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Abstract

Marcopoloichthys furreri sp. nov., a small scaleless fish from the Ladinian of Switzerland, is described based on ten well preserved
specimens, which provide outstanding morphological information, allowing the re-study of the family and generic diagnoses that
were solely based on a few Eurasian marcopoloichthyids. An exhaustive investigation of morphological features of M. furreri pro-
vides evidence of new morphological structures not previously known in Triassic neopterygians (e.g., supraneural carrier; two pairs
of nasal bones; mesethmoid; series of three bony postcleithra) that are interpreted as autapomorphies of Marcopoloichthys, which
occur together with some primitive features (e.g., lack of supramaxillae; presence of surangular and coronoid; aspondylous vertebral
column; clavicle present). The combination of primitive and advanced characters proved to be critical when M. furreri was added
to a previous hypothesis of neopterygian relationships, because it provided unquestionable support for Marcopoloichthys as a stem
teleost or teleosteomorph. Some characters supporting this interpretation are the presence of a mobile premaxilla; an unpaired vomer;
and first and last principal rays forming leading margins of caudal fin. Additionally, Marcopoloichthys furreri, due to a combination
of teleostean synapomorphies (e.g., epineural processes; four pectoral radials; propterygium fused with first pectoral ray), stands
in a polytomy with aspidorhynchiforms and more advanced teleosteomorphs in another phylogenetic analysis. Consequently, the
combination of characters of Marcopoloichthys is relevant for understanding the taxonomy and systematics of crown neopterygians.
Marcopoloichthyids were suction-feeding fishes, and the excellent preservation of the new species permits discussion of the anatom-
ical modifications involved in the feeding and resting processes.
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Introduction

The new material studied here was recovered in Ducan-
furgga in a few localities of the Prosanto Formation near
Davos, Canton Graubiinden (Grisons), Swiss Alps. The
Prosanto Formation forms part of the marine Middle Tri-
assic (Ladinian) from the Silvretta Nappe (Fig. 1). The
depositional environment of the Prosanto Formation is
interpreted as a localized basin with a stratified waterbody
that resulted in oxygen-depleted bottom water. Details of

the geology, stratigraphy, and paleoecology have been
described by Eichenberger (1986), Biirgin et al. (1991),
Furrer et al. (1992), and Furrer (1995, 1999, 2004). After
reviewing the lithology of the specimens, which is always
a finely laminated grey limestone typical of the upper-
most Prosanto Formation, it is suggested that all the spec-
imens included in this contribution originated from this
uppermost part, about 10 to 20 meters below the upper
boundary and a few meters above the volcanic ash layer
known as “Ducan I”” (Furrer pers. com., December 2021).

Copyright Gloria Arratia. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original author and source are credited.
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Starting in 1989, a large number of new fossils from
the Prosanto Formation had been discovered in system-
atic excavations by Dr. Heinz Furrer and his team from
the University of Zurich. The recovered fossils include
calcareous algae, bivalves, gastropods, cephalopods,
crustaceans (Biirgin et al. 1991), and vertebrates, such
as fishes and reptiles, with the fish fauna largely dom-
inated by the actinopterygian Habroichthys (Biirgin
1999; Furrer 2019). The fishes that have been described
are mainly actinopterygians, such as saurichthyiforms
(e.g., Saurichthys curionii [Bellotti, 1857], S. costasqua-
mosus Rieppel, 1985), perleidiforms (e.g., Platysiagum
minus Egerton, 1872; Ctenognathichthys bellotti Biirgin,
1992; Ctenognathichthys hattichi Birgin & Herzog,
2002; Peltoperleidus ducanensis Biirgin et al., 1991),

peltopleuriforms (Peltopleurus lissocephalus Brough,
1939; Peripeltopleurus vexillipinnis Biirgin, 1992;
Peltoperleidus obristi Herzog, 2001), stem neopterygians
(Habroichthys minimus Brough, 1939 and Biirgin 1990;
H. griffithi Biirgin, 1992), and parasemionotiforms (e.g.,
Eoeugnathus megalepis Brough, 1939 and Herzog 2003;
and Prosantichthys buergeni Arratia & Herzog, 2007).
Undescribed actinopterygians include Colobodus sp.,
Luganoia sp., Eosemionotus sp., Archaeosemionotus sp,
and many others (see Biirgin 1999: appendix 2 and Fur-
rer 2019), as well as two coelacanthiforms, Ticinepomis
peyeri (Cavin et al., 2013) and Foreyia maxkuhni (Cavin
etal., 2017).

Among the fishes mentioned in the literature, there
are three specimens from the Prosanto Formation that
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Figure 1. A. Approximate geographic position of localities containing Marcopoloichthys furreri sp. nov., indicated with red circles;

B. Stratigraphy of the Silvreta Nappe with special emphasis of the Prosanto Formation and distribution of faunas and floras. Abbre-

viated and slightly modified from Furrer (2019: fig. 11).
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were previously identified as Prohalecites sp. (Biirgin
et al. 1991) or Neopterygii incertae sedis gen. et sp. in-
det. (Biirgin 1999: fig. 8) that are included in this study.
These specimens, plus six others collected between
1991 and 2003 in the Early Ladinian strata of the Pro-
santo Fm., were preliminarily listed in the catalogue as
“gen. and sp. indet.”, which included a young individu-
al about 23 mm maximum length. Due to their preserva-
tion, a long process of careful preparation was required,
which revealed features common to all of them. In
2021, a new specimen of this fish was collected. These
ten specimens are studied herein, including an exten-
sive anatomical description allowed by the excellent
preservation, plus the description of a few anatomical
structures previously unreported in fish anatomy. They
are assigned to the family Marcopoloichthyidae and its
genus Marcopoloichthys (Tintori et al., 2007), whose
original diagnoses are based on much lesser quality
material from the Anisian of China (Marcopoloichthys
ani) and the Norian of Italy (M. ani, M. andreettii, and
M. faccii, which was previously described as Pholido-
phorus faccii by Gortani in 1907). Marcopoloichthy-
ids were broadly interpreted as basal neopterygians by
Tintori et al. (2017), following Patterson’s (1973) con-
ception of Neopterygii, although the authors mentioned
certain similarities with the Middle Triassic teleosteo-
morph Prohalecites.

Marcopoloichthyids, which are small fishes of about
5 cm maximum length, are easy to identify because of
their special mouth configuration as suction feeders to-
gether with a naked body and a vertebral column with
a persistent, functional notochord and well-developed
arcocentral vertebral elements. The nice preservation of
the new species described herein from the Prosanto For-
mation in Switzerland allows the description of several
cranial and vertebral column characters that were un-
known, making this the most completely known species
within the family. Additionally, specimens of different
sizes exhibit ontogenetic changes that lead to reevalu-
ation of the family and generic diagnoses, and the ex-
cellent preservation of specimens with closed and open
mouths yields an understanding of the suction feeding
mechanism of marcopoloichthyids. A phylogenetic anal-
ysis was conducted to investigate the position of these
fishes among Neopterygii.

Material and methods

The material studied here consists of ten specimens, nine
of which are catalogued in the collections of the Paleonto-
logical Institute and Museum, University of Zurich, Swit-
zerland (PIMUZ) and one in the Bilindner Naturmuseum,
Chur, Canton Graubiinden (BNM). Most of the specimens
were found at localities in the so-called “Ducan” moun-
tain chain: Ducanfurgga, Ducantal, Gletscher Ducan and
the upper Val da Stugl—all within three km on both sides
of the mountain “Gletscher Ducan” (Fig. 1; Table 1).

The older collected specimens used in the description
of the new species were mechanically prepared by Angela
Ceola and Christian Obrist, whereas the most recently col-
lected were both mechanically prepared by Christin Obrist
and acid prepared (3—5% formic acid) by Heinz Furrer.

Wild FM 8 and Leica MZ9 stereomicroscopes
equipped with a camera lucida were used by the author to
prepare the line drawings of the specimens. Parts of the
specimens were photographed under normal light at the
Museum fiir Naturkunde, Leibniz Institute for Evolution
and Biodiversity Science (Berlin, Germany); others were
photographed at the Paleontological Institute and Muse-
um, University of Zurich. Most illustrations are based
directly on specimens; a few are based on photographs.
Photographs are not retouched with Photoshop. The latter
was only used to label figures.

Anatomical terminology

The terminology of the skull roof bones follows Westoll
(1943), Jollie (1962), and Schultze (2008 and literature
cited therein) that has been recently confirmed using other
evidence (Teng et al. 2019). To avoid confusion, the first
time that the parietal and postparietal bones are cited in the
text, as well as in all figures, the traditional terminology
is shown in square brackets, e.g., parietal bone [= frontal]:
pa [= fr]. The terminology of the vertebral column follows
Arratia et al. (2001) and Arratia (2015), whereas that of
the caudal endoskeletal elements and caudal skeletal types
(e.g., polyural or diural) follows Nybelin (1963), Schultze
and Arratia (1988, 1989, 2013), and Arratia and Schultze
(1992, 2013). The count of vertebrae follows Tintori et
al. (2007) to ensure that the results are comparable. The

Table 1. Record of specimens of Marcopoloichthys furreri sp. nov. from the Prosanto Formation (Early Ladinian), Switzerland.

Catalogue Nr. Locality Community Date References

A/l 1194 Valbellahorn 2 Wiesen 21.08.1989 Biirgin et al. (1991); herein
A/11924 Ducantal-Mannli-Schutthalde Davos Sertig 1990 Biirgin et al. (1991); herein
A/11958 Gletscher Ducan 3 Stugl-Bergiin 21.08.1991 Biirgin (1999); herein
A/12841 Gletscher Ducan 3 Stugl-Bergiin 21.08.1991 Herein

A/12886 Gletscher Ducan Davos Sertig 30.07.2003 Herein

A/l 2888 Ducanfurgga 4 Davos Sertig 1999 Herein

A/T 2889 Ducanfurgga 4 Davos Sertig 2000 Herein

A/12890 Gletscher Ducan Davos Sertig 2000 Herein

A/13209 Ducanfurgga 3 Davos Sertig 17.07.1998 Herzog (2003); herein
BNM 201166 Val da Stugl-NE P. 2523 Stugl-Bergiin 2021 Herein

fr.pensoft.net
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terms fin rays, scutes, fulcra and its different types, pro-
current rays, epaxial rudimentary rays, and principal rays
follow definitions provided by Arratia (2008, 2009).

Phylogenetic analysis

A phylogenetic analysis was conducted to test the po-
sition of Marcopoloichthys among neopterygians. This
analysis used the list of characters and matrix of Chen
and Arratia (2022; Suppl. materials 1, 2), which is an
expanded matrix of Xu (2020a) and has a large repre-
sentation of neopterygian clades. Boreosomus, Moytho-
masia, and Pteronisculus were included in the outgroup.
A second phylogenetic analysis was performed to test
the position of Marcopoloichthys among teleosteo-
morphs. This analysis used the list of characters and
matrix of Arratia et al. (2021; Suppl. materials 3, 4).
Australosomus, Bergeria and Polypterus were used as
outgroups. The phylogenetic analyses were conducted
using PAUP* 4 (PAUP 4.0a169). All characters are un-
ordered and unweighted.

Systematic paleontology

Superclass Actinopterygii Cope, 1887
Neopterygii Regan, 1923 sensu Xu (2020b)
Infraclass Teleosteomorpha Arratia, 2001

Family Marcopoloichthyidae Tintori et al., 2007

Emended diagnosis. The family diagnosis is based on
a unique combination of characters (uniquely derived
features among teleosteomorphs are identified with an as-
terisk [*]): Small fishes about 55 mm maximum length,
with naked body, and highly modified protractile upper
and lower jaws giving the anterior part of the head a char-
acteristic profile [*]. The body shape is torpedo-like, with
a head about 50% deeper than the caudal peduncle [*].
T-shaped mesethmoid with strong lateral processes. Two
pairs of nasal bones [*]. Absence of supramaxillae [*].
Absence of dentition [*]. Preopercle L-shaped. Interoper-
cle small triangle-like. Vertebral column with persistent
notochord in older forms; chordacentral vertebral column
in younger. Vertebral caudal region diplospondylous, with
small interdorsal and interventral elements. Ossified ribs
absent. Short, stout epineural processes associated to the
abdominal neural arches. Large and curved pelvic plates.
First dorsal fin proximal radial enlarged and plate-like,
resulting from fusion of three or more radials and sup-
porting four or more dorsal rays [*]. Enlarged last dorsal
proximal radial supporting several dorsal rays [*]. First
anal fin proximal radial basally expanded and very elon-
gate and dorso-anteriorly bent, acting as post-coelomic
bone [*]. Last anal fin proximal radial highly modified,
expanded, and plate-like, supporting three or more lepi-
dothrichia [*]. No fringing fulcra associated with paired,
dorsal, or anal fins. Homocercal caudal fin with both lobes

fr.pensoft.net

deeply forked. Body lobe of the caudal fin completely re-
duced. Ural region with five or six broad and short hy-
purals. Diastema hypural absent or very narrow. Caudal
fin with dorsal and ventral scutes; well-developed epaxial
and hypaxial basal fulcra; short series of epaxial and hy-
paxial fringing fulcra reaching about half length of first
and last principal rays. Accessory fulcra present in hypax-
ial caudal lobe. Procurrent rays only present in the hypax-
ial lobe of caudal fin. Eighteen to 21 principal caudal rays.
A few large scales around urogenital opening [*].

Content. One genus and four species known, Marcopo-
loichthys ani, M. andreetti, M. faccii, and M. furreri sp. nov.

Geographic distribution. Eurasian distribution, in-
cluding Southern China (Yunnan and Guizhou Provinc-
es), Northern Italy (Lombardy and Friuli), and eastern
Switzerland (Canton Graubiinden). Another undescribed
species is present in the Middle Triassic of southern Swit-
zerland, in Monte San Giorgio, Canton Ticino; T. Biirgin,
pers. comm., 2022.

Age. From Anisian (Middle Triassic) to Norian (Late
Triassic).

Genus Marcopoloichthys Tintori et al., 2007

Diagnosis. Same as family diagnosis.

Marcopoloichthys furreri sp. nov.
https://zoobank.org/501280EA-CD8A-4464-96DE-C130D417D05C
Figs 2-14

1991 Prohalecites sp. Biirgin et al., p. 964, mention (for specimens
PIMUZ A/I 1194 and 1924).

1999 Gen. et sp. indet. Biirgin, p. 487, fig. 8, mention (for specimen
PIMUZ A/1 1958).

1999 Neopterygii incertae sedis. Biirgin, p. 494, app. 2, mention (for
specimen PIMUZ A/1 1958).

2003 Halecostomi gen. et sp. indet. Herzog, p. 93, mention, text-fig. 29
and pl. 18/2 (for specimen PIMUZ A/1 3209).

Diagnosis. The species diagnosis is based on a unique
combination of characters: The largest marcopoloichthyid
reaching ca 55 mm maximum length. Skull roof covered
with small and rounded oval tubercles and a few ridges of
ganoine. Premaxilla and maxilla with slightly expanded
articular region, spatulate-like and with crenulated ante-
rior margin. Dentary ornamented with strong ridges and
deep grooves; anterior margin covered with well-devel-
oped tubercles of different shapes. Short vertebral column
with 33 to 35 vertebral segments, the first five fused into
one element, the supradorsal carrier. With about nine su-
pradorsal bones; the first five expanded distally, followed
by sigmoid-shaped supradorsals; last supradorsal bones
placed in front of the plate-like first compound dorsal
proximal radial. Abdominal and first caudal neural arches
with stout epineural processes reaching the next poste-
rior neural arch. Dorsal fin support with first expanded
proximal radial a massive squarish plate formed by fusion
of four proximal radials. Last anal proximal radial with
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long and distally expanded region supporting several lepi-
dotrichia. Five hypurals; no hypural diastema present. Ten
or 11 epaxial basal fulcra. Short series of epaxial fringing
fulcra. Twenty or 21 principal caudal rays with straight
segmentation. One to three short hypaxial procurrent
rays; accessory hypaxial fulcra present. About 12 hypaxi-
al basal fulcra. No urodermals present. With three or four
large, ovoid scales associated with the urogenital region.
Derivation of name. The species name, furreri, hon-
ors Dr. Heinz Furrer who has dedicated most of his distin-
guished professional career to Triassic fossils of Switzer-
land, especially those of the Prosanto Formation.
Holotype. PIMUZ A/I 2886, an almost complete speci-
men, very well preserved (Fig. 2A) with a bent abdominal
vertebral region; it was collected in Gletscher Ducan, Da-
vos, in the Canton of Graubiinden, Switzerland on July 30,
2003. Upper Prosanto Fm., Early Ladinian, Middle Triassic.
Paratypes. PIMUZ A/I 1194, TL about 23 mm; poorly
preserved. PIMUZ A/I 1924, almost complete specimen,

but it appears longitudinally compressed; poorly pre-
served. PIMUZ A/I 1958 almost complete, very well-pre-
served specimen from the same locality as holotype.
PIMUZ A/1 2886, complete specimen: TL ca 50 mm.
PIMUZ A/I 2888, incomplete, disarticulated specimen
with well-preserved disarticulated pectoral girdle and fin.
PIMUZ A/I 2889, incomplete specimen; anterior part of
body, some abdominal vertebrae, pectoral and pelvic fins
poorly preserved. PIMUZ a/1 2890, incomplete specimen
missing part of head, paired fins, anal fin and posterior
part of caudal fin. PIMUZ A/I 3209, an almost complete
specimen of about 54.5 mm maximum length, with nice-
ly preserved head and caudal fin. BNM 201166, almost
complete specimen of ca 45 mm total length. See Table 1
for more information concerning specific specimens.

Type locality and age. Gletscher Ducan, Davos, in the
Canton Graubiinden, Switzerland. Upper Prosanto Fm.,
Early Ladinian, Middle Triassic. See Table 1 for informa-
tion on localities and ages of specimens studied.

PIMUZ A/1 3209. Scale bars: 5 mm. Photographs in A and B were taken by T. Scheyer and in C by C. Radke.

fr.pensoft.net
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Figure 3. Marcopoloichthys furreri sp. nov. in lateral view. A. Paratype PIMUZ A/I 1958; B. Paratype PIMUZ A/I 2841. Scale bars:

5 mm. Photographs were taken by C. Radke.

Description. General description. The fish is ca 55 mm
total length, slightly torpedo-like form (Fig. 2), with the
head about three times deeper than the caudal peduncle.
The dorsal fin insertion placed near to or at the midpoint
of standard length (51-53% of SL). The pelvic fin inser-
tion is placed at the same level of the dorsal fin insertion,
but in one specimen is placed anteriorly (48—54%). The
anal fin insertion is closer to the insertion of the pelvic fins
than to the caudal fin (60-68% of SL); consequently, the
fish has a long peduncle. The head is proportionally large,
about 33 to 38% of standard length, and its aspect is very
different when the mouth is closed compared to open.
When the mouth is closed, most of the dorsal profile of the
head looks gently rounded, decreasing in depth anteriorly
(Fig. 3A; PIMUZ A/I 1958). When the fish is preserved in
“feeding mode”, the mouth is extended anteriorly, as well
as the bones supporting the lower jaw, giving the head a
characteristic profile (Figs 2C, 4; PIMUZ A/l 3209). The
orbit is moderately large, about 28 to 39% of head length,
and the preorbital region is moderately short, ca 25% of
head length (specimens with closed mouth). The pectoral
fins have a low position, closer to the ventral margin of
the body than to the middle region of the flank (Figs 2, 3).
The caudal fin is homocercal with both lobes almost the
same size and with its posterior margin deeply forked. All
exposed surfaces of cranial bones are ornamented with

fr.pensoft.net

tubercles and longitudinal ridges covered with a thin layer
of ganoine. The lateral surface of fin rays and fulcra is
covered with a thin layer of ganoine. The body is naked,
except for a few large scales (or scutes?) around the uro-
genital region, probably one in front of the dorsal fin, and
dorsal and ventral scutes in the caudal fin.

Skull roof and braincase. Although the skull roof is
preserved in several specimens, it is almost impossible to
trace each bone, because sutures are not visible due to fu-
sion (Figs 4, 5). As the preservation permits, the bones of
the skull roof apparently have smooth surfaces; however,
under magnification, the bony surfaces may be densely
ornamented with small, round or oval tubercles and short,
longitudinal ridges (Fig. 5B). The ornamentation is cov-
ered by a thin layer of ganoine.

The parietal [= frontal] region is about 2.5-3 times
longer than the postparietal [= parietal] region, and the
limit between dermopterotic and postparietal cannot be
traced (Figs 4, 5A, B). Consequently, it is assumed here
that the postparietal and dermopterotic are fused to each
other. This possibility is supported by the skull roof of
the paratypes PIMUZ A/l 2887 and PIMUZ A/I 3209
(Figs 4, 5). According to available information, no speci-
men illustrates a complete fusion involving left and right
sides of the skull roof, but each side is independent from
its antimere.
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Figure 4. Marcopoloichthys furreri sp. nov. A. Photograph of right side of the skull roof of paratype PIMUZ A/I 2887 (photograph
was taken by C. Radke); B. Interpretative drawing. Abbreviations: a.cer, anterior ceratohyal; a.na, accessory nasal bone; ang,

angular; asp, autosphenotic; cl, cleitrum; de, dentary; ect, ectopterygoid; exc, extrascapular; hh, hypohyal; iop, interopercle; mx,
maxilla; na, nasal bone; mc, mandibular canal; met, mesethmoid; mx, maxilla; pa[=fr], parietal [= frontal] bone; op, opercle; orbs,
orbitosphenoid; pal, palatine; p.cer, posterior ceratohyal; par, parasphenoid; pcl, postcleitra 1-3; pec.f, pectoral fin; pmx, premaxilla;
pop, preopercle; ppa+dpt [= pa + dpt], postparietal + dermopterotic bone; qu, quadrate; sang, surangular; scl, supracleithrum; sop,
subopercle; sy, symplectic; vo, vomer; ?, uncertain or unknown. Scale bars: 5 mm.

From posteriad to rostrad, the skull roof is formed by
the broadly and latero-ventrally expanded dermopterotic
fused with the postparietal (postparietal + dermopterotic),
which are densely covered with small tubercles (Fig. SA,
B). Apparently left and right bones are contacting each
other through a straight suture (= sutura harmonica). It
is unclear whether the parietal branch of the supraorbit-
al canal extends into the compound bone, or the anterior
middle pit-line is the one placed from the anterior mar-
gin to almost the half of the bone almost reaching the
middle pit-line (Fig. 5B). The middle pit-line, as well as

the anterior pit-line, are placed in conspicuous grooves.
A posterior pit-line has not been observed. It is unclear
if the supraorbital canal was covered by thin bone that
collapsed after death and burial. The trajectory of the otic
canal is not evident in the available specimens. The late-
ro-ventral region of the postparietal + dermopterotic to-
gether with the autosphenotic are the main elements that
articulate with the hyomandibula. Posterior to the post-
parietal + dermopterotic is a narrow, triangular bone that
it is interpreted as an extrascapular (Fig. 5B). Although
the extrascapular is incomplete in the available material,

fr.pensoft.net



238 Gloria Arratia: The outstanding suction-feeder Marcopoloichthys furreri new species

ppa"l'dpt [= pa+dpt]

Figure 5. Marcopoloichthys furreri sp. nov. in lateral view illustrating some cranial bones in paratype PIMIZ A/I 2887. A. Cranium
and pectoral girdle and fin in lateral view; photograph was taken by T. Scheyer; B. Skull roof bones illustrating ornamentation;
C. Upper jaw bones; ornamentation on bones is damaged. Abbreviations: a.na, accessory or additional nasal bone; a.pl, anterior
pit-line; exc, extrascapular; met, mesethmoid; m-pl, middle pit-line; mx, maxilla; na, nasal bone; pa[=fr], parietal [= frontal] bone;
pmx, premaxilla; ppa+dpt [= pa + dpt], postparietal + dermopterotic bone; ptt, posttemporal. Scale bars: 1 mm.

it appears to be in contact, or at least becomes closer, to
its antimere medially. The postero-median region of the
skull roof is not preserved in any specimen, hence it is
unknown whether a supraoccipital bone was present.
The short lateral process of the autosphenotic is well-os-
sified, but its dorso-lateral walls are not well preserved (Fig.
4). The autosphenotic seems to be fused with the postpari-
etal + dermopterotic region posteriorly in the holotype (Fig.
2A), whereas it is not preserved in PIMUZ A/I 2887 (Fig.
5), which raises the possibility that the autosphenotic is not
fused to any of its surrounding bones in this specimen.
The parietal [= frontal] is the longest bone of the skull
roof, about twice the length of the postparietal + der-
mopterotic, and it ends just short of the postero-dorsal
corner of the orbit; anteriorly it ends near the antero-dor-
sal corner of the orbit. Due to conditions of preservation,
the interparietal [= frontal] and postparietal [= parietal]
sutures are not discernable in most specimens, except
for PIMUZ A/I 2887 that shows straight sutural borders
(Fig. 5A, B). Because of the parietal preservation, it looks
like a fontanelle was partially separating both left and
right bones medially. The trajectory of the supraorbital
canal is partially visible in PIMUZ A/I 2887 (Fig. 5), and
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no lateral sensory tubules or pores are observed. It is un-
clear whether the sensory canal was placed in a groove
or whether the groove was covered by thin bone that has
collapsed. The bones described above are part of the im-
movable region of the skull roof. In contrast, the so-called
snout is formed by bones that are loosely articulated and
changed position during the suction feeding process.

The anterior movable region of the skull roof includes,
from posteriad to rostrad, an extra bone identified here as
a posterior nasal or additional nasal, a nasal bone, and the
mesethmoid (Figs 4A, A, 5A, B, 6, and 7). The first two are
paired, whereas the latter is an unpaired bone. The addi-
tional nasal is a somewhat ovoid-shaped bone with slightly
irregular anterior and posterior margins loosely articulated
with the parietal posteriorly and the nasal bone anteriorly;
when the fish is not feeding, this bone is placed downward,
forming a kind of anterior margin to the parietal bone, and
because of its position, it can be confused with the later-
al ethmoid. This additional nasal is preceded by the nasal
that is almost as long as the additional nasal in PIMUZ A/I
2887 (Figs 5, 6), but is about twice the length in the holo-
type (Fig. 6) and is almost rectangular-shaped. Unfortu-
nately, its lateral margins are damaged in most specimens.
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Both nasals seem to be loosely articulated medially. The
supraorbital sensory canal is positioned almost in the
mid-region of the additional nasal and nasal bones. Part of
the surface of the nasal bone is covered by rounded tuber-
cles in the holotype (Fig. 6). Forming the tip of the snout is
a T-shaped median bone, the mesethmoid (Figs 4-7), with
strongly ossified lateral processes, as well as a strongly
ossified and elongate posteromedian process. There is no
evidence of a rostral commissure. The holotype, PIMUZ
A/I 2886, has an outstanding element preserved, which by
comparison with some living atherinomorphs and cyprino-
dontiforms with suction feeding mechanisms, is interpret-
ed as the rostral cartilage (Fig. 6). The rostral cartilage can
be a continuous element extending in front of the parietal
to the mesethmoid anteriorly. It can be perforated or not. In
this case, only one ovoid foramen is observed, and because
of this, I interpret that the rostral cartilage was broader, and
its right side is incompletely preserved.

Morphologically, the anterior tip of the skull roof looks
very different when the mouth is not open (e.g., Figs 5-7)
compared to open (Figs 4, 7). When the mouth is closed,
the anterior articular margin of the parietals together with
the additional nasals produce a marked curved, down-
ward region where the additional nasals lie. When the
upper jaw is protracted, the profile of the anterior part of
the head changes with the additional nasals, nasals, and
mesethmoid placed almost in a straight line in front of the
anterior margin of the parietal bones and the well-ossified
lateral ethmoids. Since the mentioned bones are loosely
connected, it is assumed here that the bones involved in
the suction mechanism were kept in their position by the
aid of ligaments and the rostral cartilage, but due to their
soft structure, they were lost after death and burial.

The orbitosphenoid is not preserved in most specimens,
but apparently both eyes are separated by an incomplete in-
terorbital septum as shown by specimen PIMUZ A/I 3209
(Fig. 4). The lateral ethmoid is well-ossified and slightly
bent, but its preservation does not allow a proper description.

The antero-middle region of the parasphenoid is vis-
ible in one of the fishes (Fig. 4), permitting its partial
description. The parasphenoid is narrow anteriorly, it
expands slightly posteriorly, and part of its ascendant
process is poorly preserved just posterior to the orbital
region. There are no teeth associated with the ventral
surface of the bone or scattered below the parasphenoid.
The parasphenoid joins anteriorly a small, narrow, trian-
gular-shaped, and unpaired vomer (Fig. 4). No teeth are
associated with the vomer either.

Orbit and circumorbital series. The fish has a moder-
ately large orbit (Figs 2, 3A, 7), ranging from 28 to 39%
of head length. When the fish was not feeding, the orbit
was almost rounded, but when the fish was in feeding
action, and the mouth protracted anteriorly, the orbit be-
came oval-shaped.

The series of circumorbital bones is incomplete; supra-
orbital bones are absent dorsally, as well as an antorbital
that seems to be missing at the antero-dorsal margin of
the orbit in most specimens. Since I do not feel confident

Figure 6. Marcopoloichthys furreri sp. nov. Anterior region of
skull roof of holotype, PIMUZ A/I 2886. A. Photograph; it was
taken by T. Scheyer; B. Interpretative drawing. Abbreviations:
a.na, accessory or additional nasal; met, mesethmoid; na, nasal
bone; ro.c, rostral cartilage. Scale bars: 2 mm.

about the presence of an antorbital in this fish, I consider
its presence uncertain. The infraorbital bones are thin and
fragile and destroyed in most specimens. They are partial-
ly preserved in the paratype PIMUZ A/l 1958 (Fig. 2B);
however, their delicate preservation makes their descrip-
tion difficult. Their total number is probably five plus a
small dermosphenotic (Fig. 7). It is unclear whether the
small flat bone placed between the dermosphenotic and
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Figure 7. Marcopoloichthys furreri sp. nov. Restorations of head in lateral view. Heads reversed to the left. A. Fish during rest,
based mainly on specimens PIMUZ A/l 1958, PIMUZ A/I 2841, PIMUZ A/l 2886; and BNM 201166; B. Fish during feeding,
based mainly on specimen PIMUZ A/I 1958, PIMUZ A/I 2887; and BNH 201166. Abbreviations: a.cer, anterior ceratohyal; a.na,
accessory or additional nasal bone; ant? antorbital?; asp, autosphenotic; cl, cleitrum; clv, clavicle; de, dentary or dentosplenial; dsp,
dermosphenotic; ect, ectopterygoid; ent, entopterygoid; exc, extrascapular; hh, hypohyal; i0o1-5, infraorbitals 1-5; iop, interoper-
cle; lat.e, lateral ethmoid; met, mesethmoid; mx, maxilla; na, nasal bone; op, opercle; pa [=fr], parietal bone [=frontal bone]; par,
parasphenoid; ppa+dpt [= pa+dpt], postparietal bone + dermopterotic [= parietal bone + dermopterotic]; p.cer, posterior ceratohyal;
pcl 1-3, postcleithrum 1-3; pmx, premaxilla; pop, preopercle; qu, quadrate; sang, surangular; s.ap, serrated appendage; scl, supra-
cleithrum; sob, suborbital; sy, symplectic; vo, vomer. Scale bars: 1 mm.

anterior margin of the preopercle is a suborbital or part
of the most dorsal infraorbital, but it is interpreted here
as a suborbital.

Infraorbital 1 is the largest bone of the series, some-
what rectangular-shaped and with some broad sensory
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tubules that are difficult to count (Fig. 2B; PIMUZ A/l
1958); infraorbital 1 is incompletely preserved in PIMUZ
A/1 2887, and the main infraorbital canal seems to be
placed in a groove, but this could be misleading, since a
groove is not observed in PIMUZ A/I 1958. Infraorbital
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2 is an elongate, narrow bone, bearing a groove for the
infraorbital canal (or the outer wall of the sensory tube
is broken away). Infraorbital 3, at the posteroventral cor-
ner of the orbit, is slightly enlarged, reaching the anterior
margin of the preopercle and its circumorbital margin, as
well as that of the dorsal most infraorbital(s); it is well-os-
sified, and its few sensory tubules seem to be positioned
in grooves. Infraorbital 4 is square-shaped, with its mar-
gin heavily ossified and with at least one sensory tubule.
If a fifth infraorbital is present, it should be mainly rep-
resented by the thickened orbital margin. A description
of the dermosphenotic is not possible because of poor
preservation. The possible suborbital is a narrow, squar-
ish bone dorsally and triangular-shaped ventrally, but this
also could be the flat laminar surface of infraorbital 5.
Unfortunately, there is not another specimen preserving
the infraorbital series, so these uncertainties cannot be
clarified with the available material.

In most specimens there are no orbitosphenoid or scle-
rotic bones preserved, and the orbital space looks “clean”.
It is uncertain whether this condition is the result of the
preparation of this area, but one specimen (PIMUZ A/I
3209; Fig. 4) shows remnants of bones preserved. Due
the flatness of the bones, it is unclear if these can be con-
sidered sclerotic bones or parts of a broken orbitosphe-
noid. In another specimen (Fig. 3A), there is one elongate
bone at the anterior part of the orbit, giving the impres-
sion of the presence of an enlarged, slightly concave an-
terior sclerotic bone, but a possible posterior sclerotic is
not preserved.

Upper jaw. Premaxilla and maxilla form the upper
jaw. A supramaxilla has not been observed in any speci-
men, and it is assumed here to be absent. Both bones lack
teeth, and their ventral margin is smooth. The premaxilla
is about half of the length of the maxilla, and when the
mouth is closed, the premaxilla is placed ventral to the
ventral border of the maxilla, but when the mouth is open,
both premaxillae project anteriorly in a very distinct po-
sition (compare Figs 2A and 3A with 2C and 4; and Fig.
7A with 7B).

The premaxilla (Figs 4, 5C) is a slightly bent bone,
with its proximal end slimmer than the main section of the
bone, which expands gently distally, ending in a straight
margin. The slightly curved proximal region of the bone
(Fig. 5C) lacks an ascendant process or any other process
and is slightly spatulate, with a few short interdigitating
ridges separated from each other by short grooves, giving
this region a characteristic surface.

The maxilla (Figs 4, 5C) is an elongate bone, ending
below the posterior half of the orbit and about the level of
the articulation of the quadrate-lower jaw when the mouth
is closed. It is narrower in its anterior half and slightly
expanded at its anterior tip, with similar interdigitations
as in the anterior tip of the premaxilla; in contrast, the
maxilla expands gently posteriorly, keeping an elongate,
straight aspect in its middle region, and then expands pos-
teriorly, ending in a slightly triangular or rounded tip. A
supramaxillary process is absent on the dorsal margin of

the bone. The ventral margin is almost straight. The sur-
face of the maxilla is covered with longitudinal bony ridg-
es, which in some specimens retain remnants of ganoine.
When the mouth is open, the maxilla is displaced anteri-
orly (compare Fig. 2A with Fig. 4 and Fig. 7A with 7B).

Lower jaw. The jaw (Figs 4, 8) is massive, relative-
ly short, deep, and somehow triangular-shaped, with
the quadrate-mandibular articulation placed below the
posterior half of the orbit when the mouth is closed and
displaced anteriorly, below the anterior half of the orbit,
when the mouth is open (compare Figs 2A, 7A, 8 and
4, 7B). The jaw is formed laterally by three bones: den-
tary (= dentalosplenial or dentosplenial), angular, and
surangular. Medially, an ossification interpreted here as a
coronoid bone is present (Fig. 8). Since the medial view
reveals only one bone posteriorly, it is assumed here that
the angular, articular and retroarticular are fused into an
angulo+articulo+retroarticular (Fig. 8). The lower jaw is
toothless, and no evidence of sockets for teeth has been
observed in any specimen.

The sutures between angular, surangular and dentary
reveal that the dentary forms most of the jaw (Figs 7,
8). From a narrow but thick mandibular symphysis, the
dentary expands abruptly dorso-posteriad, producing a
massive and high coronoid process that is thicker and
strongly ossified at its antero-dorsal region. The latter has
a large contribution of the surangular. The antero-ventral
portion of the dentary projects anteriorly and ventrally in
a kind of flap or broad process (Figs 6A, 8) that common-
ly is broken, but it is well-preserved in A/I 3209 (Fig. 4).
The postero-ventral process of the dentary narrows poste-
riorly and extends ventrally, almost reaching the posterior
corner of the angular. A notch is absent in the ascending
margin of the dentary. The surangular is an elongate bone,
suturing ventrally with the dorsal region of the angular
portion of the angulo + articulo + retroarticular and the
postero-dorsal region of the dentary. The postarticular
process is short.

The mandibular sensory canal is placed near the ven-
tral margin of the jaw, and its trajectory is marked by a
conspicuous ornamentation that has preserved remnants of
ganoine. Sensory pores have not been observed in the pos-
tero-ventral region of the angulo + articulo + retroarticular,
so it is assumed that the mandibular canal exits medially.

The lateral surface of the lower jaw of certain speci-
mens presents a curious ornamentation at its antero-dor-
sal region of the dentary along the oral margin (Fig. 8).
The ornamentation consists of well-developed, massive
protuberances of various sizes and shapes that make the
oral margin uneven. In other specimens such ornaments
are missing (Figs 3A, 4, 6). It is unclear if these differ-
ences in ornamentation are sexual dimorphism, a hypoth-
esis that should be tested when more specimens become
available. The surface of the postero-ventral process of
the dentary presents marked longitudinal ridges in most
specimens; the deep ridges are also observed in the me-
dial view of the jaw. Both the external protuberances and
ridges are partially covered with a thin layer of ganoine.
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d.pecr,

A

/N

=

ang+ar+rar

Figure 8. Marcopoloichthys furreri sp. nov., partially preserved cranium and pectoral girdle and fins in latero-ventral view of para-
type, PIMUZ A/l 2841. Abbreviations: ang+ar+rar, angular+articular+retroarticular; b.io, broken infraorbital bones; b.arc?, broken
branchial arches?; b.r.cl, broken anterior part of right cleithrum; b.qu, broken quadrate; b.skr, broken skull roof bones; cor?, coronoid?;
d.pecr, displaced pectoral rays of left fin; hy, hyomandibula; iop, interopercle; 1.cl, left cleithrum; 1.de, left dentary; 1.pop, left preoper-
cle; .qu, left quadrate; 1.sang, left surangular; L.sop, left subopercle; L.sy, left symplectic; orn, ornaments; pmx, premaxilla; pr, ventral
process of lower jaw; r. cl, right cleitrum; r.de, right dentary; r.mx, right maxilla; r.op, right opercle; r.pop, right preopercle; r.sang,
right surangular; sap, serrated appendage; spc, space; sy, symplectic; ?, unidentified element. Scale bar: 1 mm.

The medial view of the lower jaw (Fig. 8) is somehow
concave, with a deep triangular depression at the anteri-
or confluence of the dentary and the angular portions. In
some jaws, this region gives the impression of the pres-
ence of a space between bones. In front of the depression/
space, a rectangular, well-ossified bone is positioned. Be-
cause of its position, I interpret this bone as a coronoid
devoid of teeth.

Palatoquadrate, suspensorium, hyoid arch, and uro-
hyal. Most of these elements are partially hidden by other
bones or are destroyed so that the description is restricted
to a few of them.

The regions where the metapterygoid, entopterygoid
and ectopterygoid would be placed are damaged in most
specimens, but a section of a bone that is interpreted here
as the ectopterygoid is preserved in PIMUZ A/I 3209,
anterior to the anterior margin of the quadrate (Fig. 4).
Because of the size of the preserved areas, it is assumed
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here that the metapterygoid, as well as the entopterygoid,
was a narrow bone. Another long, thin, and narrow bone
anteriorly placed to the ectopterygoid is interpreted here
as a palatine. Under the present conditions of preserva-
tion, it is impossible to clarify whether this is a dermal
(dermopalatine) or a chondral bone (= autopalatine).

The quadrate is hidden by the anterior arm or ramus
of the preopercle and the posterior region of the maxilla
when the mouth is closed (Fig. 3A) and is partially ex-
posed when the mouth is open, because the lower jaw
displaces anteriorly (Figs 4, 7). The main body of the
quadrate (Fig. 8) is slightly triangular close to its artic-
ular condyle with the lower jaw. The articular condyle is
strong and slightly laterally projected to articulate with
the lower jaw. The posterior margin of the quadrate,
which shifts to a horizontal position in continuation with
the jaw, when the mouth is open, is massive, and together
with the symplectic, which lies ventrally to the quadrate,
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provide a strong support for the lower jaw. The quadrate
seems to continue posteriorly in a flat, almost rectangu-
lar process in the holotype, whereas the process ends in
a sharp tip in PIMUZ A/I 3209 (Fig. 4). The complete
length of the symplectic is unknown, because the bone
is covered by the anterior margin of the preopercle or is
broken, but considering its position and that of the hyo-
mandibula, it is assumed here that it was a long bone. A
quadratojugal has not been observed, and it is interpreted
as absent.

The hyomandibula is incompletely preserved in all
specimens, but in some its contour is visible throughout
the preopercle. In specimen PIMUZ A/I 32009, it appears
as a long, columnar bone that is inclined ventro-anteri-
orly when the mouth is open, and together with the long
symplectic gives support to the jaw; the hyomandibula is
placed in an almost straight line when the mouth is closed.
Its dorsal region articulating with the cranium is broader
and well-ossified and continues ventrally as a well-ossi-
fied shaft; it is unclear whether an anterior membranous
flange is present or not. The dorsal articular region of the
hyomandibula (Fig. 4) apparently has only one elongate
articular condyle with the latero-ventral articular facets
of the dermopterotic and autosphenotic regions later-
ally. Nothing can be said about the opercular process.
Considering the length of the jaw and the position of
the quadrate-mandibular articulation, the symplectic is
assumed to be a long and strong bone that is partially
exposed in PIMUZ A/I 3209 and PIMUZ A/I 2841; an
alternative possibility is the presence of an elongate car-
tilaginous articular region filling the space between the
ventral margin of the hyomandibula and the dorso-poste-
rior margin of the symplectic.

The lower part of the hyoid arch preserves a posteri-
or ceratohyal (Fig. 4C, D) that is almost as long as the
anterior ceratohyal, which is an almost rectangular bone,
lacking a foramen or a notch close to its smooth, dorsal
margin. Only one massive, squarish hypohyal articulat-
ing with the anterior margin of the anterior ceratohyal
(Fig. 4C, D) is present. A urohyal has not been observed
in any specimen, and it is assumed here to be absent.

Opercular and branchiostegal series, and gular plate.
Although the preopercle is an element associated with the
suspensorium, it is included here to describe the opercu-
lar series together. The preopercle (Figs 2C, 3A, 4, 8) is
a large and L-shaped bone, which is slightly expanded
postero-ventrad. The dorsal lobe is slightly longer than
the ventral one when the mouth is closed (PIMUZ A/l
1958); however, when the mouth is open, the angle of
the preopercle changes, and both arms are about the same
length (Figs 4, 7B). Its dorsal arm is about 57% longer
than the ventral one, almost reaching the ventro-lateral
margin of the dermopterotic region. When the mouth is
closed, both arms form an almost right angle, whereas
the angle increases to over 100 degrees when the mouth
is open, as a result of the anterior extension of the mouth
and the action of assumed ligaments joining the posterior
margin of the lower jaw and the anterior margin of the

anterior arm of the preopercle and interopercle. The pre-
opercle has a gentle flange just anterior to the confluence
of both arms where a curvature of the preopercular canal
is present. A notch at the posterior margin of the bone is
absent. The preopercular canal (Fig. 8) apparently only
bears the main preopercular canal, because no tubules are
conspicuous at is dorsal arm. A few tubules (Figs 3A, 4,
7, 8) fill the preopercular ventral arm; more precise infor-
mation is not available because of incomplete preserva-
tion of the available preopercles. The sensory tubules are
delicate, simple and narrow, and open irregularly near to
or at the ventral margin of the bone.

The opercle (Figs 3A, 4, 8) is not very well preserved
in the available specimens, but still, it is possible to ob-
serve that is the largest element of the series, slightly
deeper than broad, and slightly narrower at its dorsal mar-
gin, whereas the ventral margin is slightly broader. Dor-
sally, the opercle reaches the latero-ventral margin of the
dermopterotic region, the extrascapular and the posttem-
poral, and posteriorly, the supracleithrum and cleithrum.
Its dorsal and anterior margins are almost straight, where-
as the posterior margin in gently curved, and the ventral
margin is markedly oblique. Anteriorly, the margin of the
opercle is thickened and joins the dorsal limb of the pre-
opercle, whereas it joins the subopercle postero-ventrally
and the interopercle antero-ventrally. The opercular sur-
face is irregularly covered with short ridges and round-
ed and oval tubercles. The subopercle (Figs 3A, 4, 8) is
large, as broad as the opercle, and slightly shorter. The
general aspect of the bone is not easy to describe, because
it is gently curved ventrally in some and markedly round-
ed in others. Information on the size of the antero-dorsal
process is not possible based on the available specimens.
A small interopercle (Figs 4, 8) is partially covered by
the postero-ventral margin of the preopercle so that its
complete shape and size remains unknown.

