper Permian Shallow-marine (tidal) Talung Formation S China Ding et al. (2021; fig. 6a-b)
longespicata (Lopingian)
Protovirgularia 180 Protovirgularia dichotoma Upper Permian Shallow-marine (tidal) Talung Formation S China Ding et al. (2021; fig. 6a)
longespicata (Lopingian)
Protovirgularia 181 Triadonereis cingulata Middle Triassic Shallow-marine Trochitenkalk Formation S Germany Mayer (1954; fig. 1), Fig. 7E Potential junior synonym
longespicata (Anisian)
Protovirgularia 182 Triadonereis obliqua Middle Triassic Shallow-marine Trochitenkalk Formation S Germany Mayer (1954; fig. 2) Potential junior synonym
longespicata (Anisian)
Protovirgularia 183 Triadonereites mesotriadica Middle Triassic Shallow-marine Trochitenkalk Formation S Germany Mayer (1954; fig. 6) Potential junior synonym
longespicata (Anisian)
Protovirgularia 184 Arenicoloides franconicus Middle Triassic Shallow-marine Meissner Formation Central Germany Miiller (1950; pl. 8, figs. 1-2)
longespicata (Anisian)
Protovirgularia 185 Protovirgularia bidirectionalis Middle Triassic Shallow-marine Udelfangen Formation S Germany Knaust (2022; fig. 4), Fig. 7D
longespicata (Anisian)
Protovirgularia 186 Wurmkorperabgu Middle Triassic Shallow-marine Warburg Formation S Germany Mayer (1960; figs. 1-2)
longespicata (Ladinian)
Protovirgularia 187 Bolonia lata Lower Jurassic Shallow-marine Grés de Luxembourg Luxembourg Hary (1974; pl. 14, figs. 1-3)
longespicata (Hettangian)
Protovirgularia 188 Protovirgularia rugosa Middle Jurassic Marginal-marine Jaisalmer Formation, Hamira ~ W India Gurav et al. (2014; fig. 14¢)
longespicata (Bathonian) Member
Protovirgularia 189 Protovirgularia isp. Middle Jurassic Marginal-marine Jaisalmer Formation, Hamira ~ W India Gurav et al. (2014; fig. 14d)
longespicata (Bathonian) Member
Protovirgularia 190 Imbrichnus wattonensis Middle Jurassic Marginal-marine Forest Marble Formation UK (England, Hallam (1970; pl. 2, figs b-c) ~ Junior synonym
longespicata (Bathonian) Dorset)
Protovirgularia 191 Crossopodia major Middle-Upper Jurassic Shallow-marine Washtawa Formation W India Ghare and Kulkarni (1986; Junior synonym
longespicata (Callovian-Oxfordian) pl. 3, figs. 1a-b; Kulkarni and
Ghare (1989; fig. 11)
Protovirgularia 192 Annulotunnelichnus Middle-Upper Jurassic Shallow-marine Washtawa Formation W India Ghare and Kulkarni (1986; Tentative assignment
longespicata wagadensis (Callovian-Oxfordian) pl. 4, fig. 4
Protovirgularia 193 cf. Protovirgularia rugosa Middle Jurassic Shallow-marine (ramp, Khavda Formation, W India Fiirsich (1998; figs. 52.1-2)
longespicata (Bathonian) storm deposit) Goradongar Yellow Flagstone  (Kachchh)
Member
Protovirgularia 194 Dendrotichnium llarenai Middle to Upper Shallow-marine (lower Jumara Formation W India Solanki et al. (2015; fig. 4a)
longespicata Jurassic (Callovian- shoreface)
Oxfordian)
Protovirgularia 195 Phycodes palmatum Middle to Upper Shallow-marine (lower Jumara Formation W India Solanki et al. (2015; fig. 4e-f)  Variable morphologies, fan-
longespicata Jurassic (Callovian- shoreface) shaped branching
Oxfordian)
Protovirgularia 196 Phycodes curvipalmatum Middle to Upper Shallow-marine (lower Jumara Formation W India Solanki et al. (2015; fig. 4g) Variable morphologies, fan-
longespicata Jurassic (Callovian- shoreface) shaped branching
Oxfordian)
Protovirgularia 197 Protovirgularia longespicata Middle to Upper Shallow-marine (lower Jumara Formation W India Solanki et al. (2015; fig. 4h) Variable morphologies, fan-
longespicata Jurassic (Callovian- shoreface) shaped branching

Oxfordian)

(continued on next page)
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Table 1 (continued)