Branchiostegal rays are not preserved, except for one
specimen (holotype PIMUZ A/I 2886) with two narrow
and spine-like posterior branchiostegals associated with
the posterior ceratohyal. The absence of branchiostegals
or their low number in one specimen could simply indi-
cate that the fish has very few that are usually not pre-
served. Only one short and rounded branchiostegal ray
was mentioned and illustrated for Marcopoloichthys ani
by Tintori et al. (2007: p. 16, fig. 3). A gular plate has not
been observed, and it is assumed here that it is absent.

Vertebral column, intermuscular bones, and ribs.
The information on the whole vertebral column is in-
complete, because most specimens provide partial or
no information. An almost complete vertebral column is
preserved in several specimens, including the holotype
(PIMUZ A/12886; Fig. 2A) and paratypes (BNM 201166
and PIMUZ A/1 19568; Figs 2B, 3A), while the caudal
region is well-preserved in PIMUZ A/I 2890 and several
other specimens.

The vertebral column is aspondylous (see Arratia et
al. 2001 for different types of the vertebral column), with
well-developed arcocentral elements forming the centra,
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sn4+5

Figure 9. Marcopoloichthys furreri sp. nov., illustrating a lateral view of the abdominal or precaudal region of the vertebral column and
associated elements and the dorsal fin and endoskeletal support (paratype PIMUZ A/I 1958). Small arrows point to the epineural process-
es. Abbreviations: aptg, 1* anal pterygiophore or proximal radial; dptg, dorsal pterygiophores or proximal radials; int.d, interdorsal arco-
centrum; int.v, interventral arcocentrum; l.dptg, last dorsal pterygiophore; pap, parapophyses; sc?: scale or scute?; sncar, supraneural car-
rier; sn1-8, supraneurals 1-8; 1* cv?, first caudal vertebra?; 1¥'dptg, first dorsal pterygiophore or fused proximal radials. Scale bar: 1 mm.

but the notochord remains persistent and functional in
adults. There are about 33 to 35 vertebral segments, in-
cluding those of the hypurals. About 13 to 18 are abdom-
inal, monospondylous vertebral segments, whereas the
caudal region is diplospondylous, with very small inter-
dorsal and interventral arcocentral elements alternating
with the well-developed basidorsal and basiventral arco-
central elements. Because of their small sizes, many of the
interdorsal and interventral elements have not been pre-
served. No remains of centra are present in the ural region.

The first five neural arches and spines are fused into one
special, previously unreported element that is preserved in
the holotype PIMUZ A/1 2886, as well as in PIMUZ A/1
1958 (Figs 2, 3, 9). This compound bone is named here
“supradorsal carrier” and is formed by the lateral, fused
expansions of the neural arches and hemispines of the first
abdominal vertebrae, forming two lateral wings (Fig. 9).
Five supraneurals are in a median position between the
two lateral wings of the supradorsal carrier. I expect that
this special structure is a synapomorphy of marcopoloich-
thyids, a character that should be checked in other species
when better-preserved material becomes available.

There are about 13 or 14 parapophyses (Figs 3, 9), the
first ones covered by the opercle and the dorsal bones of
the pectoral girdle. The parapophyses are comparatively
large for the size of the fish, and they are well-ossified;
they are squarish in shape and each bear a small cavity
close to its ventral margin. No ribs are preserved in the
available material, and they were not reported or illus-
trated in Marcopoloichthys ani (Tintori et al. 2007: fig. 4)
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either; thus, it is accepted here that marcopoloichthyids
do not have ossified ribs.

The neural arches of the abdominal vertebrae (Figs 3,
9) are slightly expanded, and the halves of each arch, plus
their elongate neural spines, are unfused medially. The lat-
eral wall of each neural arch projects in a stout and short
epineural process (= epineural bone; see Arratia 1997 or
1999 on the terminology) emerging at the postero-lateral
margin of the arch. They are easily broken because of
their position and structure.

The neural arches of the first caudal vertebrae
(Figs 2, 3A, 9) are slighter broader than those of the abdom-
inal vertebrae, and each has an epineural process until the
third or fourth vertebra posterior to the last anal pterygio-
phore. The neural and haemal spines of the caudal region are
narrow, except for those of the preural centra (see below).
The neural and haemal spines are moderately inclined to-
ward the body axis in the precaudal region, increasing their
inclination caudally (Figs 10, 11). The first haemal spines
(Figs 10, 11) are short, not extending between the anal pte-
rygiophores or just reaching them. The neural and haemal
spines of the mid and caudal regions are ossified, showing
an internal core of cartilage where the bones are broken.

The series of supraneural bones is commonly not pre-
served, distorted, or covered by other structures. The
series is formed by nine bones in the paratype (PIMUZ
A/1 1958), with the first five associated with the supra-
dorsal carrier. These anterior supradorsals are slightly
ovoidal and expanded, especially supraneural 3, whereas
supraneural 4 and 5 are partially fused proximally. The
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subsequent supradorsals are slightly sigmoid-shaped.
The series extends up to the expanded, plate-like, com-
pound first dorsal proximal radial, and it does not extend
between the most anterior proximal radials as in Marco-
poloichthys ani (Tintori et al. 2007: fig. 4).

The epineural processes of the neural arches (Figs 9,
11) extend along the abdominal region, ending posterior
to the last dorsal pterygiophore. The broad and well-ossi-
fied epineural processes are short, extending laterally on
the neural arch of the next vertebral segment. Epipleural
bones are absent.

Pectoral girdle and fins. The pectoral girdle includes
dermal and chondral bones. The dermal bones are the
posttemporal (linking the girdle with the cranium), supra-
cleithrum, cleithrum, and postcleithra. It is unclear whether
a clavicle was present, but see below. The chondral bones
are the scapula, coracoid, and proximal and distal radials.
The posttemporal is incompletely preserved in the available
material (Figs 4, 5B). Apparently, it is a relatively small
and narrow bone, placed laterally to the extrascapular; it is
unclear whether a dorsal process for articulating with the
cranium is present. The main lateral line is not observed.

The supracleithrum (Figs 4, 7) is incompletely preserved
or covered by the opercle, but it seems to be an elongate
bone. The trajectory of the lateral line is not observed. The
sigmoidal-shaped cleithrum (Figs 4, 5A, 7-9) is a heavi-
ly ossified bone, with a moderately long dorsal limb and
markedly developed, expanded and curved ventral limb,
which is partially broken in the available material, making
identification of its complete area difficult. The cleithrum is
slightly expanded at its postero-dorsal corner and becomes
narrower at its dorsal region. The anterior surface of the
cleithrum is covered by a long and broad serrated append-
age that is almost completely preserved in the paratypes

PIMUZ A/ 2841 and 2887 (Figs 5A, 8). The external
surface of the cleithrum in PIMUZ A/T 2888 (Fig. 10) is
abraded so that the serrated appendage is not preserved. A
broad clavicle in front of the antero-ventral region of the
cleithrum is observed in specimen BNM 201166.

Three postcleithra are present (Figs 4, 7). Postcleithrum
1, the uppermost element of the series, is elongated, with
a slightly rounded posterior margin. Dorsally, it articulates
with the supracleithrum and anteriorly with the upper part
of the cleithrum and ventrally with postcleithrum 2. Post-
cleithrum 2 is slightly narrower than postcleithrum 1 and
is curved postero-distally. Postcleithrum 3 is a splint-like
bone. By comparison with other teleosteomorphs, it is as-
sumed here that the three bones were not externally placed,
but they were covered by the body hypaxial musculature.

The scapula and coracoid (Fig. 10) are incompletely
preserved in the available material, and they are not infor-
mative. Four proximal radials are observed in the paratype
PIMUZ A/ 2888 (Fig. 10), with the first two being larger
than the third and fourth proximal radials, which are square-
shaped. At least three small distal radials are preserved be-
tween the broken proximal region of some pectoral rays.

The pectoral fin (Figs 2, 3, 5A) is positioned near the
ventral margin of the body. The total number of pectoral
rays is unknown, because commonly the fins are incom-
plete, but 15 rays are preserved in the right fin in PIMUZ
A/l 2841, and most fins in other specimens have ca 12
rays preserved. All rays have very long bases, are scarce-
ly branched, and segmented distally; a few last rays, clos-
er to the body, are smaller than the lateral ones. The first
pectoral ray, which is exposed in PIMUZ A/I 2888 (with
the pectoral girdle and fin displaced), merits a description.
The first ray is a massive ray formed by the fusion of
three rays at least (Fig. 10). These rays are fused at their
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Figure 10. Marcopoloichthys furreri sp. nov., illustrating part of the pectoral girdle and fin (paratype PIMUZ A/I 2888). Abbrevia-

tions: b.ry, broken ray; cl, cleithrum with antero-ventral part broken; cor?, coracoid?; d.ra, distal radials; p.ra, proximal radials; scp?,

scapula?; 1 pecr, first pectoral ray. Scale bars: 1 mm.
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Figure 11. Marcopoloichthys furreri sp. nov., illustrating the dorsal, anal, and pelvic fins and associated structures (paratype PIMUZ
A/l 2841). Abbreviations: a.fr, anal fin rays; a.prra, anal proximal radials; bp.fr, broken pelvic rays; b.nsp, broken neural spines;
c.dpra, compound dorsal proximal radial element; d.fr, dorsal fin rays; ha, haemal arch; ha+sp, haemal arch plus spine; l.dpra, last
dorsal proximal radial; na, neural arch; na+sp, neural arch plus spine; n.sp, neural spine; p.fr, pelvic rays; p.pl, pelvic plate or ba-
sipterygium; sc, scales. Scale bar: 1 mm.

bases, being separated distally. This first compound ray
is slightly expanded and thicker at its proximal portion
where the propterygium is fused with its base.

Pelvic girdles and fins. The pelvic girdles are partially
exposed in several specimens (Figs 2A, B, 3A, B, 11). A
large, elongate plate-like basipterygium (or pelvic plate)
is slightly curved medially, with its lateral margin more
strongly ossified than the rest of the plate. The posterior
part of the basipterygium is slightly broader than the an-
terior margin and presents a short postero-medial process.
The number of rays per fin are difficult to count, due to
preservation. Ten or 11 rays are present in the holotype;
eight of them are thicker and longer than the two or three
medial rays. In contrast, nine long pelvic rays are pre-
served in each fin in specimen PIMUZ A/I 2888. Eleven
rays were mentioned for Marcopoloichthys ani, but the
number of rays remains unknown for M. andreetti and M.
faccii (Tintori et al. 2007). The pelvic rays of M. furreri sp.
nov. have long bases, are distally segmented, and apparent-
ly branched only once. This information is collected from
the holotype, with one ray distally exposed (Fig. 2A). In
other specimens, the distal parts of the fin rays are disartic-
ulated or overlapping so that they are not informative (Fig.
11). Because of the position of the articular region of each
ray, it is unknown whether proximal radials were present.

Dorsal fin and radials. The dorsal fin (Figs 2, 3, 11,
12) is commonly not well preserved with its rays partially
displaced or damaged so that a precise total number of
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dorsal fin rays cannot be provided, but considering that
the paratype PIMUZ A/I 2841 has 15 rays preserved, in-
cluding a short, thin one segmented anteriorly, this could
indicate that the fin has ca 15 rays.

Commonly, the dorsal pterygiophores preserved the
proximal radials, however in the holotype, some of the
anterior middle and distal radials are also preserved
(Fig. 12). The series of proximal radials presents distinct
features characterizing marcopoloichthyids, for instance,
the modifications in the first and last proximal radials.
In M. furreri sp. nov., the first proximal radial can be
plate-like and square, but in others, the proximal radi-
als are incompletely fused so that the elements forming
this complex structure can be counted (Fig. 11). There
are six intermediate proximal radials followed by one
modified last radial bearing an undetermined number of
rays in PIMUZ A/I 2841 and holotype (Figs 11, 12). This
last proximal radial has an expanded distal articular re-
gion that projects ventrally in a narrow, markedly curved
process. The complex plate-like first proximal radial in
Marcopoloichthys ani is ax-shaped, whereas it is pear-
shaped in M. andreetti (Tintori et al. 2007); in addition,
M. ani has an ax-shaped proximal radial and nine to 10
proximal radials posterior to the first, which is a higher
number than in Marcopoloichthys furreri sp. nov.

Anal fin and radials. The anal fin and its pterygio-
phores are not well preserved in the available material,
and because of this, a description is difficult, and a total
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a.fr

Figure 12. Marcopoloichthys furreri sp. nov., illustrating the dorsal, anal, and pelvic fins and associated structures (holotype PIMUZ

A/12886). Oblique lines represent damaged areas. Abbreviations: a.ft, anal fin rays; a.prra, anal proximal radials; c.dpra, compound

dorsal proximal radial element; d. dra, distal dorsal radial; d.fr, dorsal fin rays; ha+sp, haemal arch plus spine; int.d, interdorsal el-

ement; int.v, interventral element; l.aprra, last anal proximal radial; 1.dpra, last dorsal proximal radial; m.dra?, middle dorsal radial;

na+sp, neural arch plus spine; sc, scales; 1% aprra, first anal proximal radial; 1% ha, first haemal arch. Scale bar: 1 mm.

count of fin rays is not available. Additionally, there is
variation in the number and amount of fusion of the prox-
imal radials. The most complete series of proximal anal
radials, or the most informative, is that present in the ho-
lotype (Fig. 12). In this specimen, the first anal proximal
radial is a compound element resulting from the incom-
plete fusion of two proximal radials. This first element
curves antero-dorsally giving the radial a characteristic
shape, reminiscent of the postcoelomic bone of pycno-
dontiforms (Tintori et al. 2007). The first anal proximal
radial is followed by a second, long, narrow radial, that is
followed by a third element that results from the partial
fusion of two proximal radials which are broken at their
bases. Behind this element is one simple proximal radial
that is followed by the last radial. The last radial is an
elongate element bearing a narrow, thin anterior process
that extends dorsally between the distal tips of the haemal
spines and has a broad distal portion for articulation with
several lepidotrichia (Fig. 12). In total, the anal series of
proximal radials in the holotype included five separate

elements. In the paratype PIMUZ A/l 2841, only three
proximal radials are preserved, and the first and last are
not preserved.

Caudal fin and endoskeleton. The caudal fin and
endoskeleton are preserved in several specimens, but
the dorsal elements of the ural region are poorly or not
preserved at all. The homocercal caudal fin (Figs 2, 3) is
deeply forked, with few short middle principal rays com-
pared to the long first and last leading marginal ray that
frame the segmented and branched principal rays. Many
rays preserve a thin layer of ganoine.

One or two preural vertebrae support the most anteri-
or basal fulcra. The preural vertebrae, as well as the ural
ones, are supported by a functional notochord. Conse-
quently, except by the arcocentra, no centra are formed,
and the region is monospondylous, in contrast to diplo-
spondylous vertebral segments in anterior and mid-cau-
dal vertebrae (Figs 2, 13, 14). The two preural segments
(corresponding to preural centra 1 and 2) are character-
ized by the presence of well-developed ventral arcocentra
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PH hsPU2

Figure 13. Marcopoloichthys furreri sp. nov., illustrating the caudal fin and its endoskeleton. A. Photograph of holotype, PIMUZ A/l
2886; photograph was taken by T. Scheyer; B. Drawing of endoskeleton. Abbreviations: da, dorsal arcocentra; H1-5, hypurals 1-5;

hsPU2-4, haemal spine of preural centra 2—4; int, interhaemal; PH, parhypural ot haemal spine of preural centrum 1; nsPU1-3, neural

spine of preural centra 1-3; UN, uroneurals; va, ventral arcocentra. Small arrows point to a series of anterior processes. Scale bars: 1 mm.

with broad and flat haemal spines, which distally support
the last principal rays, one procurrent ray, and the series
of hypaxial basal fulcra (Figs 13, 14). Dorsally, the neural
arches or arcocentra of these two vertebrae are well-de-
veloped, and their neural spines are broad and of similar
length. The neural spines of the last caudal and preural
vertebrae are inclined posteriorly, closer to the body axis,
and they do not support the most anterior basal fulcra.
The preservation of the neural spines of preural ver-
tebrae 1-5 suggests they have a central core of cartilage
surrounded by a thin, perichondral ossification. In the ver-
tebrae that are completely preserved, an anterior process at
the base of neural spines 1-5 is apparently absent. The hae-
mal spines of preural centra 1-3 are moderately broad, but
narrower than their respective neural spines. The haemal
spine of preural vertebra 4 and more anterior ones are nar-
rower. The haemal spines of the most preural vertebrae are
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perichondrally ossified thinly. The haemal spines of preu-
ral vertebrae 1-3 (Fig. 13) bear a short and narrow anterior
process dorsally, at their limit with the expanded ventral
arcocentra. A complete neural arch or dorsal arcocentrum,
with a well-developed spine, is present on preural centrum
1. A hypurapophysis on the lateral wall of the ventral ar-
cocentrum or haemal arch of preural centruml1 is absent.
Posterior to the neural spine of preural centrum 1, a se-
ries of slightly modified chondral neural elements is po-
sitioned (Fig. 13). In most specimens, this region is dam-
aged or badly preserved, except for the holotype, which
is illustrated in Fig. 13. The first two are elongate laminar
elements resembling neural spines, and lacking the ural
arcocentra; a third broad, laminar element, also lacking
an arcocentrum follows. There is a fourth small, plate-like
element posteroventral to the third, which extends caudal-
ly between the bases of the epaxial basal fulcra, but it is
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Figure 14. Marcopoloichthys furreri sp. nov., illustrating the caudal fin and its endoskeleton. A. paratype PIMUZ A/l 2841; area
with oblique lines represent a damaged region; B. paratype PIMUZ A/l 1958. Abbreviations: a.f, accessory fulcra; d.sc, dorsal
caudal scute; e.bfu, epaxial basal fulcra; h.bfu, hypaxial basal fulcra; h.ff, hypaxial fringing fulcra; hsPU4, haemal spine of preural
vertebra 4; H1-3, hypurals 1-3; nsPU1, 4, neural spine of preural vertebrae 1, 4; PH, parhypural; pr.r1-2, procurrents rays 1-2; UN,
uroneurals; v.sc, ventral caudal scute; 1°'PR, first principal caudal ray; 20"PR, principal caudal ray numbered 20; 21¥PR, principal
caudal ray numbered 21; ?, broken bases of hypurals 4 and 5? Scale bars: 1 mm.

unclear if this could be a broken section of the enlarged
third bone. Because of their position as part of the ural re-
gion and the lack of their ural neural arches or arcocentra,
these bones are considered here as uroneurals “of a special
kind”. They are different from the uroneural-like elements
present in pachycormiforms or some present in aspido-
rhynchiforms and Eurycormus, which are modifications of
spines of the preural region. They also differ in shape from
the uroneurals of Leptolepis coryphaenoides plus more

advanced teleosts (see Discussion below). Certainly, these
elements in Marcopoloichthys furreri sp. nov., because of
their position and shape, increase the stiffness of the tail
during locomotion, which is a function of the uroneurals.

No epurals are present in the holotype, and there is no
space left for them between the distal tips of the enlarged
uroneurals and the bases of the epaxial basal fulcra.

Five hypurals (Figs 13, 14) are present, all of them
close together so that a diastema between hypurals 2 and
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3 is absent. Hypurals 1-4 are slightly expanded at their
proximal regions and seem to have preserved part of the
ventral arcocentrum. Hypurals 1 and 2 are the longest ele-
ments of the series, and hypural 3 is the broadest. A small
element is positioned between the distal portions of hy-
pural 2 and 3, and it is interpreted here as an interhemal.
Hypural 5 is the smallest of the series of hypurals. Hypu-
rals 1 and 2 (Fig. 13) are weakly supporting the thin bases
of part of the hypaxial basal fulcra, the procurrent ray, and
the lowest principal rays. Several thin and narrow bases
of the principal rays articulate directly with one hypural
without producing a special angle.

There are ten or eleven epaxial basal fulcra, which
are followed by 10 or 11 fringing fulcra and only reach
to the mid-region of the dorsal margin of the first un-
segmented principal ray. There are 20 or 21 principal
rays that are segmented and branched distally, and their
bases are narrow. The articulation between segments of
the principal rays is straight. Ventrally, the basal fulcra
are usually incompletely preserved so that a total count
cannot be given, but the holotype presents 12 hypaxial
basal fulcra. There are one or two short procurrent rays
that are followed by a short series of hypaxial fring-
ing fulcra; however, PIMUZ A/I 3209 has a third short
procurrent ray (Fig. 14). In addition, accessory fulcra
are present between the principal rays and the hypaxial
basal fulcra (Figs 13, 14). The external surface of the
different kind of fulcra and rays is covered by a thin
layer of ganoine.

One elongate and slightly oval dorsal scute and a
slightly shorter ventral scute (Figs 13, 14) precede the
epaxial and hypaxial lobes, respectively. No urodermals
have been observed in the available material.

Scales. The body is devoid of scales, with the excep-
tion of two to four large oval scales (Figs 2, 3, 10) placed
around or close to the urogenital region and a possible
elongate one in front of the dorsal fin in one specimen

(Fig. 9).

Taxonomic comments

A comparison between the first described marcopoloich-
thyids from China and Italy (Tintori et al. 2007) and the
new species described here is difficult because of the
different states of preservation and information provid-
ed by the fossil specimens. Marcopoloichthys ani from
Yunnan Province, S China, is based on four specimens,
whereas M. andreetti from Lombardy, Italy is based on
one complete specimen; M. faccii from Fruli, N Italy,
is also based on one specimen. Although the holotypes
of M. ani and M. andreetti were described as complete,
the illustrations of M. ani (the only species illustrated in
Tintori et al. 2007) show that several features are poorly
preserved. These facts make it difficult for any compar-
ison among them and with Marcopoloichthys furreri sp.
nov. Although marcopoloichthyids are known from the
Middle Triassic, their age differs, with the Chinese M. ani
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being the oldest (Anisian; Tintori et al. 2007), M. facii
and M. furreri sp. nov. lying in the middle (Ladinian; Tin-
tori et al. 2007; present paper, Table 1), and M. faccii be-
ing the youngest (Early Carnian; Tintori et al. 2007; Dalla
Vecchia 2008). Additionally, there are younger (Carnian)
specimens reported by Dalla Vecchia (2008) from the
middle-late Norian Dolomia di Forni Formation of Friuli
Region of NE Italy (Dalla Vecchia 2012, fig. 8.87; pers.
comm. May, 2021) that remain undescribed (work in
progress together with A. Tintori). Additionally, a possi-
ble new species (still undescribed) has been recovered in
the Middle Triassic of Monte San Giorgio, Canton Ticino,
southern Switzerland (T. Biirgin pers. comm., 2022).

Marcopoloichthys furreri sp. nov. presents the diag-
nostic characters of the family Marcopoloichthyidae and
its only known genus, Marcopoloichthys: a naked, torpe-
do-like body; highly modified protractile upper and low-
er jaws; vertebral column with persistent notochord and
well-developed arcocentral elements; vertebral caudal
region diplospondylous, with small interdorsal and inter-
ventral elements; ossified ribs absent; large and curved
pelvic plates; enlarged, plate-like first dorsal fin proximal
radial supporting four or more dorsal rays; enlarged last
dorsal proximal radial supporting several dorsal rays; first
anal fin proximal radial basally expanded and very elon-
gate; last anal fin proximal radial highly modified into
an expanded plate supporting three or more lepidotrich-
ia; no fringing fulcra associated with paired, dorsal, and
anal fins; homocercal caudal fin with both lobes deeply
forked; body-lobe of caudal fin completely reduced; and
a few large scales around urogenital opening.

The new species presents an unreported feature that I
have named here supradorsal carrier, which is the result of
the fusion of at least the five most anterior abdominal ver-
tebrae in M. furreri, with modified expanded hemi-neural
spines, and the five expanded anterior supraneurals sit in
a median position. I expect that this feature is present in
other marcopoloichthyids and diagnostic for the family,
a claim that should be checked when better specimens
become available.

There are several diagnostic characters supporting
Marcopoloichthys ani as a new species according to
Tintori et al. (2007), but few supporting other species
so that the comparison below does not always includes
all recognized species. For example, (1) The postpari-
etal and dermopterotic are separate elements in the skull
roof of M. ani, as illustrated by Tintori et al. (2007: fig.
3), whereas these bones are fused in M. furreri sp. nov.
(Fig. 5A, B). (2) The anterior articular region of the max-
illa is expanded into an oval region in M. ani, whereas it
is not expanded anteriorly in M. andreetti, but is slightly
expanded in M. furreri sp. nov. (Fig. 5C). The condition
is unknown in M. faccii. (3) The lower jaw of M. ani is
“short and deep, with an ascending anterior margin end-
ing with a tip bending downwards” (Tintori et al. 2007:
p. 16), and its ventral margin is markedly bent (my inter-
pretation of Tintori et al. 2007: fig. 3A—C). In contrast,
the lower jaw in M. furreri (Figs 3, 4, 8) has a high dorsal
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margin as a result of a well-developed, oval-shaped cor-
onoid process, and its ventral margin is almost straight,
with a rounded antero-ventral process. (4) M. ani has 37
to 39 vertebral segments, and this means a comparative-
ly longer vertebral column than in M. furreri with 33 to
35 vertebral segments. There is no available information
for the other species. (5) The last supradorsal bones are
positioned between the most anterior proximal dorsal ra-
dials in M. ani, whereas the last one is placed in front
of the large compound first proximal radial in M. furreri
(Fig. 9). (6) The pectoral fin of M. ani has 13 pectoral
rays, whereas M. faccii has 15 or 16 principal rays; 15
rays seem to be present in M. furreri, with the inner ones
thinner and shorter than the most lateral ones, a feature
not mentioned for the Chinese and Italian species. (7)
Eleven pelvic rays are present in M. ani, whereas 10 or
11 rays are in M. furreri. (8) The first compound proximal
dorsal radial in M. ani is ax-shaped; it is pear-shaped in
M. andreetti; it is a massive, compact, rectangular-shaped
plate in M. furreri that may be formed by the complete
or partial fusion of four proximal radials (Fig. 10). (9)
The last dorsal proximal radial is boomerang-shaped in
M. ani, whereas it is regularly arched with the horizon-
tal limb larger than the vertical one in M. andreetti. In
contrast, the horizontal limb in M. furreri is expanded to
support several last dorsal rays, and the vertical limb is
markedly arched (Fig. 11). (10) The last proximal anal
radial has a similar boomerang shape as the last proximal
dorsal radial in M. ani; whereas it has an elongate and
broad distal portion and a thin elongate anterior vertical
limb in M. furreri (Fig. 11). (11) There are 10 epaxial and
seven to 10 hypaxial basal fulcra in M. ani, whereas 10
or 11 epaxial basal fulcra and 12 hypaxial basal fulcra
are present in M. furreri. (12) Eighteen principal rays are
present in the caudal fin of M. ani; in contrast, 20 or 21
rays are present in M. furreri. (13) Three or four hypax-
ial procurrent rays are present in M. ani; in contrast one
or two, occasionally three, are present in M. furreri. (14)
Two urodermals are apparently present in M. ani, whereas
no urodermals are found in M. furreri.

Although the Triassic Marcopoloichthys show simi-
larities with another small, scaleless Triassic fish of simi-
lar age—Prohalecites—major differences separate them,
as for example, the dentition presents in Prohalecites
(Tintori 1990: text-fig. 2) that is lacking in marcopo-
loichthyids, the round profile of the head with a rostral
bone in Prohalecites instead of a mesethmoid, one pair
of nasal bones instead of two, weak and simple first and
last dorsal pterygiophores in Prohalecites in contrast to
special bony plates resulting from fusion of several prox-
imal dorsal radials in marcopoloichthyids, ossified ribs
in Prohalecites versus absence in Marcopoloichthys, and
numerous other differences.

The above list of morphological differences illustrates
differences among Marcopolichthys ani, M. andreetti,
and M. faccii as described by Tintori et al. (2007) and
Marcopolichthys furreri, which support M. furreri as a
new species.

Phylogenetic analysis
First phylogenetic analysis

Two phylogenetic analyses were performed. The first
phylogenetic analysis was conducted using a matrix con-
taining numerous neopterygians to test the position of
Marcopoloichthys furreri sp. nov. within Neopterygii.
For this purpose, the matrix of Shen and Arratia (2022)
which is a partially modified matrix of Xu (2020a) and
contains 55 taxa scored for 137 characters, was used. One
character (Ch. 138, absence versus presence of uroneu-
rals) was added. For the details concerning the charac-
ters and their coding, see Suppl. material 1, and for the
matrix, see Suppl. material 2. Moythomasia durgaringa,
Pteronisculus stensioi, and Boreosomus piveteaui repre-
sent the outgroup.

The parsimony phylogenetic analysis was performed
using PAUP 4.0a169. The topology of the strict consen-
sus is shown in Fig. 15 and is based on 84 most parsi-
monious trees. The tree length is 382. Consistency index
(CI) is 0.4241, and the retention index (RI) is 0.7598. For
the description of node support for Marcopoloichthys fur-
reri and phylogenetic related taxa, see below and Fig. 15
(Node A, crown-group Neopterygii, and Node B, Teleos-
teomorpha). An asterisk [*] identifies a character inter-
preted as uniquely derived.

Nodes 1 and 2, showing unresolved polytomies, rep-
resent (Fig. 15) a different topology of the consensus
than in Xu (2020a), but the same topology as in Shen and
Arratia (2022). Node 1 represents the unresolved poly-
tomies including [7effichthys madagascariensis + Per-
leidus altolepis + [Plesiofuro mingshuica + Meidiichthys
browni] plus [[Louwoichthyiformes + Luganoiiformes
+ Peltopleuriformes] + [Venusichthys comptus + Hab-
roichthys minimus + crown Neopterygii]] and is weak-
ly supported by four homoplasies: dermosphenotic does
not contact with preopercle (Ch. 36[0]); opercle is nearly
equal to, or smaller than, subopercle (Ch. 89[1]); four to
six branchiostegal rays present (Ch. 93[2]); and 24 or less
principal caudal fin rays (Ch. 111[1]).

Node 2 represents the unresolved polytomy formed by
[[Louwoichthyiformes + Luganoiiformes + Peltopleuri-
formes] + [Venusichthys comptus + Habroichthys mini-
mus + [crown Neopterygii]] and is weakly supported by
two homoplastic characters: ratio of dermopterotic [= or
supratemporotabular] or pterotic length to parietal length
is less than two (Ch. 12[0]); and teeth only present on the
anterior portion of oral margin of maxilla (Ch. 65[1]).

Node A (Holostei plus Teleosteomorpha) is supported
by nine synapomorphies, only one being uniquely derived:
expanded dorsal lamina in the maxilla lost (Ch. 59[17]*).
Eight homoplastic characters also support this node: na-
sal bones joined in midline (Ch. 8[1]); supraorbital bone
present (Ch. 43[1]); supramaxilla present (Ch. 54[1]); and
interopercle present (Ch. 83[1]). The following five char-
acters are interpreted as reversals by the parsimony analy-
sis at this phylogenetic level: broad width of posttemporal,
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Figure 15. Hypothesis of phylogenetic relationships of Marcopoloichthys furreri sp. nov. among neopterygians based on 138 characters

and three outgroup taxa. Strict consensus tree of 84 most parsimonious trees: three length 464 steps, consistency index (CI) = 0.3491 and

retention index (RI) = 0.6696. An asterisk identifies a uniquely derived character. Node A (crown Neopterygii) is supported by the follow-

ing synapomorphies: supraorbital bone present; supramaxilla present; expanded dorsal lamina in the maxilla lost (*); nasal bones joined in

midline; interopercle present; supracleithrum nearly as deep as posterior margin of opercle (Ch. 102[0]); no segmented procurrent rays in

dorsal lobe of caudal fin (Ch. 109[0]); and lateral line scales as deep as, or slightly deeper than, those scales above and below (Ch. 124[0]).

Node B (Teleosteomorpha): supraoccipital present (*); mobile premaxilla present (*); two supramaxillae present (*); vomers fused in

adults into a single bone (*); elongated posteroventral process of quadrate present (*); uroneural(s) present (*); cycloid type of scales

present (*); and leading margins of the caudal fins formed by the first and last principal rays (*). Homoplasies supporting this node are:

basipterygoid process absent; internal carotid foramen on parasphenoid present; single supraorbital bone; suture between opercle and sub-

opercle greatly inclined; origin of dorsal fin slightly posterior or just in front to pelvic fin origin; and fringing fulcra absent on pectoral fins.
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nearly as wide as extrascapular (Ch. 100[0]); supra-
cleithrum nearly as deep as posterior margin of opercle
(Ch. 102[0]); no segmented procurrent rays in dorsal lobe
of caudal fin (Ch. 109[0]); and lateral line scales as deep
as or slightly deeper than those scales above and below
(Ch. 124[0]). It is interesting to note that according to this
analysis, character 8[1], 43[1], and 54[1] are not present in
Marcopoloichthys furreri and are interpreted by the parsi-
mony analysis as losses. Character 124[0] is not applica-
ble in M. furreri, because the fish has a naked body.

Node B (Teleosteomorpha or total group teleosts)
is supported by 14 synapomorphies, eight of which are
uniquely derived traits: supraoccipital present (19[1]*);
mobile premaxilla present (48[1]*); two supramaxillae
present (55[1]*); vomers fused in adults into a single bone
(72[17*); elongated posteroventral process of quadrate
present (80[1]*); uroneural(s) present (97[1]*); cycloid
type of scales present (128[2]*); and leading margins of
the caudal fins formed by the first and last principal rays
(138[1]*). Homoplasies supporting this node are the fol-
lowing: basipterygoid process absent (Ch. 26[1]); internal
carotid foramen on parasphenoid present (Ch. 27[1]); sin-
gle supraorbital bone (Ch. 44[0]); suture between opercle
and subopercle greatly inclined (Ch. 90[1]); origin of dor-
sal fin slightly posterior or just anterior to pelvic fin origin
(Ch. 107[3]); and fringing fulcra absent on pectoral fins
(Ch. 120[1]). The condition of characters 19[1], 27[1],
and 80[1] is still unknown in Marcopoloichthys furreri
sp. nov. because of incomplete preservation, and char-
acters 44[0], 55[1], and 128[2] are not applicable to this
taxon, because the fish lacks supraorbitals, supramaxillae,
and scales and the parsimony analysis interpret them as a
synapomorphy of this node that has been lost in Marco-
poloichthys furreri sp. nov. The parsimony analysis in-
terprets these losses as autapomorphies of Marcopoloich-
thys. Marcopoloichthys furreri sp. nov. stands as the sister
group of (Leptolepis coryphaenoides + Elops saurus).
Thus, the phylogenetic analysis unambiguously confirms
Marcopoloichthys as a member of the Teleosteomorpha.

Second phylogenetic analysis

The second phylogenetic analysis was conducted using a
matrix containing numerous teleosteomorphs to test the
position of Marcopoloichthys furreri sp. nov. For this pur-
pose, the matrix of Arratia et al. (2021) which contains 36
taxa scored for 130 characters, was used. Two characters
(Ch. 131: absence versus presence of short, stout epineural
processes and Ch. 132: presence versus absence of scales
on body) were added. For the details concerning the char-
acters and their coding, see Suppl. material 3, and for the
matrix, see Suppl. material 4. Australosomus, Birgeria,
and Polypterus represent the outgroup.

The parsimony phylogenetic analysis was performed
using PAUP 4.0a169. The topology of the strict consen-
sus is shown in Fig. 16 and is based on two most parsi-
monious trees. The tree length is 374. Consistency index
(CI) is 0.4599, and the retention index (RI) is 0.7534. For

the description of node support for Marcopoloichthys fur-
reri and phylogenetic related taxa, see below and Fig. 16
(Node C, Teleosteomorpha). An asterisk [*] identifies a
character interpreted as uniquely derived.

The clade Teleosteomorpha (Pachycormiformes plus
more advanced teleosteomorphs) is supported by 15 syn-
apomorphies, six of which are interpreted as uniquely
derived: Foramen for glossopharyngeal nerve placed in
prootic or prootic-exoccipital suture (Ch. 34[1]*); four
pectoral proximal radials present (Ch. 93[1]*); olfacto-
ry organ with accessory nasal sacs (Ch. 122[1]*); cra-
niotemporal muscle present (Ch. 123[1]*); heart with
two arterial valves (in the conus arteriosus) present (Ch.
124[17*); and muscles at the basal arteria (ventral aorta)
absent (Ch. 125[1]*). Seven homoplasies also support
this node: pectoral propterygium fused with first pecto-
ral-fin ray (Ch. [94[1]); dorsal or epaxial leading margin
of caudal fin with basal fulcra (Ch. 114[1]); and quadra-
tojugal absent (Ch.127[1]). Characters 122, 123, 124, and
125 are interpreted by the parsimony analysis to be pres-
ent at this phylogenetic level although they are unknown
in fossils due to preservation.

Node D represents the trichotomy including Marco-
poloichthys, Aspidorhynchiformes, and Prohalecites
plus more advanced teleosteomorphs. This node is weak-
ly supported by two synapomorphies: supramaxillary
bone or most posterior supramaxilla dorsal to maxilla
(Ch.58[0]) and mid-caudal centra (adults) with diplospo-
ndylous centra (Ch. 87[0]). The parsimony analysis inter-
prets the absence of a supramaxilla in Marcopoloichthys
as an autapomorphy of this fish.

While in one tree Aspidorhynchiformes, Marcopo-
loichthys, and Prohalecites plus more advanced teleosts
have resolved relationships, in the second tree, Marcopo-
loichthys is interpreted by the parsimony analysis as the
sister of Aspidorhynchiformes.

Node E represents the branching of Prohalecites plus
more advanced teleosteomorphs. This node is supported
by five homoplasies: interparietal [= interfrontal] suture
absent (Ch. 22[2]); nasal bones separated from each oth-
er by parietal bones [= frontals] (Ch. 23[2]); supraorbital
canal with branched tubules (Ch. 35[1]); one supramax-
illary bone (Ch. 57[1]); and three or four epurals present
(Ch.109[1)).

The consensus tree in Fig. 16, Node F (Atacamichthys
plus more advanced teleosteomorphs) has an identical to-
pology to that in figure 9 in Arratia et al. (2021).

Discussion and conclusions

Marcopoloichthys and Neopterygii

In the original description of the family Marcopoloich-
thyidae and its genus Marcopoloichthys with three spe-
cies, Tintori et al. (2007) assigned the family to Neopte-
rygii sensu Patterson (1973), but without assigning the
new fish to any neopterygian major taxon. The authors
specifically stated in the abstract (p. 13) that “Lack of
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Figure 16. Hypothesis of phylogenetic relationships of Marcopoloichthys furreri sp. nov. among crown neopterygians based on 132
characters and three outgroup taxa. Strict consensus tree of two most parsimonious trees: three length 374 steps, consistency index
(CI) = 0.4599 and retention index (RI) = 0.7534. An asterisk identifies a uniquely derived character. Teleosteomorphs (Node C) are
supported by the following synapomorphies: foramen for glossopharyngeal nerve placed in prootic or prootic-exoccipital suture
(*); four pectoral proximal radials present (*); olfactory organ with accessory nasal sacs (*); craniotemporal muscle present (*);
heart with two arterial valves (in the conus arteriosus) present (]*); muscles at the basal arteria (ventral aorta) absent (*); prop-
terygium fused with first pectoral-fin ray; dorsal or epaxial leading margin of caudal fin with basal fulcra; and quadratojugal absent
(Ch.127[1]). Node D is supported by two synapomorphies: supramaxilla or most posterior supramaxilla dorsal to maxilla and
mid-caudal centra (adults) with diplospondylous centra. For other nodes see text and Arratia et al. (2021).

vertebral centra and epineurals, among others, makes the
new taxa quite distinct from true Teleosts, even if some
characters may recall the corresponding in Teleosts them-
selves.” Considering their statement and how the under-
standing of neopterygians has changed, the taxonomic
position of Marcopoloichthys, as well as its phylogenet-
ic position, were tested based on the new information
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provided by Marcopoloichthys furreri sp. nov. (the best
preserved marcopoloichthyid).

Up to 1973, the neopterygians contained the holoste-
ans, but Patterson (1973) proposed a new classification
that did not recognize the Holostei as part of the Neop-
terygii. Later, Grande (2010), based on fossil and living
lepisosteiforms, demonstrated the validity of the taxon
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Holostei, which has been confirmed in subsequent phy-
logenetic hypotheses based on morphological (e.g., Ar-
ratia 2013; Lopez-Arbarello and Sferco 2018; Xu 2020a,
2020b; 2021; Gouiric-Cavalli and Arratia 2022) and mo-
lecular evidence (e.g., Near et al. 2013; Betancur-R. et
al. 2013; Betancur-R. et al. 2017). What seems resolved
for extant neopterygians has been not so clear for fossil
neopterygians with a large and varied record, and whose
knowledge has improved during the last years due to new
findings, especially in the Triassic of Eurasia (e.g., Xu et
al. 2013; Xu and Ma 2016; Xu 2020a, 2020b, 2021).

Although the phylogenetic relationships seem to be re-
solved for many neopterygian clades, and numerous stem-
and crown-group neopterygians are now recognized in re-
cent phylogenetic hypotheses (e.g., Lopez-Arbarello and
Sferco 2018; Xu et al. 2015; Xu and Ma 2016; Xu 2020a,
2020b, 2021), the phylogenetic analysis of thoracopteroids
by Shen and Arratia (2022), who used the matrix of Xu
(2020a), proved to be devastating (see their fig. 3, node
2; Fig. 15 herein) because numerous clades have an un-
resolved positions within neopterygians. The inclusion of
Marcolopoichthys ferreri sp. nov. did not change the topol-
ogy of the consensus (see Fig. 14, node 2) that is similar to
that of Shen and Arratia (2022). Nevertheless, we should
be aware of the fact that many characters still remain un-
known or ambiguous (coded with a question mark) for
many of the neopterygians included in the phylogenetic
analyses due to incomplete preservation and many nodes
are weakly supported so that the phylogenetic position of
several taxa still remain controversial and requires further
investigation. For instance, Redfieldiiformes (Triassic to
Early Jurassic age) have been controversial since the es-
tablishment of the family Catopteridae (= Redfieldiidae
Berg, 1940) by Woodward in 1890. Discussions on red-
fieldiiform relationships or phylogenetic analyses includ-
ing them can be found in Stensié (1921), Brough (1931,
1936), Schaeffer (1955, 1967, 1984), Hutchinson (1973,
1978), Gardiner and Schaeffer (1989), and more recently
in Xu (2021). Redfieldiiformes and Platysiagiformes have
been referred as subholosteans, a clade that has not had
recognition in fish classification (e.g., Nelson et al. 2016;
Arratia 2021). Redfieldiiformes (= family Redfieldiidae)
and Platysiagiformes have recently been interpreted as
primitive neopterygians by Xu (2020a, 2021; Fig. 15 here-
in), but as crown actinopterygians, Palaconiscimorpha, by
Schultze et al. (2022).

Finally, the present results suggest marcopoloichthyids
as part of the crown-group neopterygians (Fig. 15, node
A) and as stem teleosts (Fig. 15, node B), disagreeing
with Tintori et al.’s (2007) interpretation that marcopo-
loichthyids are basal neopterygians.

Marcopoloichthys and Teleosteomorpha

Among Triassic fishes, Marcopoloichthys is unique in
showing a combination of characters as those in the jaws,
endoskeleton of the median fins, or in the reduction of the

caudal fin (Tintori et al. 2007). Furthermore, the authors
mentioned specifically (p. 13) that “the lack of vertebral
centra and epineurals” are characters that question a pos-
sible interpretation with “true” teleosts (= Leptolepis co-
ryphaenoides plus more advanced teleosts sensu Arratia
1996, 1997, 1999). The presence of a functional notochord
or an aspondylous type of vertebral column is true for La-
dinian marcopoloichthyids, but a character shared with
other teleosteomorphs, such as the Triassic Prohalecites
(Tintori 1990; Arratia and Tintori 1999) and most pachy-
cormiforms (e.g., Arratia and Schultze 2013; Gouiric-Ca-
valli 2022). In contrast, other teleosteomorphs, such as
Triassic pholidophorids, Eurycormus and Leptolepis co-
ryphaenoides plus more advanced teleosts, possess ver-
tebral centra formed either by chordacentra or autocentra
or both (Arratia 1997, 2013, 2015; Arratia et al. 2001).
The statement that marcopoloichthyids lack epineurals is
a result of incomplete preservation in the specimens stud-
ied by Tintori et al. (2007), but Marcopoloichthys furreri
sp. nov. has short epineural processes in the abdominal
vertebrae and first caudal vertebrae (Figs 3A, 9, 12), and
the presence of epineural processes, either short or long,
is an undisputed synapomorphy of the apomorphy-based
teleosts. Similar short epineural processes are found in
another Triassic stem teleost, Prohalecites. In addition,
Marcopoloichthys furreri sp. nov. shares with other tele-
osteomorphs several undisputed synapomorphies, such as
an unpaired vomer (Fig. 4), a mobile premaxilla (Figs 4,
5), lack of prearticular bone in the lower jaw (Fig. 4), four
proximal pectoral radials (Fig. 10), propterygium fused
with the base of first pectoral ray (Fig. 10), presence of
modified ural neural arches or uroneurals (Fig. 13), and
first and last principal caudal rays (Fig. 14A) forming the
leading margins of the caudal fin (see Patterson 1977 and
Arratia 1997, 1999, 2013, 2015 for explanations of these
synapomorphies). Because of preservation conditions, it
is unknown if other teleostean synapomorphies could be
present, such as a supraoccipital bone (Patterson 1975) or
a postero-ventral or dorsal process of the quadrate (Arra-
tia and Schultze 1991; Arratia 2013, 2015).

The phylogenetic hypothesis shown in Fig. 15, node B
(and descriptions above) confirms Marcopoloichthys as
a teleosteomorph, phylogenetically closer to Leptolepis
coryphaenoides and Elops saurus than to any other
neopterygian clade. The phylogenetic hypothesis shown
in Fig. 16, node D confirms Marcopoloichthys as a te-
leosteomorph, with an unresolved phylogenetic position
with Aspidorhynchiformes, and [Prohalecites plus more
advanced teleosteomorphs].

Marcopoloichthys furreri sp. nov. and its
complex morphology

Although I refer especially to the new Marcopoloichthys
from Switzerland, I would expect that some of the mor-
phological characters discussed below are also in other
marcopoloichthyids, but due to incomplete preservation
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they have not been observed yet. A discussion on selected
morphological structures follows.

A strongly ossified T-shaped mesethmoid forming the
anterior tip of the snout is an uncommon bone in Trias-
sic and Jurassic teleosteomorphs, which usually have
a rostral bone carrying the ethmoidal commissure as
in pholidophoriforms (Arratia 2013, 2017) or a special
compound rostrodermethmoid as in pachycormiforms
(e.g., Lambert 1992; Gouiric-Cavalli and Arratia 2022).
The condition in Marcopoloichthys, including shape and
development of the mesethmoid, resembles that of Lep-
tolepis coryphaenoides and Tharsis dubius plus more ad-
vanced teleosts, such as Elopiformes, Clupeiformes, Os-
tariophysi, Salmoniformes and many others (Arratia pers.
obs.); it differs from them in that the marcopoloichthyid
mesethmoid is not sutured with the anterior margin of the
parietal [= frontal] bones—it is a free bone.

Marcopoloichthys furreri sp. nov. is remarkable in hav-
ing two pairs of nasal bones (Figs 4, 5, 6), which are iden-
tified here as nasal bones (the anterior pair) that are loose-
ly articulated with the mesethmoid, and an “accessory
pair” loosely articulated with the parietal [= frontal] bones
posteriorly. The accessory nasal is also a special bone that
lies in an almost vertical position in front of the lateral eth-
moid when the mouth is closed, and then moving forward
in a horizontal position when the mouth is opened (Fig. 7).
To my best knowledge, no other teleosteomorph has two
pairs of nasal bones; additionally, the bones are unique for
the loose articulation between the two pairs and between
antimeres, a condition that would permit them to change
position during resting and suction feeding. An accessory
nasal bone is an autapomorphic feature of Marcopoloich-
thys furreri, and it is expected to be a family character.

An additional structure, named here “rostral cartilage”
(Fig. 6), because of its position and structure, is placed
below the mesethmoid, probably supporting the latter and
offering a smooth surface facilitating the movements of
the mesethmoid during feeding.

Marcopoloichthyids lack supramaxillae, in contrast to
neopterygians that have one or two supramaxillae on the
dorsal margin of the maxilla. In this trait, marcopoloich-
thyids resemble primitive actinopterygians (Schultze et
al. 2022), a feature that becomes a synapomorphy of Mar-
copoloichthyidae.

The presence of two hypohyals is a common condition
in crown teleosts and is also present in such fossils as
Leptolepis coryphaenoides and more advanced teleosts.
The condition remains obscure for several stem teleosts,
but among them Marcopoloichthys furreri has one hypo-
hyal resembling the condition in holosteans.

A supraneural carrier is a compound structure formed
by the fusion of the most anterior neural elements of the
vertebral column, bearing five expanded supraneurals
(Fig. 9). To the best of my knowledge, this structure is
only known in Marcopoloichthys furreri but it is expect-
ed to be present in other marcopoloichthyids and be a
family synapomorphy. See below concerning possible
interpretations about the feeding mechanism in Marco-
poloichthys furreri.
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It is interesting that Marcopoloichthys specimens
show a series of parapophyses in specimens with the ab-
dominal region of the vertebral column well-preserved,
but ossified ribs or their remains have not been found in
any specimen (Tintori et al. 2007: figs 2, 4; Figs 2, 3,4, 9
herein). According to the available information, ossified
ribs are found in other teleosteomorphs, making this ab-
sence a synapomorphy of Marcopoloichthyidae.

Marcopoloichthys furreri sp. nov. possesses three
bony postcleithra (Fig. 4) that are mainly positioned in
the hypaxial body musculature, forming a series similar
to those found in Leptolepis coryphaenoides, Tharsis and
other ascalaboids, and more advanced teleosts, such as
crown groups elopiforms, clupeomorphs, many ostario-
physans and euteleosts. Certainly, this is a different con-
dition to that found in Prohalecites with one bony post-
cleithrum and neopterygians with modified ganoid scales
that are also named postcleithra. Among stem teleosts,
the postcleithra of Marcopoloichthys furreri appears to be
another autapomorphic feature that should be confirmed
in other marcopoloichthyids.

The first three or four proximal radials of the dorsal fin
fused together forming a broad bony plate that supports
the anterior most dorsal fin in marcopoloichthyids is an
unquestionable synapomorphy of the group, apparently
unique among neopterygians. Additionally, the differenc-
es in shape and numbers of radials included in the fu-
sion is of taxonomic value, characterizing some species
of marcopoloichthyids. Usually, in teleosteomorphs and
crown teleosts, the first dorsal pterygiophore may have
one to three processes.

The last dorsal pterygiophore in stem teleosteomorphs
and crown teleosts is slightly expanded and supports two
dorsal lepidotrichia that are counted as one. The last el-
ement in marcopoloichthyids is enlarged and supports
more than two lepidotrichia; this is another synapomor-
phy of the family. The current information concerning
the number of lepidotrichia involved is incomplete for
all marcopoloichthyid species. A similar situation con-
cerns the last anal pterygiophore, which is also expanded
and supports more than two rays, but the total number
involved for each species is unclear due to preservation.

Although it is clear that Marcopoloichthys furreri rep-
resents a new species and that marcopoloichthyids are a
well diagnosed taxon, their unique combination of prim-
itive and advanced characters makes it difficult to place
them phylogenetically among teleosteomorphs (a study
that will be addressed when the youngest marcopoloich-
thyids from Italy can be added to the study).

Comments on suction feeding mechanism

Studies on the suction mechanism in extant teleosts is a
complicated subject that requires a combination of ex-
perimental and modeling approaches (e.g., Gibb and
Ferry-Graham 2005; Day et al. 2015). It is not my inten-
tion to analyze the biomechanics of the feeding suction
of Marcopoloichthys furreri sp. nov., but the sample of
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specimens under study have individuals that died with the
mouth closed, whereas others were feeding. It is inter-
esting to analyze the morphological differences between
both stages trying to understand, somehow, the positional
changes of the bones, the function of additional bones,
and the massive ossification of some bones. Because con-
ditions of preservation, soft structures (ligaments, ten-
dons, or muscles) are missing in the fossils.

One of the noteworthy changes that I should mention
is the differences in the shape of the head; it is somewhat
triangular when the mouth was closed, whereas there
is an antero-posterior elongation of the cranium that is
accompanied with a dorso-ventral compression during
suction (compare Figs 3A and 4; Fig. 7A and 7B), which
is often referred to as “functional integration” (Olson
and Miller 1951, 1958; Klingenberg 2014). For exam-
ple, changes in the shape of the upper and lower jaws
and expansion of the skull in Marcopoloichthys were in-
tegrated to generate an intraoral pressure to draw water
and prey into the mouth, as has been shown for extant
fishes (Lauder 1985; Day et al. 2015; Wainwright et al.
2015). Such action involved multiple integral compo-
nents: the mesethmoid; nasals; accessory nasals; upper
and lower jaws; the whole suspensorium, including the
preopercle, and the strong and heavily ossified ceratohy-
als, which changed position during suction; integration
of the cleithrum—strongly expanded antero-ventrally—
as well as the clavicle; and support of the pectoral fins
by the scapula and coracoid, whose integrated kinetic
movements maximized forces and the chance to engulf
prey. In this context, I can suggest an explanation for
the presence of a previously unreported structure, the
supraneural carrier (Fig. 9) in Marcopoloichthys. The
large head of the fish in comparison to a narrower body
with an aspondylous vertebral column (Fig. 4) would
need some kind of support for expansion of the cranium
during feeding, and it is possible that this was the func-
tion of the fused vertebrae forming the supradorsal car-
rier. A mechanism that in extant teleosts is replaced by
an ossified vertebral column, which may include chor-
dacentrum surrounded by autocentrum or autocentrum
alone, depending on the taxon.

The integration of these mechanisms in extant tele-
osts during prey capture also involves lower jaw length
and the length of the ascending process of the premax-
illa (Kane et al. 2019). Interestingly, the lower jaw of
Marcopoloichthys furreri has a moderate length and its
articular region with the quadrate (and also symplectic
in this case) is placed at about the level of the poste-
rior half of the orbit (Fig. 3A), but when the fish was
feeding, the lower jaw displaced anteriorly to below the
anterior half of the orbit, closer to the anterior orbital
margin (Figs 4, 7). Marcopoloichthys lacked an ascend-
ing process in the premaxilla, which is present with dif-
ferent degrees of development in extant teleosts. The
articular regions of the premaxilla and maxilla were
weakly developed (Fig. 5A, C), and when the fish was
feeding, both bones displaced anteriorly, forming the
lateral walls of the buccal tube (Figs 4, 7B). The dorsal

part of the buccal tube was formed by a median and
strongly ossified mesethmoid (and the rostral cartilage;
Fig. 6), which was loosely articulated postero-laterally
with the nasals, and which turn were loosely articulated
with the accessory nasals and parietal [= frontal] bones
posteriorly. I assume that the bones of the snout region
and the upper jaw were kept in position by the action
of ligaments.

Independent of the evolutionary changes in bone
lengths and the presence of specific bones playing a role
in the feeding of teleosteomorphs, Marcopoloichthys
furreri sp. nov. and its exceptional preservation are an
outstanding example of the suction feeding mechanism
242-235 million years ago.
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Abstract

A series of small-sized fossil turtles were collected from Beckles’ Pit, Durlston Bay, Dorset, United Kingdom in 1856 from a sedi-
ment package referable to the Early Cretaceous (Berriasian) Purbeck Group. The two primary accounts that previously documented
these turtles concluded that they represent the juveniles of the coeval early pleurosternid Pleurosternon bullockii. A brief, third
account, however, suggested that these may represent a new species of compsemydid turtle. We here highlight a series of discrete
morphological characters that consistently distinguish the small-bodied turtles from Beckles’ Pit from large-bodied Pleurosternon
bullockii, in particular the arrangement of the bones and scutes along the anterior margin of the shell. As these characters are other-
wise used to diagnose new species of turtles, in particular compsemydids, and to establish the phylogeny of fossil turtles, we side
with the latter interpretation and name a new taxon of early compsemydid, Tongemys enigmatica gen. et sp. nov. The early record
of compsemydid is restricted to the Early Cretaceous of Europe, but is extremely fragmentary. We suggest that this may be a bias
towards the collection and identification of small turtle remains, but also that a re-study of Early Cretaceous continental turtle faunas

is likely to yield further material.
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Introduction

Late Jurassic (Tithonian) to Early Cretaceous (Berriasian)
sediments of the Purbeck Group, which are broadly ex-
posed along the southern coast of England, have yielded a
particularly rich collection of fossil turtles over the course
of the last two centuries (Owen 1842, 1853; Mantell 1844;
Seeley 1869; Lydekker 1889a, b; Woodward 1909; Wat-
son 1910a, b; Evans and Kemp 1975, 1976; Barrett et al.
2002). At present, at least five species are recognized as
valid from these strata: the abundant pleurosternid Pleu-
rosternon bullockii Owen, 1842, which is known from
a single cranium and rich shell remains (Milner 2004;
Evers et al. 2020; Guerrero and Pérez-Garcia 2021a), the
indeterminate paracryptodire Dorsetochelys typocardium

(Seeley, 1869) (Milner 2004; Pérez-Garcia 2014), two
helochelydrids, including “Helochelydra” anglica
(Lydekker, 1889b) and an undefined form (Barrett et al.
2002; Joyce 2017) and the shell taxon Hylaeochelys belli
(Mantell, 1844), which is a plausible thalassochelydian
turtle, synonymous with the skull taxon Dorsetochelys
delairi Evans & Kemp, 1976 (Anquetin and André 2020).

Lydekker (1889a) was the first to figure and describe
the well-preserved, but crushed shell of a small-bod-
ied turtle from the Middle Purbeck. The specimen was
part of a collection that had been assembled by Samu-
el H. Beckles in what is now known to be part of the
Marly Freshwater and Cherty Freshwater Members of
the Purbeck Group (Sweetman et al. 2017, see below).
Although Lydekker (1889a) noted numerous differences

Copyright Walter G. Joyce et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), which permits unrestricted
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with far larger specimens of Pleurosternon bullockii from
the overlying Intermarine Member of the Purbeck Group,
he ultimately concluded the small-bodied turtle to rep-
resent juveniles of that species, because he believed that
subadult individuals would document an intermediate
morphology. This conclusion was soon after reiterated by
Lydekker (1889b), who attributed nearly two dozen addi-
tional small specimens from Beckles’ collection to Pleu-
rosternon bullockii. More than a century later, Lapparent
de Broin and Murelaga (1999) listed a number of charac-
teristics that distinguish the small-bodied material from
Beckles’ collection from large-bodied Pleurosternon
bullockii and suggested that the small-bodied form might
represent a new species of compsemydid turtle, but they
refrained from naming it, likely because this was not the
focus of their study. Guerrero and Pérez-Garcia (2021b)
recently figured and described most of the small-sized
turtles available from the Beckles’ collections. Similar to
Lydekker (1889a) and Lapparent de Broin and Murelaga
(1999), Guerrero and Pérez-Garcia (2021b) highlighted
numerous differences between these small-sized turtles
and Pleurosternon bullockii, but sided with Lydekker
(1889a) by interpreting the differences as ontogenetic.
In our estimation, the analyses of Guerrero and Pérez-
Garcia (2021Db) are insufficient to suggest conspecificity
of the material at hand. Instead, the small-bodied turtles
can readily be diagnosed as a new species of extinct turtle
using a series of discrete characters otherwise used for
this purpose. The primary goal of this contribution, there-
fore, is to name this taxon as a new species of fossil turtle,
Tongemys enigmatica gen. et sp. nov. and to investigate
its phylogenetic and biogeographic significance. All spec-
imens discussed herein are house at the Natural History
Museum in London, United Kingdom (NHMUK).

Materials and methods
Geological settings

The vast majority of small-bodied turtles discussed here-
in (i.e. NHMUK PV OR 48262, 48263, 48263a, 48263c,
48263e, 48343, 48344, 48347 and 48354), including all
specimens unambiguously referred to Tongemys enigmat-
ica gen. et sp. nov., were explicitly listed by Lydekker
(1889Db) as originating from the collection of Samuel H.
Beckles. The overall similarity of the remaining material
referred herein (i.e. NHMUK PV OR 48264, 48345, 48351
and 48355) in their preservation and the adjacency of their
catalog numbers make it highly plausible that these origi-
nate from this collection as well. This collection of fossil
turtles was the by-product of an extensive excavation that
had been carried out in search of mammalian remains un-
der the supervision of Beckles in 1856 at Durlston Bay
(Kingsley 1857) at a locality now known as “Beckles’
Pit” (Milner 2004). To reach the target of this excavation,
a single layer known as the mammal bed (bed DB 83 in
the terminology of Clements 1993), Beckles had up to 16
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m of overburden removed from an area of more than 650
m? (Kingsley 1857). It is unclear, however, if the resulting
small-bodied turtles were collected from the mammal bed
per se or from the overburden. The latter conclusion is sup-
ported by the heterogeneity of the matrix in which non-tur-
tle specimens are preserved (Sweetman et al. 2017). We,
therefore, conclude that these specimens either originated
from the Marly Freshwater Member, which includes the
mammal bed or the overlying Cherty Freshwater Member,
the two members exposed at Beckles’ Pit (Sweetman et
al. 2017). These two Members are generally interpreted
as representing lacustrine environments without marine
influence. Among turtles, they otherwise yielded fragmen-
tary helochelydrid remains (Barrett et al. 2002).

The best documented specimens of Pleurosternon
bullockii, Dorsetochelys typocardium and Hylaeochelys
belli, in contrast, originate from the overlying Interma-
rine Member (Milner 2004). This member is interpreted
as ranging from lacustrine to lagoonal.

Although the exact location of the Jurassic-Cretaceous
boundary within the Purbeck Group is still contentious,
ammonite zonation, sequence stratigraphy and magneto-
stratigraphy suggest that the Marly and Cherty Freshwater
Members are early Berriasian, while the Intermarine Mem-
ber is middle to late Berriasian in age (Ogg et al. 1994).

Visualization

The best-preserved small-bodied turtles from Beckles’
Pit were recently figured by Guerrero and Pérez-Garcia
(2021b). Although we here disagree with their interpre-
tation of this material representing juveniles of Pleu-
rosternon bullockii, we fully agree with their anatom-
ical observations. To aid the reader, we, nevertheless,
re-figure the two most telling specimens, NHMUK PV
OR 48262/48265, the holotype (Fig. 1) and NHMUK PV
OR 48343, the specimen with the best-preserved plastron
(Fig. 2). In the rare instance where referred material pro-
vides important insights, we refer the reader to the figures
of Guerrero and Pérez-Garcia (2021D).

In the hope of recovering anatomical information from
the ventral side of the holotype, which is covered in ma-
trix, we subjected this specimen to high-resolution X-ray
micro-computed tomography using a Nikon Metrology
XTH 225 ST scanner at the NHMUK Imaging and Anal-
ysis Centre. The system set-up consisted of: a tungsten
rotating reflection target; X-ray source set to 215 kV and
660 pnA; source filtered with 1.5 mm of copper; detec-
tor gain of 24 dB; source-object distance of 358.7 mm
and object-detector distance of 619.4 mm generating data
with isotropic voxels with an edge length of 55.00 pm.
Both parts of the specimen (NHMUK PV OR 48262
and 48265) were put together for the acquisition, which
consisted of 4476 projections over a 360° rotation of the
object, using the minimize ring artefact option of the in-
strument; each projection had a total integration time of
1 second resulting from 4 frame averaging of 250 msec
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exposure each. 3D mesh models were generated using
the software Amira 2020.2 (Thermo Fisher Scientific,
Hillsborough, USA). Data segmentation was performed
combining manual masking every sixth slice with the in-
terpolation tool in the z-axis. The 3D mesh models were
generated and exported as .ply-files. The images used
in Fig. 1 were taken as screen shots from SPIERSview
3.1.0. The original set of coronal slices and the 3D mesh
models are available at MorphoSource (https://www.
morphosource.org/projects/000434697).

Comparisons

Our primary comparative sources are as follows: Com-
psemys (a.k.a. Berruchelus) russelli (Pérez-Garcia, 2012)
from the Paleocene of France, as described by Pérez-
Garcia (2012); Calissounemys matheroni Tong et al., 2022
from the Campanian of France, as described by Tong et al.
(2022); Compsemys victa Leidy, 1856 from the Paleocene
of New Mexico, as described by Gilmore (1919); Pelto-
chelys duchastelii Dollo, 1884 from the Early Cretaceous
(middle Barremian to early Aptian) of Belgium, as de-
scribed by Joyce and Rollot (2020); Pleurosternon bull-
ockii from the Early Cretaceous (Berriasian) of England,
as described by Guerrero and Pérez-Garcia (2021a); and
Selenemys lusitanica Pérez-Garcia & Ortega, 2011 from
the Late Jurassic (Kimmeridgian) of Portugal, as de-
scribed by Pérez-Garcia and Ortega (2011).

Phylogenetic analysis

To investigate the phylogenetic relationships of compse-
mydids, we integrated Tongemys enigmatica gen. et sp.
nov. into the paracryptodire character/taxon matrix of
Rollot et al. (2021). The new turtle could be scored for
35 of 107 characters. The matrix was otherwise adjust-
ed, by re-scoring the early compsemydids Peltochelys
duchastelii and Selenemys lusitanica as “0,” not “1,” for
characters 86 and 87, as they clearly do not exhibit exten-
sive contacts between the inguinal and axillary buttresses
with the costals, in contrast to the derived compsemydids
Compsemys russelli, Compsemys victa and Kallokibotion
bajazidi. The updated character taxon matrix is provided
in the Suppl. material 1.

The expanded matrix was subjected to a parsimony
analysis using TNT (Goloboff et al. 2008). Twenty-one
characters (i.e. characters 6, 14, 16, 18, 27, 28, 31, 34, 39,
40, 41, 46, 48, 60, 63, 80, 88, 95, 97, 98 and 101) were
run ordered because they form morphoclines. Progano-
chelys quenstedti served as the outgroup. One thousand
random addition sequences were followed by a round of
tree bisection reconnection. Trees suboptimal by 10 steps
and with a relative fit difference of 0.1 were retained as
part of the first search. A tree-collapsing rule was imple-
mented with a minimum length of 0. Our analysis under
equal-weighting resulted in 48 most parsimonious trees

with 301 character-state transitions. The Pruned Trees
function of TNT identified Riodevemys inumbragigas
and Scabremys ornata as rogue taxa, which were subse-
quently removed. The 50% majority-rule tree is shown in
Fig. 3. Tongemys enigmatica gen. et sp. nov. is retrieved
as the most basal branching compsemydid.

Nomenclature

We use phylogenetic nomenclature throughout this man-
uscript. All names of taxa, including clades, are therefore
highlighted using italics.

Systematic paleontology

Testudinata Klein, 1760
Compsemydidae Pérez-Garcia et al., 2015

Tongemys enigmatica gen. nov.
https://zoobank.org/92EBBSE9-9FDB-403E-A619-170CC9936568

Type species. Tongemys enigmatica Joyce, Bourque, Fer-
nandez & Rollot, sp. nov.

Tongemys enigmatica gen. et sp. nov.
https://zoobank.org/5SE4C6B25-01B6-4237-8C59-6DBCSDFBB978
Figs 1,2

Holotype. NHMUK PV OR 48262/48265, a near com-
plete shell preserved on two separately catalogued slabs
(Lydekker 1889a, fig. 3; Guerrero and Pérez-Garcia
2021b, fig. la—c; Fig. 1).

Type locality. Beckles’ Pit, Durlston Bay, Dorset,
United Kingdom; Marly Freshwater or Cherty Fresh-
water Members, Purbeck Group, early Berriasian, Early
Cretaceous (see Geological Settings above).

Nomenclatural acts. This publication and its nomen-
clatural acts were registered at ZooBank on 2 August
2022, prior to publication. The LSID of the publication
is urn:lsid:zoobank.org:pub:347E8CB2-6D5C-46C1-
8269-C60629424822, that of the new genus LSID
urn:lsid:zoobank.org:act:92EBB8E9-9FDB-403E-
A619-170CC9936568 and that of the new species LSID
urn:lsid:zoobank.org:act:5SE4C6B25-01B6-4237-8C59-
6DBC8DFBB978.

Etymology. The genus name, Tongemys, is formed in
honor of Haiyan Tong, a paleontologist who has consistent-
ly contributed to the field of descriptive turtle paleontology
and systematics over the course of the last three decades.
The epithet, enigmatica, alludes to 150 years of taxonomic
uncertainty obscuring the validity of this new taxon. The
epithet is formed as a noun in apposition, not an adjective.

Diagnosis. Tongemys enigmatica gen. et sp. nov. can
be diagnosed as a representative of Compsemydidae by
its relatively small size (carapace length smaller than
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Figure 1. NHMUK PV OR 48262/48265, Tongemys enigmatica, holotype, Early Cretaceous (Barremian) of England: A. Photo-
graph in dorsal view; B. Interpretive line drawing in dorsal view; C. 3D model of plastron in dorsal view; D. 3D model of plastron
in ventral view. Abbreviations: co, costal; ent, entoplastron; epi, epiplastron; hyo, hyoplastron; hyp, hypoplastron; Ma, marginal
scute; mes, mesoplastron; per, peripheral; P, pleural scute; Ve, vertebral scute; xi, xiphiplastron.

30 cm), a finely textured shell, a sutured bridge, the
reduction to absence of a nuchal contribution to the an-
terior carapace margin, the reduction to absence of a
contact between peripheral I and costal I resulting in a
contact between the nuchal and peripheral II, the absence
of a cervical and a posterolaterally sloping gular-humer-
al sulcus. Tongemys enigmatica gen. et sp. nov. differs
from other compsemydids by the presence of a distinct
nuchal notch, which is formed by an anterior protrusion
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of peripheral I, a residual contribution of the nuchal to the
anterior carapacial margin, a laterally expanded nuchal
that is wider than costal I (also in Selenemys lusitanica),
the convergence of the nuchal, peripheral I, peripheral II
and costal I on to a single point, neurals II-VII as broad
as long (also in Compsemys russelli and Compsemys vic-
ta), four-sided neural I (also in Compsemys russelli and
Compsemys victa), narrow anterior peripherals (also in
Peltochelys duchastelii) that are much wider than tall,
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Figure 2. NHMUK PV OR 48343, Tongemys enigmatica, referred specimen, Early Cretaceous (Barremian) of England: A. Photo-
graph in ventral view; B. Interpretive line drawing in ventral view. Abbreviations: AB, abdominal scute; EG, extragular scute; ent,

entoplastron; epi, epiplastron; FE, femoral scute; GU, gular scute; HU, humeral scute; hyo, hyoplastron; hyp, hypoplastron; mes,

mesoplastron; PE, pectoral scute; xi, xiphiplastron.

V-shaped peripherals in cross section, anterior and poste-
rior to the bridge, a straight medial margin of costal VIII
resulting in a trapezoidal space for the suprapygals (also
in Peltochelys duchastelii), restriction of vertebral I to
the nuchal and costals (also in Selenemys lusitanica), the
convergence of vertebral I, marginal II, marginal III and
pleural I on to a single point, development of a shallow
anal notch only (also in Selenemys lusitanica and Pelto-
chelys duchastelii), lack of a sinuous mid-line sulcus
(also in Peltochelys duchastelii), a posterolaterally slop-
ing gular/humeral sulcus that nearly crosses the epi-hyo-
plastral suture and restriction of gulars to epiplastra. The
available material is not sufficient to allow differentiating
Tongemys enigmatica from Calissounemys matheroni,
but the latter appears to be larger and have a finer and
more striated surface texture.

Referred material. The following specimens from the
type locality are referred, based on their small size and
the presence of a nuchal that is wider than costal I and
that shows a reduced contribution to the anterior carapa-
cial margin: NHMUK PV OR 48263, a carapacial disc
lacking peripherals (Guerrero and Pérez-Garcia 2021b,
fig. 2d); NHMUK PV OR 48263c, the anterior half of
a carapacial disk lacking the peripherals (Guerrero and
Pérez-Garcia 2021b, fig. 2b); NHMUK PV OR 48263e¢, a
partial carapacial disk lacking peripherals (Guerrero and
Pérez-Garcia 2021b, fig. 2c); NHMUK PV OR 48264, a

carapacial disk lacking peripherals (Guerrero and Pérez-
Garcia 2021b, fig. 3b, c). The following specimens are
referred, based on their small size and the presence of
a laterally contracting mesoplastron: NHMUK PV OR
48343, a near complete plastron (Fig. 2; Guerrero and
Pérez-Garcia 2021b, fig. 4a); NHMUK PV OR 48344, a
near complete plastron lacking much of the lobes (Guer-
rero and Pérez-Garcia 2021b, fig. 4b); NHMUK PV OR
48347, a partial plastron lacking the anterior and poste-
rior lobes (Guerrero and Pérez-Garcia 2021b, fig. 4c);
NHMUK PV OR 48355, a partial plastron lacking the
anterior and posterior lobes (Guerrero and Pérez-Garcia
2021b, fig. 3d); NHMUK PV OR 48354, a disarticulated
shell lacking nuchal, peripherals and most of the anterior
and posterior plastral lobes (Guerrero and Pérez-Garcia
2021b, fig. 3a). The following specimens, also from the
type locality, but too incomplete to yield much taxonom-
ic information, are referred, based on their small size:
NHMUK PV OR 48263a, a carapacial disk lacking the
nuchal and the peripherals (Guerrero and Pérez-Garcia
2021b, fig. 2a); NHMUK PV OR 48345, a heavily-erod-
ed carapace (Guerrero and Pérez-Garcia 2021b, fig. 11);
NHMUK PV OR 48351, a partially disarticulated carapa-
cial disk lacking the nuchal and the peripherals (Guerrero
and Pérez-Garcia 2021b fig. 2e). Although all referred
specimens are incomplete, all provide sufficient character
evidence to assess their taxonomic referral.

fr.pensoft.net



268

Walter G. Joyce et al.: A new species of compsemydid turtle

Description.

Carapacial bones. The exact number of elements
that comprise the carapace of Tongemys enigmatica is
not known. No complete carapace is preserved, but the
available material preserves a nuchal, eight neurals, eight
pairs of costals, the anterior eight pairs of peripherals and
one to two suprapygals. Three pairs of posterior periph-
erals and the pygal were likely present as well. Though
incomplete, the shell looks to have been rounded, with
exception of a distinct nuchal notch, which is framed by
peripherals I (Fig. 1A, B). In the smallest specimens (e.g.
NHMUK PV OR 48263a; Guerrero and Pérez-Garcia
2021b, fig. 2a), elongate distal rib ends suggest that
fontanelles were present, but in more skeletally mature
specimens, including the holotype, the costals appear to
contact the peripherals, with the exception of a minor gap
between the nuchal, costal I and peripherals I and II (Fig.
1A, B). The surface of the shell is decorated by a fine
texture consisting of small, evenly-spaced pits (Figs 1, 2).
The holotype, one of the largest available specimens, has
an estimate carapace length of 14 to 15 cm. Smaller spec-
imens, such as NHMUK PV OR 48264, had an estimated
carapace length of only 8 cm.

The nuchal is wide and hexagonal with long antero-
lateral and posterolateral contacts with peripheral I and
costal I, a short anterior contribution to the margin of the
shell and a short posterior contact with neural I (Fig. 1A,
B). A lateral corner contact with peripheral II is interrupt-
ed by what looks to be a minute fontanelle. Among com-
psemydids, the nuchal of Tongemys enigmatica resembles
that of Selenemys lusitanica by being wider than costal I,
but differs by symplesiomorphically contributing to the
anterior margin of the carapace. A clear lateral contact
with peripheral II is present in all other compsemydids.

The available material suggests that eight neurals are
present, of which the last is typically fused with the su-
prapygals. The former presence of an asymmetric, abnor-
mal element in the holotype is hinted at by a notch at its
posterior end (Fig. 1A, B). The variable fusion of neural
VIII with suprapygal I is not only documented for other
compsemydids, such as Compsemys russelli, Compsemys
victa and Selenemys lusitanica, but also Pleurosternon
bullockii. The neurals resemble those of Compsemys
russelli and Compsemys victa by being nearly as wide
as long. The holotype resembles Compsemys russelli
and Compsemys victa by possessing a four-sided neural
I, while the remaining parts of the sequence are hexago-
nal with symmetrically short anterior sides. The remain-
ing specimens, though fragmentary, are consistent with
this arrangement, with the exception of NHMUK PV
OR 48263 (Guerrero and Pérez-Garcia 2021b, fig. 2d),
which resembles Peltochelys duchastelii by exhibiting a
preneural, a hexagonal neural I with symmetrically short
posterior sides and a square neural II. A square neural II
also seems to have been present in Selenemys lusitanica.

Eight pairs of costals are present that are fully separat-
ed from their counterparts by the contiguous neural series
(Fig. 1A, B). As in all turtles, the costals evenly fan out
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from the anterior to the posterior. All costals have similar
anteroposterior dimensions to one another, with the ex-
ception of costal I, which is considerably longer antero-
posteriorly than costal II and costal VIII, which is much
smaller and almost rudimentary relative to costal VII.
The costals typically contact two neurals medially (see
above). Costal I contacts peripheral II and III anterolat-
erally. A point contact may have existed with peripheral I
anteriorly and peripheral IV posterolaterally. Costal VIII
otherwise contacted the suprapygal complex posterome-
dially. The remaining contacts of the costals with the pe-
ripherals are not preserved.

The holotype is the only specimen to preserve a mean-
ingful sample of peripherals (Fig. L A, B). As in most species
of compsemydids, peripheral I is located anterolaterally to
the nuchal and the two bones broadly contact the entirety
of one another. As a result, peripheral I lacks a posterior
contact with costal I. This characteristic is present among
all unambiguous compsemydids. In contrast to other com-
psemydids, however, peripheral I is not a wedge-shaped
element that forms a rounded anterior carapace margin,
but rather is a rectangular element that forms minor ante-
rior protrusions that frame a narrow anterior nuchal notch.
The anterior margin of peripheral II lines up with the an-
terior margin of costal 1. A medial contact with the nuchal
is, therefore, absent. A short contact between these two
bones is present in Selenemys lusitanica and Peltochelys
duchastelii, a more extensive one in Compsemys russelli
and Compsemys victa. The remaining peripheral elements
are disarticulated from the rest of the shell, likely because
they were not tightly sutured to the costals. The peripheral
HI-IV and peripheral VIII-IX contacts, however, seem to
have aligned with the costal I-1I and costal VI/VII contacts.
The anterior peripherals are notably narrow, like those of
Peltochelys duchastelii. The CT data reveal that all avail-
able peripherals have a V-shaped cross section, not just
the bridge peripherals. This is a previously under-report-
ed characteristic not only apparent among other European
compsemydids, such as Peltochelys duchastelii, but also
the pleurosternid Pleurosternon bullockii (clearly visible in
NHMUK PV R 1891) and the helochelydrid Aragochersis
lignitesta (Pérez-Garcia et al. 2020).

The suprapygals are not preserved in the holotype (Fig.
1A, B). In three specimens, a single suprapygal is apparent
that is fused with neural VIII (NHMUK PV OR 48263a,
48263 and 48354, Guerrero and Pérez-Garcia 2021b, fig.
2a, ¢ and fig. 3a, respectively). In two other specimens,
two suprapygal elements are present, of which the ante-
rior is fused with neural VIII (NHMUK PV OR 48351,
48264, Guerrero and Pérez-Garcia 2021b, fig. 2e and fig.
3b and c, respectively). The fusion of the suprapygal ele-
ment to neural VIII is alluded to by the unusual polygonal
form of the resulting compound element, including angu-
lar concavities. The suprapygal elements in concert fill the
triangular space between costals VIII. The medial margin
of costal VIII is, therefore, straight, not stepped to account
for differently-sized anterior and posterior suprapygals. A
similar arrangement is seen in Peltochelys duchastelii.
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Carapacial scutes. The carapace was likely covered
by five vertebrals, four pairs of pleurals and twelve pairs
of marginals (Fig. 1A, B). As in all other compsemydids,
but also Pleurosternon bullockii, a cervical is clearly
absent. In the holotype, the intervertebral contacts are
located over the middle of neural I, the posterior thirds
of neural III and V and neural VIII (Fig. 1A, B). Other
specimens generally agree, although minor deviations
are apparent. As a more extreme abnormality, at least one
specimen exhibits medially split vertebrals (NHMUK
PV OR 48263c, Guerrero and Pérez-Garcia 2021b, fig.
2b), also noted by Guerrero and Pérez-Garcia 2021c¢ (fig.
2¢). Vertebral I is the broadest vertebral element. It has
straight anterior contacts with marginal I, which jointly
form a moderate convexity. Furthermore, it contacts the
full length of marginal II anterolaterally, pleural I pos-
terolaterally and vertebral II posteriorly. The near contact
of vertebral I with marginal III hinders marginal II from
broadly contacting pleural II, the condition seen in most
other turtles. Vertebral I resembles that of Selenemys lu-
sitanica by not lapping on to the peripherals. An overlap
on to peripherals I and II is developed in Compsemys rus-
selli, Compsemys victa and Peltochelys duchastelii. An
overlap on to peripheral I only is exhibited in Pleuroster-
non bullockii. Vertebrals II to IV are hexagonal elements
(Fig. 1A, B). They each have two lateral contacts with the
adjacent pleurals and relatively straight anterior and pos-
terior contacts with the adjacent vertebrals. Of the three,
vertebral III is the widest, vertebral IV the narrowest.
In the holotype, these vertebrals are distinctly narrower
than the pleurals (Fig. 1A, B), but in the most juvenile
specimens, they are wider (e.g. NHMUK PV OR 48263a,
Guerrero and Pérez-Garcia 2021b, fig. 2a). This differs
significantly from the condition seen in Pleurosternon
bullockii, where the vertebrals are much broader than the
pleurals, even though all known individuals have a much
greater size. The outlines of vertebral V are not well pre-
served in any specimen, but the holotype suggests that
this element was about as wide as vertebral IV, but trap-
ezoidal in outline, as its anterior sulcus with vertebral IV
is narrow (Fig. 1A, B). This element appears to be partic-
ularly narrow in the holotype, as the vertebral V-pleural
IV sulcus barely overlaps the most posterodistal portion
of costal VIII, but is clearly located on costal VIII in other
specimens. This is not confirmed to be regular by the re-
maining material (e.g. NHMUK PV OR 48263, Guerrero
and Pérez-Garcia 2021b, fig. 2d).

In the holotype, the interpleural sulci are straight, but,
while the anterior two evenly cross costals II and IV (as
in most turtles), the posterior one laterally crosses from
costal VI on to costal VII (Fig. 1A, B). This unusual posi-
tion is not seen in other specimens (e.g. NHMUK PV OR
48263, Guerrero and Pérez-Garcia 2021b, fig. 2d).

The holotype best preserves the marginals (Fig. 1A,
B). Marginal I is relatively broad and contacts its coun-
terpart medially, marginal II laterally and vertebral I pos-
teriorly. It evenly covers the medial two-thirds of periph-
eral I and the anterior portions of the nuchal. The median

intermarginal sulcus is symplesiomorphically located
on the nuchal as in Selenemys lusitanica, but also Pleu-
rosternon bullockii. Only remnants of the remaining in-
termarginal sulci are otherwise apparent. This, in return,
suggests that the marginal-pleural sulcus was located near
the peripheral-costal suture. In this regard, Tongemys
enigmatica resembles other compsemydids, but differs
markedly from Pleurosternon bullockii, where the mar-
ginals broadly overlap the costals.

Plastral bones. The plastron consists of an entoplas-
tron and paired epi-, hyo-, meso-, hypo- and xiphiplas-
tra (Figs 1, 2). The plastral fore-lobe is relatively straight
along the hyoplastral margin and has a transverse anterior
margin, but otherwise is broadly rounded. The plastral
hind-lobe is shorter than the fore-lobe and more evenly
rounded. Only a shallow anal notch is apparent, as in Se-
lenemys lusitanica. On the visceral side of the plastron, the
skin-scute sulcus is located just medial inside the margin
of the plastron (see black arrows in Fig. 1C) and, there-
fore, lacks broad overlap, in contrast to the plastral hind-
lobe of Pleurosternon bullockii. The space between the
inguinal and axillary notches is significantly shorter than
either lobe. There is no evidence of plastral fontanelles.

The epiplastron broadly contacts its counterpart along
the mid-line, the entoplastron posteromedially and the
hyoplastron along a posteriorly convex contact posterior-
ly (Figs 1, 2). The hyo-, meso- and hypoplastron jointly
form the bridge region. Possible dorsal contacts of the
wing-like axillary and inguinal buttresses with the cara-
pace are unclear, even in the CT data, because the plas-
tron is displaced relative to the carapace, but the lack of
extensive sutural surfaces on the underside of the costals
suggest that a contact would have been minor, if pres-
ent at all. As in other compsemydids and Pleurosternon
bullockii, the plastral bones do not align to meet exactly
at the mid-line. The mesoplastron narrows laterally to a
tip. This condition is otherwise hinted at in Selenemys lu-
sitanica. The mesoplastron is lacking in Peltochelys du-
chastelii. The hypoplastron is only about two-thirds the
anteroposterior length of the hyoplastron. The xiphiplas-
tron is attached to the hypoplastron along a transversely
straight suture, which is stabilized on the visceral side by
a pronounced process of the xiphiplastron that overlies
the hypoplastron.

Plastral scutes. In NHMUK PV OR 48343, the only
specimen that preserves the plastral scutes well, the plas-
tron is covered by paired gulars, extragulars, humerals,
pectorals, abdominals, femorals and presumably anals
(Fig. 2). There is no evidence of inframarginals, but we
cannot be certain of this observation. The gulars are large,
blocky elements that do not overlap the entoplastron ven-
trally, but exhibit an asymmetric mid-line contact. Simi-
lar asymmetries are polymorphically developed in Pleu-
rosternon bullockii as well. As in other compsemydids,
but not Pleurosternon bullockii, the extragular/humeral
sulcus slopes posteriorly and may have even lapped on to
the hyoplastron posterolaterally. There is no evidence of
a deeply sinuous mid-line sulcus. The humeral-pectoral,
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pectoral-abdominal and abdominal-femoral sulci are
arranged relatively straight transversely. The humer-
al-pectoral sulcus is located mid-length between the en-
toplastron and the axillary notch, the pectoral-abdominal
crosses the mesoplastron, and the abdominal-femoral lat-
erally aligns with the inguinal notch. The anal-femoral
sulcus is not preserved, but a telling break in the holotype
suggests that it is orientated diagonally and did not cross
on to the hypoplastron.

Discussion

Alpha taxonomy

The taxon represented by the small-sized turtle materi-
al recovered from Beckles’ Pit has a somewhat unique
taxonomic history, as authors have noted its morpholog-
ical distinction ever since it was first reported in the 19%
century, but either interpreted it as the juvenile morph of
Pleurosternon bullockii nevertheless (Lydekker 1889a, b;
Guerrero and Pérez-Garcia 2021b) or as a new species of
compsemydid (Lapparent de Broin and Murelaga 1999).

Although we here conclude that the turtles from Beck-
les’ Pit represent a new species of compsemydid turtle,
Tongemys enigmatica gen. et sp. nov., we agree that a
number of characters are present that unite it with the co-
eval Pleurosternon bullockii, including a broadly similar
surface texture, the number and arrangement of bones in
the shell, a complete neural series, a four-sided neural I,
the common fusion of neural VIII with suprapygal I, pe-
ripherals that are V-shaped anteriorly and posteriorly to
the bridge, the absence of a cervical scute and a straight
mid-line plastral sulcus. As our phylogenetic analysis
cannot resolve the interrelationships of compsemydids,
pleurosternids and baenids, it is unclear if these char-
acters represent symplesiomorphies or homoplasies, al-
though biogeographic arguments provide support for the
former hypothesis, as early pleurosternids and compse-
mydids are best known from Europe.

In spite of the above listed similarities, we find con-
siderable character evidence that distinguishes Tongemys
enigmatica from Pleurosternon bullockii: much smaller
size (a carapace length of ca. 15 cm versus ca. 55 cm);
the development of a distinct nuchal notch that is framed
by anterior protrusions of the first peripherals, instead of
a rounded anterior margin; the near complete retraction
of the nuchal from the anterior margin of the shell (ca.
20% of nuchal width contributes to the margin, instead of
50%), a nuchal that is laterally expanded to the approx-
imate width of costal I resulting in a near contact of the
nuchal with peripheral II which, in turn, hinders a clear
contact between peripheral I and costal I, in contrast to a
narrow nuchal and a broad contact between peripheral 1
and costal I; presence of neurals that are about as long as
wide, not longer than wide; notably narrow peripherals;
presence of a costal VIII that is significantly smaller than
costal VII, not similar in size; a straight medial margin of
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costal VIII resulting in a triangular space for the suprapy-
gals, not an angular margin; restriction of vertebral I on
to the costals, instead of a clear overlap on to peripheral
I; a near contact of vertebral I with marginal 111, resulting
in a short, not expanded contact between marginal II and
pleural I; marginals that are restricted to the peripherals,
broad pleurals and narrow vertebrals, instead of wide
marginals that lap on to the costals, narrow pleurals and
broad vertebrals; a distance between the axillary and in-
guinal notch that is less, not greater than the length of the
plastral lobes; plastral lobes with parallel, not evenly con-
verging sides; absence, not presence of a deep anal notch;
absence, not presence of broad scute overlap on the dorsal
side of the plastral hind-lobe; laterally contracting me-
soplastra, instead of rectangular elements; hypoplastron
much shorter than hyoplastron, not equal in anteropos-
terior length; extragular-humeral sulcus not orientated
transversely, but rather sloping posterolaterally to nearly
contact the epiplastral-hyoplastral suture; and restriction
of the gulars to the epiplastron, instead of overlapping the
entoplastron.