Ichnospecies Number  Original designation Age Environment Stratigraphic unit Locality Reference Comment
Protovirgularia 198 Taenidium serpentinum Middle to Upper Shallow-marine (lower Jumara Formation W India Solanki et al. (2015; fig. 4j-k)
longespicata Jurassic (Callovian- shoreface)
Oxfordian)
Protovirgularia 199 Protovirgularia isp. Upper Jurassic Shallow-marine Argiles de Saida Formation NW Algeria Naimi and Cherif (2021; fig.
longespicata (Oxfordian) 4e)
Protovirgularia 200 Protovirgularia dichotoma Middle to Upper Marginal-marine Washtawa Formation, Kharol =~ W India Joseph et al. (2020; fig. 6e) Specimen with a smooth core
longespicata Jurassic (Callovian- (shoreface, foreshore) Member and spreite
Oxfordian)
Protovirgularia 201 Nereites Upper Jurassic Marginal-marine Jaisalmer Formation W India Gupta et al. (1966; fig. 1) Interpreted as polychaete
longespicata (Oxfordian)
Protovirgularia 202 Protovirgularia pennata Lower Cretaceous Deep-marine Upper Cieszyn Beds S Poland Uchman (2004; fig. 3d)
longespicata (Valanginian-
Hauterivian)
Protovirgularia 203 Protovirgularia?longespicata Lower Cretaceous Deep-marine Grodziszcze Beds S Poland Uchman (1998; fig. 68a)
longespicata (Hauterivian)
Protovirgularia 204 Protovirgularia pennata Lower Cretaceous Deep-marine Verovice Beds S Poland Uchman (2004; fig. 6¢)
longespicata (Hauterivian-Aptian)
Protovirgularia 205 Protovirgularia obliterata Lower Cretaceous Deep-marine Verovice Beds S Poland Uchman (1998; fig. 68c)
longespicata (Barremian-Aptian)
Protovirgularia 206 Nereites murotoensis Upper Cretaceous Deep-marine Middle Yezo Group Japan Tanaka and Sumi (1981; pl.
longespicata (Cenomanian) (Hokkaido) 1, fig. 1)
Protovirgularia 207 Biformites cf. insolitus Upper Cretaceous Marginal-marine Bagh Formation, Nimar W India Chiplonkar and Badwe
longespicata (Turonian) (estuarine) Sandstone (19705 pl. 3, fig. 2)
Protovirgularia 208 Phycodes mongraensis Upper Cretaceous Marginal-marine Bagh Formation, Nimar W India Chiplonkar and Ghare (1975;  Junior synonym, tentative
longespicata (Turonian) (estuarine) Sandstone fig. 1a); Chiplonkar et al. assignment
(1977; pl. 3, fig. 9)
Protovirgularia 209 Pennatulites longispicata Upper Cretaceous Marginal-marine Bagh Formation, Nimar W India Chiplonkar and Ghare (1975;
longespicata [lapsus calami] (Turonian) (estuarine) Sandstone fig. 1f)
Protovirgularia 210 Spongeliomorpha reticulata Upper Cretaceous Marginal-marine Bagh Formation, Nimar W India Chiplonkar and Ghare (1975;  Junior synonym, tentative
longespicata (Turonian) (estuarine) Sandstone figs. 2e, 3) assignment
Protovirgularia 211 Pennatulites longespicata Upper Cretaceous Deep-marine Pietraforte Formation N Italy De Stefani (1885; pl. 2, fig. Holotype
longespicata (Turonian) 1), Fig. 6A
Protovirgularia 212 Paleosceptron meneghinii Upper Cretaceous Deep-marine Pietraforte Formation N Italy De Stefani (1885; pl. 2, fig. Holotype
longespicata (Turonian) 2), Fig. 6B
Protovirgularia 213 Pennatulites sp. Upper Cretaceous Deep-marine Pietraforte Formation N Italy De Stefani (1885; pl. 2, figs. Original description
longespicata (Turonian) 1-3), Fig. 6D
Protovirgularia 214 Radhostium carpaticum Upper Cretaceous Deep-marine Godula Formation (Beds) Czech Republik Plicka and Riha (1989; fig. 5;  Potential junior synonym
longespicata (Coniacian-Campanian) pls. 1-2)
Protovirgularia 215 Protovirgularia rugosa Upper Cretaceous Deep-marine Sromowce Formation S Poland Uchman (1998; fig. 68d)
longespicata (Coniacian-
Maastrichtian)
Protovirgularia 216 Keckia annulata Upper Cretaceous Deep-marine Ropianka Beds S Poland Ksigzkiewicz (1977; pl. 3, fig.
longespicata (Coniacian- 14)
Maastrichtian)
Protovirgularia 217 Radhostium carpaticum Upper Cretaceous (Late Deep-marine Monte Antola Formation N Italy Uchman (2007; fig. 9a-b?) Tentative assignment
longespicata Campanian-
Maastrichtian)
Protovirgularia 218 Polychaete cololite, Bilobites ~ Upper Cretaceous Deep-marine Altlengbach Formation, Austria Abel (1920, fig. 122; 1921,
longespicata (Maastrichtian) RoRgraben-Subformation fig. 41)
Protovirgularia 219 Problematikum, Pinsdorfer Upper Cretaceous Deep-marine Altlengbach Formation, Austria Abel (1935; fig. 304)
longespicata Versteinerung (Maastrichtian) RoBgraben-Subformation
Protovirgularia 220 Pinsdorfer Lebensspur Upper Cretaceous Deep-marine Altlengbach Formation, Austria Abel (1935; fig. 305)
longespicata (Maastrichtian) RoBgraben-Subformation
Protovirgularia 221 Spurenfossil unbekannter Art ~ Upper Cretaceous Deep-marine Altlengbach Formation, Austria Egger (2007; fig. 9)
longespicata (Maastrichtian) RoBgraben-Subformation
Protovirgularia 222 Pinsdorfichnus abeli Upper Cretaceous Deep-marine Altlengbach Formation, Austria Weidinger (2014; fig. 45)
longespicata (Maastrichtian) RofBgraben-Subformation