The vast majority of characters listed above were noted
by Guerrero and Pérez-Garcia (2021b), but attributed to
ontogeny, as they felt that most differences pertain to pro-
portions. While we agree with Guerrero and Pérez-Garcia
(2021b) that proportions change during the ontogeny of
turtles, we disagree that this has been documented in lit-
erature for the shell of turtles beyond matter-of-fact state-
ments. Indeed, we are only aware of very few morphomet-
ric studies that rigorously document shell growth for turtles
beyond simple plots of length, width or height against age
(e.g. Chiari and Claude 2011; Casale et al. 2017).

As part of their study, Guerrero and Pérez-Garcia
(2021b) gathered novel morphometric data from unam-
biguous Pleurosternon bullockii versus Tongemys enig-
matica, in particular 2D landmarks that approximate the
outlines of the nuchal, entoplastron, vertebral III and the
anterior plastral lobe. In our estimation, the resulting
principal component plots are insufficient to serve as tax-
onomy evidence for two primary reasons. First and fore-
most, the use of morphometrics of single shell elements
for taxonomic purposes has never been used before and
has not been tested by reference to known examples. Is
it possible to distinguish extant species using these mea-
surements, even closely related ones? If so, what patterns
should we look for? Is this source of data sufficient to dis-
tinguish between taxonomic versus ontogenetic effects?
These basic questions remain unanswered. As is, the
small-bodied turtles variously plot within, outside or be-
yond the range of the large-bodied ones, which does not
correspond to any particular hypothesis in a self-apparent
way. Secondly, the nuchal, entoplastron, vertebral III and
the anterior plastral lobe of the vast majority of turtles
globally have a similar shape, being trapezoidal, loz-
enge-shaped, hexagonal and tongue-shaped, respective-
ly. Therefore, we do not expect these elements by them-
selves to yield useful taxonomic data, in contrast perhaps
to the morphometrics of all shell elements combined (e.g.
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Claude et al. 2003). Guerrero and Pérez-Garcia (2021b)
also plot regression scores of these elements against their
centroid size, but here also we are unable to interpret the
resulting graphs for the same reasons as listed above.
The available morphometric studies do highlight the
tendency for the vertebral scutes to become relative-
ly narrower during ontogeny, at least in the testudinid
Chelonoidis nigra (Chiari and Claude 2011) and the che-
loniid Caretta caretta (Casale et al. 2017). To explore if

this is universally true among turtles, we collected linear
morphometric measurements from a series of eight extant
turtles representing all major lineages (see Suppl. material
1 for data and plots). Although the available data are not
sufficient to undertake meaningful statistical analyses, we
find a notable gradual decrease in vertebral width is found
in all species. In contrast to the morphometric data men-
tioned above, this observed morphometric trend explicitly
favors the taxonomic distinctness of Tongemys enigmatica
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and Pleurosternon bullockii, as the largest individuals of
the smaller species have proportionally narrower verte-
brals than the smallest individual of the latter species.

A number of studies exist that document ontogenetic
variation in the shell of some extinct turtles (e.g. Brinkman
2003; Lichtig and Lucas 2015; Joyce et al. 2019; Garbin
et al. 2019; Limaverde et al. 2020), but none observes
ontogenetic trends among discrete characters beyond the
closure of fontanelles or the loss of keels. Indeed, an un-
derlying principle in fossil turtle taxonomy is that the shell
of turtles more or less faithfully represents their species
and are not influenced by ontogeny beyond changes to the
level of ossification. Although we agree that this axiom
has perhaps not been tested sufficiently, the very obser-
vation that no significant literature is available that might
test this tenet is indirect confirmation that is seems to hold
true. This is relevant for the taxonomic case at hand: if the
turtle material from Beckles’ Pit were juveniles of Pleu-
rosternon bullockii, it would imply ontogenetic changes
that far outpace what is normally observed between spe-
cies, such as the relative contraction of the nuchal and
vertebral I, which would cause the loss of contacts and
the creation of others during ontogeny. Incidentally, all
of the affected characters were used in the more recent
literature to diagnose other compsemydid species as be-
ing distinct, including Compsemys russelli, Peltochelys
duchastelii and Selenemys lusitanica (Pérez-Garcia and
Ortega 2011; Pérez-Garcia 2012; Joyce and Rollot 2020).
Therefore, we find it inconsistent to use these characters
on the one side to diagnose new species, but to push them
aside as an ontogenetic nuisance at other times. The turtle
material from Beckles’ Pit is easily distinguished from all
other named compsemydids, particularly in the topolog-
ical relationships of the nuchal and vertebral I relative to
the surrounding elements and we feel justified in naming
a new species, Tongemys enigmatica.

Tongemys enigmatica is intermediate in morphology
between Selenemys lusitanica and Peltochelys duchastelii.
This is supported by our phylogenetic hypothesis, which
depicts them as a paraphyletic grade (see below). A notable
difference with these species is the incomplete retraction of
the nuchal from the carapacial margin and the retention of
a mesoplastron, respectively. As such, we feel further jus-
tified in assigning our new species to a new genus as well.

Phylogeny, biogeography and paleoecology

Our phylogeny broadly corresponds to previous hypoth-
eses (e.g. Rollot et al. 2021) by covering Compsemys
russelli, Compsemys victa, Kallokibotion bajazidi, Pelto-
chelys duchastelii and Selenemys lusitanica as members
of Compsemydidae, in addition to the newly-added Tonge-
mys enigmatica, which is recovered as the most basal rep-
resentative of the clade (Fig. 3). The synapomorphies that
unite this clade are the absence of cervicals, placement of
marginal I mostly over peripheral I, absence of a contact
between peripheral I and costal I and the presence of an
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entoplastron that is broader than long. All compsemydids
more derived than Tongemys enigmatica are united by the
absence of the nuchal from the anterior margin of the car-
apace and the presence of a sinuous mid-line sulcus. The
novel placement of Kallokibotion bajazidi as sister to Com-
psemys russelli and Compsemys victa is supported by the
novel recognition that only these compsemydids possess
extensive contacts of the axillary and inguinal buttresses
with the overlying costals. This topology further supports
the notion that the clade originated in Europe during the
Late Jurassic, but secondarily dispersed to North America
during an uncertain time (Joyce and Rollot 2020).

Guerrero and Pérez-Garcia (2021b) noted that the ma-
terial we refer to Tongemys enigmatica originates from a
more lacustrine facies, while classic Pleurosternon bull-
ockii originate from a setting with marine influence (see
Geological settings above). As they concluded all material
to represent the same taxon, they reasonably inferred that
the juveniles of the species (i.e. Tongemys enigmatica) in-
habited inland areas, while the adults (i.e. Pleurosternon
bullockii) were more towards the shore. We conclude, in-
stead, that two taxa are present and that these turtles oc-
cupied separate ecological niches. A more ponded, inland
habitat for Tongemys enigmatica is consistent with the in-
ferred habitat preferences of other basal compsemydids,
as both Selenemys lusitanica and Peltochelys duchastelli
were collected from formations otherwise known for their
dinosaurs (Baele et al. 2012; Mateus et al. 2017).

At present, compsemydids are only known from
three localities throughout the Late Jurassic and Early
Cretaceous of Europe, despite a rich record of coeval di-
nosaurs, particularly in France, Germany and Spain. We
suspect this is a taphonomic filter, as the three available
forms are notably small in size (carapace length less than
20 cm) and, therefore, likely easily overlooked. We, nev-
ertheless, suspect that careful study of existing collections
will yield additional remains from across the continent.
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Abstract

New material of the derived baenid turtle Boremys pulchra from the Hell Creek Formation of Montana extends the stratigraphic
range of the taxon through at minimum the latest Maastrichtian. Previously, the species was constrained to the Campanian of Mon-
tana and Alberta, so this extension constitutes at least 5 million years. Due to fossil reworking at the Bug Creek Anthills assemblage,
where Maastrichtian and Paleocene deposits are mixed, a definitive extension for B. pulchra cannot currently include Paleocene
strata. However, the presence of B. pulchra in latest Cretaceous strata, previous identification of Paleocene Boremys sp. and the
general success of baenid taxa across the K—Pg boundary, make it quite plausible that B. pulchra survived the extinction event and
that previously described Maastrichtian and Paleocene Boremys sp. material probably represents a new taxon. A stratigraphic ex-
tension beyond the Campanian indicates that B. pulchra survived the paleoenvironmental conditions of the latest Cretaceous, where
adaptation to locally heterogeneous aquatic habitats and paleotemperature fluctuations may have facilitated latest Cretaceous and
K—Pg survivorship. Additionally, ectoparasitic bore marks on the Boremys pulchra specimen described here can be attributed to the

ichnotaxon Karethraichnus lakkos.

Key Words

Biostratigraphy, Bug Creek Anthills, Hell Creek Formation, Karethraichnus lakkos, K—Pg boundary, Montana

Introduction

Boremys Lambe, 1906a is a genus of eubaenine baenodd
turtle known primarily from the Campanian of Utah
(Kaiparowits Formation [Fm.]) and New Mexico (upper
Kirtland Formation), as well as the Judith River Group in
Alberta and Montana (Lambe et al. 1906a; Lambe 1914,
Gilmore 1920; Parks 1933; Gaffney 1972; Brinkman and
Nicholls 1991; Hutchison et al. 2013; Sullivan et al. 2013;
Joyce and Lyson 2015). Of particular interest presently,
Lyson and colleagues (2011) referred material to Boremys
sp. from the Maastrichtian Hell Creek Formation of
North Dakota and eastern Montana and the Paleocene
Fort Union Formation of North Dakota (Puercan North
American land mammal “age” [NALMAJ]), but did not
reach a species designation due to missing key areas
of the shell (Lyson et al. 2011; Joyce and Lyson 2015).

A partial eubaenine nuchal from the early Paleocene
Denver Basin of Colorado has also been attributed to
Boremys sp. (Hutchison and Holroyd 2003; Joyce and
Lyson 2015). Additionally, undescribed partial specimens
of Boremys sp. (e.g. RSKM P3135.68, RSKM P3143.36,
RSKM P3150.41, RSKM P3173.11, RSKM P3174.16,
RSKM P3174.37, RSKM P3175.14, RSKM P3176.25
and RSKM 2618.44) from the Maastrichtian Frenchman
Fm. of southern Saskatchewan, which is coeval with
the Upper Hell Creek Fm., could correspond with the
Boremys sp. described by Lyson et al. (2011). Several
other published referrals of Boremys were not supported
by the comprehensive baenid review of Joyce and Lyson
(2015) and I follow their assessment of this material. No
Boremys pulchra material was identified in the survey of
Montana Hell Creek/Fort Union Formation turtle faunas
by Holroyd et al. (2014) and the total number of referred

Copyright Brent Adrian. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), which permits unrestricted use, distri-
bution, and reproduction in any medium, provided the original author and source are credited.
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B. pulchra specimens is small, suggesting that it was a
rare turtle, as proposed for B. grandis in New Mexico and
Utah (Lively 2016).

Previously, all Boremys specimens were synonymised
into B. pulchra, distributed from Alberta to New Mex-
ico, including Boremys albertensis Gilmore 1920 from
the Belly River Group of Alberta (Gaftney 1972; Joyce
and Lyson 2015). Currently, Boremys is comprised of two
valid species, the northern Laramidian Boremys pulchra
Lambe, 1906a and southern Laramidian Boremys grandis
Gilmore, 1935, which differ systematically (Brinkman
and Nicholls 1991; Joyce and Lyson 2015). The most
dramatic difference is shell size, with B. grandis near-
ly twice as large as B. pulchra (Brinkman and Nicholls
1991; Joyce and Lyson 2015). Sandy crevasse splays,
followed by channels, were determined as the preferred
paleoenvironment inhabited by Boremys sp., based on the
material evaluated by Lyson et al. (2011). A paleobiogeo-
graphical analysis of Cretaceous baenids suggests that a
southern B. grandis and B. pulchra in Montana are the
result of an allopatric speciation event, with subsequent
southern dispersal of B. grandis and B. pulchra into Al-
berta (Lively 2013).

Geological setting

The turtle specimen described here (RAM 27109) was
discovered in 1994 in the Bug Creek Anthills assemblage
(Locality V-1994096), near the Cretaceous-Paleogene
(K-Pg) boundary in McCone County, Montana (Lofgren
1995) (Fig. 1). Unlike similarly-aged exposures in nearby
Garfield County, where the Hell Creek-Tullock Forma-
tion contact approximates the K—Pg boundary, the upper
part of the Hell Creek Formation in McCone County is
Paleocene (Lofgren 1995). Fossils at Bug Creek Anthills
locality V-1994096 (Fig. 1) occur in abundance as disar-
ticulated elements within a pebble conglomerate, which
is composed of clay—mud clasts with a light brown to tan
sandstone matrix. The fossiliferous conglomerate—sand-
stone is scoured into a grey sandstone with red—brown
ironstone lenses. Conglomerate is exposed along the
north-facing side of a prairie-capped flat area, 0.6-1.5 m
(25 ft) below the prairie cap.

The greater Bug Creek assemblages are comprised of
several localities that have been historically challenging
to categorise temporally, due to reworking of their fossils—
see detailed history in Lofgren (1995) and summary in
Cifelli et al. (2004). One of these assemblages, Bug Creek
Anthills, was originally described as the oldest in a series
of three (followed by Bug Creek West and Harbicht Hill)
(Cifelli et al. 2004). Extensive fossil reworking in these
strata was determined to be caused by the incision of large
Paleocene sandstone channels into fossiliferous Cretaceous
strata, resulting in older (uppermost Maastrichtian) fossils
that are present as sedimentary particles in younger
channel fills deposited during the Puercan NALMA
(Lofgren 1995; Cifelli et al. 2004). Central to the age
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determination of Bug Creek Anthills is the presence of the
“archaic ungulate” index taxon Protungulatum donnae
Sloan and Van Valen, 1965 as the FAD (First Appearance
Datum) for the advent of the initial interval zone of the
Puercan NALMA (Archibald 1981, 1982; Archibald and
Lofgren 1990; Cifelli et al. 2004). Lithofacies analyses
of the Bug Creek localities show exclusive association
with lag deposits of large channel facies, which are
deeply entrenched into older floodplain deposits yielding
in situ dinosaur remains (Lofgren 1995). Channel facies
are arranged within a complex stratigraphic interval and
locally traceable erosion surfaces were formed within
channelling events (Lofgren 1995). The channels can only
rarely be ordered temporally, based on superposition or
crosscutting relationships (Lofgren 1995).

Some North American fossil sites near the K-Pg tran-
sition represent restricted and homogenous habitats, with
faunal and floral content that can vary with depositional
facies (see the Gryde Local Fauna of the Frenchman For-
mation in Saskatchewan; Storer 1991). This is the case in
the Bug Creek assemblages of the Hell Creek Formation,
where faunal remains are restricted to large, sandy chan-
nel fillings that reflect multiple episodes of deep channel
entrenchment into older floodplains (Fastovsky 1987;
Lofgren 1995). As in many terrestrial microvertebrate lo-
calities formed by fluvial regimes, the majority of bone
material at Bug Creek is concentrated into lags in chan-
nel facies and abrupt faunal and floral changes in these
strata may be, at least in part, artefacts of the depositional
system (Fastovsky 1987; Eaton et al. 1989). Fluvial sed-
imentation also produces patterns of lenticular, interfin-
gering and laterally discontinuous facies, none of which
has extensive spatial or temporal continuity (Fastovsky
1987). Individual channels at Bug Creek are frequent-
ly lithologically and petrographically indistinguishable,
sedimentary hiatuses are numerous and correlation be-
tween discontinuous outcrops is often uncertain, as the
scale of the gaps between exposures can exceed that of
the predicted scale of the fluvial components (Fastovsky
1987). Taphonomic analysis assessing the degree of
abrasion on fossil specimens from reworked sediments
may approximate distance of transport or the energy and
abrasive capacity of a channel, but cannot distinguish be-
tween heterochronous faunas (Eaton et al. 1989). Overall,
the depositional history of the Hell Creek Formation at
Bug Creek Anthills presents a complex suite of deposi-
tional and taphonomic biases that confound characteri-
sation and limit detailed channel and paleoenvironmen-
tal reconstructions.

Baenidae is represented by at least 11 taxa in the Hell
Creek Formation, accounting for much of the diversity
in the considerable turtle assemblage of the unit (Lyson
et al. 2019). At least seven other family level clades of
turtles are also known from the Hell Creek Fm.: Adoci-
dae, Chelydridae, Kinosternoidea, Macrobaenidae, Nan-
hsiungchelyidae, Pleurosternidae and Trionychidae (see
faunal list of Holroyd et al. 2014: table 2). As previously
stated, no specimens of Boremys pulchra were identified
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Figure 1. Index map of locality V-1994096 in the Hell Creek Formation, northeast Montana. Blue areas indicate Hell Creek Forma-
tion exposures in Montana and the red dot indicates the Bug Creek Anthills assemblage. Base satellite map generated with Google
Earth V 7.3.4.8248. (March 20, 2022). Montana, United States. Camera: 929 km, 46°54'58"N, 109°48'21"W. Landsat/Copernicus

2022. http://www.earth.google.com [20 March 2022].

in past surveys of Hell Creek Fm. turtles, despite being
readily identifiable (Holroyd et al. 2014). Besides RAM
27109, the only other turtles identifiable from Bug Creek
Anthills locality V-1994096 are from indeterminate tri-
onychid (softshell turtle) fragments. However, the coeval
small mammal assemblage from Bug Creek Anthills is
exceptional in diversity and abundance, with numerous
multituberculate (11 genera), marsupial (6 genera) and
eutherian (9 genera) taxa identified to species level-see
faunal list of Lofgren (1995: 70) and relevant taxonom-
ic updates in Wilson (2014: table 1). According to RAM
collections records, indeterminate crocodilian, champso-
saurid, amphibian and squamate material has also been
recovered from locality V-1994096, as well as a presby-
ornithid bird. Finally, chondrichthyan and osteichthyan
fishes are represented, including Actinopterygii, Amiidae
and Lepisosteidae.

Materials and methods

Screenwashing techniques described by McKenna (1965)
were employed at Bug Creek Anthills locality V-1994096
in 1994; however, the size of the specimen (larger than ~
1 cm?) indicates it was probably surface collected (Lof-
gren, pers. comm.). Linear measurements were taken us-
ing Neiko (China) #01417A 6” Digital Calipers and depth
measurements were performed with an iGaging (USA)
# 35-125 Digital Electronic Indicator. Some distanc-
es and angles were measured from high quality digital

photographs using IMAGEJ (Rasband 1997-2016). The
plot and regression line of anterior plastral lobe measure-
ments were generated in Microsoft EXCEL (v. 2203). I
use the taxonomic scheme of turtles presented by Joyce
(2007, 2017) unless otherwise specified and I adhere to
Phylocode guidelines (e.g. Laurin et al. 2005; Joyce et al.
2020, 2021). Following Hutchison and Bramble (1981)
and most modern authors, the two pairs of scales present
on the anterior plastron are termed gular and extragular
scales, where the gulars are located anteromedially to the
extragular scales and both sets of scales are anterior to the
entoplastron. Classification of ichnological pits follows
Hutchison and Frye (2001).

Institutional abbreviations

CMN, Canadian Museum of Nature (formerly NMC),
Ottawa, Canada; NMC, National Museum of Canada, Ot-
tawa, Canada; PTRM, Pioneer Trails Regional Museum,
Bowman, North Dakota, USA; RAM, Raymond M. Alf
Museum of Paleontology, Claremont, California, USA;
ROM, Royal Ontario Museum, Ontario, Canada; RSKM,
Royal Saskatchewan Museum, Saskatchewan, Canada;
TMP, Royal Tyrell Museum of Palacontology, Alberta,
Canada; UALVP, University of Alberta Laboratory of
Vertebrate Paleontology, Alberta, Canada; UCMP, Uni-
versity of California Museum of Paleontology, Berkeley,
California, USA; USNM, National Museum of Natural
History, Washington D.C., USA.
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Systematic paleontology

Testudinata Batsch, 1788 (sensu Joyce, Parham &
Gauthier, 2004)

Paracryptodira Gaffney, 1975 (sensu Joyce, Parham,
Anquetin, Claude, Danilov, Iverson, Kear, Lyson, Rabi
& Sterli, 2020)

Baenidae Cope, 1873 (sensu Joyce, Anquetin, Cadena,
Claude, Danilov, Evers, Ferreira, Gentry, Georgialis,
Lyson, Pérez-Garcia, Rabi, Vitek & Parham, 2021)

Boremys Lambe, 1906b

Boremys pulchra Lambe, 1906a

Type specimen. CMN 1130, a plastron and anterior half of
carapace (Lambe 1902: fig. 8; Lambe 1906a: pls. 3.4, 4).

Type locality and stratum. Near the mouth of Berry
Creek, Red Deer River, Dinosaur Provincial Park, Alber-
ta, Canada; Dinosaur Park (formerly Judith River) For-
mation, Judith River Group, Campanian, Late Cretaceous
(Lambe 1906a; Brinkman and Nicholls 1991; Eberth and
Hamblin 1993).

Material. RAM 27109, a near-complete anterior plas-
tral lobe, comprised of co-ossified entoplastron, epiplas-
tra and partial hyoplastra (Fig. 2).

Description. RAM 27109 is a well preserved,
mostly complete anterior plastral lobe (Fig. 2). The
pattern of sulci at the anterior end of the ventral side
of the lobe closely matches that of Boremys pulchra, as
reconstructed by Brinkman and Nicholls (1991: fig. 7B)
(Fig. 2A—C). The epiplastra, entoplastron and hyoplastra
of RAM 27109 are completely fused, with no visible
sutures (Fig. 2A, C). Archibald (1977) considered lack
of shell fusion a derived character in Boremys, but
most Boremys pulchra shells examined by Brinkman
and Nicholls (1991) were fused. Considering that
baenid turtles exhibit determinate growth and co-ossify
as adults and that RAM 27109 is similar in size and
proportions to other B. pulchra specimens, RAM 27109
can be considered a nearly full-sized adult (Hutchison
1984) (Fig. 3, Table 1). Smaller size is a primary
diagnostic character for this species and Brinkman and
Nicholls (1991) regard 320 mm as the maximum mid-
line carapace length for B. pulchra. Similarly, Joyce
and Lyson (2015) found 300 mm as the carapace length
dividing B. pulchra from the congeneric B. grandis.
Using the proportions of the reconstructed shell of B.
pulchra from Brinkman and Nicholls (1991), the mid-
line carapace length of RAM 27109 is estimated to be
~ 200 mm, similar to Campanian B. pulchra specimens
(Brinkman and Nicholls 1991; Joyce and Lyson 2015)
(Fig. 3, Table 1). The presence of anterior plastral
scalloping (lateral epiplastral projections) and straight
extragular-humeral sulci further differentiate RAM
27109 from B. grandis (Gilmore 1935). I consider the
reconstruction of Brinkman and Nicholls (1991: fig. 7B)
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probably more representative than that presented by
Gaftney (1972: fig. 40) because it is more recent and
based on more specimens (NMC 2281, ROM 5115,
TMP 90.119.6, UALVP 9, UCMP 130155). The current
specimen and reconstructions of B. pulchra vary in the
degree of curvature between the gular-extragular and
extragular-humeral sulci, as well as the degree of lateral
projection on the epiplastra (Gaffney 1972; Brinkman
and Nicholls 1991). Given the uncertainty regarding
sutures due to shell fusion, I interpret these last minor
morphological differences as probable individual
variation (Gaffney 1972; Brinkman and Nicholls 1991).

RAM 271009 is subtriangular in shape with a bilateral
pair of rounded lobes (the anterior of which is smaller)
projecting laterally from the epiplastra to form distinct
anterior plastral scalloping (Fig. 2B—E). Each lateral-
ly projecting lobe is upturned dorsally and protrudes
slightly beyond a rounded ridge on the dorsal surface
of the plastron which runs along the bases of the lobes
(Fig. 2D-E). This 34 mm wide ridge likely marked
the transition between the scale-covered lobes and the
body wall (Fig. 2E). The dorsal surface of the anterior
plastral lobe is otherwise flat and even, apart from a ~ 1
mm tall ridge along the posterior portion of the anterior
plastral lobe mid-line, which likely represents a reduced
homologue of the posterior process of the entoplastron
that is present in basal testudinatans (Gaffney 1990: figs.
91-92; Szczygielski and Sulej 2019: fig. 6) (Fig. 2D-E).
The mid-line ridge reaches a maximum width of 4.3 mm
and it diminishes anteriorly across the inferred length of
the entoplastron, terminating at approximately the ante-
rior end of this bone (Fig. 2D-E). At this level, there is
a small round pit (diameter = ~ 3 mm) on each side of
the mid-line ridge (Fig. 2D-E). Anterior to the hyoplas-
tra, the muscles supracoracoideus anterior and deltoideus
clavicularis possibly attached to the anterior plastral lobe
near the mid-line (Zhu 2011). The functions of these mus-
cles are adduction and retraction of the humerus, which
are important in aquatic locomotion of turtles (Walker
1973; Zhu 2011).

Table 1. Measurements of anterior plastral lobes (maximum
lengths and widths) of Boremys pulchra Lambe, 1906a speci-
mens. Additional data from Brinkman and Nicholls (1991: table
2). Graph ID numbers correspond with those in Figure 3. All
measurements are from specimens collected in Dinosaur Pro-
vincial Park, Alberta (Dinosaur Park Formation, middle Campa-
nian), except RAM 27109. All measurements in mm.

Graph ID Specimen Length mm  Width mm
1 RAM 27109 54 61
2 NMC 2281 64 57
3 USNM 8803 64 94
4 UALVP9 56 59
5 TMP 88.36.111 52 50
6 TMP 90.119.6 68 80
7 TMP 74.10.1 55 56
8 TMP 75.11.46 53 61
9 TMP 88.2.10 65 75
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Figure 2. RAM 27109, anterior plastral lobe of Boremys pulchra Lambe, 1906a. A. Reconstructed B. pulchra carapace of Brinkman
and Nicholls (1991), with shaded area representing RAM 27109; B. Photograph in ventral view; C. Line drawing in ventral view;
D. Photograph in dorsal view; E. Line drawing in dorsal view; F. Proximal (broken) cross section of anterior plastral lobe. Light
grey lines represent sulci and dashed lines in C and E show missing edges. In F, dotted lines indicate boundaries between interior

bone layers. 5 mm scale applies to F only.

The posterior end of the anterior plastral lobe is bro-
ken cleanly in an approximately straight line perpendicu-
lar to the mid-line on the left side (Fig. 2F). On the right
side, the break angles anterolaterally at approximately
53° from the mid-line (Fig. 2B—E). Both breaks provide
a view into the interior anatomy of the anterior plastron,
but few details of the microanatomy can be assessed
(Fig. 2F). The bone exhibits a diploé structure typical of
turtles, with compact external and internal cortices enclos-
ing an interiormost region of cancellous bone (Scheyer
2007) (Fig. 2F). The primary comparative data available
regarding baenid shell histology is from carapacial and
plastral material of Boremys sp. from the Late Cretaceous
Dinosaur Park Formation in Alberta, Canada (Scheyer
2007). Compared to Neurankylus sp. and Plesiobaena

sp., Boremys sp. (and Chisternon sp.) is reported to have
less compact bone, thinner cortices and a well-developed
cancellous interior, with larger marrow cavities in can-
cellous bone and higher vascularisation in compact bone
(Scheyer 2007). Such detailed microanatomical morphol-
ogy cannot be ascertained from RAM 27109; however,
there is distinct cancellous bone with prominent marrow
cavities in the interiormost region of approximately the
middle third of the lobe (Fig. 2F). Trabeculae are larger
towards the mid-line and are generally round to ovoid and
the lateral plastral margins consist of only compact bone,
without a cancellous interior (Fig. 2F). Near the mid-line,
the well-developed external cortex is approximately 2.7
times thicker than the internal cortex (Fig. 2F). This dis-
parity between external and internal cortical thickness
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collected in Dinosaur Provincial Park, Alberta (Dinosaur Park Formation, middle Campanian). For the dotted blue regression line,
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is similar to that of a costal from Denazinemys nodosa
Gilmore, 1916 in the late Campanian Fruitland Forma-
tion, where the exterior cortex is significantly thicker than
the internal cortex and trabeculae are mostly small and
circular (Lichtig and Lucas 2017).

Results

The posterior half of the posterior lobe of anterior scal-
loping (lateral epiplastral projection) on the right ventral
side of RAM 27109 exhibits distinct pits, which are in-
terpreted as a cluster of at least four ectoparasitic bore
marks (Figs 2A, B, 4). The marks are shallow (non-pene-
trative) and have simple profiles and rounded hemispher-
ical termini (Fig. 4A). They can be classified as Type II
pits according to the classification of Hutchison and Frye
(2001), which are circular to ovoid with rounded bottoms
(Fig. 4A). Measurements for individual marks are provid-
ed in Table 2. Pit dimensions range from 1.2-2.8 mm in
diameter and from 1.8-3.2 mm in depth (Fig. 4, Table 2).
The marks are adjacent to each other along the slope of a
bevel at the plastral margin and only on the ventral side.
Abraded areas, lateral and anterior to the cluster, may
have contained additional small marks, but their borders
have been taphonomically obscured (Fig. 4A). Mark #1
is the only pit that has an unabraded border and, thus, a
more precise depth, but the remaining pits occur along a
curved surface with worn edges, making their depths (and
hence diameter/depth ratios) less reliable (Fig. 4, Table 2).

The morphology and size of the bore marks on
RAM 27109 are consistent with Karethraichnus lakkos
Zonneveld, Bartels, Gunnell and McHugh, 2016, a
common ectoparasitic ichnotaxon on turtles and tortoises
from Cretaceous and Tertiary deposits in North America
and Africa (Zonneveld et al. 2016, 2021; Adrian et al.
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Table 2. Measurements of bore marks (in mm) on ventral
surface of RAM 27109 (see Fig. 4). Marks are attributed to the
ectoparasitic ichnotaxon Karethraichnus lakkos Zonneveld,
Bartels, Gunnell & McHugh, 2016.

Mark # Diameter mm Depth mm Diameter/Depth
1 2.8 1.8 1.56
2 1.3 2.0 0.65
3 1.2 32 0.38
4 1.4 23 0.61

2021). Congeneric ichnospecies are also known from a
Campanian dermochelyid (marine) turtle in Japan and from
Late Pleistocene armadillos in Brazil (Sato and Jenkins
2020; Moura et al. 2021). Tracemakers usually associated
with K. lakkos include leeches and ixodid arthropods
(ticks), which are known to feed on blood sinuses within
shell bone, especially at sulci between epidermal scales
(Siddall and Gaftney 2004; Zonneveld et al. 2016, 2021).
Bore marks of K. lakkos are only emplaced in locations
accessible on living turtles—external surfaces of the
carapace and plastron, especially at marginal or lip areas
(Zonneveld et al. 2016). Thus, K. lakkos is associated with
the activities of parasites instead of postmortem scavengers
or synmortem predators (Zonneveld et al. 2016).

Discussion

Taxonomic and temporal assignment of RAM
27109, and stratigraphic range extension

Though Boremys pulchra is primarily known from the
Campanian, fossil material attributable to Boremys sp.
has also been reported from Maastrichtian deposits of
North Dakota, eastern Montana and southern Saskatch-
ewan, the Paleocene of North Dakota (Lyson et al. 2011)
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provided in Table 2.

and the Paleocene of Colorado (Hutchison and Holroyd
2003). For the Boremys material described by Lyson et al.
(2011), species designation was not possible due to the
presence of open sutures and central plastral fontanelles
between the mesoplastra, which could be indicators of
skeletal immaturity or possible autapomorphies for a new
Maastrichtian/Puercan taxon.

The only character in the phylogenetic matrix of
Lyson et al. (2011) that is coded differently between
Boremys pulchra and Boremys sp. is a carapacial trait
(#44, vertebral scale shape) and, thus, cannot be applied
to the plastral specimen RAM 27109. This makes body
size within Boremys an established morphological
difference between its species that is not reflected in the
phylogenetic matrix of Lyson et al. (2011). Carapace size
is considered (#40) in the more recent baenid matrix of
Lyson et al. (2016), but Boremys sp. is not included, so
the character only distinguishes between B. pulchra and
B. grandis. The remarkable overall similarity between the
coding for B. pulchra and Boremys sp. in multiple baenid
matrices makes shell size the only published diagnostic
difference between the two taxa, as applicable to the
plastron. Shell size is, therefore, the only morphological
basis available in the current study to differentiate RAM
27109 from the Boremys sp. of Lyson et al. (2011). The
only published carapace length of Boremys sp. (PTRM
16156, 31.8 cm) is above the upper threshold (30 cm) of

B. pulchra body size and probably represents a juvenile
individual, due to large plastral fontanelles and open
sutures (Lyson et al. 2011; Joyce and Lyson 2015). Thus,
the adult size of Boremys sp. is not known and may be
closer to the larger B. grandis than B. pulchra (Lyson et
al. 2011). The consistency of size between RAM 27109
and B. pulchra (Table 1), coupled with high similarity
of their anterior plastral pholidoses, allows referral of
the current specimen to that taxon. However, there is a
margin of uncertainty due to the lack of other diagnostic
morphology in the partial RAM 27109. Future discoveries
(i.e. the skull or more complete shells of Boremys sp.)
and analysis of other undescribed Maastrichtian Boremys
sp. material may clarify our understanding of the lineage
following the Campanian and additional stratigraphic
revisions may be necessary.

RAM 27109 is referred to B. pulchra, based on its
small adult size and anterior plastral morphology, consis-
tent with Campanian representatives of the species (Gaft-
ney 1972; Brinkman and Nicholls 1991). Its presence
in the uppermost Cretaceous deposits of the Hell Creek
Formation at Bug Creek Anthills makes it the youngest
known specimen of B. pulchra, although extensive re-
working of uppermost Maastrichtian rocks in this unit
only allows for definitive attribution to rocks which are
latest Maastrichtian in age (Lofgren 1995). However,
the presence of the genus above the K—Pg boundary, the
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presence of B. pulchra in the latest Maastrichtian (estab-
lished here) and the known survival of most Hell Creek
Fm. baenids into the Paleocene (Lyson and Joyce 2009b;
Lyson et al. 2011; Holroyd et al. 2014; Joyce and Lyson
2015), suggests that B. pulchra also survived the K—Pg
extinction event. Generally, turtles fared well during the
K—Pg extinction event, with a survival rate of 84% at the
generic level (Hutchison and Archibald 1986; Lofgren
1995; Lyson et al. 2011; Holroyd et al. 2014).

Pathologies

Haematophagous leeches are the most common
ectoparasites of modern aquatic reptiles and amphibians,
including freshwater turtles (Sawyer 1986; Readel et al.
2008). Leeches can cause anaemia and bacterial and fungal
infections in captive hosts and are also known vectors for
haematoparasites, which can be transmitted intra- and
interspecifically (Telford 1984; Readel et al. 2008). Leech
loads vary significantly between modern turtle species and
are higher on bottom-walking taxa, which live in close
contact with the substrate inhabited by leeches and ponds
with high turbidity (Ryan and Lambert 2005; Readel et al.
2008). Some studies have reported higher leech intensity
(or associated haemogregarine parasites) in female turtles,
possibly due to their frequently larger body size (McKnight
et al. 2021). Despite common hypotheses, mean leech
intensity in modern taxa is not affected by aerial basking
and does not vary with turtle abundance, amount of edge
vegetation or number of available basking sites (Readel et
al. 2008; McKnight et al. 2021). Baenids, in general, are
considered bottom-dwelling turtles that favoured running
water and articulated specimens are found predominantly in
sandy sediments (Hutchison and Archibald 1986; Holroyd
and Hutchison 2002; Lyson et al. 2021). Karethraichnus, in
particular, has also been reported on baenid fossils from the
Eocene Green River Basin in Wyoming and Uinta Formation
of Utah, though it has been more frequently documented in
the geoemydids Echmatemys and Bridgeremys (Zonneveld
et al. 2016; Adrian et al. 2021). Considered together, these
factors suggest that B. pulchra may have been exposed to
more parasite-bearing substrate due to potential bottom-
walking, but its leech loads may have been mitigated by a
higher energy, fluvial depositional setting. Further studies
should examine the effect of haematophagous parasites on
the health, behaviour and physiology of wild turtles, as
well as the morphology of modern parasitic traces on turtle
shell bone.

Conclusions

The presence of Boremys pulchra in the Bug Creek Anthills
assemblage of Montana establishes the taxon through the
latest Maastrichtian and also potentially extends the strati-
graphic range of the taxon through the K-Pg boundary into
the Puercan NALMA. Due to temporal uncertainty at Bug
Hills Anthills localities caused by reworking of Paleocene
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fossils into the uppermost Maastrichtian deposits, this ex-
tension can only include the latest Cretaceous deposits, con-
sistent with prior treatment of turtle taxa from Bug Creek
Anthills (see Holroyd and Hutchison 2002). Thus, the cur-
rent study extends the stratigraphic range of B. pulchra by
at least 5 million years. Further, considering that multiple
specimens of Boremys sp. have been identified from Paleo-
cene deposits (Hutchison and Holroyd 2003; Lyson et al.
2011; Joyce and Lyson 2015) and the high rate of baenid
survivorship through the K-Pg extinction event (Hutchison
and Archibald 1986; Lyson and Joyce 2009b; Lyson et al.
2011; Holroyd et al. 2014), the present study increases the
likelihood that B. pulchra also survived the K—Pg bound-
ary. Given the exclusively southern distribution of the
large-bodied B. grandis, the consistently northern range of
the small B. pulchra and the reconstructed ancestral range
of Boremys in Montana (Lively 2013), it is probable that the
larger Boremys sp. material described by Joyce and Lyson
(2011) represents a new northern taxon of intermediate size.

If Boremys pulchra did, indeed, survive the K—Pg
extinction, it would be the tenth surviving baenid taxon
to do so, joining Neurankylus eximius Lambe, 1902,
Cedrobaena brinkman Lyson & Joyce, 2009b, Cedrobaena
putorius Lyson & Joyce, 2009b, Palatobaena cohen
Lyson & Joyce, 2009a, Eubaena cephalica Hay, 1904,
Stygiochelys estesi Gaffney & Hiatt, 1971, Goleremys
mckennai Hutchison, 2004, Saxochelys gilberti Lyson,
Saylor & Joyce, 2019 and Boremys sp. (Lyson et al. 2011;
Joyce and Lyson 2015). Survival of aquatic vertebrates
across the K—Pg boundary has been related to adaptation
in mutable, locally heterogeneous aquatic environments
that experienced fluctuating paleotemperature patterns,
which characterise the latest Cretaceous deposits in
the northern Great Plains of North America (Fastovsky
1990; Holroyd and Hutchison 2002; Holroyd et al.
2014). Additional confirmed Maastrichtian B. pulchra
specimens may allow more robust comparison between
Campanian and later forms. Specific adaptations to
post-Campanian paleoenvironments, such as swimming
ability, feeding ecology or bottom walking, may also be
elucidated by additional morphological study. Finally,
further collection of turtle fossils in localities near the
Cretaceous/Paleocene transition and detailed examination
of specimens currently in collections (including material
from microvertebrate sites) may alter the stratigraphic
ranges of other north Laramidian turtles, including those
that are small and/or rare, like B. pulchra.
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Abstract

Parasitism, a malignant form of symbiosis, wherein one partner, the parasite, derives benefits to the detriment of another, the host, is
a widespread phenomenon. Parasitism sensu lato is understood here to include many phenomena, like parasitoidism, kleptoparasit-
ism, phoresy and obligate parasitism. Insecta has many in-groups that have evolved a parasitic life-style; one of the largest in-groups
of these is probably the group of Hymenoptera. Bethylidae, the group of flat wasps, is a smaller in-group of Aculeata, the group of
hymenopterans with venom stings; representatives of Bethylidae are parasitic. They are more specifically larval ectoparasitoids,
meaning that their immature stages are externally developing parasites that kill their host organism at pupation (end of interaction).
They mostly parasitise immature representatives of Coleoptera and Lepidoptera. Female flat wasps search for a host for their proge-
ny, paralyse it with their venom sting and then oviposit onto it.

Herein we describe one of the oldest findings of parasitic interactions of parasitoid wasps with their progenies’ hosts, specifically
a flat wasp female grasping and (potentially) stinging a beetle immature in Cretaceous Kachin (Myanmar) amber (ca. 100 million
years old). This finding indicates that this type of parasitic interaction existed since the Cretaceous, temporally close to the earliest
findings of representatives of Bethylidae.

Key Words

Bethylidae, Coleopteran larva, Kachin amber, parasitism, parasitoid wasp, syninclusion

Introduction interactions and thus can help to reconstruct food-webs,

but is rarely discussed in this context in the fossil record

Reconstruction of behaviour of extinct organisms

Studying behaviour and trophic interactions of extinct
animals can only be done indirectly amid demands for
several different approaches (see below; Hornig et al.
2022) and combinations of these. Spatially close fossili-
sations of several individuals of the same or different spe-
cies (group fossilisation), e.g. as syninclusions in amber,
are especially interesting in this context, as they can give
valuable hints to biotic interactions. Group fossilisation of
individuals of different species can indicate predator-prey

(examples below; see discussion in Hornig et al. 2020;
Haug JT et al. 2022). Some of these cases of group fos-
silisation can also fall into the category of the so-called
‘frozen behaviour’ (Boucot 1990; examples in e.g. Arillo
2007; Boucot and Poinar 2010; Hsieh and Plotnik 2020).

Frozen behaviour refers to “behaviorally critical speci-
mens in which an organism(s) is preserved while actually
doing something (such as two insects in copula)” (Boucot
1990, p. 3), which thus may provide insight into potential
behavioural patterns. This ‘best case scenario’ is, how-
ever, not widely preserved in the fossil record. Within
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euarthropods, especially cases of insects preserved in am-
ber have been documented, e.g. during mating (Weitschat
and Wichard 2002; Grimaldi and Engel 2005; Weitschat
2009; Boucot and Poinar 2010; Grohn 2015; Fischer and
Hornig 2019), hatching (Weitschat 2009; Boucot and
Poinar 2010; Grohn 2015; Hornig et al. 2019; Pérez-de
la Fuente et al. 2019), feeding (Grimaldi 1996; Weitschat
and Wichard 2002; Boucot and Poinar 2010; Gréhn 2015;
Wang etal. 2016; Hornig et al. 2020) and other behaviours
(Boucot and Poinar 2010; Hsieh and Plotnik 2020).

There are also more indirect indications of behaviour
or lifestyles that can be preserved in the fossil record.
Trace fossils (ichnofossils; e.g. fossilised animal tracks)
or feeding damage (on animals or plants) can be indi-
cators for behaviour (compare e.g. Hsieh and Plotnik
2020 and references therein; but see e.g. Hasiotis 2003
for limitations of ichnofossils specifically). Functional
morphology can also provide insight into potentially
exhibited behaviours by comparison with extant organ-
isms with similar morphologies to the fossilized organ-
ism (Reif 1983; Thomason 1997; Haug JT et al. 2012;
Hornig et al. 2016, 2018). Though if the fossil is e.g.
only incompletely preserved and no inferences from
functional morphology (or other indications mentioned
above) can be made, the concept of the ‘extant phylo-
genetic bracket’ (Witmer 1995) can be used to estimate
potentially exhibited behavioural patterns by comparing
the fossilised organism with its closest extant relatives.
The reliability of these approaches varies considerably
for every case, however, and a combination of sever-
al approaches discussed thoroughly is useful for the
reconstruction of behavioural aspects of extinct organ-
isms (Hornig et al. 2013, 2017, 2018, 2022; Zippel et
al. 2021).

With regard to ancestral food webs, reliable recon-
struction of predator-prey interactions based on cases
of group fossilisation is challenging and often remains
speculative. More obvious are examples where the indi-
viduals are in direct contact for extended time spans, as is
often the case for parasites and their host(s).

Parasitism—a multitude of concepts

Finding clear characteristics of parasitism appears to be
difficult (van der Wal and Haug JT 2019). There are many
characterisations, “probably as many [...] as there are
books on parasitism” (Price 1980, p. 4). Most of these
characterisations have in common that parasitism sensu
lato (s.1.) is an interaction between two organisms where-
in one (the parasite) derives benefits (mostly nutrients)
and the other (the host) detriments from the interaction,
including also that the parasite has certain morphological
adaptations to such a lifestyle (e.g. Price 1980; Paracer
and Ahmadjian 2000; Daintith and Martin 2010; Goater
et al. 2014). Some authors also include the intimacy or
dependency of the interaction into their characterisation
(e.g. Olsen 1974).
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These more general characterisations of parasitism
have the consequence that they include phenomena that
have been traditionally separate (e.g. herbivory) (as dis-
cussed in Poulin 2011; van der Wal and Haug JT 2019).
Furthermore, parasitism is frequently seen as a trophic
interaction (e.g. Grissell 1999; Lafferty and Kuris 2002;
Goater et al. 2014). This may be true for most organisms
that are called parasites (or derivatives of that), but some
phenomena, especially within social (Wheeler 1928; Lu-
cius et al. 2017) or behavioural (Poulin 2011) parasitism
(e.g. kleptoparasitism or better kleptobiosis, but cf. Breed
et al. 2012, brood parasitism (Litman 2019)) are not tro-
phic interactions but interactions on the same trophic lev-
el (like e.g. competition; Nentwig et al. 2017).

There are many different approaches in how to differ-
entiate between different types of parasites (s.l.). There
are e.g. obligate versus facultative parasites, life-stage
dependent parasites (larval versus adult parasites), tem-
porary versus periodic versus permanent parasites (based
on the length of interaction between parasite and host) or
based on the cost of the parasitic interaction for the host
(e.g. kleptobiosis, phoresy versus parasitic castrators,
parasitoids) (compare e.g. Rothschild and Clay 1957).
Parasitoids e.g. reduce their host’s fitness to zero by kill-
ing them at the end of their interaction and thus costing
the host immensely.

A parasite can belong to multiple of these subdivisions
at the same time; e.g. representatives of Strepsiptera (es-
pecially of Mengenillidae) are obligate, larval endopara-
sitic castrators (e.g. Kathirithamby 2009). There are a few
works that tried to unite all these concepts into one (Laf-
ferty and Kuris 2002; Poulin 2011), but these works have
focused mainly on parasitism as a trophic interaction and
thus excluded other forms that are associated with par-
asitism (Poulin 2011). Here, we understand parasitism
s.l. in its widest characterisation, including phenomena
such as social parasitism, parasitoidism, phoresy and, of
course, parasitism sensu stricto, which includes (mostly)
permanent and obligate parasites.

Flat wasps and their parasitoid immatures

Flat wasps (Bethylidae) are rather small wasps of about
1-20 mm body length (Azevedo et al. 2018) that owe
their common name to their dorso-ventrally flattened
body. They are an in-group of Aculeata (wasps with ven-
om sting), wherein they are part of Chrysidoidea. Togeth-
er with their sister-group Chrysididae, flat wasps account
for most species within Chrysidoidea today (Goulet and
Huber 1993; but see e.g. Haug JT et al. 2016 for the logi-
cal incorrectness of this statement).

The oldest known flat wasp fossils are from the Lower
Cretaceous (ca. 130 million years old), with at least twen-
ty-two described species so far (amber only), half of which
are from Myanmar amber (Azevedo et al. 2018; Engel
2019; Colombo et al. 2020; Jouault et al. 2020, 2021; Jou-
ault and Brazidec 2021; see also Lepeco and Melo 2021
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for taxonomic changes within fossil Bethylidae). Beyond
this, they have been also abundant in Cenozoic Lagerstit-
ten (ca. 66 million years old) (e.g. Brues 1939).

Flat wasps are larval parasitoids of holometabolan
insect immatures (mostly coleopteran and lepidopteran
larvae) and their adults are mostly smaller than their fu-
ture offspring’s hosts (Gauld and Bolton 1988), which the
females paralyse with their venom sting (Powell 1938;
Finlayson 1950; Schaefer 1962; Evans 1964; Kiihne and
Becker 1974; Gordh and Medved 1986; Griffiths and
Godfray 1988; Abraham et al. 1990; Howard et al. 1998).
Since the host immatures often occur in more cryptic or
concealed habitats, like soil, stems, wood or seeds (Evans
1964; Gauld and Bolton 1988; Howard and Flinn 1990),
flat wasp adults may show additional adaptations for en-
tering these habitats (Williams 1919; Gordh and Medved
1986), such as fossorial (digging, burrowing) forelegs
and reduced wings (Evans 1964). Some flat wasps even
exhibit subsocial behaviours (Evans 1964), addition-
al (to parasitoidism) maternal care (Casale 1991; Hu et
al. 2012; Yang et al. 2012; Tang et al. 2014) and many
engage in prey carriage and some also in a sort of nest
building (Finlayson 1950; Evans 1964; Rubink and Ev-
ans 1979; Howard et al. 1998; for review of prey carriage
in wasps in general see e.g. Evans 1962). Yet, studies
of behaviour and also their biology at large are mostly
restricted to species of agricultural importance, as their
immatures parasitise some crop and storage pests (Kiihne
and Becker 1974; Gordh and Hawkins 1981; Gordh 1998;
Cheng et al. 2004; Gao et al. 2016; Jucker et al. 2020).

The immatures’ host is often permanently paralysed
(Finlayson 1950; Schaefer 1962; Lauziére et al. 2000;
Amante et al. 2017; but there are exceptions: e.g. Kiithne
and Becker 1974; Gordh and Medved 1986; Witethom
and Gordh 1994; Mayhew and Heitmans 2000); the flat
wasp female then either carries them away to a sort of
nest, where they can accumulate multiple potential host
individuals for their progeny, or they oviposit onto them
on site. The emerging immature(s) either attaches itself
to its host or the mother bites the immatures’ host to pro-
vide the immature easier access for feeding (e.g. Kiihne
and Becker 1974; Hu et al. 2012). The immature develops
externally on its host as an ectoparasitoid and eventual-
ly kills it before it pupates (Powell 1938; Schaefer 1962;
Kihne and Becker 1974; Gordh and Hawkins 1981;
Abraham et al. 1990; Casale 1991; Cheng et al. 2004).

Here we report a flat wasp female that is supposedly in
the process of stinging a coleopteran immature, as synin-
clusions in 100-million-year-old Kachin (Myanmar) amber.

Material and methods

Material

The study is based on one piece of amber from Kachin
State (Myanmar) (“Burmese amber”), which is part of the
State Natural History Museum, Braunschweig (Staatliches

Naturhistorisches Museum Braunschweig), stored under
the accession number SNHM-6014. The piece was legally
purchased by one of the authors (PM) in 2016.

The amber originates from the Noije Bum hill locality,
in the Southwest corner of the Hukawng Valley in Kachin
State, Northern Myanmar, South Asia. The amber local-
ity was ‘first’ discovered (by Europeans) and intensively
mined in the 19" and 20" century (Poinar 2019; Cruick-
shank and Ko 2003; Zherikhin and Ross 2000). It was as-
sumed to be Eocene (33.9—56 million years old) (Chhibber
1934 in Grimaldi et al. 2002) to Miocene (3—23 million
years old; Noetling 1893) in age, although Cockerell
(1917a, 1917b) already questioned this, given numerous
insect inclusions representing exclusively Mesozoic (66—
252 million years old) groups (also discussed in Cruick-
shank and Ko 2003; Shi et al. 2012). In addition, an en-
closed ammonite (Yu et al. 2019) as well as zircon dating
(Shi et al. 2012) and the (potential) Cretaceous age of the
embedding rock matrix (Cruickshank and Ko 2003) sup-
port the now widely accepted Cenomanian to Albian age
(mid-Cretaceous; 94—113 million years old) of the amber.

The Hukawng Valley locality is a major Lagerstitte
of Cretaceous amber in Southeastern Asia and contains
a very diverse (palaeo-)biota (Grimaldi et al. 2002; Ross
2021). The palacoenvironment of Kachin amber has been
postulated to be subtropical to tropical (Grimaldi et al.
2002; Yu et al. 2019) consistent with its near equatorial
(palaco-)latitude (Grimaldi et al. 2002; Martinez-Delclos
et al. 2004), potentially nearshore, marine or lagoon
(Cruickshank and Ko 2003; Yu et al. 2019) and potentially
part of the past ‘supercontinent’ Gondwana (Poinar 2019).

Methods

The amber piece was photographed using a Keyence
VHX-6000 light microscope (equipped with 20-2000
times magnification lenses). In order to reduce reflec-
tions and enhance the contrast, the specimens were pho-
tographed with a drop of distilled water and an above
placed cover slip. Images were recorded in different focal
planes (z-stacks) with different illuminations and then
combined to a single image with extended field of depth
in the microscope’s accompanying software.

Additionally, it was photographed with a Canon EOS
70D reflex camera equipped with an MP-E 65 mm macro
objective and a Macro Twin Lite MT-24 EX flash light
for close-up images. The specimen was mounted and
photographed as described above. The generated imag-
es (z-stacks) were stacked (fused) with CombineZP and
stitched (xy-plane; merged) with Adobe Photoshop CS4
(compare e.g. Haug C et al. 2011).

In addition, the piece was documented with pCT (XRa-
dia MicroXCT-200, Carl Zeiss Microscopy GmbH, Jena,
Germany). The tomography was performed with a 4x ob-
jective; the X-ray source settings were 40 kV, 200 pA and
8.0 W. The exposure time was 2.5 s; the system-based pixel
size is 5.0073 pm, with an image size of 1015 x 1015 px.

fr.pensoft.net



290

Christine Kiesmiiller et al.: Parasitoid wasp

The tomographic images were reconstructed with XMRe-
constructor software (Carl Zeiss Microscopy GmbH, Jena,
Germany), resulting in image stacks (TIFF format). Pro-
jections were recorded with Binning 2, tomographic im-
ages were reconstructed with Binning 1 (full resolution).
Volume renderings were performed using Drishti (ver. 2.7)
and Amira 6.1; surface reconstructions, as well as horizon-
tal, vertical and longitudinal virtual sections were generat-
ed in Amira 6.1. All obtained images were optimised for
colour balance, saturation and sharpness and arranged into
figures using Adobe Photoshop CS2 and CS4.

Herein we used insect terminology with corresponding
neutral euarthropod terminology in brackets, to ensure
mutual understanding within the whole arthropod com-
munity. Also terminology of Crustacea sensu lato (CT)
is pointed out where it differs from insect terminology
(IT), as insects are an in-group of Crustacea sensu lato.
Special hymenopteran (HY) (after Lanes et al. 2020) and
coleopteran terminology (CO) (after Klausnitzer 1978;
Crowson 1981) is also pointed out, where necessary and
differing from insect terminology.

Results
Description of specimen SNHM-6014

There are two syninclusions in very close proximity in
the amber piece: a hymenopteran adult and a coleopteran
immature. The walking appendages of the hymenopter-
an adult appear to hold the coleopteran immature and its
stinger is (seemingly) inserted within the coleopteran im-
mature (compare Figs 14 for overview and details espe-
cially in Figs 5, 6).

Description of the hymenopteran adult

Hymenopteran adult well-preserved on one side (Figs 1,
2, 4), other side with parts of head, thorax and most of
the appendages (including wings) not included in the am-
ber piece (compare Fig. 4B,C); about 3 mm long; not de-
pressed, body surface apparently smooth.

Head: Head (ocular segment and post-ocular seg-
ments 1-5) about 0.4 mm long and wide; square-shaped
in ventral view and ovoid in lateral view; postero-lateral
corners (IT: parts of gena) projecting slightly ventrally in
lateral view (Fig. 1D); setae sparsely present. Large com-
pound eyes (ocular segment); ovoid in lateral view; with
numerous ommatidia (Fig. 1D). Antenna (appendage of
post-ocular segment 1; CT: antennula) attached to head
anterior to compound eye and very close to mouthparts
(Figs 1D, 2A and 4D, turquoise); groove ventral to attach-
ment area discernible; five elements discernible (proba-
bly not completely preserved), all elongated rectangular
in lateral view; most proximal antenna element 1 (IT: sca-
pus) about 3x wider than long; element 2 (IT: pedicellus)
much shorter and about as wide as long; elements 3—5
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(IT: flagellomeres 1-3) as wide as long, though slightly
smaller than the pedicellus.

Mouth parts: labrum (sclerite of ocular segment) and
appendages of post-ocular segments 3—5 attached and di-
rected anteriorly (head prognathous (IT); compare with
Figs 1D, 2A, 4D):

Labrum (sclerite of ocular segment) not discernible.
Clypeus (associated sclerite of labrum) triangular in fron-
tal view (Fig. 4D), with potentially ridge (HY: median
clypeal carina) medially.

Mandibles (appendages of post-ocular segment 3)
(Fig. 4D, indigo blue) rectangular in frontal view with
rounded corners; median edge with about 4 discernible
protrusions (IT: teeth) medially, overlapping medially
about one third its width; each mandible about 1.5x wid-
er than long. Further associated structures (hypopharynx;
CT: paragnaths) not discernible. Space between attach-
ment of mandibles and compound eye (HY: malar space)
short, less than half the proximal width of the mandible.

Of the maxilla (appendage of post-ocular segment 4;
CT: maxillula) only distal part (IT: maxillary palp) dis-
cernible (Fig. 4D, bluish violet); 5 elements of maxillary
palp discernible, all elongated rectangular in frontal view
with rounded corners; element 1(?)-2 of maxillary palp
about 2x longer than wide, but element 1(?) potential-
ly not entirely discernible; elements 3—5(?) of maxillary
palp all about 3x longer than wide; most distal element
5(?) of maxillary palp with rounded tip.

Of the labium (appendage of post-ocular segment 5;
CT: maxilla) also only distal parts (IT: labial palps) dis-
cernible (Fig. 4D, reddish violet), median parts concealed
underneath mandibles; at least 2 elements of labial palp
discernible, also both rectangular with rounded corners in
frontal view; element 1(?) of labial palp about 2x longer
than wide, but potentially not entirely discernible; ele-
ment 2(?) of labial palp about 3% longer than wide with
rounded, but blunt tip.

Mesosoma (anterior trunk tagma): Post-ocular seg-
ments 6-9 (HY: mesosoma, IT: thorax and first abdomen
segment) altogether ovoid with tapering, pronounced
tips in lateral view (Figs 1, 2, 4); about | mm long and
0.4 mm wide at its widest; only sparsely setae present,
where discernible; laterally on thorax with large structure
discernible mostly in volume rendering of nCT-images
(Figs 4, 5C, 8) (probably artefact caused by leaked out
body fluids during taphonomic processes; compare also
with Fig. 1A), obscuring lateral thorax view.

Prothorax (post-ocular segment 6) dorsally apparently
trapezoid with two right angles medially (as discernible);
ventrally one half of the sclerite (HY: propleuron) also
trapezoid with two right angles medially, sclerites con-
joined medially; sternite (IT/HY: prosternum) not dis-
cernible medially.

First walking appendage (IT: foreleg) attached poste-
riorly to propleura; about 1.4 mm long; 5 major elements
discernible; element 1 (IT: coxa) trapezoid with rounded
corners, two right angles medially in anterior view, prox-
imal edge about 2x longer than distal edge; element 2



Fossil Record 25 (2) 2022, 287-305

291

Y 500 pm

Figure 1. Photograph of amber piece SNHM-6014 with an adult hymenopteran and an immature coleopteran. A. Overview side 1 (co-

leopteran immature in dorsal, hymenopteran adult in lateral view); B. Overview side 2 (coleopteran immature in ventral, hymenopter-
an adult in lateral view); C. Detail of hymenopteran adult stinging coleopteran immature (side 1); D. Detail hymenopteran head (side
1), mirrored. abd — abdomen; an — antenna; bf — leaked body fluid; e — complex eye; fw — forewing; h — head; hw — hind wing; pp
— pygopodium/postpedes; th — thorax; ts — tibial spur; st — sting (modified ovipositor of hymenopterans); wa — walking appendage.

(IT: trochanter) elongated ovoid in lateral view, widen-
ing distally to about 2% proximal width, about 4% longer
than wide at its narrowest; element 3 (IT: femur) elongat-
ed ovoid in lateral view, more than 2x longer than wide
at its widest; element 4 (IT: tibia) elongated rectangular
with rounded corners in lateral view, more than 4% longer
than wide, with one large spine (IT: tibial spur; HY: cal-
car, i.e. antenna cleaning apparatus) at its median distal
corner and more distally a smaller spine with a quarter
the length of the larger spine; element 5 (IT: tarsus) sub-
divided into 5 elements, all rectangular in lateral view;
tarsus element 1 by far longest, with two setae at its most

distally and about 4% longer than wide; tarsus element
2 slightly longer than wide; tarsus elements 3—4 both as
long as wide and thus more square-shaped; tarsus element
5 more trapezoid than rectangular in lateral view with a
wider distal than proximal edge and more than 2x longer
than wide, with distally two claws and rounded structure
in between (IT: arolium), not discernible whether claws
simple or with median protrusions (IT/HY: teeth); foreleg
with sparse setae.

Mesothorax (post-ocular segment 7) dorsally rectan-
gular (not entirely discernible due to preservation), po-
tentially slightly longer than wide. Dorsally, forewings
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Figure 2. Detailed view on hymenopteran adult of Fig. 1 (side 2). A. Close-up overview of hymenopteran adult; B. Detailed view on

distal part of first walking appendage shown in A; C. Detailed view on proximal part of third walking appendage of hymenopteran

adult; D. Detailed view on posterior end of abdomen of the coleopteran immature. ab — abdomen segment; abd — abdomen; an —

antenna; fe — femur; fw — forewing; h — head; hw — hind wing; md — mandible; mxp — maxillary palp; pp — pygopodium/postpedes;

th — thorax; ti — tibia; tr — trochanter; ts — tibial spur; st — sting (modified ovipositor of hymenopterans); wa — walking appendage.

attaching at border between (possibly) artefactual struc-
ture and dorsal sclerite; one forewing preserved, but
incomplete (distal part missing, including vein of post-
stigmal abscissa of R1,v); anterior edge of wing straight
(where preserved); vein C,v not clearly visible; pterostig-
ma (thickened and dark patch at the end of R1) present
distally on the anterior edge and elongate ovoid in lateral
view; at least four closed cells (encased on all sites by
veins) present (R,¢, IR1,¢, IM,c and 1Cu,c); additionally
cell Cc potentially obscured, cell 2R1 ¢ distally not pre-
served (but presumed closed); cell 2Cu,c apparently open;
cell IR1,¢ pentagonal in dorsal view; all veins apparently
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tubular (i.e. with distinctly apparent hollow interior), ex-
cept potentially present vein M,v (vein Rs+M,v distally
apparently splitting in anterior Rs,v vein and posteriorly
into two M,v veins (potentially reaching wing margin,
though also potentially folding pattern)) and potentially
also A v; setae all over forewing; longer setae at the ante-
rior and posterior edge.

Mesopectus (sclerite on ventral side of post-ocular
segment 7) rectangular, probably 2x wider than long (in-
completely preserved); second walking appendage (IT:
midleg) attached latero-posteriorly to mesopectus, about
1.3 mm long; coxa circular in anterior view, about as wide
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Figure 3. Forewing of hymenopteran adult. A. Photograph in dorso-posterior view on forewing; B. Drawing of A; C. Reconstruc-
tion of wing shown in A, B. 1Cu,c¢ - First cubital cell; 1M, ¢ — First medial cell; 1R1,¢ — First radial cell 1; 2Cu,¢ — Second cubital
cell; 2R1,¢ — Second radial cell 1; 2r-rs,v — Second radial cross vein; A,v — Anal vein; C,v — Costal vein (note that it was not dis-
cernible in A); Cu,v — Cubital vein; cu-a,v — cubito-anal vein; pts — pterostigma; M,v — Median vein; 1m-cu,v — medio-cubital vein;
M+Cu,v — Median+Cubital vein; R1,v — prestigmal abscissa of radial vein 1 (in this case); R,¢ — Radial cell; Rs,v — radial sector

veins; Rs+M,v — Radial sector + Median vein; Sc+R,v — Subcostal + Radial vein.

as long; trochanter circular in median view, about one
third as long as coxa; femur ovoid in lateral view, about
3x longer than wide; tibia elongated rectangular in lateral
view, about 5.5x longer than wide and with no spines,
spurs or setae discernible (possibly due to obstructed
view in that area); tarsus with 5 elements, overall similar
to tarsus of foreleg, setac present mostly at the median
distal most corner of at least the three most proximal tar-
sus elements, further setae not discernible; tarsus element
2-3 about 2x longer than wide; tarsus element 5 similar
to that of foreleg, but about 3% longer than wide.

Metathorax (post-ocular segment 8) dorsally rectangu-
lar, much wider than long; incompletely preserved laterally
and partly covered by a similar artefact as mesothorax (see
above). One hind wing present (but incomplete preserved);
no wing venation discernible, except one possible vein at
anterior edge of hind wing (compare Figs 2A, 3); potential-
ly ‘fused’ vein of Costa+Subcosta+Radius; setae all over
hind wing; longer setae at posterior(?) edge of the wing.

Circular sclerite on ventral metathorax (IT/HY:
metasternum or metasternal plate) discernible in between
midlegs; third walking appendage (IT: hindleg) attached
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Figure 4. Volume rendering (mostly Drishti 2.7) of pCT of amber piece SNHM-6014. A—C. Overview of hymenopteran adult and
coleopteran immature; A. Dorsal view of coleopteran immature (side 1 of Fig. 1A); B. Dorsal view of hymenopteran adult; C. Ven-
tral view of coleopteran immature (side 2 of Fig. 1B); D. Ventral view of mirrored, colour-marked anterior part of the hymenopteran
adult; mouth parts 3D-reconstructed and image of volume rendering taken in Amira 6.1; blue — head; turquoise — antenna; indigo
blue — mandible; violet — maxilla; red — prothorax; yellow — mesothorax; orange — metathorax; green — abdomen. E. Detailed
colour-marked, ventral view of anterior part of coleopteran immature; same colour-coding as in D. F. Detailed, ventral view of
mirrored, posterior part of coleopteran immature. ab — abdomen segment; abd — abdomen; an — antenna; b = artefact (possible air
bubble or similar); bf — artefact (possible leaked body fluid or similar); fw — forewing; h — head; hw — hind wing; md — mandible;

mxp — maxillary palp; pp — pygopodium/postpedes; th — thorax; wa — walking appendage.

latero-posteriorly to that ventral sclerite and about 1.6 mm
long; coxa ovoid in anterior view, more than 2x longer
than wide at its widest; trochanter trapezoid in lateral
view with longer posterior edge, about 1.5x longer than
wide at its widest; femur ovoid in lateral view, about 2.5%
longer than wide at its widest; tibia elongated rectangular
in lateral view, widening slightly distally, with two spines
of different lengths at its median distal most corner; spine
more distally (IT/HY: tibial spur) more than 2x longer
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than shorter one, tibia about 6% longer than wide at its
widest; tarsus with 5 elements, overall similar to tarsus of
foreleg, tarsus elements 1-3 each with about two setae at
median distal most corner, further setae not discernible,
tarsus element 1 6x longer than wide and half as wide as
the tibia, tarsus element 2 3x longer than wide, tarsus ele-
ment 3 more than 3x longer than wide and tarsus element
4 about 2x longer than wide, tarsus element 5 4% longer
than wide at its widest.
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Figure S. Detail of hymenopteran adult stinging coleopteran immature; arrows point to supposed puncture site. A. Photograph in

same view as in Fig. 1B; B-D. Colour-marked, mirrored volume rendering of pCT of amber piece SNHM-6014 (Drishti 2.7); in

green coleopteran immature, in red hymenopteran adult; B. Ventral view of coleopteran immature; C, D. Dorsal view of coleopter-

an immature. ab — abdomen segment; abd — abdomen; b — artefact (possible air bubble or similar); ¢i — coleopteran immature; st

— sting (modified ovipositor of hymenopterans); th — thorax; ts — tibial spur; wa — walking appendage.

Post-ocular segment 9 (HY: propodeum, IT: abdo-
men segment 1) only dorsally discernible (HY: metapec-
tal-propodeal complex; note that it is a complex com-
posed of the third thorax and first abdomen segment);
rectangular shaped in dorsal view, about 1.5x longer than
wide (but incompletely preserved); convexly curved in
lateral view and smooth with no posterior spines.

Metasoma (posterior trunk tagma): Metasoma
(post-ocular segments 10-19; HY: metasoma segment
1-10; IT: abdomen segments 2—11) attached anterior-
ly to the mesosoma very ventrally; about 1.6 mm long
and 0.5 mm wide at its widest; overall ovoid in lateral
view with a very pointy posterior end; curving ventrally,

especially posteriorly; only sparsely setae present, where
discernible, mostly towards posterior.

Tergite of post-ocular segment 10 (HY: metasoma seg-
ment 1; IT: abdomen segment 2) half circular in dorsal
view with a small anterior protrusion (petiolate structure;
part of the ‘wasp waist’), about 0.2 mm long; sternite cir-
cular in ventral view with also small anterior protrusion
(petiolate structure); no appendages.

Post-ocular segments 11-14 (HY: metasoma segments
2-5, IT: abdomen segment 3—6) dorsally all rectangular
and wider than long; no appendages. Tergite of post-ocu-
lar segment 11 (HY: metasoma segment 2; IT: abdomen
segment 3) 3x wider than long, 0.25 mm long; sternite of
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Figure 6. Details of supposed puncture site in the coleopteran immature by the sting of the hymenopteran adult. A. Overview photo-

graph; lines within point out section planes of B-D; B-D. Colour-marked virtual sections based on pnCT of amber piece SNHM-6014

(Amira 6.1); in green coleopteran immature, in red hymenopteran adult; arrows point towards sting of hymenopteran adult; arrow-

head pointing towards connection or disconnection between artefact (possible air bubble or leaked body fluid etc.) and each insect

respectively; B. Transverse sections through coleopteran immature; 1-3 anterior to posterior sections; C. Frontal sections through co-

leopteran immature; 1-3 dorsal to ventral sections; D. Sagittal sections through coleopteran immature; 1-3 lateral to median sections.

post-ocular segment 11 pentagonal with a straight ante-
rior edge and a pointed posterior edge, about as long as
wide, tergite wider than sternite, also in subsequent three
segments; tergite of post-ocular segment 12 (HY: metaso-
ma segment 3; IT: abdomen segment 4) 2x wider than
long, about 0.3 mm long, sternite rectangular, about 3.3
wider than long; tergites of post-ocular segments 13—14
(HY: metasoma segments 4-5; IT: abdomen segments
5-6) about 2.5% wider than long each, metasoma tergite
4 about 0.2 mm long, metasoma tergite 5 about 0.1 mm
long, sternites rectangular and 3x wider than long.
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Sclerites of post-ocular segments 15-16 (HY: metaso-
ma segments 6—7, IT: abdomen segment 7-8) trapezoid
in dorsal view with a longer anterior edge each; dorsal
discernible sclerite of abdomen segment 7 slightly wider
than long, about 0.2 mm long; dorsal discernible sclerite
of abdomen segment 8 1.5% wider than long, 0.08 mm
long, ventrally with no apparent segment border between
these segments, trapezoid and posterior edge about one
quarter width of anterior edge, also no apparent distinc-
tion into tergite and sternite; sting (modified ovipositor;
appendages of abdomen segments 8 and 9 (post-ocular
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segments 16—-17; HY: metasoma segments 7-8)) elon-
gated rectangular in lateral view, tapering distally, about
0.2 mm long; consisting of three discernible structures
(IT: valvulae), anteriorly broadly connected with abdo-
men (IT: third valvulae) and posteriorly with distinct
sclerotised structure (IT: first and second valvulae; HY:
terebra), structure bipartite and side by side without gap,
distal tip not discernible.

Description of the coleopteran immature

Coleopteran immature well preserved (compare Figs 1A,
B, 2A, D, 4, 5); about 4.7 mm long; slightly dorso-ventral
depressed; apparently smooth, but with many very small
processes all over the tergites and sternites.

Head: Head (ocular segment and post-ocular segments
1-5) pentagonal in dorsal view with very rounded but point-
ed anterior edge (Figs 2A, 4E (blue)); about 0.4 mm long
and 0.3 mm wide; dorsally potential moult lines discernible
(IT/CO: epicranial frontal sutures), area anteriorly to that
less than half the length of the head; lateral to ventral scler-
ite of head (IT: parietale) apparently ventrally not meeting
medially, as additional sclerite (CO: gular plate (?)) present
there (Figs 2A, 4E); that sclerite overall about trapezoid in
ventral view, more than 2x wider than long.

Stemmata (ocular segment) very laterally discernible
(but number of ocelli not discernible).

Antenna (appendage of post-ocular segment 1; CT: an-
tennula) about 0.1 mm long; attached laterally on the anteri-
or edge of head (Fig. 4E, turquoise); elongated rectangular
in ventral view with 3 elements; antenna element 1 slightly
longer than wide; antennal elements 2—3 about as wide as
long each; antenna element 3 tapering into a pointed tip and
laterally with one seta (CO: supplemental process).

Mouth parts: labrum (sclerite of ocular segment) and
appendages of post-ocular segments 3—5 mostly discern-
ible; attached ventrally and directed anteriorly (as is head:
prognathous (IT)):

Labrum (sclerite of ocular segment) and mandibles
(appendages of post-ocular segment 3) and associated
structures not discernible; labrum potentially discernible
at tip of head (Fig. 2A), mandibles potentially obscured
by posterior mouthparts.

Maxilla (appendage of post-ocular segment 4; CT:
maxillula) elongated rectangular in ventral view, with 2
elements; about two thirds the head length (Fig. 4E, blu-
ish violet); proximal element of maxilla (IT: stipes) more
than 2x longer than wide, wider than distal element; dis-
tal element tapering distally, forking into two tips (proba-
bly medially galea and lacinia (IT) and laterally maxillary
palp (IT)); about 2x longer than wide at its widest; medi-
ally no further structures discernible.

Labium (appendage of post-ocular segment 5; CT:
maxilla) elongated rectangular in ventral view (Fig.
4E, reddish violet); length about two thirds of the head
length; 4 elements discernible: 2 proximal elements (sub-
mentum and mentum (?) (IT), anteriorly to gular plate

(7)), one medio-distal element (praecmentum (?) (IT)) and
one distal element (the labial palps (?) (IT); laterally on
each side respectively); medio-distal element forking at
its distal end into two tips; other details not discernible.

Thorax: Thorax (post-ocular segments 6-8; pro-,
meso- and metathorax; Figs 4, 5); all thorax segments
(mostly) rectangular with very rounded corners in dorsal
view; much wider than long; overall about 0.9 mm long
and about 0.6 mm wide at its widest.

Prothorax (post-ocular segment 6) more than 3x wid-
er than long; first walking appendage (IT: foreleg) about
0.1 mm long, with 4 discernible elements: element 1 (IT:
coxa) rectangular in posterior view, about 2.5x wider than
long; element 2 (IT: trochanter) square-shaped in poste-
rior view, about as long as wide; element 3 (IT: femur)
trapezoid in posterior view with longer lateral than me-
dian edge, slightly wider than long; element 4 (IT/CO:
tibio-tarsus(?)) triangular in posterior view with blunt tip,
one claw (IT: praetarsus and claw (?)) discernible at its tip.

Mesothorax (post-ocular segment 7) pentagonal with
very rounded corners in dorsal view, projecting slight-
ly anteriorly dorsally; slightly wider than long in dorsal
view and in ventral view more than 4x wider than long;
convexly curved in lateral view; second walking append-
age (IT: midleg) overall similar to foreleg, but about
0.2 mm long.

Metathorax (post-ocular segment 8) 3x wider than
long in dorsal view and 2.3x wider than long in ventral
view; third walking appendage (IT: hindleg) similar in
appearance to midleg, but about 0.3 mm long.

Abdomen: Abdomen (post-ocular segments 9-19)
overall very elongated rectangular, tapering distinctly
posteriorly; about 3.4 mm long and 0.8 mm wide at its
widest; segments all rectangular, wider than long; tergites
and sternites not apparently different in form.

Tergites and sternites of abdomen segments 1-9
(post-ocular segment 9—17) all about 1.4-3x wider than
long; no dorsal or posterior protrusions present on abdo-
men segment 9.

Tergite of trunk end (possible conjoined region of ab-
domen segments 10 and 11; post-ocular segments 18 and
19) slightly wider than long (at the widest point), with
very rounded posterior edge, tapering posteriorly; pos-
terior edge with at least 4 setae protruding posteriorly;
more than 1.5x wider than long dorsally; two posterior
directed protrusions (CO: pygopodia/postpedes(?)) ven-
trally with blunt end, making up about the last third of the
ventral segment (Figs 2D, 4F).

Discussion

Phylogenetic position

The hymenopteran female clearly is a representative
of Apocrita and can be assigned to its in-group Chrysi-

doidea based on the following characteristics (after key in
Goulet and Huber 1993): head not globular, but flat and
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square-shaped (compare Figs 1D, 4A, 8A); head progna-
thous; malar space without depression; body hair (seta-
tion) sparse or short; forewing with three or more cells,
pterostigma present and a tubular vein (C,v or C+R,v) on
antero-basal part of wing (compare Fig. 3); coxa of hind-
leg strongly narrowed and tarsus cylindrical; metasoma
very ventrally attached to mesosoma, without constric-
tion between abdomen segments 2 and 3 and abdomen
tergite 2 not longer than abdomen tergite 3.

Within Chrysidoidea, it is a representative of the group
Bethylidae (flat wasps) due to the following characteristics
(after key in Goulet and Huber 1993): sternum of protho-
rax small (often concealed; cf. Fig. 4D); trochanter of
foreleg attached postero-laterally on the coxa and tibia of
this leg slender; metasoma with seven externally discern-
ible tergites. Additionally, also these characteristics can be
seen (after Azevedo et al. 2018): head with well-developed
compound eyes (Fig. 1D); dorsal pronotal area present
(Fig. 4C) and metasternal plate large (Fig. 4D); forewing
with no to seven closed cells (here: four discernible, but
potentially six or even seven; compare Fig. 3) and hind
wing with no closed cells (compare Fig. 3A; though hind
wing incomplete); femur of foreleg swollen (in females;
Figs 1A,B, 2) and foreleg with calcar (antenna cleaning
apparatus; compare Fig. 2B); second abdomen segment
anteriorly very narrow (“petiolar-shaped”) (Fig. 2A).

Within Bethylidae, it is potentially a representative of
Holopsenellinae Engel, Ortega & Azevedo, 2016 (Azeve-
do et al. 2018) due to the forewing with a tubular Rs+M,v
vein and (potentially) seven closed cells. The forewing
of the herein described hymenopteran female has at least
four closed cells definitely discernible (R,c, IR1,¢c, 1M,c
and 1Cu,c). The Costal cell (C,c) is not discernible, but
that is most likely because of the postero-dorsal view on
the forewing (compare Fig. 3) and not an actual absence.
The second Radial 1 cell (1R2,¢) is also only proximally
discernible as the wing in its distal portion is cut off; but
it is present and likely also closed. The second Cubital
cell (2Cu,c) is discernible, but apparently not closed. But
in this area of the wing there is either a small stone or
an air-bubble preserved which obstructs the view there
(compare Figs 2A, 3A), so this cell (2Cu,c) may poten-
tially also be closed.

Within the Holopsenellinae, it seems to be most close-
ly related to either Cretabythus sibiricus Evans, 1973 or
Holopsenelliscus pankowskiorum Engel, 2019 (after key
in Jouault et al. 2020). It shares the following character-
istics with C. sibiricus: antenna elements slightly longer
than wide; mandible with four teeth (apical one longest);
reduced clypeus (with potential median clypeal carina);
short malar space; coxae of fore- and hindleg on contin-
uous line, coxae of midleg slightly separated from that;
mesopleurae smooth; tibial spur formula also potentially
matching (1-2-2, here: 1-?-2), longer spur of tibia of hind-
leg 0.4x length of distal element of same leg; forewing
venation remarkable similar (except for the potential
M, v present in the new specimen), hind wing with strong
anterior vein margin and without cells (as far as can be
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seen in the new specimen); metanotum(?) discernible as
thin band anterior to propodeum; metasoma slender and
without unusual modifications (smooth integument). C.
sibiricus is so far only known from one adult male from
Taimyr amber (Evans 1973), is slightly smaller than the
female described herein (2.5 mm of C. sibiricus, 3 mm of
the new specimen) and features dentate claws which are
lacking in the latter.

A comparison of the new specimen with H. pankowsk-
iorum reveals the following shared characteristics: scapus
distinctly enlarged compared with pedicellus and flagel-
lum; clypeus not projected forward, anterior margin not
emarginate (i.e. with indentation); genae broad; mandible
short and thick (but H. pankowskiorum has only three
teeth) and not obscured by the clypeus; femora distinctly
swollen (particularly femur of foreleg); tibiae elongated
(though more in the new specimen than in H. pankowsk-
iorum), tibial spur formula also potentially matching (1-
2-2, here: 1-?-2); proximal tarsus element slender, longer
than wide and longest tarsus element; claws short, gently
curved and simple (without teeth); forewing with closed
2R1,c and pterostigma wider than long (but pterostigma
in the new specimen longer than in H. pankowskiorum),
other forewing venation remarkable similar (also poten-
tially present M,v); first metasomal tergite without ridge
(transverse carina). H. pankowskiorum is also known
from Kachin amber (Engel 2019). However, H. pankow-
skiorum differs from the new specimen in the following
characteristics (Engel 2019): slightly longer (3.75 mm,
new specimen just 3 mm); compound eyes circular (new
specimen ovoid and shorter than in H. pankowskiorum);
mandibles with three teeth (new specimen with four);
shape of 1M,¢ differs slightly, pterostigma length (longer
in new specimen), M,v not reaching wing margin (as it
potentially does in new specimen); propodeum as wide
as long (new specimen longer than wide); metasoma not
petiolate (here distinctly so).

In summary, the herein described flat wasp cannot
be confidently assigned to C. sibiricus or H. pankowsk-
iorum, but neither can its inclusion in either of the two
species or their genera be ruled out, as taxonomically rel-
evant characters are only incompletely preserved. Owing
to these uncertainties, we refrain from describing a new
species or genus based on the new specimen.

The other individual can be unambiguously identi-
fied as a coleopteran (=beetle) immature due to its three
well-articulated walking appendages and absence of oth-
er appendages posterior to the thorax (with the exception
of the last externally discernible abdomen segment). Tho-
rax appendages with four elements and a claw indicate
that it is a representative of the group Polyphaga. Further
identification of the immature is challenging; so far, the
ample larval beetle fauna in Myanmar has not been treat-
ed in detail and the specimen lacks prominent features
that would enable pinpointing of closer relationships to
a specific in-group of Polyphaga. Especially the subopti-
mal structural resolution of the mouthparts proves detri-
mental in this context.
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Figure 7. Details of supposed puncture site in the coleopteran immature by the sting of the hymenopteran adult (taken in Amira

6.1). A. Virtual section based on unCT of amber piece SNHM-6014; transverse section through the coleopteran immature; arrow

points toward supposed rest of the hymenopteran sting in the puncture site; Al. Overview image; A2. Detailed view of puncture

site; B, C. Colour-marked volume rendering of pCT of amber piece SNHM-6014 in slightly different views; in green coleopteran

immature, in red hymenopteran adult, in violet the sting (3D reconstruction based on uCT). b — artefact (possible air bubble or

similar); th — thorax segment; wa — walking appendage.

Interpretation of the amber piece

The hymenopteran female and the coleopteran immature
are in direct contact with each other. The hymenopteran’s
tarsi, especially the distal portion with the claws, are po-
sitioned in between segmental borders or in folds of the
membranous area of the head and anterior thorax region of
the coleopteran (Figs 1B, 2, 4C-E, 5A, B), possibly to fa-
cilitate better grasping of the immature. Extant females of
Bethylidae tend to grasp their progeny’s coleopteran hosts
during their initial attack with either both their mandibles

and their legs (Mertins 1980; Abraham et al. 1990; How-
ard et al. 1998), just the legs (Gordh and Medved 1986 [in-
directly inferred]; Amante et al. 2017) or just the mandi-
bles (Kiihne and Becker 1974; Gordh and Hawkins 1981).

Additionally, the sting (modified ovipositor) of the
wasp seems to be inserted into the metathorax of the co-
leopteran. This is clearly discernible in the macrophoto-
graphs (compare Figs 1, 2A, 5A), but less apparent in the
puCT data (compare Figs 4-6), which might be a result
of too low contrast in X-ray due to preservation of this
fine structure (as has been shown for other structures; see
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Riihr and Lambertz 2019). However, there appears to be
a small structure within the apparent puncture site that
may belong to the sting (compare Fig. 7), being located
where the tip of its sting (specifically the terebra) would
be expected by extrapolation (Fig. 7B,C). Regardless of
whether this small structure indeed represents the sting’s
tip or not, it appears that the sting of the wasp applied
pressure onto the metathorax of the coleopteran and most
likely also penetrated it, as a well-defined pressure site
is present (esp. Figs 5D, 6B3, 7A, see also macrophoto-
graphs Figs 1, 2).

Notably, the amber displays no discernible layers
around both insects, indicating that either the embedding
in the resin was sudden and fast or that they did not move
(much) during the process (incl. wriggling of the coleopter-
an immature as defensive behaviour; compare with Kiihne
and Becker 1974; Mertins 1980; Hu et al. 2012; Polaszek
etal. 2019, S1 video). Together with the positioning of the
wasp’s sting and legs, this leaves two alternative explana-
tions for the behaviour captured in the piece.

1)  The wasp may have been caught in the process of
paralysing the coleopteran. Since some extant representa-
tives of Bethylidae sit and wait on the host until it is fully
paralysed after the sting (Evans 1964; Kiihne and Becker
1974; Abraham et al. 1990; Howard et al. 1998; Lauziére
et al. 2000), a similar behaviour may explain the apparent
lack of movement in the syninclusions studied here.

2)  Other extant representatives of Bethylidae are
motionless during oviposition, which may last several
minutes (Gordh and Medved 1986; Abraham et al. 1990).
Accordingly, it would be likewise possible that the wasp
was in the process of ovipositing onto the coleopteran in-
stead. As evidence against this, the body posture of the
fossil wasp (compare Figs 1, 2A) lacks some of the char-
acteristics typically observed in extant flat wasps during
oviposition, such as the telescoped and arched metasomal
segments, as well as a contorted hypopygium (last ex-
ternally discernible abdomen segment) that permits egg
extrusion (Gordh and Medved 1986). Furthermore, the
sting is not always inserted into the host, but sometimes
just closely pressed to it during oviposition (Gordh and
Medved 1986). Thus, it is more probable that the herein
described female wasp was preserved while stinging the
coleopteran immature, rather than ovipositing onto it.

Parasitism/Parasitoidism in the fossil record

Direct interactions between parasites/parasitoids and their
hosts in the fossil record are rare, but not completely un-
known. Relatively well-documented examples of such in-
teractions are e.g. nematodan worms parasitizing different
insects (endoparasitism), primarily representatives of Dip-
tera (flies and mosquitoes), Formicidae (in-group of Hy-
menoptera; ants) and Hemiptera (true bugs) (e.g. Grimal-
di 1996; Poinar 2003; Poinar and Buckley 2006; Arillo
2007; see also Boucot and Poinar 2010 and references
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therein), with numerous cases of the nematodes emerging
from their hosts preserved in amber. Similarly common
are mites and ticks (ectoparasitism) as temporary parasites
(see van der Wal and Haug JT 2019; Hornig et al. 2020
for discussion of the term) especially on representatives of
dipterans, moths (Lepidoptera) and scale insects (in-group
of Hemiptera) (Arillo 2007; Boucot and Poinar 2010).
The majority of hymenopterans are parasitic, specifi-
cally parasitoid (e.g. Rasnitsyn 1980). In fact, parasitoid-
ism is widely assumed to be the key innovation underly-
ing the massive radiation within Hymenoptera (Gaston
1991; Davis et al. 2010; Huber 2017) which began in the
Mesozoic (Rasnitsyn 1980; Rasnitsyn and Quicke 2002).
Most likely, it evolved only once within the group Ves-
pina (Orussoidea+Apocrita; e.g. Rasnitsyn 1980; Gauld
and Bolton 1988; Whitfield 2003) and some in-groups
of Apocrita (specifically within the Aculeata) have sec-
ondarily lost it again (e.g. Snelling 1981; Anderson 1984;
Gauld and Bolton 1988; Danforth 2002). Due to the early
origin of parasitoidism within Hymenoptera, we should
expect to find such parasitoid wasps regularly as fossils.
In line with this notion, the majority of the fossil hy-
menopterans hitherto described do indeed represent para-
sitoids. Beyond this, there are even some examples of direct
interaction between the larval parasitoid or its parent and
its host. There are two reports of wasps embedded during
(supposed) oviposition: a representative of Stigmaphro-
nidae (Arillo 2007; previously assigned to Megaspilidae
by Alonso et al. 2000) ovipositing into(/onto?) a dipteran
(Alonso et al. 2000, fig. 12-1) in Spanish amber (Alava)
and a representative of Ichneumonidae ovipositing into a
caterpillar (Wunderlich 1986 in Arillo 2007) in Baltic am-
ber. Furthermore, there are other representatives of Ichneu-
monidae, which have also been found in direct interaction
with their host, namely: an immature attached to a spider
in Dominican amber (Poinar 1992 in Arillo 2007) and a
cocoon adjacent to the seemingly depleted eggs of a spider
in Baltic amber (Poinar 2004 in Arillo 2007; Boucot and
Poinar 2010, fig. 60). An immature representative of the
related group Braconidae has also been described emerg-
ing from an ant in Baltic amber (Poinar and Miller 2002).
Another well recorded group within amber is Dryin-
idae. The immatures of its extant representatives are ec-
toparasitic (and/or endoparasitic) on auchenorrhynchans
(in-group of Hemiptera) (Goulet and Huber 1993; Olmi
and Virla 2006; Guglielmino et al. 2013) and there are
multiple syninclusions in Dominican amber that illustrate
corresponding parasitism of immature representatives of
Drynidiae on representatives of Fulgoroidea (in-group
of Auchenorrhyncha; Poinar 1992, fig. 140, Poinar and
Poinar 1999, fig. 140, and Ross 1998, fig. 73, in Arillo
2007; Poinar 2001; Grimaldi and Engel 2005, fig. 11.37;
Boucot and Poinar 2010, fig. 56) and Cicadellidae (also
in-group of Auchenorrhyncha; Grimaldi 1996, p. 97).
An unidentified hymenopteran immature is depicted in
Boucot and Poinar (2010, fig. 58) emerging from an adult
trichopteran (caddiesfly) (also described in Poinar and An-
derson 2005 in Boucot and Poinar 2010) in Baltic amber.
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Figure 8. Details of artefacts on the hymenopteran adult and the coleopteran immature in amber piece SNHM-6014 (taken in Amira 6.1).