(continued on next page)
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Table 1 (continued)

Ichnospecies Number  Original designation Age Environment Stratigraphic unit Locality Reference Comment
Protovirgularia 223 Pinsdorfichnus abeli Upper Cretaceous Deep-marine Altlengbach Formation, Austria Lukeneder (2018; p. 12-13),
longespicata (Maastrichtian) RoRgraben-Subformation Fig. 7J
Protovirgularia 224 “Schuppenkerne” Upper Cretaceous Deep-marine? Austria Ehrenberg (1942; fig. 10) Smooth portion in one
longespicata specimen
Protovirgularia 225 Protovirgularia rugosa Upper Cretaceous Deep-marine Inoceramian Beds S Poland Uchman (1998; fig. 68b)
longespicata (Coniacian) to
Paleocene
Protovirgularia 226 Protovirgularia longespicata Upper Cretaceous- Deep-marine N Italy Seilacher and Seilacher
longespicata Paleogene (1994; pl. 2)
Protovirgularia 227 Nereites sp. Paleocene Deep-marine Guarico Formation N Venezuela Macsotay (1967; figs. 11,
longespicata 13-14)
Protovirgularia 228 Gyrochorte Paleocene Deep-marine Guarico Formation N Venezuela Macsotay (1967; fig. 12)
longespicata
Protovirgularia 229 Radhostium carpaticum Paleocene Deep-marine Svodnice Formation Slovakia Simo and Zahradnikova Tentative assignment
longespicata (2023; figs. 3-4)
Protovirgularia 230 Gyrochorte imbricata Eocene Deep-marine Ciezkowice Sandstone S Poland Ksiazkiewicz (1977; pl. 11, Junior synonym, biramous
longespicata figs. 6-8), Uchman (2008a; sediment pads
fig. 65)
Protovirgularia 231 Virgularia presbytes Eocene Deep-marine Pointe-a-Pierre Formation Trinidad Bayer (1955; fig. 2a, f-g),
longespicata Fig. 71
Protovirgularia 232 Nereites tosaensis Eocene Deep-marine Naharigawa Formation S Japan Noda (1982; pl. 7, fig. 6) Branched specimen
longespicata
Protovirgularia 233 Protovirgularia longespicata Eocene Deep-marine Shimanto Supergroup S Japan Kuwazuru and Nakadawa
longespicata (2018; fig. 8)
Protovirgularia 234 Protovirgularia pennatus Eocene Deep-marine Shimanto Supergroup S Japan Kuwazuru and Nakadawa
longespicata (2018; fig. 9)
Protovirgularia 235 Protovirgularia isp. A Eocene Deep-marine Shimanto Supergroup S Japan Kuwazuru and Nakadawa
longespicata (2018; fig. 10)
Protovirgularia 236 Nereites tosaensis Eocene-Oligocene Deep-marine Muroto-Hanto Group SW Japan Katto (1960; pl. 34, figs. 6, Junior synonym
longespicata 12; pl. 35, figs. 3, 17)
Protovirgularia 237 Nereites murotoensis Eocene-Oligocene Deep-marine Muroto-Hanto Group SW Japan Katto (1960; pl. 35, fig. 17) Junior synonym
longespicata
Protovirgularia 238 Protovirgularia Eocene-Oligocene Deep-marine Muroto-Hanto Group SW Japan Nara and Ikari (2011; figs.
longespicata 3-5)
Protovirgularia 239 Protovirgularia longespicata Eocene-Oligocene Deep-marine Shimanto Supergroup S Japan This study, Fig. 7F-H
longespicata
Protovirgularia 240 Arthrophycus(?) dzulynskii Oligocene Deep-marine Krosno Beds S Poland Ksiazkiewicz (1977; pl. 1, fig. ~ Junior synonym, ribs consist
longespicata 13), Uchman (2008a; fig. 44)  of elongated tubercules