A, B. Virtual section based on pCT of amber piece SNHM-6014; in green coleopteran immature, in red hymenopteran adult; arrowhead
pointing towards connection or disconnection between artefact (possible air bubble or leaked body fluid etc.) and the hymenopteran
adult. A. Sagittal sections through hymenopteran adult; 1-2 ventral to dorsal sections; B. Transverse sections through hymenopteran
adult; 1-2 anterior to posterior sections; C, D. Colour-marked volume rendering of pCT of amber piece SNHM-6014; in green cole-
opteran immature, in red hymenopteran adult; C. Dorsal view on thorax of hymenopteran adult and artefacts there; D. Lateral view
on mirrored thorax of coleopteran immature and artefacts there. ab — abdomen segment; b — artefact (possible air bubble or similar);
bf — artefact (possible leaked body fluid or similar); tg — tegula (part of wing joint area); th — thorax segment; wa — walking appendage.

Conclusions

Examples of group fossilisation as cases of ‘frozen behaviour’
are of high value for the reconstruction of behavioural as-
pects and the evolution of lifestyles. Even if many species of
fossil insects, and particularly hymenopterans (almost 2,500
fossil species; Aguiar et al. 2013), have been described, our
knowledge about their way of life, including intra- and inter-
specific interactions, is still very limited.

Adding further findings, such as the here represented
specimen, will help to reach a better understanding of the
food-web and therefore ecological impact of different ar-
thropod groups in deep-time. This is especially important
as the currently available data on food-webs of palaco-eco-
systems does not allow us to conclude a comprehensive
view of interactions between extinct organism groups.

The specimen herein is, besides the representative of
the Stigmaphronidae with a dipteran specimen in Spanish
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amber (Alonso et al. 2000; Arillo 2007), one of the oldest
examples of interaction of an adult hymenopteran with
a putative host of their immatures and the oldest docu-
mentation of an interaction of flat wasps (Bethylidae) and
coleopteran immatures. This indicates that the interaction
between parasitoid flat wasp immatures and coleopteran
immatures, as seen today, already existed at least about
100 million years ago.
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Abstract

The genus Semicytherura Wagner, 1957 has nearly 300 species, is common in shallow and marginal marine habitats, and has a
worldwide distribution. It is divided into several species groups, of which the Semicytherura henryhowei Hanai & lkeya, 1977 group
is one of the most frequently recorded in temperate Asia. A previous study indicated that many of its members are actually species
complexes, and that several morphotypes could be distinguished by carapace shape and ornamentation. We review these complexes
and conclude that the henryhowei group currently contains 29 species, nine of which are undescribed. We also provide an illustrated
guide and a key to species, based on newly standardized carapace ridge terminology. This enabled us to describe one new species
from the extant (i.e., present-day) sediments in Jeju Island, Korea, S. kiosti sp. nov. We also found one juvenile valve of S. kazahana
Yamada, Tsukagoshi & Ikeya, 2005, the first official illustrated record of this species from Korean waters. Our revised spatial and
temporal distributions of fossil and extant records from this group provide new insights into trans-Arctic interchange of ostracod

fauna from the Late Miocene onwards.

Key Words

Benthic Ostracoda, identification key, MarineGEO ARMS, new species, taxonomy, trans-Arctic interchange

Introduction

Semicytherura Wagner, 1957 is a podocopid ostracod
genus, belonging to the family Cytheruridae. It comprises
at least 291 species, 126 of which are known only from
the fossil record. A total of 283 of these species are listed
in the World Register of Marine Species (Brandao et al.
2022), whereas at least the following eight are missing:
Semicytherura leptosubundata (Ozawa & Kamiya,
2008), S. obitsuensis (Nakao & Tsukagoshi, 2020),
S. pseudoundata Irizuki & Yamada in Irizuki et al. (2004),
S. robustundata (Ozawa & Kamiya, 2008), S. skippa
(Hanai, 1957), S. subslipperi Ozawa & Kamiya, 2008,
S. tanimurai (Ozawa & Kamiya, 2008), and S. tetragona
(Hanai, 1957). The last species was described as

Cytherura tetragona Hanai, 1957 and is still listed as such
in the World Register of Marine Species (Brandao et al.
2022). However, Cytherura Sars, 1866 and Semicytherura
show distinctive differences in carapace features, like
hingement and calcified inner lamella (Wagner 1957;
Athersuch et al. 1989; Whatley and Cusminsky 2010).
Based on these, Cytherura tetragona should be re-
assigned to Semicytherura, as already adopted by some
ostracodologists [e.g., Yamada et al. (2005)].

There are more than 40 species of Semicytherura
(including records in open nomenclature) reported from
Japan and adjacent areas (Yamada et al. 2005). However,
reports specifically from Korean waters are uncertain. The
only officially published and illustrated species reported
from Korea is a specimen assigned to S. minaminipponica

Copyright Anna B. Jést et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original author and source are credited.
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(Ishizaki, 1981) from the Plio-Pleistocene deposits of
Jeju Island (Paik and Lee 1988). The study also mentions
S. henryhowei Hanai & Ikeya in Hanai et al. 1977, as well as
seven undescribed species left in the open nomenclature, but
no images or illustrations are provided. Several other papers
have been published that mention various Semicytherura
species from Korea, but none of them offer taxonomic proof.
For example, Tkeya and Cronin (1993) report S. miurensis
(Hanai, 1957) in their factor 6 assemblage from the Korean
Peninsula, in addition to another 15 Semicytherura species
from both Japan and Korea but they do not specify which
species occur where (Ikeya and Cronin 1993). Lee et al.
(2000) list the following fossil species from the Korea’s East
coast: S. elongata (Edwards, 1944), S. cf. elongata, S. cf.
subundata (Hanai, 1957), S. wakamurasaki Yajima, 1982,
S. cf. wakamurasaki, and S. daishakaensis (Tabuki, 1986)
(typographical error in Lee et al. 2000: S. daishakensis). They
also list these extant (i.e., present-day) species: S. hanaii
Ishizaki, 1981, S. cf. henryhowei, S. cf. hiberna Okubo, 1980,
S. miurensis, S. cf. miurensis, S. polygonoreticulata, and S.
cf. sabula (Frydl, 1982) (Lee et al. 2000). Schornikov and
Zenina (2008) mention S. kazahana Yamada, Tsukagoshi
& lkeya, 2005, S. mukaishimensis Okubo, 1980, and S.
polygonoreticulata (Ishizaki & Kato, 1976) occurring along
the coastal zone of Jeju Island. Additionally, Yamada et al.
(2005) refer to an unpublished Korean record of S. kazahana
by Lee (1990; unpublished) as Semicytherura sp. B. Here,
we provide the first published record including illustrations
of S. kazahana from Korean waters.

Semicytherura species can be grouped based on their
general shape and dominant carapace features. Yamada
et al. (2005) report five species groups from Japan and
adjacent areas: the henryhowei, miurensis, skippa, hanaii,
tetragona, and sabula group. Here, we focus on species
from the henryhowei group, which comprises animals of
sub-rectangular to sub-trapezoid shape (right valves tend
to be more sub-trapezoid and left valves more sub-rectan-
gular), with thick carapace and a system of broad ridges
(carinae) and a horizontal caudal process with varying
degree of conspicuousness.

Prior to the study of Yamada et al. (2005), several
S. henryhowei morphotypes have been recognized (see
e.g., Okubo 1980). Phenotypic plasticity is rather common
in shallow marginal marine genera [for detailed discussion
on morphological variation in marginal marine ostracods,
see Jost et al. (2021)], and Semicytherura species primarily
inhabit inner bays, tolerating brackish environments, and
are often associated with plants (Boomer and Eisenhauer
2002; Szczechura and Aiello 2003; Yamada et al. 2005;
Schellenberg 2007). Yamada et al. (2005) studied more
than 200 specimens of different S. henryhowei morphotypes
from Japan and found that they are, in fact, four separate
species: S. henryvhowei, S. kazahana, S. slipperi Yamada,
Tsukagoshi & lkeya, 2005, and S. sasameyuki Yamada,
Tsukagoshi & lkeya, 2005. Besides differences in the soft-
body morphology, the species can be distinguished by
differences in the carapace pore system, and ridge pattern
(Yamada et al. 2005). Prior to this, Irizuki et al. (2004)
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described Semicytherura pseudoundata Irizuki & Yamada,
2004 from the Early Miocene deposit of Japan. They noted
its close morphological similarity to S. henryhowei and
S. undata (Sars, 1866), but described it as new, based on the
distinct differences in the ventral ridge (Irizuki et al. 2004).
Additionally, Ozawa and Kamiya (2008) added four new
Pleistocene species, following the application of the distinct
ridge patterns as a species-specific taxonomic character
introduced by Yamada et al. (2005). They described
S. robustundata Ozawa & Kamiya, 2008, S. subslipperi
Ozawa & Kamiya, 2008, S. leptosubundata Ozawa &
Kamiya, 2008, and S. tanimurai Ozawa & Kamiya,
2008 as new members of the henryhowei group. Yamada
and Tsukagoshi (2010) added two more extant species,
S. maxima Yamada & Tsukagoshi, 2010 and S. ikeyai
Yamada & Tsukagoshi, 2010. They also conducted a
comparative morphological study to determine which of the
species belongs to the senryhowei group. As a result, besides
the above mentioned 12 species, the following 20 are also
considered members (see Appendix 1): S. balrogi Brouwers,
1994; S. subundata (Hanai, 1957); S. aff. S. henryhowei
sensu Cronin and Ikeya (1987); S. aff. henryhowei sensu
Irizuki (1994); S. cf. henryhowei sensu Cronin (1989);
S. neosubundata (Ishizaki, 1966); S. simplex (Brady &
Norman, 1889); Semicytherura sp. 1-5 sensu Irizuki (1994);
Semicytherura sp. sensu Irizuki et al. (2005); Semicytherura
sp. 1 sensu Yasuhara and Irizuki (2001); Semicytherura sp.
2 sensu Yamada et al. (2002); Semicytherura sp. 1-2 sensu
Ozawa et al. (2008); Semicytherura sp. A sensu Cronin
and lkeya (1987); Semicytherura sp. B sensu Whatley
and Boomer (1995); and Kangarina sp. B sensu Valentine
(1976) (Yamada and Tsukagoshi 2010).

The first treatise list reporting members of the
S. henryhowei group included 30 species, whereas 20 of
these were left in the open nomenclature (Yamada et al.
2005) (Appendix 1). This list was later revised and eight of
these 20 open-nomenclature-records were identified to the
species level (Yamada and Tsukagoshi 2010). However,
four records previously left in the open nomenclature
were added, six species records were re-assigned to other
species, and several new species were added. Finally,
the updated list contains 32 species in total, of which 16
were left in the open nomenclature and another 16 were
identified (Yamada and Tsukagoshi 2010) (Appendix 1).

Here, following the scheme of the species-specif-
ic ridge pattern, we conducted a revision of the updat-
ed treatise list by Yamada and Tsukagoshi (2010) and
found that, amongst the records of S. henryhowei, there
are two occurrences where the specimens belong to a dif-
ferent species (see Table 1). We also found that seven of
the sixteen species left in the open nomenclature belong
to already described species of the henryhowei group,
whereas nine species are new to science (Table 1). Ad-
ditionally, we recognized six more species records that
also belong to the henryhowei group, that were not in-
cluded in the list of members by Yamada and Tsukagoshi
(2010) [S. quadraplana Allison & Holden, 1971; S. kabu-
ragawensis Tanaka, 2013; S. usuigawensis Tanaka, 2013;
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Semicytherura sp. A and B sensu Yamada et al. (2004);
and Hemicytherura sp. 3 sensu lkeya and Itoh (1991)]
(Appendix 1).

Our taxonomic revision changes the known geolog-
ical age of S. tanimurai, S. kazahana/sasameyuki, and
S. undata, as well as the geological age and spatial distri-
bution of S. balrogi and S. ikeyai. Revised distribution and
remarks on the geological age are discussed with updated
(paleo-)distribution maps. Additionally, we describe one
new species belonging to the henryhowei group, S. kiosti
sp. nov. Jost and Karanovic, and show the first official re-
cord of S. kazahana from Korean waters. Finally, we gen-
erated an identification key to the species of this group,
including illustrations of all known members to aid future
taxonomic research.

Methods
Project

The material provided here was collected as a part of an
ongoing project that collaborates with the Marine Global
Earth Observatory (MarineGEO) program and in partner-
ship with the Korea Institute of Ocean Science and Tech-
nology (KIOST) on Jeju Island, Republic of Korea (ROK).
The MarineGEO is under the umbrella of the Smithso-
nian’s global Tennenbaum Marine Observatories Network
(TMON) with its headquarters in Washington, D.C., USA
(https://marinegeo.si.edu/). It is the first long-term research
program with partners from all over the world, applying a
standardized method of sampling (ARMS, Fig. 1) to study
coastal marine biodiversity. Its main aim is to understand
the role of biodiversity in sustaining resilient marine eco-
systems. As such, a thorough taxonomic knowledge of the
current species is indispensable.

Samples

Specimens were collected either from an Autonomous
Reef Monitoring Structure (ARMS) (Fig. 1A, B, E), or
from the sediment scoop samples (i.e., surface sediments)
near the ARMS in August, 2019. The ARMS are stan-
dardized, three-dimensional samplers of marine biodi-
versity that are non-destructive to the environment. They
are shelf-like units made of stacks of plates with different
sized spacers in between the plates. Plate by plate, the
units are assembled under water and left there, passively
collecting the sample (i.e., surface and sedimentation-de-
rived sediments) (Fig. 1C-E). For this study, ARMS
were deployed by scuba at 19 m at Seongsan, Jeju Island,
South Korea (Fig. 2) on the 3% of October, 2018 and left
under the water until retrieval on August 20%, 2019. On
board the boat, the ARMS unit was immediately trans-
ferred to a recovery bin and submerged in the filtered sea-
water. Upon arrival on shore, the unit was disassembled
inside the recovery bin and anything on and in between
the plates was fixed with 99% ethanol. Living and dead
ostracods were wet-picked in 99% ethanol from the 100—
500 um size fractions of the material collected by the
ARMS unit and the scoop sample, respectively. Five of
the 7 specimens presented here were recovered from the
ARMS sample. Two specimens were recovered from a
sediment scoop sample. The scoop sample was collected
by SCUBA from the sea floor next to the ARMS structure
during retrieval. A 50 mL conical tube was used to scoop
up the sediment. Picking and sorting were done using a
stereomicroscope (Olympus SZX12) in the Laboratory of
Animal Systematics and Phylogeny at Hanyang Univer-
sity, ROK. Each disarticulated valve is counted as one
specimen. One articulated male adult carapace was found
and opened for the scanning electron microscope (SEM)
imaging (LV: # 109 _1 (lost during imaging); RV: 109 2).

Table 1. Revised species assignments of the members of the Semicytherura henryhowei group. Bold font indicates specimens of the

treatise list by Yamada and Tsukagoshi (2010).

Author name Species name

Revised species name

Cronin and Ikeya (1987)
Cronin and Ikeya (1987)
Cronin (1989)

Ikeya and Itoh (1991)

Irizuki (1994)

Irizuki (1994)

Irizuki (1994)

Irizuki (1994)

Irizuki (1994)

Irizuki (1994)

Irizuki (1994)

Irizuki et al. (2005)

Ozawa et al. (2008)

Ozawa et al. (2008)
‘Whatley and Boomer (1995)
Yajima (1988)

Yamada and Tsukagoshi (2010)
Yamada et al. (2002)
Yamada et al. (2004)

Yamada et al. (2004)
Yasuhara and Irizuki (2001)

Semicytherura aff. S. henryhowei

Semicytherura sp. A

Semicytherura cf. S. henryhowei

Hemicytherura sp. 3
Semicytherura henryhowei

Semicytherura aff. S. henryhowei

Semicytherura sp. 1
Semicytherura sp. 2
Semicytherura sp. 3
Semicytherura sp. 4
Semicytherura sp. 5
Semicytherura sp.
Semicytherura sp. 1
Semicytherura sp. 2
Semicytherura sp. B
Semicytherura henryhowei

Kangarina sp. B sensu Valentine (1976)

Semicytherura sp. 2
Semicytherura sp. A
Semicytherura sp. B
Semicytherura sp. 1

S. balrogi
Semicytherura sp. nov.
Semicytherura sp. nov.

S. kiosti sp. nov. Jost & Karanovic

S. balrogi
Semicytherura sp. nov.
Semicytherura sp. nov.
Semicytherura sp. nov.

S. undata
Semicytherura sp. nov.
Semicytherura sp. nov.

S. kazahana
Semicytherura sp. nov.
Semicytherura sp. nov.

S. ikeyai

S. sasameyuki/ S. kazahana

S. balrogi

S. tanimurai

S. sasameyuki/ S. kazahana

S. slipperi

S. kazahana
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Figure 1. Autonomous Reef Monitoring Structure (ARMS). A. Assembled ARMS; B. ARMS after one year of deployment at
Seongsan (representative photo); C—E. ARMS installation by SCUBA (representative photos).

The SEM images were taken at Eulji University, ROK,
with a Hitachi S-4700 scanning electron microscope after
platinum coating.

The type material of Semicytherura kiosti sp. nov.
(holotype: one male ARV, # 109 2; paratypes: five RVs
(# 68 female A, # 108 male A, # 177 female A-1, # 239
female A-2, # 240 female A) and our specimen of S. kaza-
hana, are deposited in the National Institute of Biological
Resources (NIBR) in Incheon, ROK (deposition num-
ber S. kiosti: DSEVIV0000003716; S. kazahana: DSE-
VIV0000003720). The new species is registered with
ZooBank (LSID. urn:lsid:zoobank.org:act: DAA1DAD2-
32A5-4F02-8143-DOD158F8568B).

Maps and plot

Sampling location and geographic distribution of select-
ed species were mapped with the software QGIS (version
3.16.8 Hannover; 1989, 1991, Free Software Foundation,
Inc.). Continent shapefiles were acquired through open
sources at https://www.igismap.com, country specific shape-

fr.pensoft.net

files through https://gadm.org/download country v3.html.
Map depicting trans-Arctic interchange through time were
generated with MapCreator (version 2.0; personal edition)
and edited with vector graphics software Inkscape (0.92.1
version 3; 2007, Free Software Foundation, Inc.). Length/
height plot was generated with SigmaPlot (version 10.0;
2006, Systat Software, Inc.) and edited with Inkscape 0.92.

Abbreviations

ALV Adult left valve;

ARV  Adult right valve;

A-1  A-1 instar (last juvenile molt before adult);
A-2  A-2 instar (second-last molt before adult).

Data availability

Specimens are deposited at the National Institute of
Biological Studies (NIBR, Incheon, South Korea) under
the deposition numbers DSEVIV0000003716 (S. kiosti
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Figure 2. Map of sampling location. A. Overview of Korea in-
cluding adjacent countries and seas; B. Overview of Jeju Island
with sampling location in yellow. Yellow star denotes the de-
ployment site of the ARMS; red location pin icon points at the
location of the Korea Institute of Ocean Science and Technol-
ogy (KIOST) on Jeju Island; grey shades denote land masses,
blue denotes seas. Coordinates given in decimal degrees.

sp. nov.) and DSEVIV0000003720 (S. kazahana).
This published work and the nomenclatural acts it
contains, have been registered in ZooBank (LSID.
urn:lsid:zoobank.org:act: DAAIDAD2-32A5-4F02-
8143-DOD158F8568B).

Results

Yamada and Tsukagoshi (2010) provided a treatise list
of all published members of the henryhowei group, and
included a total of 32 species: 16 named and 16 left in the
open nomenclature. We studied all species and identified
all unnamed species based on distinctive ridge pattern
and prominent carapace characteristics. A schematic
explanation of the ridge terminology is given in Fig. 3.
Additionally, we added seven more species, previously
not included in the treatise list, namely Semicytherura sp.
1 sensu Yamada et al. (2002), Semicytherura quadraplana
Allison & Holden, 1971, Hemicytherura sp. 3 sensu Ikeya
and Itoh 1991, Semicytherura kaburagawensis Tanaka,
2013, Semicytherura usuigawensis Tanaka, 2013, and
Semicytherura sp. A and B sensu Yamada et al. (2004)
(Appendix 1). The following species assignments were
concluded (see also Table 1):

S. henryhowei sensu Irizuki (1994) (pg. 13, pl. 3,
figs 1, 2) is most likely S. balrogi Brouwers, 1994

The two valves pictured clearly show the anterior longitu-
dinal ridge extending past the anterior third and connecting
with the dorsal margin at the posterodorsal corner, which is
characteristic for specimens of S. balrogi (Fig. 4P). True,
S. henryhowei does not have such a long, smooth anterior
longitudinal ridge (Fig. 4F). Additionally, S. henryhowei has
a thin ridge branching off the dorsal margin at two-thirds of
the valve length, in front of the posterodorsal corner, con-
necting with the anterior subvertical ridge within the dorsal
half (Fig. 4F). The imaged left valve (fig. 1; Irizuki, 1994)
shows no posterior subvertical ridge, whereas the right valve
shows an inconspicuous, short posterior subvertical ridge,
not merging with the ventral ridge. Both, S. henryhowei and
S. balrogi lack the posterior subvertical ridge.

Semicytherura aff. S. henryhowei sensu Cronin
and Ikeya (1987) (pg. 83, pl. 3, fig. 13) is most
likely S. balrogi

The pictured left valve shows a conspicuous, long, arch-
ing anterior longitudinal ridge, running from the mid-
height at the anterior margin to the posterodorsal corner
without prominent ridges connecting it with the ventral
ridge, which is typical of S. balrogi (Fig. 4P).

Kangarina sp. B sensu Valentine (1976) (pl. 5,
fig. 15) is probably S. balrogi

The pictured right valve has four anteroventral marginal
denticles, a long anterior longitudinal ridge, and a ventral
ridge that starts off anteriorly at the height of the third
anteroventral marginal denticle, slightly arching toward
the ventral margin, then both merging within the posterior
third of the valve, before ascending toward the posterior
ridge. All these characteristics are distinct patterns found
in S. balrogi (Fig. 4P).

S. henryhowei sensu lkeya and Itoh (1991) (pg.
143, fig. 22C) is most likely S. ikeyai Yamada
& Tsukagoshi (2010)

The pictured left valve is characterized by a continuous
anterior longitudinal ridge that connects with the dorsal
margin at the posterior half, in front of the posterodorsal
corner, which is typical for S. ikeyai (Fig. 4N).

Semicytherura sp. B sensu Whatley and
Boomer (1995) (pg. 255, pl. 1, figs 6, 7) is
most likely S. ikeyai

The pictured right and left valves show an anterior longitu-
dinal ridge ascending in a nearly straight manner from the
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Figure 3. Schematic drawing for terminology of major ridges

(carinae) of the Semicytherura henryhowei group. Red: anterior
ridge; orange: dorsal ridge; yellow: posterior ridge; green: ven-
tral ridge; pink: posterior subvertical ridge; blue: anterior sub-
longitudinal ridge; turquoise: posterior subvertical ridge; Green
triangles: anteroventral marginal denticles (crenulations); white
dots: corners; AD: Anterodorsal; PD: posterodorsal; P: poste-
rior; PV: posteroventral; AV: anteroventral; ADF: anterodorsal
fossa; AVF: anteroventral fossa; PF: posterior fossa.

anterior margin at mid-height of the valve to the end of the
anterior third above mid-height, where the anterior sub-
vertical ridge crosses in the posteroventral direction and a
thin ridge splits from the anterior half of the anterior sub-
vertical ridge, and merging, as dorsal continuation of the
anterior longitudinal ridge, with the dorsal margin in front
of the posterodorsal corner. The ventral ridge is compara-
bly thin. These are typical morphological traits of S. ikeyai
(Fig. 4N). In case of the specimens of Whatley and Boom-
er (1995), the ridge connecting the anterior subvertical
ridge with the dorsal margin is rather inconspicuous.

Semicytherura sp. sensu Irizuki et al. (2005)
(pg. 42, pl. 4, fig. 7) is most likely S. kazahana
Yamada, Tsukagoshi & Ikeya, 2005

The pictured right valve has a short anterior longitudinal
ridge, which, with the anterior subvertical ridge, splits the
anterior half of the valve into two fossae. The posterior
ridge connecting the ventral ridge with the dorsal ridge is
distinct. The ventral half of the anterior subvertical ridge
is wider than the dorsal half. There appears to be five mar-
ginal anteroventral denticles, although the anterior edge
of the specimen is not clear. All these characteristics re-
semble S. kazahana (Fig. 4H).

Semicytherura sp. 3 sensu Irizuki (1994) (pg.
13, pl. 3, figs 8-11) is most likely S. undata
(Sars, 1866)

The imaged right and left valves have the ventral ridge
typical for S. undata (Fig. 4L). It starts from, or close
to, the anteroventral margin and runs in a slightly con-
vex curve above the ventral margin until the anterior
third to half of the valve length. From there, it descends
in a straight, diagonal line toward the ventral margin until
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merging with it and terminating at or behind the posteri-
or third of the valve length. The subvertical dorsal ridge,
however, is lacking in some specimens [pl. 3, figs 9-11
(Irizuki 1994)], which is uncharacteristic for S. undata.
One pictured left valve [pl. 3, fig. 8 (Irizuki 1994)] has a
short subvertical dorsal ridge, as typical for specimens of
S. undata (Fig. 4L). The dorsal ridge of S. undata is char-
acterized by a prominent, very short, “comma-shaped”
ridge in the posteroventral area, which all specimens here
show, although to a varying extent (Irizuki 1994).

Semicytherura sp. B sensu Yamada et al. (2004)
is most likely S. slipperi Yamada et al., 2005

The pictured left valves (pg. 383, text-figs 2C, E) are
characterized by a short anterior longitudinal ridge,
steeply running upward in a straight fashion, thickening
toward its posterior end at the anterior third of the valve-
length (Fig. 4D). The posterior subvertical ridge is lack-
ing. The ventral part of the anterior subvertical ridge is
not a smooth continuation of the slightly curved, promi-
nent dorsal part, but connecting to the ventral ridge in a
rather inconspicuous zig-zag manner. Four anteroventral
marginal denticles are present (Yamada et al. 2004).

Semicytherura sp. A sensu Yamada et al.
(2004) is either S. sasameyuki, or S. kazahana
Yamada, Tsukagoshi & Ikeya, 2005

The pictured left valve (pg. 383, text-fig. 2A) shows the
typical ridge pattern of S. kazahana [pg. 247, fig. 2C,
pg. 253, fig. 6; (Yamada et al. 2005)] and S. sasameyuki
[pg. 247, fig. 2D; pg. 255, fig. 8; (Yamada et al. 2005)].
The anterior subvertical ridge smoothly connects to
the anterior longitudinal ridge with its dorsal part, and
to the ventral ridge with its ventral part. The posterior
subvertical ridge is smooth, tapering toward ventral and
connecting with the ventral ridge. The four comparably
large, acuminate, anterior marginal denticles can indicate
the specimen’s association to both, S. sasameyuki
(Fig. 4]), which always shows four marginal denticles, as
well as to S. kazahana (Fig. 4H), which may either show
four or five marginal denticles, or none at all (see pg.
243, fig. 6A-D, four denticles; E, zero denticles; F, five
denticles; Yamada et al. 2005). For a definite distinction
between the two species, soft-body analysis is necessary.

Semicytherura sp. 1 sensu Yasuhara and Irizuki
(2001) is most likely S. kazahana

The pictured adult left and juvenile right valves (pg. 93, pl.
11 figs 7, 8) show the typical ridge pattern of S. kazahana
and S. sasameyuki (Yamada et al. 2005). However, the adult
valve shows the presence of four anteroventral marginal
denticles (pg. 93, pl. 11, fig. 7), whereas they are absent
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Figure 4. Illustrated guide of major ridge systems of the Semicytherura henryhowei species complex. A. Semicytherura kiosti sp. nov.
Jost and Karanovic male ARV; based on # 109 _2 herein; B. Semicytherura kiosti sp. nov. Jost and Karanovic male ALV; based on #
109 1 herein; C. Semicytherura robustundata Ozawa & Kamiya, 2008 ARV; based on Ozawa and Kamiya 2008; D. Semicytherura
slipperi Yamada, Tsukagoshi & Ikeya, 2005 ALV; based on Yamada et al. 2005; E. Semicytherura subslipperi Ozawa & Kamiya,
2008 ARV; based on Ozawa and Kamiya 2008; F. Semicytherura henryhowei Hanai, 1977 ALV; based on Yamada et al. 2005;
G. Semicytherura leptosubundata Ozawa & Kamiya ARV; based on Ozawa and Kamiya 2008; H. Semicytherura kazahana Yamada,
Tsukagoshi & Ikeya, 2005 ALV; based on Yamada et al. 2005; 1. Semicytherura subundata (Hanai, 1957) ARV; based on Ozawa and
Kamiya 2008; J. Semicytherura sasameyuki Yamada, Tsukagoshi & Ikeya, 2005 ALV; based on Yamada et al. 2005; K. Semicytherura
tanimurai Ozawa & Kamiya, 2008 ALV; based on Ozawa and Kamiya 2008; L. Semicytherura undata (Sars, 1865) ARV, based
on Cronin and Ikeya 1987; M. Semicytherura maxima Yamada & Tsukagoshi, 2010 ARV; based on Yamada and Tsukagoshi 2010;
N. Semicytherura ikeyai Yamada & Tsukagoshi, 2010 ARV; based on Yamada and Tsukagoshi 2010; O. Semicytherura sp. nov.
sensu Irizuki 1994 (S. sp. 4) ALV; based on Irizuki 1994; P. Semicytherura balrogi Brouwers, 1994 ARV; based on Brouwers 1994;
Q. Semicytherura sp. nov. sensu Irizuki 1994 (S. sp. 5) ALV; based on Irizuki, 1994; R. Semicytherura sp. nov. sensu Cronin and
Ikeya 1987 (S. sp. A) ARV; based on Cronin and Ikeya 1987; S. Semicytherura sp. nov. sensu Cronin 1989 (S. sp. cf. henryhower)
ALV; based on Cronin 1989; T. Semicytherura sp. nov. sensu Irizuki 1994 (S. sp. 2) ARV; based on Irizuki 1994; U. Semicytherura
simplex (Brady & Norman, 1889) ALV; based on Hu 1978; V. Semicytherura sp. nov. sensu Ozawa et al. 2008 (S. sp. 1) ARV; based
on Ozawa et al. 2008; W. Semicytherura pseudoundata Irizuki & Yamada, 2004 ALV; based on Irizuki et al. 2004; X. Semicytherura
sp. nov. sensu Ozawa et al. 2008 (S. sp. 2) ARV; based on Ozawa et al. 2008; Y. Semicytherura neosubundata (Ishizaki, 1966) ALV;
based on Ishizaki 1966; Z. Semicytherura sp. nov. sensu Irizuki 1994 (S. sp. aff. henryhowei) ARV, based on Irizuki 1994; AA.
Semicytherura kaburagawensis Tanaka, 2013 RV; based on Tanaka and Hasegawa 2013; AB. Semicytherura sp. nov. sensu Irizuki
1994 (S. sp. 1) ALV; based on Irizuki 1994; AC. Semicytherura usuigawensis Tanaka, 2013 RV; based on Tanaka and Hasegawa 2013;
AD. Semicytherura quadraplana Allison & Holden, 1971 ALV; based on the original drawing in Allison and Holden 1971. Red arrows
indicate whether anterior sublongitudinal ridge is horizontal or sloped; red numbers indicate the anteroventral marginal denticles.

in the juvenile valve (pg. 93, pl. 11, fig. 8 in Yasuhara and  present juvenile and adult of separate species. However,
Irizuki 2001). This variation in number of anteroventral  although the geographical distribution of S. kazahana and
denticles indicates that the specimens of Yasuhara and  S. sasameyuki overlaps, their microhabitats differ with
Irizuki (2001) belong to S. kazahana (Fig. 4H), unless they  the former being a phytal species typical of rocky shore
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environments, and the latter living on the silty sands of inner
bays (Yamada et al. 2005). This speaks for the presence of
just one of the two species, here S. kazahana, due to the
varying number of anteroventral marginal denticles.

S. henryhowei sensu Yajima (1988) is either
S. sasameyuki, or S. kazahana

The pictured right valve (pg. 1076, pl. 1, fig. 12) shows a
prominent posterior subvertical ridge, which is absent in
S. henryhowei (Fig. 4F). Additionally, S. henryhowei has
small, rounded, anterior marginal denticles, whereas this
specimen shows four distinct and pointy anterior denticles.
The ridge pattern, and number and shape of anteroventral
denticles, marks this specimen as, either S. sasameyuki or
S. kazahana. Whereas S. sasameyuki, so far, has only been
reported from extant sediments of Japan, S. kazahana has
a Pleistocene record from Korea (Lee 1990, unpublished),
an extant Japanese distribution (Yamada et al. 2005; living
specimens collected 1977-2000), as well as an extant
Korean distribution (this study; valves collected 2019).
Our species re-assignment indicates a Japanese Miocene
existence of either of the species.

Semicytherura sp. 2 sensu Yamada et al. (2002)
is most likely S. tanimurai Ozawa & Kamiya,
2008

The pictured right valve exhibits a prominent anterior
subvertical ridge with a posterior branch at its dorsal half
(pg. 122, pl. 1, fig. 16; Ozawa and Kamiya 2008), typical
of S. tanimurai (Fig. 4K). Although this upward-curved
branch is sharper, more like a V-shape in S. tanimurai
(Fig. 5A), whereas this specimen shows a rounder U-shape
(Fig. 5B). Additionally, the ventral ridge is slightly different
at its posterior half, as it continues to the posterior tip of the
ventral margin (anteroventral corner) (Fig. 5B), whereas in
S. tanimurai it discontinues after merging with the ventral
margin ahead of the anteroventral corner (Fig. 5A). Hence,
our species re-assignment to S. tanimurai is tentative.

Hemicytherura sp. 3 sensu Ikeya and Itoh 1991 is
most likely S. kiosti Jost & Karanovic, sp. nov.

The pictured right valve (pg. 138, fig. 17A) shows all
distinct carapace characteristics of S. kiosti sp. nov.:
three small anteroventral marginal denticles, a prominent
posterior subvertical ridge starting at the posterodor-
sal corner and merging with the ventral ridge at around
mid-length, a posterior ridge connecting posterodorsal
and posteroventral corners in a straight line, and a hor-
izontal, straight, and short sublongitudinal anterior ridge
(Fig. 4B, AA).

The following three species were not included in the
list of members of the S. henryhowei complex by Yamada
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and Tsukagoshi (2010), however, based on their promi-
nent ridge systems, they also belong to this species group
(Fig. 4AA, AC, AD).

Semicytherura kaburagawensis Tanaka, 2013

The species is characterized by a broad, sigmoid
ventral ridge that starts as a thin ridge at anteroventral
margin, running parallel to ventral margin toward
posterior, growing broader and forming a sigmoid
curve at posterior third of carapace length at merging
point with subvertical dorsal ridge (pg. 144, fig. 4.2
in Tanaka and Hasegawa 2013). Subvertical dorsal
ridge prominent, starting from posterodorsal corner in
a bifurced manner (Fig. 4AA). Posterior ridge branch
thin, merging with ventral ridge at posteroventral
corner; subvertical dorsal ridge branch thick, merging
with ventral ridge at posterior third of carapace
length. Posterior ridge, subvertical dorsal ridge, and
ventral ridge form a rectangular posterodorsal fossa.
Anterior sublongitudinal ridge short, mildly arched,
slightly ascending, terminating at anterior third of
carapace length. Posterior half of subvertical dorsal
ridge running from anterodorsal corner (eye tubercle
according to type description) ventrally, in a straight,
horizontal line, merging with dorsal end of anterior
sublongitudinal ridge. Anterior half of subvertical
dorsal ridge not observed.

Semicytherura usuigawensis Tanaka, 2013

The species is characterized by a long, sigmoid subverti-
cal dorsal ridge, running from posterodorsal corner ven-
trally through anterior sublongitudinal ridge, and merg-
ing with ventral ridge at posterior third of carapace length
(pg. 144, fig. 4.3 in Tanaka and Hasegawa 2013). Poste-
rior subvertical ridge very short. Posterior ridge broad,
terminalizing at mid-height. Elliptical anterodorsal fossa
(Fig. 4A0).

Semicytherura quadraplana Allison & Holden,
1971

The species is characterized by four anteroventral mar-
ginal denticles, a downward arching anterior sublongitu-
dinal ridge that fuses with the ventral half of its anterior
subvertical ridge, which, in turn, connects to the ventral
ridge within the anterior half of the carapace length (pg.
194, fig. 20b in Allison and Holden 1971). The dorsal half
of the anterior subvertical ridge is very short, the poste-
rior subvertical ridge bifurcate, forming an elliptical pos-
terodorsal fossa (Fig. 4AD).

The following nine species did not fit the ridge pattern
of any of the known species of the group, hence are unde-
scribed species of the henryhowei group:
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Semicytherura sp. 1 (pg. 13, pl. 3, fig. 6),
Semicytherura sp. 2 (pg. 13, pl. 3, fig. 7),
Semicytherura sp. 4 (pg. 13, pl. 3, figs 12—15),

and Semicytherura sp. 5 (pg. 13, pl. 3, figs 16,
17) sensu Irizuki (1994)

Semicytherura sp. 1 is too poorly preserved to make any
definite statements. However, it appears to exhibit a long
anterior longitudinal ridge, arching over the entire length
of the valve exterior and terminating when merging with
the dorsal ridge below the caudal process (Fig. 4AB).
This is a unique feature, not observed in any of the other
species of the S. henryhowei complex. Semicytherura sp.
2 has a conspicuous anterior subvertical ridge shaped
like a large “3” (Fig. 4T). Additionally, it sports two,
horizontal dorsal ridges, the one closer to the dorsal
margin is curved, and the one below is straight and
forking at its dorsal end. Semicytherura sp. 4 (Fig. 40)
sports a long anterior longitudinal ridge, as do S. balrogi,
S. robustundata, and S. ikeyai among the described
species of the S. henryhowei group. Unlike the three
described species, however, its dorsal branch at the
anterior third of the anterior longitudinal ridge is short
and does not merge with the dorsal margin. Additionally,
its anterior subvertical ridge that connects the anterior
longitudinal ridge with the ventral ridge is not straight as
in S. balrogi (Fig. 4P) and S. ikeyai (Fig. 4N), but more
of a zig-zag line, similar to S. robustundata (Fig. 4C).
However, whereas in S. robustundata this connection
is described as a “U-shape” and a “T-shape” (upside-
down T) (Fig. 6B), here, it is a hook-shape and upside-
down T or Y (Fig. 6A). Semicytherura sp. 5 (Fig. 4Q)
is characterized by a long anterior longitudinal ridge
ascending from mid-height at the anterior margin to the
posterodorsal corner, parallel to the likewise ascending
ventral ridge, which is situated above the ventral margin
(Fig. 4Q). This main pattern of two long, parallel
ridges running across the valve is very conspicuous and
characteristic of this undescribed species.

Semicytherura sp. A of Cronin and Ikeya
(1987) (pg. 83, pl. 3, fig. 10)

The pictured left valve has a very prominent, thick pos-
terior subvertical ridge, tapering toward its ventral tip
(Fig. 4R). The ventral ridge is straight, horizontal, and
tapering toward posterior. The anterior longitudinal ridge
starts below the mid-height of the valve at the ventral
margin, and ascends as a curve toward the anterior third
of the valve length, where it connects with the anterior
subvertical ridge above the mid-height of the valve. Be-
hind the anterior subvertical ridge, it continues in a thin,
zig-zag fashion, merging with the dorsal margin/ridge at
the mid-length of the valve. The caudal process is broadly
triangular, inconspicuous, above the mid-height. The car-
apace surface is covered in fine pits and thin reticulation.

Semicytherura cf. S. henryhowei of Cronin
(1989) (pg. 135, pl. 3, figs 3, 4)

The pictured right and left valves are characterized by the
absence of the anterior and posterior subvertical ridges
(Fig. 4T). The valves are less ornamented by thick ridg-
es, but rather show near-circular inflations in their poste-
rior and anterior halves. The anterior longitudinal ridge
starts from the anterior margin at the mid-height of the
valve, and ascends toward the end of the anterior third of
the valve length, on top of the anterior inflation. A deep,
median sulcus separates the anterior longitudinal ridge
from its continuation, which merges with the dorsal ridge
slightly in front of the posterodorsal corner. The carapace
is ornamented by fine pits and thin reticulation.

Semicytherura sp. 1 of Ozawa et al. (2008) (pg.
167, pl. 2, figs 14, 15)

The pictured right and left valves are characterized by
comparably thick ridges (Fig. 4V). The ventral ridge is
distinct, rising from the anterior to the end of the anterior
third of the valve length, where the anterior subvertical
ridge connects with it at its peak. It then drops in a straight
line to the ventral margin, from where it rises again in a
curved fashion to the dorsal corner. The anterior sublon-
gitudinal ridge is long, thick, but its posterior end is either
thinner and lower where it connects with the posterodorsal
corner (pg. 167, pl. 2, fig. 14; Ozawa et al. 2008), or it ter-
minates as a thick ridge without connecting to the postero-
dorsal corner (pg. 167, pl. 2, fig. 15; Ozawa et al. 2008).
Both valves have four anteroventral marginal denticles.

Semicytherura sp. 2 of Ozawa et al. (2008) (pg.
167, pl. 2, fig. 16)

The pictured left valve lacks a prominent posterior sub-
vertical ridge, and the anterior sublongitudinal ridge
continues after the anterior subvertical ridge as a short,
upward-curved extension (Fig. 4X). The carapace is or-
namented by fine pits and reticulation.

A B

Figure 5. Shape details of posterodorsal branch of anterior sub-
vertical ridge in Semicytherura sp. 2 sensu Yamada et al. 2002
proposed S. tanimurai Ozawa & Kamiya, 2008 and S. tanimurai
original type. A. Semicytherura tanimurai Ozawa & Kamiya,
2008. B. Semicytherura sp. 2 sensu Yamada et al. 2002 proposed
S. tanimurai Ozawa & Kamiya, 2008. Turquoise highlights the
specific shape caused by the different angles, the dorsal branch
forks off the anterior subvertical ridge in both specimens.
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Semicytherura aff. henryhowei of Irizuki S. henryhowei has a short anterior sublongitudinal ridge,
(1994) (pg. 13, pl. 3, fig. 3) terminating when crossing with the anterior subvertical

ridge at the end of the anterior third of the valve length,
The pictured left valve shows an anterior sublongitudinal — and the posterior subvertical ridge is absent (Fig. 4F).
ridge that continues as a thinner ridge after the crossing of ~ Additionally, S. senryhowei has either four or five antero-
the anterior subvertical ridge. The posterior sublongitu-  ventral marginal denticles, whereas this species has three
dinal ridge is present, but inconspicuous (Fig. 4Z). True, (Fig. 4Z).