Protovirgularia 241 Protovirgularia dichotoma Oligocene Deep-marine Grés d’Annot Formation S France Knaust et al. (2014; fig. 10c),
longespicata Fig. 7J
Protovirgularia 242 Krabbenféhrten, Oligocene-Miocene Shallow-marine Schlier Austria Abel (1935; figs. 350-351) Fan-shaped cluster of
longespicata Tannenzapfentypus (shelf)? burrows (fig. 350)
Protovirgularia 243 Undetermined fossil Miocene Deep-marine Waitakere Group N New Zealand Bartrum (1948; pl. 76, figs.
longespicata 4-5)
Protovirgularia 244 Pennatulites (?) corrugata Miocene Deep-marine Gorgoglione Flysch S Italy D’Alessandro (1982; pl. 36, Junior synonym
longespicata figs. 1-2; pl. 39, figs. 1, 3; pl.
43, fig. 2)
Protovirgularia 245 Protovirgularia dzulynskii Miocene Deep-marine Temburong Formation Malaysia Jasin and Firdaus (2019; fig.
longespicata 7.4)
Protovirgularia 246 Palaeophycus kochi Lower Carboniferous Shallow-marine Kulm Central Germany Ludwig (1869; pl. 18, fig. 2), Tentative assignment
bifurcata (Mississippian) (deeper shelf) Richter (1927; pl. 1, figs.
1-2), Fig. 8F
Protovirgularia 247 Protovirgularia bifurcata Middle Triassic Shallow-marine Meissner Formation, Upper Central Germany Knaust (2021; pls. 12-13), Holotype and paratypes
bifurcata (Anisian-Ladinian) (epicontinental) Muschelkalk Fig. 8A-E
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tracemakers of Protovirgularia, as shown by preserved polychaetes in
P. bifurcata. Finally, continental Protovirgularia also can be produced by
burrowing arthropods such as insects (e.g., Howard, 1976; Metz, 2020).
The manifold producers of Protovirgularia have implications for the
interpretation of evolutionary trends and innovations and may lead to
erroneous assumptions, if an oversimplified interpretation of their pro-
ducers is applied. Assuming Protovirgularia merely produced by proto-
branch bivalves, evaluation of occurrences of such a heterogeneous
ichnogenus may leave the impression that such ‘... diversification trends

. are comparable to those of their tracemakers’ (e.g., Zhang et al.,
2022).

5. Stratigraphic and environmental distribution

Based on a literature review of 247 entries, several hundred speci-
mens originally assigned to a wide variety of ichnotaxa and morpho-
logical forms could be verified based on published images and are now
included in the revised ichnospecies of Protovirgularia (Table 1). Their
stratigraphic and palaeoenvironmental distribution is shown in Fig. 13.
Overall, records of Protovirgularia are scarce in the Middle and late
Permian, absent in the Lower Triassic, and very limited in post-Miocene
time. Protovirgularia is facies-crossing, with only P. dichotoma and
P. rugosa occurring in marine and, occasionally, continental environ-
ments, whereas the remaining ichnospecies are only known from marine
settings. Although revealing diagnostic features and occurring as old as
early Cambrian, examples of Protovirgularia from the Cambrian are
scattered and partly controversial.

Protovirgularia dichotoma is well represented in Lower Ordovician
(perhaps Cambrian) to Mississippian deep-marine deposits, while it is
less common in shallow- and marginal-marine environments during that
period. Continental examples exist from the Pennsylvanian to the early
Permian. In the Mesozoic, P. dichotoma is most common in shallow- and
marginal-marine (Upper Cretaceous) environments, whereas in the
Cenozoic it is recorded from all major-marine environments.

Protovirgularia pennata is documented from all marine environments
of Ordovician (potentially Cambrian) to Carboniferous age (mainly
carbonates). Mesozoic records are scattered from shallow-marine and
deep-marine environments, while only one Cenozoic occurrence is
recorded from the deep sea.

Protovirgularia rugosa is the most common and widespread Proto-
virgularia ichnospecies, known from all major environments and back to
the early Cambrian. In the Palaeozoic, most records are from shallow-
marine deposits, only sporadically occurring in Ordovician and Silu-
rian deep-marine deposits. It is common in Carboniferous and early
Permian marginal-marine and continental environments. Triassic and
Jurassic examples are mainly from shallow- and marginal-marine de-
posits, followed by a strong deep-marine record during the Cretaceous to
Neogene. P. rugosa is also documented from Holocene and Recent
deposits.

Protovirgularia longespicata has the second-largest distribution after
P. rugosa. From the Cambrian to the Jurassic, it mainly occurs in
shallow-marine, subordinately also in marginal-marine environments.
Continental occurrences are recorded in the Pennsylvanian and early
Permian. From the Cretaceous to the Neogene, a shift into the deep sea
occurs.

Protovirgularia bifurcata is so far only known from Middle Triassic
shallow-marine carbonates and potentially occurs in the Mississippian,
although more records can be expected in the future.

Following the idea of malacostracan crustaceans, especially isopods,
as the main producers of Protovirgularia ispp., parallels to the evolutions
of these groups can be drawn. Isopods apparently evolved in shallow-
marine environments by at least the early or mid-Palaeozoic (Brusca,
1997), and molecular analysis of malacostracan crustaceans suggests
their diversification in the Ordovician (Robin et al., 2021). Major radi-
ation of shallow-marine fishes, the principal predators of isopods, in the
middle Palaeozoic possibly favoured the colonization of deep-marine
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environments (Brusca, 1997), although this process took place several
times (Wilson, 1980; Wilson and Hessler, 1987). Nevertheless, a portion
of the Protovirgularia record was likely produced by other tracemakers
than isopods, foremost protobranch bivalves, which might result in
different biogeographical signals (e.g., Zhang et al., 2022) and simply
overprints this trend.

6. Conclusions

A comprehensive review of the ichnogenus Protovirgularia was per-
formed, based on the investigation of available type material. Fourteen
ichnogenera are regarded as junior subjective synonyms of Proto-
virgularia. The convolute history of this old ichnogenus led to the erec-
tion of numerous ichnospecies on the grounds of different
ichnotaxobases. In this review, the kind of trace fossil and its habitus are
regarded as significant features, whereas the shape, size and orientation
of appendages or sediment pads are accessory.

Consequently, five ichnospecies are maintained due to their distinct
morphological features, which are Protovirgularia dichotoma, P. pennata,
P. rugosa, P. longespicata and P. bifurcata. This classification is supported
by a morphometric analysis of key characteristics, such as burrow width,
number of segments, and chevron inclination. A literature review with
the examination of hundreds of specimens described and figured in 184
publications confirms the recurrence of these ichnospecies. They
represent morphological endmembers with a wide spectrum of charac-
teristics, some of which are intergradational on the interspecific level.

Likewise diverse is the interpretation of the supposed tracemakers of
Protovirgularia. Although protobranch bivalves are generally believed as
their producers, the morphological characteristics support an old-
established assumption that arthropods are the tracemakers in most
cases. Several lines of evidence suggest malacostracan crustaceans (e.g.,
isopods) as likely producers of many Protovirgularia.

Except the recently described P. bifurcata, all other Protovirgularia
ichnospecies occur throughout the Phanerozoic. Most Palaeozoic
P. dichotoma records are from the deep sea, whereas younger occur-
rences dominate in shallow-marine to continental deposits. P. pennata
has a strong shallow-marine record in the Palaeozoic, whereas younger
examples dominate in the deep sea. P. rugosa is abundant in shallow-
marine environments until the Jurassic, is also known from continen-
tal deposits, and migrates into the deep sea in the Cretaceous to
Neogene. Likewise, P. longespicata has a strong record in shallow-marine
environments until the Jurassic and occurs in the deep sea in Cretaceous
to Neogene time.
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