Key to the species of the henryhowei group based on the most prominent carapace characteristics

1 Anterior sublongitudinal ridge horizontal, Straight ..o 2
— Anterior sublongitudinal ridge ascending or descending, either in straight line or curved ..., 5
2 Anterior subvertical ridge @DSENT .. .. uuii i 3
— Anterior sublongitudinal ridge connected to anterior subvertical ridge .........oovviiiiiiiiiii i 4

3 Posterior subvertical ridge prominent, straight; ventral ridge of moderate width (Fig. 4Y) ...
................................................................................................................... Semicytherura neosubundata (Ishizaki, 1966)
— Posterior subvertical ridge thin or inconspicuous; ventral ridge alate (Fig. 4G) ......uuiiiiiiiiiiiiiiiii e
................................................................................................... Semicytherura leptosubundata (Ozawa & Kamiya, 2008)
4 Ventral half of anterior subvertical ridge connected to dorsal ridge; 3 anteroventral marginal denticles (Fig. 4A, B) ........
.................................................................................................................. Semicytherura kiosti sp. nov. Jost & Karanovic
— Ventral half of anterior subvertical ridge short or absent; 4 anteroventral marginal denticles (Fig. 4AD).........coeeevvvivnnnne
.......................................................................................................... Semicytherura quadraplana Allison & Holden, 1971
5 Anterior sublongitudinal ridge short, terminating at anterior third of valve length; anterior subvertical ridge absent...... 6
— Anterior sublongitudinal ridge posteriorly connected to other ridge/ridges going in posterior direction and/or anterior
subvertical ridge present ................ .. 8
6 Posterior subvertical ridge present
— Posterior subvertical ridge absent (Fig. 4S) ...... Semicytherura sp. nov. sensu Cronin 1989 (Semicytherura sp. cf. henryhowei)

7 Four anteroventral marginal denticles (Fig. 4M).......ccooviiiiiiiiiiiiininnn. Semicytherura maxima Yamada & Tsukagoshi, 2010
— Less than four anteroventral marginal denticles (Fig. 41)......cccooviiiiiiiiiiiie Semicytherura subundata (Hanai, 1957)
8 Posterior subvertical ridge absent or short (not connected to ventral ridge) ..........uuviiiiiiiiiiiiiiii e 15
— Posterior subvertical ridge long, connecting posterodorsal corner to ventral ridge.......coooviiiiiiiiiiiiiiiiii e, 9

O POS O IOr fOSSA PrESENT L.ttt ettt e
— Posterior fossa absent
10 Anterior sublongitudinal ridge long; three anteroventral marginal denticles (Fig. 42)
.................................................................. Semicytherura sp. nov. sensu lrizuki, 1994 (Semicytherura sp. aff. henryhowei)
— Anterior sublongitudinal ridge short, terminating at anterior third of valve length........ccccoooiiiii 11
11 Anterior subvertical ridge connected to VENtral ridZe ...ccooiiiiiiiiiii e 12
— Anterior subvertical ridge not connected to ventral ridge; dorsal half of anterior subvertical ridge straight, vertical, con-
nected to anterodorsal corner (Fig. 4AA) ... Semicytherura kaburagawensis Tanaka, 2013
12 Zero, four, or five anteroventral marginal denticles; in dorsal view, three pores along exterior margin and two pores anterior
along interior margin (Fig. 4H) ... Semicytherura kazahana Yamada, Tsukagoshi & lkeya, 2005
— Four anteroventral marginal denticles; in dorsal view, four pores along exterior margin and one pore anterior along interior
Margin (Fig. 4J) oo Semicytherura sasameyuki Yamada, Tsukagoshi & lkeya, 2005
13 Anterior subvertical ridge with prominent, short posterior half not connected to anterodorsal corner, and thin ventral half
connecting with ventral ridge (Fig. 4W).....ccoooiiiiiiiiiiiiiiiein Semicytherura pseudoundata Irizuki & Yamada, 2004
— Anterior subvertical ridge connecting anterodorsal corner with ventral ridge ..., 14
14 Ventral ridge prominent, thick (Fig. 4T)....ccccoviiiiiiinnnnins Semicytherura sp. nov. sensu lrizuki 1994 (Semicytherura sp. 2)
— Ventral ridge with thick anterior half, thin posteriorly from merging point with anterior subvertical ridge (Fig. 4R)...........
....................................................................... Semicytherura sp. nov. sensu Cronin and lkeya 1987 (Semicytherura sp. A)
15 Posterior ridge long, connecting posterodorsal corner with posteroventral corner (Fig. 4L) ...Semicytherura undata (Sars, 1866)
— Posterior ridge short, not reaching posteroventral COrMEN .. ....iuiiiiiiiii e 16
16 Bifurced ridge from posterodorsal corner; posterior ridge branch longer than posterior subvertical ridge branch (Fig.
BAC ) e Semicytherura usuigawensis Tanaka, 2013
— Bifurced ridge from posterodorsal corner; posterior ridge branch shorter than posterior subvertical ridge branch....... 17
17 Anterior subvertical ridge with posterodorsal branch at ventral half; dorsal half short (Fig. 4K).....ccoooiiiiiiiiiiiiiis
............................................................................................................ Semicytherura tanimurai (Ozawa & Kamiya, 2008)
— Anterior subvertical ridge without posterodorsal branch at ventral half; dorsal half long, connecting with dorsal margin/
anterodorsal corner (Fig. 4U) ..o Semicytherura simplex (Brady & Norman, 1889)
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18 Anterior subvertical ridge connecting with dorsal margin/ridge ......coovveiiiiiiiiii e 22
— Anterior subvertical ridge short, not connecting with dorsal Margin/ridge ........ccooviiiiiiiiiiiiiii e, 19
19 Anterior sublongitudinal ridge long, connecting anterior margin/ridge with posterodorsal corner............ccccceevvvvvvennnnn. 20
— Anterior sublongitudinal ridge short, terminalizing at least within anterior half of carapace length...............cccooooeiini. 21
20 Anterior subvertical ridge connecting to ventral ridge (Fig. 40) ...t

21

22

23

24

25

26

27

Semicytherura sp. nov. sensu lrizuki 1994 (Semicytherura sp. 4)
Anterior subvertical ridge not connecting to ventral ridge (Fig. 4Q) .. i i it
....................................................................................... Semicytherura sp. nov. sensu Irizuki 1994 (Semicytherura sp. 5)
Anterior longitudinal ridge terminating at mid-length of valve; distinct dorsal ridge; short posterior ridge not connected
with posteroventral corner (Fig. 4X) .....cooviiiieeennnns Semicytherura sp. nov. sensu Ozawa et al. 2008 (Semicytherura sp. 2)
Anterior longitudinal ridge terminating at anterior third of valve length; no obvious dorsal ridge; thin posterior ridge con-
nected with posteroventral corner (Fig. 4E) ....ccviiiiiiiiiiiiiiiiiieeeee Semicytherura subslipperi Ozawa & Kamiya, 2008
Anterior sublongitudinal ridge short, terminating within anterior half of valve length.........cc.o.oiiii 23
Anterior sublongitudinal ridge long, either connecting to other ridges/margins or terminating at posterior third of valve

Short, thin, bifurced ridge branching off dorsal ridge in anteroventral direction at posterior third of valve length; four or
five anteroventral marginal denticles (Fig. 4F) .....ccooooevis Semicytherura henryhowei Hanai & lkeya in Hanai et al. 1977
Dorsal ridge without branches at posterior third of valve length; four anteroventral marginal denticles (Fig. 4D)..............
... Semicytherura slipperi Yamada, Tsukagoshi & lkeya, 2005
Anterior subvertical ridge connecting With VENtral ridge ......coouuiiiiii e 25
Ventral half of anterior subvertical ridge absent; posterior part of long anterior longitudinal ridge connecting with poste-
rior ridge (Fig. 4AB) . ...t Semicytherura sp. nov. sensu Irizuki 1994 (Semicytherura sp. 1)
Posterior part of long anterior sublongitudinal ridge either connecting with posterodorsal corner or terminating within
POSEEriOr third Of VAIVE IENGEN c.oeiie e e e ettt e e e e e et e e 26
Posterior part of long anterior sublongitudinal ridge connecting with dorsal margin/ ridge at posterior third of valve
length; four anteroventral marginal denticles (Fig. 4N) ......cccoovviviieiiiinnns Semicytherura ikeyai Yamada & Tsukagoshi, 2010
Ventral half of anterior subvertical ridge simple, thin, straight line, connecting to ventral ridge; four anteroventral margin-
Al AenNtiCles (Fig. AP )i Semicytherura balrogi Brouwers, 1994
Ventral half of anterior subvertical ridge no simple, thin, straight line ..o 27
Ventral half of anterior subvertical ridge connecting to ventral ridge as U-shape on top of upside-down T-shape (Figs 4C,
(5] o) T PSPPSRI Semicytherura robustundata (Ozawa & Kamiya, 2008)
Ventral half of anterior subvertical ridge thick, short; thick ridge connecting posterior part of long anterior sublongitudi-
nal ridge to ventral ridge as upside-down Y-shape (FigS 4V, 6@) . ..ciiiiiiiiuiiiiiee et eeeeaaes
.............................................................................. Semicytherura sp. nov. sensu Ozawa et al. 2008 (Semicytherura sp. 1)

Systematics

Description of the group’s characteristics

Superfamily CYTHERACEA Baird, 1850
Family CYTHERURIDAE Miiller, 1894
Subfamily CYTHERURINAE Miiller, 1894
Genus SEMICYTHERURA Wagner, 1957

The Semicytherura henryhowei Hanai & lkeya, 1997 spe-
cies group

Revised diagnosis of the species group. External
view. Thick carapace, sub-rectangular to sub-trapezoid
in lateral view (right valves more sub-trapezoid, left
valves more sub-rectangular). External ornamentation
of prominent ridges including anterior ridge from
anteroventral to anterodorsal corner (Fig. 3, red),
anterior longitudinal ridge (short or long, horizontal or
arched; Fig. 3, blue), ventral ridge from anteroventral
to posteroventral or posterior corner, depending
on species-specific length of ridge (Fig. 3, green),

posterior ridge from posterior to posterodorsal corner
(Fig. 3, yellow), dorsal ridge from posterodorsal
to anterodorsal corner (Fig. 3, orange), anterior
subvertical ridge from anterodorsal corner to ventral
ridge (depending on species-specific length of ridge) at
anterior half of valve (Fig. 3, turquoise), and posterior
subvertical ridge from posterodorsal corner to ventral
ridge (depending on species-specific length of ridge)
at posterior half of valve (Fig. 3, purple). Ridges
vary in length and degree of conspicuousness. Not
all ridges are present in all species. In species where
anterior subvertical ridge is connected with dorsal
and/or ventral ridge(s), anterior fossa(e) form (Fig. 3).
Anterior fossa(e) elliptic/rectangular (S. subslipperi,
Fig. 4E, ventral only; S. usuigawensis, Fig. 4AC, dorsal
only; S. kazahana, Fig. 4H; S. sasameyuki, Fig. 4J;
S. simplex, Fig. 4U) to triangular/trapezoid (S. kiosti sp.
nov., Fig. 4A, B, dorsal only; S. henryhowei, Fig. 4D)
in shape. Likewise, prominent posterior ridge, as well
as distinct posterior subvertical ridge connecting with
ventral ridge, form a posterior fossa (e.g., S. kiosti sp.
nov., Fig. 4A, B; S. kazahana, Fig. 4H; S. sasameyuki,
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A B

Figure 6. Connection details between anterior sublongitudinal
ridge and ventral ridge in Semicytherura robustundata Ozawa
& Kamiya, 2008 and Semicytherura sp. nov. sensu Irizuki 1994
(S. sp. 4). A. Semicytherura sp. nov. sensu Irizuki 1994 (S. sp.
4); B. Semicytherura robustundata Ozawa & Kamiya, 2008.
Blue denotes the anterior sublongitudinal ridge; green denotes
the ventral ridge; turquoise denotes the connecting ridge system.

Fig. 4J; S. kaburagawensis, Fig. 4AA; S. quadraplana,
Fig. 4AD). Anterior margin with zero up to five
denticles ventrally (Fig. 3, green triangles). Horizontal
caudal process with varying degree of conspicuousness;
generally, at or above mid-height.

Internal view. Recurved inner lamella not present
in all species of the group; lacking in at least the fol-
lowing species: S. balrogi, S. simplex. Recurved inner
lamella subject to sexual dimorphism in at least the fol-
lowing species: S. kiosti sp. nov., S. slipperi, S. maxi-
ma, S. ikeyai.

Description of species

Semicytherura kazahana Yamada, Tsukagoshi &
Ikeya, 2005
Fig. 7

Note. First published record of the species from Korean
waters. NIBR deposition number: DSEVIV0000003720.

Synonymy. (Semicytherura  henryhowei  sensu
Yajima 1988: pg. 1076, pl. 1, fig. 12); (This specimen
is either S. kazahana or S. sasameyuki, see Discussion).
Semicytherura quadrata sensu Ishizaki 1968: pg. 20,
pl. 4, figs 11, 12. Semicytherura sp. B sensu Lee 1990
(unpublished): pl. 27, figs 12, 13. Semicytherura sp. 1
sensu Yasuhara and Irizuki 2001: pg. 93, pl. 11, fig. 8.
Semicytherura kazahana Yamada, Tsukagoshi & Ikeya,
2005: pgs 247, 253, 254, figs 2C, 6, 7.

Diagnosis. Juvenile. Sub-rectangular to sub-trapezoid
lateral outline, as typical for species of the S. henryhowei
group. Anteroventral margin here without crenulations
[there are records of specimens showing four or five an-
teroventral marginal denticles; see Yamada et al. (2005)].
Carapace surface finely pitted. Dorsal margin weakly de-
scending toward posterior. Acute caudal process at mid-
height. Ventral margin weakly descending toward anteri-
or. Thick, prominent ridges on carapace, as typical for the
S. henryhowei group.

Anterior longitudinal ridge short, slightly ascending
in straight line until posterior end of anterior one-third
of valve length. Prominent, continuous ventral ridge run-
ning horizontally in antero-posterior direction, curving at
posterior third of valve length. Two elliptical fossae in
anterior half; sub-trapezoid fossa in posterior half.
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Material. Juvenile, right valve # 70, from ARMS sedi-
ment (i.e., surface and sedimentation-derived sediments).

Locality and age. Seongsan (‘3 41, Jeju Island, ROK
(33°27'13"N, 126°56'45"E) (Fig. 2), 19 m water depth.
Extant (collection date 2019; surface and sedimenta-
tion-derived sediments, valve only, no soft body).

Description. Heavily calcified, thick valve, sub-rect-
angular in lateral view. Maximum height at anterior third.
Dorsal margin is weakly ascending towards posterior.
Ventral margin is weakly descending towards posterior.
Anterodorsal margin is smooth, obliquely rounded; an-
teroventral margin without visible marginal denticles,
but partially broken; posterior margin is slightly curved
above the caudal process. Acute posterior caudal process
at mid-carapace.

The carapace surface is covered in fine pits and
pores with sensory hairs. Valve with thick ridges; ven-
tral ridge prominent; slightly ascending toward posteri-
or third; then describing a steep drop toward the edge
of the ventral margin and ascending again in a straight
line toward the posterior margin, resembling the lower
loop of a large S-shape; the upper loop of the S-shape is
the thick posterior end of the dorsal ridge at the postero-
dorsal corner; interconnection between posterodorsal
and posteroventral loops by a thin descending posterior
subvertical ridge, completing the S-shape; anterior lon-
gitudinal ridge short; starting at mid-height from anterior
margin, slightly ascending until terminating at posterior
end of anterior third of valve length; dorsal half of ante-
rior subvertical ridge steeply running upward and bend-
ing backward to anterodorsal corner, forming elliptical,
anterodorsal fossa; ventral half of anterior subvertical
ridge less prominent, zig-zag course, connecting to ven-
tral ridge at mid-length of carapace, forming elliptical,
anteroventral fossa.

Reticulation. Surface finely pitted (Fig. 7D, E) with
prominent, species-specific ridge system.

Pores. Some simple pores with sensory hairs (Fig. 7D).

Hingement. Merodont hinge with a socket at each end
of a ridge structure in the right valve (Fig. 7C) [not col-
lected, but complementary negative structures in the left
valve (tooth at each end of a groove)]. Typical for genus.
Hingeline arched.

Adductor muscle scars. Not observed.

Recurved inner lamella. Absent in juveniles [see e.g.,
S. subundata in Ozawa and Kamiya (2008), pg. 143, fig.
4; S. kiosti Jost & Karanovic sp. nov., Fig. 12 herein].

Dimensions. Carapace dimensions: length: 0.3064
mm, height: 0.166 mm.

Occurrence. Extant sediments, Korea (this study;
surface and sedimentation-derived sediments collected
2019), and Japan (Yamada et al. 2005; living specimens,
surface sediment collection: 1977-2000); Pleistocene
sediments, Korea (Lee, 1990; unpublished); (potentially)
Miocene sediments, Japan (Yajima 1988) (after species
re-assignment, this study; uncertain whether S. kazahana
or S. sasameyuki, see Discussion).

Remarks. Our specimen greatly resembles the juve-
nile specimen of Semicytherura sp. 1 sensu Yasuhara and



Fossil Record 25 (2) 2022, 307-330

Figure 7. Semicytherura kazahana external and internal lateral views. A—E. Specimen # 70 A-1RV; A-B, D-E. Lateral external
view; D. Details of pore with sensory hair and pitted carapace surface; E. Details d anterior subvertical ridge; C. Lateral internal
view. Scale bars: 50 um.

Irizuki 2001 (pg. 93, pl. 11, fig. 8), which was assigned to ~ which are absent in our specimen. However, S. kazahana
S. kazahana herein. The specimen of Yasuhara and Irizu-  has shown to display differing numbers of crenulations
ki displays small, rounded anterior marginal denticals, along its anterior margin (Yamada et al. 2005).
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Semicytherura kiosti Jost & Karanovic, sp. nov.
https://zoobank.org/DAA1DAD2-32A5-4F02-8143-DOD158F8568B
Figs 8-12

Note. NIBR deposition number: DSEVIV0000003716.

Synonymy. Hemicytherura sp. 3 sensu Ikeya and Itoh
1991: pg. 138, fig. 17A.

Etymology. After the collaborating institution, Korea
Institute of Ocean Science and Technology (KIOST),
who provided the samples and funding for the Marine-
GEO project in Korea.

Diagnosis. Sub-rectangular lateral outline (especially
LV), as typical for species of the S. henryhowei group.
Anteroventral margin with three crenulations (denticles).
Carapace surface roughly pitted with finer, smaller pits at
marginal areas. Dorsal margin straight, horizontal. Broad-
ly acute caudal process above mid-height. Ventral margin
straight, horizontal, but posterior half obscured by ventral
ridge. Thick, prominent ridges on carapace, as typical for
the henryhowei group. Prominent posterior subvertical
ridge forming large, subtriangular fossa in posterior half
of valve. Prominent, horizontal, straight anterior longitu-
dinal ridge forming large, subtrapezoid fossa with dorsal
half of anterior subvertical ridge.

Holotypes. Two valves: adult male left valve, # 109 1
(lost, only SEM) and right valve, # 109 2 from ARMS sed-
iment (i.e., surface and sedimentation-derived sediments).

Paratypes. Five valves: # 68 (female ARV) and #
108 (male ARV) from ARMS sediment (i.e., surface and
sedimentation-derived sediments), and # 177 (female
A-1RV), # 239 (female A-2RV), # 240 (female ARV)
from scoop sediment (i.e., surface sediment).

Type deposition. Specimens are deposited at the Na-
tional Institute of Biological Studies (NIBR, Incheon, South
Korea) under the deposition number DSEVIV0000003716.

Type locality and age. Seongsan (<3 4}), Jeju Island,
ROK (33°27'13"N, 126°56'45"E) (Fig. 2), 19 m water
depth. Extant (collection date 2019; surface and sedimen-
tation-derived sediments; valves only, no soft bodies).

Description. Heavily calcified, thick valve, sub-rectan-
gular (LV) to ovoid (RV) in lateral view. Right valve larger
than left valve (see Fig. 8, length/height plot, # 109 _1 and
# 109_2). Maximum height at anterodorsal corner. Dorsal
margin is horizontal, straight, parallel to ventral margin.
Ventral margin is obscured by overhanging ventral ridge
at posterior half. Anterodorsal margin is smooth, oblique-
ly rounded; antero-ventral margin with three small, acute
marginal denticles; posterior margin is ascending in a
straight line above the caudal process. Broadly acute pos-
terior caudal process above mid-carapace.

The carapace surface is covered in rough pits, and
pores with sensory hairs. Finer, smaller pits at marginal
areas. Valve with thick ridges; anterior sublongitudinal
ridge short, horizontal, straight line, terminating at ante-
rior third of valve length; prominent posterior subverti-
cal ridge connecting posterodorsal corner with ventral
ridge at mid-length of valve; posterior ridge branching
off posterodorsal corner and running in a straight, verti-
cal manner to posterior corner; posterior subvertical ridge,
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posterior ridge and posterior half of ventral ridge form
large, subtriangular fossa; anterior longitudinal ridge,
dorsal half of anterior subvertical ridge, and anterodorsal
margin form large, subtrapezoid fossa. Right valves slight-
ly higher and longer than left valves. Females longer and
slightly higher than males (see length/height plot, Fig. 8).

Reticulation. Surface covered in large pits with prom-
inent, species-specific ridge system.

Pores. Some simple pores with sensory hairs.

Hingement. Merodont hinge with a socket at each end
of a ridge structure in the right valve (Figs 9A, C, 10B,
F, I). Complementary negative structures in the left valve
(tooth at each end of a groove) (no SEM). Typical for
genus. Hingeline arched.

Adductor muscle scars. Vertical row of 4 adductor scars
in ventro-median area (Fig. 9). Uppermost and lowermost
scar less elongate in comparison with the middle two scars.
At least 8 dorsal scars in upper half of valve (Fig. 11B). 2
mandibular scars slightly below, in front of adductor scars
(Fig. 11F, blue arrows). 2 frontal scars in front of two up-
permost adductor scars (Fig. 11F, white arrows).

Recurved inner lamella. Strongly recurved in male
adult (#109_2); absent in female adult (#240); not devel-
oped at juvenile stages (# 239) yet (Fig. 12).

Dimensions. Carapace dimensions of holotype: fe-
male ARV (# 240): length: 0.330 mm, height: 0.197 mm.
Carapace dimensions of paratypes: female ARV: (# 68):
length: 0.329 mm, height: posterior margin obscured
by glue, ~ 0.196? mm; male ALV (# 109 _1): length:
0.306 mm, height: 0.162 mm; male ARV (# 109 _2):
length: 0.308, height: 0.182 mm; male ARV (# 108):
length: 0.310 mm, height: 0.185 mm; female A-2RV (#
239): length: 0.262 mm, height: 0.153 mm; female A-1RV
(#177): length: 0.291 mm, height: 0.175 mm (Fig. 8).

Occurrence. Extant sediments, Korea (Jeju Island;
surface and sedimentation-derived sediments collected
2019) and Japan (Sendai Bay, Matsushima Bay, Pacific
Ocean; surface sediments collected 1985, 1986, 1988).

Remarks. The present species is characterized by a
short, straight, horizontal anterior longitudinal ridge (Fig.
4B, AA). Of all known members of the henryhowei group,
Semicytherura kiosti shares this trait only with S. lepto-
subundata (Fig. 4G) and S. neosubundata (Fig. 4Y). Mor-
phological distinction between the three species based on
prominent ridge patterns is straightforward. Semicytherura
kiosti has an obvious anterior subvertical ridge, which is
lacking in the other two species. Hemicytherura sp. 3 sen-
su Ikeya and Itoh 1991 is identical to our specimens of .
kiosti (fig. 17A in Ikeya and Itoh 1991). Hemicytherura
Elofson, 1941 can easily be differentiated from the other
members of the Semicytherura henryhowei group by the
carapace surface features. Species of Hemicytherura, do
exhibit something like ridges, but these do not resemble the
characteristic ridge system of thick carinae of the S. hen-
ryhowei group. Rather, Hemicytherura is categorized by
the characteristic fossa reticulation units that form around
pores (Tanaka et al. 2011). Species of the S. henryhowei
complex also show a less coarsely pitted surface ornamen-
tation when compared to the Hemicytherura species.
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Figure 8. Length/height plot of Semicytherura kiosti sp. nov. >
J6st & Karanovic. Circles indicate female, squares indicate - -
males. Adult valves depicted in red, juveniles in blue: light blue: - _ |
A-1 stage, dark blue: A-2 stage; LV indicates left valve, RV in- 5m 50 um

dicates right valve.

Discussion

According to the key to Cytheruridae genera (see
Athersuch et al. 1989), Semicytherura can be easily
distinguished from all other genera by its conspicuously
recurved posterior inner lamella, which is sometimes
referred to as “marginal infoldment” (Ozawa and Kamiya
2008). A detailed study on its ultrastructure showed that
it is a prismatic structure, different from the epidermis
in other podocopid ostracods (Yamada et al. 2004),
hence the term “prismatic layer” (Yamada et al. 2005).
More recently, it was recognized that this layer may
be sexually dimorphic in some species (Yamada et al.
2005; Whatley and Cusminsky 2010). While Whatley
and Cusminsky (2010) mention three species in which
males lack the recurved inner lamella, we checked the
literature and found that at least 11 species express sexual
dimorphism in this characteristic trait. In Semicytherura
slipperi Yamada, Tsukagoshi & Ikeya, 2005 (see pg. 252,
fig. SA-D in Yamada et al. 2005), S. maxima Yamada
& Tsukagoshi, 2010 (see pg. 293, figs 2G, H, 3C, D),
S. clavata (Brady, 1880) (see Whatley and Cusminsky
2010; no internal view provided in original description),
and S. contraria (Zhao & Whatley, 1989) (see pg. 175, pl.
1, fig. 14), males show a more pronounced expression than
females. In S. obitsuensis (Nakao & Tsukagoshi, 2020)
(see pg. 5, fig. 4B), S. ikeyai Yamada & Tsukagoshi, 2010
(see pg. 297, figs 11G, H, 12C, D), and S. kiosti sp. nov.
Jost & Karanovic (Fig. 12), females completely lack the
recurved inner lamella. Also, adult females of S. balrogi
Brouwers, 1994 lack the recurved inner lamella, although
no information was given for males (pl. 6, figs 1, 2).
Furthermore, S. tauronae Brouwers, 1994 (pl. 1, fig. 4),
S. henryi (Brouwers, 1994) (pl. 6, figs 3, 4), S. simplex
(Hu, 1978) (pg. 134, text-fig. 5B), and S. skagwayensis
Brouwers, 1994 (pl. 6, fig. 5) also do not exhibit this
character in adult valves of, at least, in one sex (Brouwers

Figure 9. Line drawings of Semicytherura kiosti sp. nov. Jost
& Karanovic internal view with details on muscle imprints.
A, B. Specimen # 239 juvenile (A-2, female) RV lateral internal
view; C, D. Specimen # 240 female ARV lateral internal view.
A. Lateral internal view of RV; B. Adductor muscle scar cluster
in bold, one of two mandibular muscle scars depicted as dotted
line; C. Lateral internal view of RV; D. Adductor muscle scar
cluster in bold, two mandibular muscle scars depicted as dot-
ted line. Dotted line indicates frontal, mandibular, and dorsal
muscle scars; bold line indicates adductor muscle scars; females
lacking strongly recurved inner lamella as observed in adult
male. Arrow indicates anterior direction. Grey shaded shapes
indicate dirt covering muscle scars. Scale bars: 50 um.

1994). These observations call for a revision of the
identification key by Athersuch et al. (1989). However,
this is beyond the scope of our paper.

Detailed discussions on the speciation process of the
S. henryhowei group, including geological and geographi-
cal distribution maps, as well as implications for the group’s
species diversity, are provided by Yamada et al. (2005; figs
11, 12), and Yamada and Tsukagoshi (2010; fig. 19). The
authors also introduced subgroups based on differences in
the carapace surface ornamentation, and further found that,
although sharing a common ancestor in the North West Pa-
cific, up until the Early Miocene, the species of each sub-
group show distinct ecological differences (Yamada and
Tsukagoshi 2010). Yamada et al. (2005) also discussed the
phenomenon of trans-Arctic migration of ostracod fauna
from the North West Pacific through the Bering Sea to the
North Atlantic Ocean using the S. henryhowei group as a
higher taxon. However, a distinction on species level within
the group was not conducted. As a full review of the geo-
graphical and geological distribution of all 29 species of the
henryhowei group is beyond the scope of this paper, here
we focus on the species that, following the species-reas-
signments herein, underwent interesting changes in respect
to the geological ages and/or (paleo-)distributions. We dis-
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Figure 10. Semicytherura kiosti sp. nov. Jost & Karanovic external and internal lateral views. A—C. Specimen # 109 adult male;
A, B. # 109 2 RV; A. lateral external view; B. lateral internal view; C. # 109 _1 LV, lateral external view; D. Specimen # 108 male
ARV, lateral external view; E, F. Specimen # 239 female A-2RV; E. lateral external view; F. lateral internal view; G. Specimen # 68
female ARV, lateral external view; H. Specimen # 240 female ARV, lateral external view; I. Specimen # 177 female A-1RV, lateral
external view. Scale bar: 100 pm.
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Figure 11. Semicytherura kiosti sp. nov. J6st & Karanovic muscle scar details. A—C. Specimen # 239 female A-2RV lateral internal

view; D-F. Specimen # 240 female ARV lateral internal view. Red arrows indicate adductor muscle scars; yellow arrows indicate

dorsal muscle scars; blue arrows indicate mandibular muscle scars; white arrows indicate frontal muscle scars. Not all muscle scars

simultaneously visible in both specimens. Scale bars: 50 um.

covered changes to the geological distribution in at least
five members of the species complex (S. balrogi, S. ikeyai,
S. tanimurai, S. sasameyuki/kazahana, S. undata). In at least
three of them (S. balrogi, S. ikeyai, S. undata), these chang-

es also affected their geographical distribution. In respect to
S. balrogi and S. undata, our findings give new insights into
trans-Arctic interchange of ostracod fauna on species level.
Details are discussed for each species separately.
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Figure 12. Semicytherura kiosti sp. nov. Jost & Karanovic internal view details, recurved inner lamella. A. Male adult right valve
(# 109_2) depicting strongly recurved inner lamella (white arrow); B. Female juvenile right valve (# 239) lacking recurved inner
lamella; C. Female adult right valve (# 240) lacking recurved inner lamella.
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Figure 13. (Paleo-)distribution of Semicytherura balrogi Brouwers, 1994. Yellow denotes known records, red denotes new (re-as-

signed) records. Cross (red) and plus (yellow) denote new and known fossil records, respectively; triangle (red) denotes (new) extant
records (for sample details, see Valentine 1976; Brouwers 1981, 1982a, b, 1983).
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Figure 14. (Paleo-)distribution of Semicytherura ikeyai Yamada & Tsukagoshi, 2010. Yellow denotes known records, red denotes

new (re-assigned) records. Cross (red) denotes (new) fossil records, triangle (red) and dot (yellow) denote extant (i.e., valves from

1985, 1986, 1988; living from 1992) new and known records, respectively.

Semicytherura aff. undata was reported from high lat-
itudes in North America (Fig. 13, yellow) from the Pleis-
tocene through the Holocene (Brouwers 1994). Our revi-
sion indicates that S. aff. undata is actually S. balrogi, and
after the assessment of its records, we can conclude that
S. balrogi also appears at lower latitudes of North America,
from the Early Pleistocene and the Holocene, respective-
ly (Valentine 1976) (Fig. 13, red). Additionally, we added
the Miocene (Irizuki 1994) and the Pleistocene (Cronin

& Tkeya, 1987) records from Japan (Fig. 13, red crosses).
According to these new insights, S. balrogi first occurred
in the North Pacific around Japan during the Miocene, and
from there, spread in a circumpolar fashion into the North
Atlantic, where it occurs as far south as California Bay
(Valentine 1976; Brouwers 1981, 1982a, b, 1983).
Semicytherura ikeyai was described from the extant
sediments (i.e., living specimens collected 1992) of the
Eastern North Pacific in Akkeshi Bay, Japan (Yamada
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Figure 15. Trans-Arctic Interchange demonstrated on (paleo-)records of Semicytherura undata (Sars, 1866). White star denotes

re-assigned Miocene record; yellow rectangle denotes Pliocene record; orange pentagon denotes Pleistocene records; red circles

denote Holocene records; light-blue triangles denote modern records. Shaded areas indicate assumed area of occurrence based on

records. Lines indicate possible migration routes, color-coded by temporal scheme.

and Tsukagoshi 2010) (Fig. 14, yellow). Our results add-
ed others extant (i.e., primarily valves collected 1985,
1986, 1988) Japanese records (Ikeya and Itoh 1991), and
extended its distribution further south than previously re-
ported, to the Sendai and Matsushima Bay area (Fig. 14,
red triangle). Additionally, we report the first fossil record
of the species from the Pleistocene core sediments of ODP
site 893 in California Bay, which is also the first known
occurrence from the Western North Pacific (Fig. 14, red
cross) (Whatley and Boomer 1995).

Semicytherura tanimurai is an extinct species occur-
ring in the Pleistocene formations of Japan (Ishizaki and
Matoba 1985; Ozawa 1996; Ozawa and Kamiya 2008).
Here, we add an older Japanese record from the Pliocene
Sasaoka Formation (Yamada et al. 2002).

Semicytherura sasameyuki and S. kazahana are inner
bay species commonly known from the extant silty-sand
surface sediments of Japan (living specimens collected
1977-2000; Yamada et al. 2005). Semicytherura kazahana
is also known from Pleistocene (Lee 1990; unpublished),
as well as extant sediments (this study) of Korea. Here, we
add an older Japanese record from the Miocene (Yajima,
1988). As S. sasameyuki and S. kazahana are difficult to
clearly distinguish based on carapace features only, the
latter record is not certain.

Semicytherura undata is a species with primarily cir-
cumpolar (paleo-)distribution, but also occurring as far
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south as South-West France (Guillaume et al. 1985). This
record should be revised in the future, since the species
seems to be a predominantly cold water inhabitant. Its
known geological age dates back to the Pliocene of Iceland
(Cronin 1991) (Fig. 15, yellow square), with the Pleisto-
cene records from Japan (Cronin and Ikeya 1987; Ozawa
and Kamiya 2005) (Fig. 15, orange pentagon), the Holo-
cene records from the Netherlands (Wagner 1957), Nor-
way (Neale and Howe 1975), and Spitzbergen (Hartmann
1992) (Fig. 15, red circles), and an extant distribution
including the waters around Great Britain (Brady 1868;
Athersuch et al. 1989), North America (Cronin 1989),
Norway (Sars 1926; Freiwald and Mostafawi 1998),
France (Guillaume et al. 1985), and Greenland (Penney
1989) (Fig. 15, turquoise triangles). According to this,
the species first occurred in the North Atlantic during the
Pliocene, and from there, spread to the North Pacific via
the Bering Strait before its closure during the Pleistocene
glaciations. However, our taxonomic revision revealed a
Miocene record from the North Pacific (Japan) (Irizuki
1994), significantly changing the current view on evolu-
tion and migration patterns of this species (Fig. 15, white
star). Our new insights indicate that S. undata originated in
the North Pacific (Fig. 15, white shaded ellipse) during the
Miocene and spread to the North Atlantic through the Arc-
tic during the Late Miocene opening of the Bering Strait
(5.32 Myr ago) (Gladenkov et al. 2002) (Fig. 15, white to
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yellow route). This major geological event led to a con-
nection between the North Pacific and the North Atlantic
waters, which, especially for Asian and North American
biotas, is of a great paleogeographic and biogeographic
significance (Marincovich and Gladenkov 1999). Our in-
terpretation is supported by the Pliocene record from Ice-
land (Fig. 15, yellow rectangle), located within the North
Atlantic gateway to the Arctic (Cronin 1991), as well as its
Holocene distribution, which is primarily focused in the
sub-polar North Atlantic (Fig. 15, red circles). Semicyther-
ura undata is the 14" known cold water ostracod species
involved with the trans-Arctic interchange, in addition to
13 such species reported by Irizuki (1994).

Conclusions

Thorough taxonomic and systematic revisions are essen-
tial for an accurate documentation of the past and present
biodiversity, with the ultimate aim to assess the impact of
environmental disruptions on the species extinction and dis-
tribution. In this paper, we use homologous ornamentation
patterns found across the Semicytherura henryhowei species
group, the most common and diverse representatives of this
ostracod genus. The genus and the entire order where it be-
longs (Cytheroidea) are best known from the fossil record,
and have been important tools and proxies in paleostudies.
Therefore, understanding shell morphology is important
for a proper assessment of biodiversity and paleoclimate
across geological ages. Our revision resulted in 29 species
belonging to the henryhowei group, from 32 reported before
(Appendix 1). By providing a taxonomic key to this group,
we facilitate future species identifications. In addition, we
describe one new species, as well as one new species record
from Jeju Island in Korea, collected as a part of the Mari-
neGEO ARMS project. Our taxonomic revision concluded
changes in current species assignments, which resulted in
the new insights regarding oldest records of S. tanimurai
and S. sasameyuki/kazahana. Additionally, both geological
age and spatial (paleo)distribution of S. balrogi, S. ikeyai,
and S. undata are revised. The temporal distribution was
adjusted from the Pleistocene to the Miocene, highlighting
the importance of opening and closing of the Bering Strait
for the faunal exchange in the Northern Hemisphere.
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Cronin and Tkeya (1987) Not included S. undata S. undata Japan/ Omma-Manganji Pleistocene
Cronin (1989) S. undata S. undata S. undata North America Extant
Cronin (1989) S. cf. henryhowei S. cf. henryhowei S. sp. nov. North America Extant
Cronin (1991) S. undata S. undata S. undata Iceland Pliocene
Freiwald and Mostafawi (1998) S. undata S. undata S. undata North Norway Extant
Guillaume et al. (1985) S. undata S. undata S. undata South-west France Extant
Hanai (1957) C. quadrata S. henryhowei S. henryhowei Japan (Hayama) Extant
Hanai (1957) C. subundata C. subundata C. subundata Japan/ Sawane Pleistocene
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Author name Species name Yamada Species name Yamada Species name Jost et al., this study Locality Geologic
et al. 2005 and Tsukagoshi 2010 time
Hanai (1961) S. quadrata Not included Not included Japan (Hayama) Extant
Hanai (1961) S. subundata Not included Not included Japan/ Sawane Pleistocene
Hanai et al. (1977) S. henryhowei Not included Not included Japan (Hayama) Extant
Hartmann (1992) S. undata S. undata S. undata Spitzbergen Holocene
Hu (1978) S. simplex S. simplex S. simplex Southern Taiwan Pleistocene
Hu (1981) S. simplex S. simplex S. simplex Southern Taiwan Pleistocene
Hu (1984) S. simplex S. simplex S. simplex Southern Taiwan Pleistocene
Ikeya et al. (1985) S. henryhowei S. henryhowei S. henryhowei Japan (Hamana-ko) Extant
Ikeya et al. (1985) S.sp.D S. sasameyuki S. sasameyuki Japan (Hamana-ko) Extant
Ikeya and Itoh (1991) S. henryhowei S. henryhowei S. henryhowei Japan (Sendai Bay) Extant
Ikeya and Itoh (1991) Not included Not included S. kiosti sp. nov. Jost and Karanovic Japan (Sendai Bay) Extant
(Hemicytherura sp. 3)
Tkeya and Suzuki (1992) S. henryhowei S. henryhowei S. henryhowei South West Japan Sea Extant
Irizuki (1994) S. henryhowei S. henryhowei S. balrogi Japan/ Fujikotogawa Miocene
Trizuki (1994) S. aff. henryhowei S. aff. henryhowei S. sp. nov. Japan/ Fujikotogawa Miocene
Irizuki (1994) S. subundata S. subundata S. subundata Japan/ Fujikotogawa Miocene
Irizuki (1994) S.sp. 1 S.sp. 1 S. sp. nov. Japan/ Fujikotogawa Miocene
Irizuki (1994) S.sp.2 S.sp.2 S. sp. nov. Japan/ Fujikotogawa Miocene
Irizuki (1994) S.sp.3 S.sp.3 S. undata Japan/ Fujikotogawa Miocene
Irizuki (1994) S.sp. 4 S.sp. 4 S. sp. nov. Japan/ Fujikotogawa Miocene
Irizuki (1994) S.sp.5 S.sp.5 S. sp. nov. Japan/ Fujikotogawa Miocene
Irizuki et al. (1994) Not included S. pseudoundata S. pseudoundata Japan/ Toyama Miocene
Irizuki et al. (2005) Not included S. sp. S. kazahana Japan/ Meimi Pleistocene
Irizuki (2007) Not included S. subundata S. subundata Japan/ Kuwae Pliocene
Ibid. Not included S. subslipperi S. subslipperi Japan/ Kuwae Pliocene
Ishizaki (1966) Cytherura neosubundata Cytherura neosubundata Cytherura neosubundata Japan/ Tatsunokuchi Pliocene
Ishizaki (1966) S. quadrata S. henryhowei S. henryhowei Japan/ Hatatate Miocene
Ishizaki (1968) S. quadrata S. kazahana S. kazahana Japan (Uranouchi Bay) Extant
Ishizaki (1971) S. quadrata S. sasameyuki S. sasameyuki Japan (Aomori Bay) Extant
Ishizaki and Matoba (1985) S. henryhowei S. tanimurai S. tanimurai Japan/ Sasaoka Pleistocene
Ishizaki and Matoba (1985) S. subundata S. subundata S. subundata Japan/ Shibikawa Pleistocene
Lee (1990) S.sp.B S. kazahana S. kazahana Korea (Jeju Island) Pleistocene
Neale and Howe (1975) S. undata S. undata S. undata North Norway Holocene
Okubo (1980) S. henryhowei S. sasameyuki S. sasameyuki Japan (Seto Inland Sea) Extant
Ozawa (1996) S. subundata S. subundata S. subundata Japan/ Omma-Manganji Pleistocene
Ozawa (1996) S. cf. undata S. robustundata S. robustundata Japan/ Omma-Manganji Pleistocene
Ozawa (1996) S.sp. 4 S. subslipperi S. subslipperi Japan/ Omma-Manganji Pleistocene
Ozawa (1996) S sp.5 S. leptosubundata S. leptosubundata Japan/ Omma-Manganji Pleistocene
Ozawa (1996) S.sp. 6 S. tanimurai S. tanimurai Japan/ Omma-Manganji Pleistocene
Ozawa and Kamiya (2005) Not included S. robustundata S. robustundata Japan/ Omma-Manganji Pleistocene
Ozawa and Kamiya (2005) Not included S. leptosubundata S. leptosubundata Japan/ Omma-Manganji Pleistocene
Ozawa and Kamiya (2005) Not included S. subslipperi S. subslipperi Japan/ Omma-Manganji Pleistocene
Ozawa and Kamiya (2005) Not included S. undata S. undata Japan/ Omma-Manganji Pleistocene
Ozawa and Kamiya (2008) Not included S. robustundata S. robustundata Japan/ Omma-Manganji Pleistocene
Ozawa and Kamiya (2008) Not included S. subslipperi S. subslipperi Japan/ Omma-Manganji Pleistocene
Ozawa and Kamiya (2008) Not included S. leptosubundata S. leptosubundata Japan/ Omma-Manganji Pleistocene
Ozawa and Kamiya (2008) Not included S. tanimurai S. tanimurai Japan/ Omma-Manganji Pleistocene
Ozawa et al. (2008) Not included S. subundata S. subundata Japan/ Ogikubo Pliocene
Ozawa et al. (2008) Not included S.sp. 1 S. sp. nov. Japan/ Ogikubo Pliocene
Ozawa et al. (2008) Not included S.sp.2 S. sp. nov. Japan/ Ogikubo Pliocene
Penney (1989) S. undata S. undata S. undata Greenland Extant
Sars (1926) C. undata S. undata S. undata Norway Extant
Tanaka and Hasegawa (2013) Not included Not included S. kaburagawensis Japan/ Itahana Miocene
Tanaka and Hasegawa (2013) Not included Not included S. usuigawensis Japan/ Itahana Miocene
Tsukagoshi and Kamiya (1996) S. aff. henryhowei S. sasameyuki S. sasameyuki Japan (Maizuru Bay) Extant
Valentine (1976) Kangarina sp. B Kangarina sp. B S. balrogi North America Holocene
Wagner (1957) S. undata S. undata S. undata Netherlands Holocene
Whatley and Boomer (1995) S.sp.B S.sp.B S. ikeyai ODP site 893 Pleistocene
Yajima (1988) S. henryhowei S. henryhowei S. sasameyuki/ kazahana Japan/ Mizunami Miocene
Yamada and Tsukagoshi (2010) Not included S. maxima S. maxima Japan (Akkeshi Bay) Extant
Yamada and Tsukagoshi (2010) Not included S. ikeyai S. itkeyai Japan (Akkeshi Bay) Extant
Yamada et al. (2002) S. subundata S. subundata S. subundata Japan/ Sasaoka Pliocene
Yamada et al. (2002) S.sp. 1 S. subslipperi S. subslipperi Japan/ Sasaoka Pliocene
Yamada et al. (2002) S.sp.2 S.sp.2 S. tanimurai Japan/ Sasaoka Pliocene
Yamada et al. (2004) Not included Not included S. sasameyuki/ kazahana (S. sp. A) ~ Japan/ fish tank University of Extant
Tsukuba

Yamada et al. (2004) Not included Not included S. slipperi (S. sp. B) Japan(Akkeshi Bay) Extant
Yamada et al. (2005) S. henryhowei S. henryhowei S. henryhowei Japan (Hayama) Extant
Yamada et al. (2005) S. slipperi S. slipperi S. slipperi Japan (Akkeshi Bay) Extant
Yamada et al. (2005) S. kazahana S. kazahana S. kazahana Japan (Aburatsubo Bay) Extant
Yamada et al. (2005) S. sasameyuki S. sasameyuki S. sasameyuki Japan (Maizuru Bay) Extant
Yamane (1998) S. henryhowei S. sasameyuki S. sasameyuki Japan (Seto Inland Sea) Extant
Yasuhara and Irizuki (2001) Not included S. henryhowei S. henryhowei Japan (Osaka Bay) Extant
Yasuhara and Irizuki (2001) Not included S.sp. 1 S. kazahana Japan (Osaka Bay) Extant
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Abstract

Pterodactylus from the uppermost Jurassic of southern Germany represents one of the most iconic pterosaurs, due to its status of being
the first member of the Pterosauria to have been described and named. During the early phase of pterosaur research, Pterodactylus was
a wastebasket taxon containing dozens of sometimes distantly related assigned species. Decades later, a comprehensive revision of the
genus significantly reduced the number of species. To date, only one species remains in the genus, Pterodactylus antiquus, although
the referral of several specimens to this taxon and the taxonomic relationships of them is still debated. Thus far, the genus has been
only reported from the Upper Jurassic Plattenkalk deposits of Bavaria, and all of these occurrences are Tithonian in age. Here we de-
scribe the first record of Pterodactylus from the Torleite Formation near Painten (Bavaria), which represents the first occurrence of the
genus from the Kimmeridgian. The specimen is a complete, articulated and exquisitely preserved skeleton of a small-sized individual.
Aside from its old geological age, it is a typical representative of the genus, greatly resembling other specimens from younger strata.
Certain characters, such as the overall size, skull length, relative orbit size, and phalangeal formula indicate that the specimen from
Painten represents a juvenile to young subadult individual, an ontogenetic stage rarely found among Pterodactylus specimens. The find
significantly expands the temporal range of the taxon and represents one of the best-preserved specimens of the genus reported so far.

Key Words

Kimmeridgian, Pterodactyloidea, Pterodactylus, Pterosauria, Solnhofen Archipelago, Upper Jurassic

Introduction

The very first pterosaur that was scientifically described
and named, and which thus led to the recognition of this
extremely diverse group of flying reptiles that dominat-
ed the skies of the Mesozoic, was Pterodactylus from
the famous Upper Jurassic Plattenkalk deposits of south-
ern Germany, although the affinities of the first speci-
mens have caused considerable debate (Collini 1784;
Cuvier 1809; Wellnhofer 2008a). The earliest finds
of Pterodactylus date back to the 18" century but the
precise date of their discovery remains difficult to es-

tablish (Osi et al. 2010; Tischlinger 2020). Usually, the
holotype specimen of Pterodactylus antiquus or ‘Mann-
heim Exemplar’ (BSP AS.1.739), found between 1767
and 1784, is regarded as the first discovered pterosaur
fossil (Wellnhofer 1970, 1978, 2008a), although the ho-
lotype of Pterodactylus micronyx or ‘Pester Exemplar’
(ELTE V 256) was found between 1757 and 1779 and
thus might have been found earlier (Osi et al. 2010).
First described by Cosimo Alessandro Collini in 1784,
the ‘Mannheim Exemplar’ was originally regarded as an
aquatic vertebrate with uncertain relationships (Collini
1784), before the German naturalist Johann Hermann

Copyright Felix J. Augustin et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.
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identified the animal as a flying vertebrate, although he
regarded it as a mammal (Taquet and Padian 2004). The
French naturalist and founder of comparative anatomy,
Georges Cuvier, finally recognized the reptilian affinities
of the specimen and later coined the term ‘pterodactyle’
for it (Cuvier 1809), which was later latinized into Ptero-
dactylus. In the following years, however, the specimen
was still variably regarded as a mammal or bird by some
researchers like the German naturalist Samuel Thomas
von Soemmerring, who regarded it as a bat and erected
the species ‘Ornithocephalus’ antiquus for it (Soemmer-
ring 1812), the first binomial name for a pterosaur. Even
more confusion was involved in the classification of the
‘Pester Exemplar’ that was initially identified as a crus-
tacean by the Italian naturalist Ignazio Born (1779), and
only over 70 years later its true affinities were recognized
by Herrmann von Meyer, who used it as the holotype for
the new species Pterodactylus micronyx (Meyer 1856).
After the initial discoveries of the Mannheim and
Pester specimens, numerous additional specimens of
Pterodactylus were discovered in the Solnhofen area from
the beginning of the 19" century onward, including some
with preserved soft tissues (Abel 1925), making °Ptero-
dactylus’ one of the best-known pterosaur genera early on.
Partly due to its iconic status of being the first known ptero-
saur genus, Pterodactylus became a wastebasket taxon, es-
pecially during the 19® century. Numerous, even rather dis-
tantly related taxa, have originally been placed in the genus
Pterodactylus, many of them, however, representing nomi-
na dubia and species assignable to other genera. In 1970,
Wellnhofer in his monograph on the pterodactyloids from
the Franconian laminated limestone, provided a taxonomic
revision of the genus and listed a total of six valid species
for Pterodactylus (Wellnhofer 1970). Of these, five species
have subsequently been moved to other genera, including
P suevicus (Cycnorhamphus suevicus, Bennett 1996a),
P, elegans (Ctenochasma elegans, Jouve 2004), P. micronyx
(Aurorazhdarcho micronyx, Bennett 2013a), P. longicollum
(Ardeadactylus longicollum, Bennett 2013a), and P. kochi
(Diopecephalus kochi, Vidovic and Martill 2018). Recently,
there has been substantial discussion about the taxonomic
status and validity of P. kochi and it is now either regarded
as a junior synonym of P. antiquus or as belonging to a sep-
arate genus (see below). Although ‘ Pterodactylus’ has been
reported also from France, England, Portugal and Tanzania,
all of these finds were subsequently referred to other genera
or to indeterminate pterodactyloids (see Barrett et al. 2008
and references therein). Therefore, Pterodactylus is current-
ly known only from Bavaria and all of the reported finds
are of Tithonian age (Barrett et al. 2008; Bennett 2013a).
In this paper, we report the geologically oldest specimen of
Pterodactylus from the Kimmeridgian and the first report
of the genus from the Upper Jurassic Torleite Formation.

Institutional abbreviations

BMMS, Biirgermeister Miiller Museum Solnhofen, Soln-
hofen, Germany; BSPG, Bayerische Staatssammlung fiir
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Paldontologie und Geologie, Munich, Germany; DMA,
Dinosaurier Museum Altmiihltal, Denkendorf, Germany;
ELTE, Eotvos Lorand University, Budapest, Hungary;
JME, Jura Museum Eichstitt, Eichstitt, Germany; RGM,
Rijksmuseum van Geologie en Mineralogie, Leiden, Neth-
erlands; SM, Senckenberg Museum, Frankfurt, Germany;
SMNS, Staatliches Museum fiir Naturkunde Stuttgart, Stutt-
gart, Germany; TM, Teyler Museum, Haarlem, Netherlands.

Geological setting

The specimen described herein was found near Painten, a
small town situated in the southern part of the Franconian
Alb in central Bavaria (Fig. 1). The Franconian Alb forms,
together with the Swabian Alb (its western continuation in
the state of Baden-Wiirttemberg), a low mountain range in
southern Germany that extends from the southwest to north-
east and is composed of Lower to Upper Jurassic marine
sedimentary rocks. A number of uppermost Jurassic lo-
calities on the Franconian and Swabian Alb have yielded
abundant and exceptionally well-preserved fossils of plants,
invertebrates and vertebrates. These sites are generally char-
acterized by an extremely fine-grained, laminated and pla-
nar limestone usually lacking bioturbation. This laminated
limestone is often called by its German name ‘Plattenkalk’
(Viohl 2015b). The most important fossil localities, which
also yielded the majority of the historical finds including the
first specimens of Pterodactylus mentioned above, are locat-
ed in the southern part of the Franconian Alb near Solnhofen
and Eichstitt. The fossil treasures of this area were recog-
nized early on, when the fine-grained limestone was mined
in numerous small and large quarries for building stones and
later for lithographic plates. Aside from the region near Sol-
nhofen and Eichstétt, several other localities of the southern
Franconian Alb yielded a rich fossil assemblage with a sim-
ilar preservation, including (from southwest to northeast)
Daiting, Schamhaupten, Painten, Kelheim, Jachenhausen,
Zandt and Brunn (Fig. 1). Together, the Plattenkalk deposits
of the southern Franconian Alb form the ‘Solnhofen Archi-
pelago’, also referred to as the ‘Solnhofen Limestone’. Two
other important fossil sites preserving a similarly rich and
well-preserved fauna are located on the northern Franconian
Alb near Wattendorf, respectively on the southwestern part
of the Swabian Alb near Nusplingen (Fig. 1).

Although these sites are overall similar, some signif-
icant differences are noteworthy with respect to lithol-
ogy, age and fossil composition. As outlined above, the
deposits are all composed of fine-grained limestones, the
so-called Plattenkalk, yet the amount of silica and mud
as well as the thickness of the limestone layers is highly
variable, likely reflecting slightly distinct depositional en-
vironments (Viohl 2015b). Moreover, the different fossil
sites of the Solnhofen Archipelago belong to at least four
distinct formations — from oldest to youngest, the Torleite
(Malm Epsilon), Geisental (Malm Zeta 1), Painten (Malm
Zeta 1), Altmiihltal (Malm Zeta 2) and Mornsheim (Malm
Zeta 3) formations — ranging in age from the upper Kim-
meridgian to the lower Tithonian (Schweigert 2007, 2015;
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Figure 1. Map of southern Germany with the Franconian and Swabian Alb. The new specimen of Pterodactylus antiquus described
in this study (DMA-JP-2014/004) was found 2 km northeast of Painten in the Rygol Quarry. The map was created with GMT6

(Wessel et al. 2013).

Niebuhr and Piirner 2014). During the time of deposition
in the latest Jurassic, the area of today’s southern Ger-
many was situated in a shallow, tropical sea with small
and larger islands. In this setting, the ‘Plattenkalk’ was
likely deposited in locally restricted basins or “Wannen’
that were bordered by sponge bioherms and thus were
separated from the open sea. The resulting stagnant water
conditions in these lagoons coupled with the tropical cli-
mate caused the depletion of oxygen and hypersaline con-
ditions near the ground, which, together with rapid sed-
imentation during periodic storm events, probably led to
the exceptional preservation of the fossils (Viohl 2015a).

The faunal assemblage of the Solnhofen Archipelago
comprises an extremely diverse array of invertebrates and
vertebrates, often showing a spectacular preservation,
which made these Upper Jurassic Plattenkalk deposits
world famous (especially those of the southern Franconian
Alb). Unsurprisingly, terrestrial and aerial vertebrates are
more rarely found than marine ones but over the last cen-
turies, numerous specimens have been discovered, includ-
ing exquisitely preserved rhynchocephalians, squamates,
atoposaurid crocodyliforms, theropod dinosaurs, early
avialians, and pterosaurs (Wellnhofer 1970, 1975, 2008b;
Ostrom 1978; Gohlich and Chiappe 2006; Rauhut et al.
2012, 2019; Frey and Tischlinger 2015; Tischlinger and
Rauhut 2015). Among these, pterosaurs represent the most
abundant reptile group and in total more than 500 ptero-
saur specimens are known (Tischlinger and Frey 2015).
Interestingly, Pterodactylus has so far only been report-

ed from the Solnhofen Archipelago (i.e. sediments of the
southern part of the Franconian Alb), and all occurrences
are Tithonian in age, ranging from the Malm Zeta 2 to
Malm Zeta 3 (Bennett 2013a; Vidovic and Martill 2018).
The new specimen of Pterodactylus described herein
represents the first occurrence of the genus from the Tor-
leite Formation (Malm Epsilon) and was found in the quar-
ry of the Rygol Company near Painten. The quarry is situ-
ated in the northern part of the ‘Paintener Wanne’, a locally
restricted basin covering an area of approximately 15 x
12 km (Albersdorfer and Héckel 2015). The Pterodactylus
specimen was found at the bottom of the exposed section
in the ‘Kieselplattenkalk’, a 5.9 m thick package of lam-
inated, fine-grained, silicified limestone intercalated with
graded turbidite horizons consisting of carbonate debris
(Albersdorfer and Héckel 2015; Keupp et al. 2016). Strati-
graphically, the ‘Kieselplattenkalk’ of Painten belongs to
the Arnstorf member of the Torleite Formation, which has
been assigned to the Hybnoticeras beckeri ammonite Zone
and the Lithacoceras ulmense Subzone, corresponding to
a latest Kimmeridgian age (Schweigert 2007; Niebuhr and
Piirner 2014). The ‘Kieselplattenkalk’ of Painten is charac-
terized by an unusually high amount of silica and, in this
respect, resembles the roughly coeval ‘Plattenkalk’ depos-
its of Schamhaupten and Kelheim (Viohl 2015b).
Although the Rygol Quarry has been operated since the
1950s, fossils only came to light after 2001, when system-
atic excavations were conducted, first led by the shift work-
er Wolfgang Héckel and, later, by the private Albersdorfer
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institute (Albersdorfer and Hackel 2015). Excavations con-
ducted over the last 20 years yielded a rich and diverse fos-
sil assemblage comprising abundant plant remains, inver-
tebrates (including sponges, corals, crinoids, brachiopods,
ammonites, coleoids, gastropods, crustaceans, echinoderms)
and vertebrates (Albersdorfer and Héckel 2015; Keupp et al.
2016). Among the latter, fishes are by far the most common
group being represented by actinopterygians, chondrich-
thyans, and coelacanths (Albersdorfer and Hackel 2015).
Fossil reptiles are abundant compared to other quarries and
include rhynchocephalians, ichthyosaurs, turtles, the thalat-
tosuchians Cricosaurus albersdoerferi and Dakosaurus sp.,
atoposaurid neosuchians, pterosaurs and the theropod dino-
saur Sciurumimus albersdoerferi (Rauhut et al. 2012; Tisch-
linger and Frey 2013; Albersdorfer and Hackel 2015; Spin-
dler and Albersdorfer 2019; Sachs et al. 2021; Spindler et al.
2021), though it must be noted that most specimens have not
been described in detail yet and thus several may represent
new taxa. In general, the fossils from the Rygol Quarry are
extremely well preserved and relatively abundant, especial-
ly those of terrestrial vertebrates. The abundance of plants
and terrestrial vertebrates indicates that coastlines must have
been located nearby, while the presence of coleoids demon-
strates that the local basin (‘Paintener Wanne’) was connect-
ed to the open sea (Rdper 2005).

Materials and methods

The specimen described in this paper was found during
systematic excavations on the 2" of June 2014 by Marton
Vremir in the Rygol Quarry, approximately 2 km north-
east of Painten (49°0'31"N, 11°49'35"E). The pterosaur

ot

Figure 2. Pterodactylus antiquus, DMA-JP-2014/004, from the Upper Jurassic (Kimmeridgian) Torleite Formation of Painten;

overview photograph.
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was meticulously prepared mechanically in more than
120 h by Wolfgang Haeckel under magnification of
26-20x, exclusively using pneumatic tools and needles.
The specimen is permanently housed and accessible in
the collection of the Dinosaurier Museum Altmiihltal in
Denkendorf, Bavaria, Germany (DMA) under the collec-
tion number DMA-JP-2014/004. In addition, it is guaran-
teed by contract that the privately owned specimen will
always be available for science. The anatomical nomen-
clature mainly follows Wellnhofer (1985). Anatomical
orientations in the wing bones are described according to
a laterally extended wing, and therefore, we use the terms
dorsal and ventral instead of lateral and medial.

Systematic palacontology

Pterosauria Kaup, 1834
Pterodactyloidea Plieninger, 1901
Pterodactylidae Bonaparte, 1838
Pterodactylus Cuvier, 1809

Pterodactylus antiquus Soemmerring, 1812
Figs 2-5

Holotype. BSP AS.1.739, an almost complete skeleton
including the skull.

Amended diagnosis. Modified after Bennett (2013a):
Upper Jurassic pterodactyloid with a slender and elongat-
ed rostrum; the dorsal margin of the skull straight to only
slightly concave upward; nasoantorbital fenestra length
~20-25% of skull length in large individuals; number
of teeth proportional to skull length with up to ~25 teeth
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per jaw side in large individuals; teeth low conical; teeth
largest anteriorly and decreasing in size posteriorly; tooth
row length ~75% of jaw length; upper tooth row extend-
ing posterior to the anterior margin of the nasoantorbital
fenestra; a low sagittal bony crest dorsal to the nasoantor-
bital fenestra and orbit in large individuals, which appar-
ently lacks the striations seen in Ctenochasma, Germano-
dactylus, and Gnathosaurus; a soft tissue crest extending
dorsally from the bony crest in large individuals; an oc-
cipital lappet of soft tissues extending posteriorly from the
occipital region; cervical vertebrae 3—7 elongate and neck
relatively longer than in Cycnorhamphus, Ctenochasma,
and Aurorazhdarcho (shared with “P” longicollum); in
small specimens, WP2 is 93-96% of WP1 length, in large
ones ~91%; in modified Nopcsa curves, WP1—4 lengths
typically exhibit a convex upward curve (shared with Ger-
manodactylus); in the pes, MtlI is longer than MtI or equal
to Mtl in length; the proximal phalanges of digit [-III show
progressive reduction in length whereas those of digits I
and IV are subequal (shared with Germanodactylus).
Referred material. DMA-JP-2014/004, a nearly com-
plete and articulated skeleton including the complete skull.
Locality. Rygol Quarry near Painten, Niederbayern,
Bavaria, Germany.
Stratum. Torleite Formation, Beckeri zone, Ulmense
subzone, upper Kimmeridgian, Upper Jurassic.
Taxonomic remarks. For many decades after its dis-
covery, Pterodactylus has been essentially a wastebasket
taxon and dozens of species have been assigned to the
genus, many of which later turned out to represent rather
distantly related taxa. In 1970, Wellnhofer, in his classic
monograph on the pterodactyloids from the Solnhofen
Limestones, provided a thorough revision of the genus
and listed a total of six species: P antiquus, P. kochi,
P longicollum, P. suevicus, P. micronyx and P. elegans
(Wellnhofer 1970). Subsequently, four of these species
have been assigned to their own genera, a decision fol-
lowed by most researchers without much controversy,
with P, suevicus having been assigned to Cycnorhamphus
(=Gallodactylus) (e.g. Fabre 1976; Wellnhofer 1978;
Bennett 1996a, 2013b; Unwin 2003), P. elegans to Cteno-
chasma (e.g. Bennett 1996b, 2007; Unwin 2003; Jouve
2004), P. micronyx to Aurorazhdarcho (Bennett 1996b,
2013a, Hone et al. 2013), and P. longicollum to Ardea-
dactylus (Bennett 2013a; Vidovic and Martill 2018). In
contrast to this, the taxonomic status of Pterodactylus
kochi has caused considerable debate recently and it is
now usually regarded either as a junior synonym of P.
antiquus or as belonging to a distinct genus. After the re-
vision of the genus, Mateer (1976) was the first to suggest
that P. kochi and P. antiquus are extremely similar and
that the former therefore represents a junior synonym of
the latter (although it should be noted that a synonymy of
the two species has originally been proposed already by
Zittel, 1883). Later, Bennett (1996b) conducted statistical
analyses of Pterodactylus and other pterodactyloids from
the Solnhofen Limestone, likewise concluding that the
specimens assigned to P. kochi likely represent immature

individuals of P. antiquus. This view has been also ex-
pressed by several other subsequent studies (Jouve 2004;
Bennett 2013b, 2018).

Despite the synonymization of P. kochi with P. an-
tiquus, several later studies have treated the two species
as separate taxa (e.g. Frey and Martill 1998; Kellner
2003; Unwin 2003). Recently, Vidovic and Martill (2014)
found the holotype of P. scolopaciceps, which has been
synonymized with P. kochi by Zittel (1883) and was list-
ed as such by Wellnhofer (1970), to differ considerably
from other Pterodactylus specimens and thus assigned
it to the new genus Aerodactylus. In addition, they as-
signed a number of other specimens to Aerodactylus
scolopaciceps that previously were referred to P. kochi
(Vidovic and Martill 2014). Subsequently, Vidovic and
Martill (2018) re-studied several specimens assigned to
Pterodactylus and found the holotype of P. kochi and two
referred specimens to differ in several respects from P.
antiquus. Therefore, they proposed that P. kochi actually
belongs to a separate genus, Diopecephalus, which was
originally coined by Harry Govier Seeley in the second
half of the 19" century (Vidovic and Martill 2014, 2018).
Thus far, a consensus on this topic has not been reached.
Regarding the taxonomy of Pterodactylus, we here ten-
tatively follow Mateer (1976), Bennett (1996b, 2013b),
and Jouve (2004) and consequently regard P. kochi as
representing a junior synonym of P. antiquus, because we
find it difficult to differentiate the two taxa based on the
proposed diagnoses for the time being.

Comparative description

The specimen consists of a complete, articulated and ex-
tremely well-preserved skeleton lying on its right side
(Fig. 2). Only a very small portion of the left mandible
as well as of the left and right tibia is missing. Otherwise,
the skeleton is nearly perfectly preserved with every bone
present and in its roughly correct anatomical position.
The mandible is slightly detached from the skull and is
preserved in ventral view. The hyoid bones are present
and, like the mandible, are slightly dislocated ventrally,
being preserved between the left and right mandibular
rami. The wings are folded with the right wing lying part-
ly under the left one and partly under the body skeleton.
The hind limbs extend laterally and both are visible in
posterolateral view.

For the comparison below, we largely relied on the
classical monograph of Wellnhofer (1970), in which he
described every Pterodactylus specimen known at the
time and additionally provided the most comprehensive
overview of the genus including five specimens of P. an-
tiquus and 23 specimens of P. ‘kochi’. Wellnhofer (1970)
also provided detailed measurements for all of these
Pterodactylus specimens, which formed the basis for the
quantitative comparison presented below (for details, see
Wellnhofer 1970: chapter 10). Note that we here use the
corrected measurements for TM 10341 by Bennett (2013a)
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that differ considerably from those listed by Wellnhofer
(1970). In order to make the comparison as clear as pos-
sible, and because there has been considerable debate on
the taxonomy of Pterodactylus (see above), we here refer
to individual specimens instead of referring simply to P,
antiquus or P. kochi. Moreover, we provide both the spec-
imen number used in the Wellnhofer (1970) monograph
(i.e. his ‘Exemplar Nr.”) and the official repository num-
ber. Notably, specimen JME 29.111.1950 (Exemplar Nr. 9),
which was originally referred to P. kochi by Wellnhofer
(1970), has been reassigned to Germanodactylus crista-
tus by Bennett (2006), and we herein follow this referral.
When referring to Pterodactylus in the comparison below,
we include both P. antiquus and P. kochi, as we tentatively
accept the synonymy of the two as outlined above. For an
overview of the measurements of the skeleton and individ-
ual bones as well as some selected dimensions, see Table 1.

Cranial skeleton

The skull of DMA-JP-2014/004 is complete and exposed
in left lateral view (Fig. 3). It has a total length of ap-
proximately 48 mm, and thus lies within the lower range
previously observed in Pterodactylus with reported skull
lengths ranging between 23 mm in the smallest specimen
(BSPG 1967 I 276, Exemplar Nr. 6) and 149 mm in the
largest specimen preserving a complete skull (BMMS 7,
without Exemplar Nr.) (Wellnhofer 1970; Bennett 2013a).
Like in other specimens of Pterodactylus, the orbit is cir-
cular in outline and has a diameter of slightly more than
10 mm. The orbit is thus relatively large compared to
overall skull length (ca. 20%), likely reflecting the young
ontogenetic age of the specimen. Wellnhofer (1970)
provided SOL-indices (=Schédel-Orbita-Lingen-Index,

e > ¥ '~
- vc, A &

detail photograph of the skull.
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Table 1. Measurements (in mm) of the new Pterodactylus spec-
imen from Painten (DMA-JP-2014/004).

skull 48
orbit 10
nasoantorbital fenestra 16
lower jaw 38
mandible symphysis 14
neck 28
Precaudal thoracic vertebral column (PCRW) 33
scapula 13
coracoid 11
humerus 18
radius 25
mc IV 16
wp 1 22.5
wp 2 21.5
wp 3 19.5
wp 4 17
femur 18.5
tibia 23.5

German for skull-orbit-length index) for the pterodacty-
loids from the Solnhofen Archipelago, which range from
30 in the smallest individual of Pterodactylus (BSPG 1967
1276, Exemplar Nr. 6; skull length of 23 mm) to 15 in the
largest (BSPG 1883 XVI 1, Exemplar Nr. 28; skull length
of 113.5). With an SOL-index of 20 and a skull length of
48 mm, the new specimen from Painten matches the ob-
served relationship between SOL-index and skull length
for pterodactyloids very well (see Wellnhofer 1970: fig.
17) and falls within the range defined as the transitional
ontogenetic stage (between juvenile and adult).

The sclerotic ring is preserved within the dorsal half of
the orbit and even the individual sclerotic elements can be
discerned, although an exact number of sclerotic elements

o

Figure 3. Pterodactylus antiquus, DMA-JP-2014/004, from the Upper Jurassic (Kimmeridgian) Torleite Formation of Painten;
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cannot be provided due to the small size and imperfect
preservation. The sclerotic ring is ellipsoidal in shape be-
ing slightly longer than high, although it seems to be dia-
genetically somewhat compressed dorsoventrally. Judging
from other specimens preserving the sclerotic ring like
BSPG 1968 195 (Exemplar Nr. 2) and SMNS 81775 (with-
out Exemplar Nr.), the sclerotic ring normally has a circu-
lar outline and occupies almost the entire orbit (Wellnhofer
1970; Bennett 2006: fig. 6). The nasoantorbital fenestra has
an anteroposterior length of 16 mm, occupying around one
third of the skull length, which is similar to other Ptero-
dactylus specimens including the holotype of P. antiquus
(BSPG AS 1 739, Exemplar Nr. 4) (Wellnhofer 1970). In
very young individuals, the ratio between nasoantorbit-
al length and skull length is slightly smaller, around one
fifth to one fourth (e.g. BSPG 1967 1276, Exemplar Nr. 6)
(Wellnhofer 1970). The parietal region of the skull posteri-
or to the orbit is rounded. The dorsal margin of the skull is
relatively straight and slightly concave. The ventral margin
of the skull and the palatal region are completely straight.
The mandible is complete and preserved in ventral view,
although it is slightly distorted in a way that the left lateral
aspect is partly visible. It has a total length of 38 mm, while
the symphysis is 14 mm long, thus occupying slightly
more than one third (approximately 37%) of the length of
the mandible. In general, it seems as if the symphysis be-
comes proportionately slightly larger (relative to mandible
length) during ontogeny, with the ratio ranging between
37% in small individuals (BSPG 1967 I 276, Exemplar
Nr. 6; skull length of 23 mm) and 43% in large individu-
als (BSPG AS I 739, Exemplar Nr. 4; skull length of 108
mm) (Wellnhofer 1970). The distance between the left and
right mandibular ramus at the level of the joint is 7 mm,
although this value should be treated with caution due to
the slight distortion of the lower jaw. The suture between
the mandibular rami is well discernible, being completely
straight and extending anteroposteriorly. The paired hyoid
bones are located between the posterior parts of the lower
jaw and have an elongated, slightly bowed morphology,
and thus resemble those of the very small specimen BSPG
1967 1276 (Exemplar Nr. 6) (Wellnhofer 1970: fig. 5).
The tooth crowns are overall low and conical, just as in
all other specimens of Pterodactylus. There are 14 teeth
preserved in the left upper jaw, extending from the jaw tip
up until the anterior third of the nasoantorbital fenestra.
The size of the teeth progressively decreases posteriorly
— again a feature present in several other Pterodactylus
specimens including the type specimens of both P. an-
tiquus (BSPG AS 1 739, Exemplar Nr. 4), and of P. kochi
(BSPG AS XIX 3, Exemplar Nr. 23) (Wellnhofer 1970:
fig. 3, pl. 1-2). In the left lower jaw, 14 teeth are present
that gradually become smaller posteriorly and extend for
17 mm measured from the tip of the jaw (roughly 45% of
the total mandible length). As was demonstrated by Well-
nhofer (1970) as well as later by Jouve (2004) and Ben-
nett (2013a), the tooth count in Pterodactylus changes in
proportion with the length of the skull and thus the onto-
genetic age of the specimen. The number of teeth in the

upper jaw ranges between 12 in small individuals (BSPG
1967 1 276, Exemplar Nr. 6; skull length of 23 mm) and
18 in large individuals (BSPG AS I 739, Exemplar Nr. 4;
skull length of 108 mm) (Wellnhofer 1970).

Axial skeleton

The neck of DMA-JP-2014/004 (Fig. 4a) comprises seven
cervical vertebrae (but see Bennett 2004, 2013a) and has
a length of approximately 28 mm, which compares well
with other Pferodactylus specimens of a similar size such
as (the slightly smaller) TM 10341 (Exemplar Nr. 1) that
has a neck length of 25.9 mm and a skull length of 44.5
mm (Bennett 2013a). The dorsal series comprises 15 ver-
tebrae, while the number of sacral vertebrae is difficult to
assess due to the slightly displaced ilium (Fig. 4a). The
combined length of the dorsal and sacral region (= PCRW-
length of Wellnhofer 1970 and Bennett 2013a) is 33 mm
and thus similar in size but proportionately slightly small-
er compared to that of the similarly-sized specimen TM
10341 (Exemplar Nr. 1), in which the dorsal and sacral
vertebral column have a combined length of 33.3 mm
(Bennett 2013a). The tail of the new specimen from Paint-
en is partially covered by the ilium, and therefore its exact
length and the number of caudal vertebrae cannot be reli-
ably determined. The ribs are still attached to their respec-
tive vertebrae, are very thin and slightly curved. However,
they are partly concealed by the overlying forelimb ele-
ments. The overlapping gastralia are present in the abdom-
inal area of the specimen, anteroventrally of the pelvis.

Appendicular skeleton

The forelimbs are complete and mostly articulated, al-
though the right wing is partly underlying the body skele-
ton (Fig. 4b). The measurements were thus taken from the
left forelimb. The scapula and the coracoid are preserved
next to each other, the former having a length of 13 mm
and the latter of 11 mm, although the coracoid is not ful-
ly visible in the left or the right side. The left humerus,
which is slightly dislocated from the glenoid, has a length
of 18 mm. Radius and ulna are lying next to each other,
being completely parallel and more or less equal in length.
Both are considerably longer than the humerus with a
length of 25 mm. As discussed by Wellnhofer (1970), the
wrist of Pterodactylus consists of two proximal carpals
and four distal carpals. In the new specimen from Paint-
en, the two proximal carpals contact the distal joints of
radius and ulna, while the four distal carpals are preserved
as small, blocky elements between the proximal carpals
and the metacarpals. The four metacarpals are subequal in
length and preserved parallel to each other, but metacar-
pals I-1II are much smaller and partly covered by metacar-
pal IV. The wing metacarpal (i.e. metacarpal IV) is similar
in size to, albeit slightly shorter than, the humerus with a
length of 16 mm. The pulley-like distal joint of the wing
metacarpal is well visible in dorsal view. The phalanges of
the wing finger are elongated and rod-like and decrease in
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Figure 4. Pterodactylus antiquus, DMA-JP-2014/004, from the Upper Jurassic (Kimmeridgian) Torleite Formation of Painten;
detail photograph of the axial skeleton (a), as well as the forelimbs (b).
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size distally, with lengths of 22.5 mm (wing phalanx 1),
21.5 mm (wing phalanx 2), 19.5 mm (wing phalanx 3) and
17 mm (wing phalanx 4). The distal-most phalanx of the
left wing finger is slightly dislocated from the third one.
The right wing is completely articulated but largely hidden
under the body skeleton. The other fingers are articulated
with their respective metacarpals and are completely pre-
served. The phalangeal formula of the hand is 2-3-4-4-0,
as is typical for pterosaurs. The proportions of the wing
of the Painten specimen are very similar to those reported
from other specimens of Pterodactylus, with the humerus
being around a quarter to a third shorter than the radius,
the wing metacarpal being similar in size to (albeit slightly
smaller than) the humerus, and the wing phalanges becom-
ing progressively but slowly shorter (for a comparison of
the forelimb proportions in Pterodactylus, see also below).

The pelvis comprises the articulated ilium, which is
firmly attached to the sacral vertebrae, the pubis and the
ischium (Fig. 5). The hind limbs are both well visible,
being stretched out laterally (Fig. 5). The femora are ar-
ticulated with the pelvis, the slightly demarcated femoral
head still being connected to the acetabulum. The femur
has a length of 18.5 mm and thus is slightly shorter than
the tibia, which has a length of 23.5 mm, a condition also

seen in all other Pterodactylus specimens (Wellnhofer
1970; Bennett 2013a). The fibula is very thin, tightly at-
tached to the tibia, and only extending for the proximal
half of the tibia. The tarsals are tightly interlocked and
articulated in the right hind limb, whereas in the left hind
limb, the tarsals are somewhat disarticulated. Of the five
tarsals (two proximal and three distal ones) typically pres-
ent in Pterodactylus (Wellnhofer 1970), at least four (two
proximal and two distal ones) are visible in the specimen
from Painten. The feet are again well preserved and artic-
ulated, comprising all five metacarpals and all five digits.
Among the metatarsals, metatarsal Il is the longest, meta-
tarsal I and III are subequal in length and slightly shorter
than metatarsal II. Metatarsal I'V is shorter than metatarsal
I and II, and metatarsal V is considerably shorter than the
other metatarsals, being only a small splint-like bone. The
first four digits bear small claws, whereas the fifth digit
consists only of a single short phalanx. The phalangeal for-
mula is 2-3-3-3-1. As demonstrated by Wellnhofer (1970),
the phalangeal formula of Pterodactylus is dependent on
the ontogenetic age of the animal, varying between 2-3-
3-3-1 in juveniles and 2-3-4-4-1 in adults. Therefore, the
phalangeal formula of the specimen from Painten again
indicates an individual of juvenile to subadult age.

detail photograph of the hind limbs.
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Skeletal proportions and Nopcsa curves

The length of the skull, neck, combined dorsal and sacral
vertebral column (=PCRW-length of Wellnhofer 1970
and Bennett 2013a), humerus, radius, wing metacarpal,
wing phalanx 1-4, femur and tibia were plotted in order to
produce a modified Nopcsa curve (see Bennett 2013a). In
this diagram, we also plotted the respective lengths of all
other Pterodactylus specimens (measurements taken from
Wellnhofer 1970 as well as Bennett 2013a for specimen
TM 10341 and Frey and Tischlinger 2000 for an uncata-
logued specimen stored in a private collection). The re-
sulting Nopcsa diagram (Fig. 6) is essentially an updated
version of the one figured by Bennett (2013a: fig. 9). In
general, the specimen from Painten, DMA-JP-2014/004,
is remarkably similar to the other Pterodactylus speci-
mens regarding its skeletal proportions. The skull is the
longest element in all specimens, while the neck is signifi-
cantly shorter. In the large majority of specimens, includ-
ing DMA-JP-2014/004, the combined length of the dorsal
and sacral vertebral column (=PCRW-length) is greater
than that of the neck, with some notable exceptions such
as the holotype of P. antiquus (BSPG AS 1739, Exemplar
Nr. 4), in which the PCRW-length is smaller than, or equal
to, the length of the neck. Notably, all of these exceptions
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are relatively large specimens with skull lengths of more
than 80 mm. All specimens smaller than that (i.e. having
skull lengths below 80 mm) have a neck shorter than their
combined dorsal and sacral vertebral column.

In all specimens referred to Pterodactylus, the humer-
us is much shorter than the PCRW-length and the radi-
us is longer than the humerus (Fig. 6). The metacarpal
of the wing finger is again considerably shorter than the
radius and has a similar size as the humerus in all spec-
imens aside from SM R4074, in which the wing finger
metacarpal is comparatively very long, having almost the
same length as the radius. In all specimens except SM
R4074 (which seems to have an unusually long fourth
metacarpal), the first wing finger phalanx is much lon-
ger than the wing finger metacarpal. In all specimens
of Pterodactylus, phalanges 1-4 of the wing finger are
progressively shorter, which, in the diagram (Fig. 6), re-
sults in a slightly convex and gentle downward curve.
The femur is significantly longer than the wing phalanx
4 but shorter than the tibia. In summary, the outline of
the Nopcsa curve of the specimen from Painten is nearly
identical to that of similarly sized Pterodactylus speci-
mens, thus indicating remarkably similar skeletal pro-
portions and placing DMA-JP-2014/004 unequivocally
within the genus Pterodactylus.
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Figure 6. Modified Nopcsa curves of the skeletal proportions of Pterodactylus antiquus (including P. kochi). The measurements were
taken from Wellnhofer (1970) as well as from Frey and Tischlinger (2000). Note that we used the corrected values of TM 10341 (Ex-
emplar Nr. 1) provided by Bennett (2013a) that differ considerably from those listed by Wellnhofer (1970). Specimen JME 29.111.1950
(Exemplar Nr. 9) was excluded because it was shown by Bennett (2006) to belong to Germanodactylus cristatus. The heavy black line

represents the curve for the new specimen from Painten described herein (DMA-JP-2014/004). The line with the third-largest skull
represents the holotype of P. antiquus (BSPG AS I 739, Exemplar Nr. 4; skull length of 108 mm), and the line directly below that of
the Painten specimen (DMA-JP-2014/004) represents TM 10341 (Exemplar Nr. 1; skull length of 44.5 mm). Abbreviations: mclV,
metacarpal IV (i.e. the wing finger metacarpal); PCRW, combined length of the dorsal and sacral vertebral column (=PCRW-length

of Wellnhofer 1970 and Bennett 2013a; praeccaudale Rumpfwirbelsdule); r, radius; s, skull; t, tibia; wp1-4, wing finger phalanx 1-4.
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Discussion and conclusion

The new specimen from Painten is clearly referable to
Pterodactylus antiquus, based on the diagnosis proposed
by Bennett (2013a). More specifically, it has an elongate
skull, a slender and elongated rostrum, a straight to only
slightly concave dorsal skull margin, low and conical teeth
that are large anteriorly and decrease in size posteriorly,
an upper tooth row extending to the anterior margin of the
nasoantorbital fenestra, wing phalanx 2 being 93-96% (ex-
actly 95.6%) as long as wing phalanx 1, wing phalanges
1-4 exhibiting a convex upward curve in modified Nopcsa
curves, and a longer metatarsal II than I (for the diagnosis
of P. antiquus see also above). Only features listed by Ben-
nett (2013a) as being characteristic of adult individuals and
varying across ontogenetic stages (e.g. tooth count, length
of nasoantorbital fenestra, presence of a sagittal bony crest),
are absent in DMA-JP-2014/004. In addition, the Painten
Pterodactylus is extremely similar to other specimens as-
signed to P. antiquus (including P. kochi), especially those
of a similar size and thus ontogenetic stage, with respect
to both gross morphology and skeletal proportions (see
above). The Painten Pterodactylus most likely represents a
juvenile to young subadult individual as shown by its over-
all size, absolute skull length, the size of the orbit (relative
to skull length), and phalangeal formula of the pes. Based
on the SOL-index of Wellnhofer (1970), the specimen is
assignable to the transitional stage (‘Ubergangsbereich’)
between juvenile and adult individuals. Interestingly, the
DMA-JP-2014/004 falls here into a size range that is rel-
atively rare in the known sample of Pterodactylus speci-
mens. So far, only four specimens with a skull length be-
tween 30 and 60 mm have been reported, and only one of
these falls into the size range between 38 and 57.5 mm (TM
10341, Exemplar Nr. 1; skull length of 44.5 mm).

In general, small and immature individuals dominate the
sample of Pterodactylus from Solnhofen, whereas large and
adult individuals are comparatively rare (Bennett 1996b).
The same pattern can also be observed in other pterodac-
tyloids and Rhamphorhynchus from the Solnhofen Archi-
pelago (Bennett 1995, 1996b). As observed by Bennett
(1996Db), the specimens are, however, not evenly distributed
across the full size range but predominantly fall into distinct
size-classes that are separated by marked gaps. For Ptero-
dactylus, these size classes are characterized by a skull
length of 1545 mm and 55-95 mm for the small and large
size-classes, respectively (Bennett 1996b). The gaps bound-
ing these size-classes are between 38-57 mm and more
than 93 mm skull length. The specimen from Painten (with
a skull length of 48 mm) thus is a rare representative of the
first gap between the small and large size-classes. Bennett
(1996Db) interpreted the distinct size-classes as year-classes,
which consequently means that DMA-JP-2014/004 was of
an intermediate (and rarely found) ontogenetic age at the
time of its death, between two consecutive year-classes. In
his statistical study on Rhamphorhynchus from the Soln-
hofen Limestone (a taxon showing similar size-classes),
Bennett (1995) provided two explanations for the observed

size-pattern: either these pterosaurs suffered from seasonal
mortalities, or the conditions allowing the preservation of
the carcasses were present only seasonally. Seasonal mor-
tality, in turn, could be explained by migratory behaviour of
the animals (i.e. they were present in the region only sea-
sonally) or it could mean that the animals died from envi-
ronmental factors occurring seasonally, such as monsoons
or toxic algal blooms (Bennett 1995). Seasonal preserva-
tion, on the other hand, would indicate seasonal changes in
water quality (Bennett 1995) or seasonal changes of sedi-
mentary influx into the basins (the “Wannen’). Therefore,
both the seasonal mortality hypothesis and the seasonal
preservation hypothesis could be explained by the recon-
structed seasonal (perhaps monsoonal) climate prevailing
at the time of deposition of the Solnhofen Limestone (see
above). The dominance of small, immature individuals in
the sample of Pterodactylus specimens probably reflects
their higher vulnerability and/or their higher potential to be
preserved in the shallow basins (Bennett 1995).
Interestingly, the tetrapod assemblage from the Plat-
tenkalk deposits of the Painten area appears to be highly
distinctive on an alpha-taxonomic level. Although close-
ly related species are also known from other strata of the
laminated limestone of the Franconian Alb, several taxa
are so far unique to the Painten limestones, including new
but so far undescribed turtles (Albersdorfer and Hackel
2015; Spindler and Albersdorfer 2019), a new species of
Cricosaurus (Sachs et al. 2021), the theropod Sciurumimus
(Rauhut et al. 2012), a so far undescribed new pro-ptero-
dactyloid (Tischlinger and Frey 2013), and a so far unde-
scribed Cycnorhamphus-like pterosaur (Bennett 2013b),
among others. The specimen described in this paper rep-
resents an intriguing exception because it can be confident-
ly assigned to Pterodactylus antiquus, a species otherwise
well-known from much younger limestone deposits of the
Solnhofen Archipelago referable to the Malm Zeta 2 to
Malm Zeta 3 (Bennett 2013a; Vidovic and Martill 2018).
The Plattenkalk deposits from Painten (Torleite Forma-
tion) have been assigned to the Beckeri ammonite zone, the
Ulmense subzone and the rebouletianum ammonite horizon
corresponding to the latest Kimmeridgian age. The young-
est occurrence of Pterodactylus antiquus comes from the
Mornsheim limestone deposits (Wellnhofer 1970), which
have been assigned to the Malm Zeta 3, and more specifi-
cally, Hybonotum ammonite zone, Moernsheimensis sub-
zone and moernsheimensis ammonite horizon (Schweigert
2015). Therefore, Pterodactylus antiquus spans at least six
ammonite horizons, which are from oldest to youngest, the
rebouletianum, eigeltingense, riedlingensis, leisackerensis,
rueppellianus, and moernsheimensis (Schweigert 2007,
2015). Following the reasoning of Rauhut et al. (2018),
it is possible to estimate the approximate duration of this
timespan based on the assumption of Schweigert (2005),
who calculated an average ammonite horizon duration of
165,000 years. This leads to a temporal range for Ptero-
dactylus antiquus of roughly one million years. The unique
taxonomic composition of the vertebrate fauna from Paint-
en (at least on an alpha-taxonomic level) might be related
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to the relatively old geological age of the deposits or, al-
ternatively, to the particular palacogeographic or palaco-
ecological characteristics of the Painten basin (‘Paintener
Wanne’). Ultimately, this could also explain the somewhat
unusual ontogenetic age of the Pterodactylus specimen
described here (see above). However, for the time being,
the exact reasons for the distinctiveness of the vertebrate
assemblage from Painten cannot be resolved conclusive-
ly, as much of the material from there still awaits detailed
study. In general, this paper highlights the potential of the
Plattenkalk deposits from Painten for yielding important
new insights into the vertebrate fauna of the Solnhofen Ar-
chipelago but, at the same time, it also illustrates the im-
portance of future work regarding the material.
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