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Lepidotes bernissartensis is a species of holostean ray-finned fish from the Barremian—Aptian of Bernissart, Belgium,
described by Traquair in 1911. We provide here a revision of its anatomy, which led us to include this species in the
genus Scheenstia, and to consider L. brevifulcratus and L. arcuatus, both from the same site, synonymous with S.
bernissartensis. We performed two cladistic analyses in order to assess the phylogenetic position of S. bernissartensis
and to do an updated appraisal of the evolutionary history of the ginglymodians. Scheenstia is included in the
Lepidotidae, and placed in a pectinated position between the basal genus Lepidotes and the more derived members of
the family (other species of Scheenstia, Isanichthys and Camerichthys). The nodes within the lepidotids are weakly
supported. Although S. bernissartensis is not directly related to S. mantelli from the Wealden of Europe, the two species
have similar palaecoenvironments and stratigraphical ranges. Taken as a whole, the ginglymodians experienced several
episodes of diversification that are spatially and temporally restricted. The oldest episode involved basal ginglymodians
and occurred in the Middle Triassic, in marine environments along the northern margin of the Tethys. A second episode
affected the Semionotidae and occurred in freshwater environments of North America and Europe in the Late Triassic
and Early Jurassic. The remaining Semionotiformes, Macrosemiidae and Callipurbeckidae, ranged from the Triassic to
the Early Cretaceous and were mostly marine. Among the Lepisosteiformes, two clades, the Lepidotidae and the
Lepisosteoidi, show episodes of diversification, first in marine and then in freshwater environments.

Keywords: Lepisosteiformes; Lepidotidae; osteology; cladistic analysis; evolutionary history

assemblage, but the revision of the ‘Lepidotes’ species
from this site was still pending. Traquair (1911) recog-
nized three species of Lepidotes in the Bernissart site, L.
bernissartensis, L. brevifulcratus and L. arcuatus.

The genus Lepidotes was used for a long time as a

Introduction

Bernissart is a former coal-mining village in western
Belgium, situated less than 1km from the Franco-
Belgian frontier (Fig. 1A, B). In 1878, the Sainte-Barbe

mine shaft started to produce one of the greatest palae-
ontological discoveries of all times: more than 20 com-
plete articulated skeletons and several incomplete
specimens of the dinosaur /guanodon along with numer-
ous remains of plants, crocodiles, turtles, rare amphib-
ians, insects and about 3000 actinopterygians. Godefroit
et al. (2012) documented the historical background of
this discovery. In a detailed monograph, the actinoptery-
gians were studied by Traquair (1911), who identified
11 genera. Further studies by Gaudant (1966), Taverne
(1981, 1982, 1999), Grande & Bemis (1998), Poyato-
Ariza & Wenz (2004) and Olive et al. (2017, 2019)
revised some of the ray-finned taxa from the Bernissart

wastebasket taxon containing several tens of species,
mostly from the Jurassic and Cretaceous, poorly charac-
terized by general features, such as thick rhomboid
scales and, for most of the species, by semi-tritorial or
strongly tritorial dentition. For two decades, several
studies have revised species traditionally referred to
Lepidotes and species related to the other wastebasket
genus Semionotus, as well as other ‘semionotiform’ taxa
mostly from Europe (Wenz 2003; Lopez-Arbarello
2008, 2012; Loépez-Arbarello & Sferco 2011; Lopez-
Arbarello & Wencker 2016; Ldpez-Arbarello et al.
2019), but also form North America (Gibson 2013) and
South America (Wenz & Brito 1996; Gallo & Brito
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Figure 1. Location and geological framework of the Bernissart locality. A, location of Belgium in Western Europe. B, location of
Bernissart within Belgium. C, location of Bernissart within the Mons Basin, from Baele er al. 2012b. D, cross-section of the
Bernissart area showing the geological setting of the Iguanodon Sinkhole, from Baele et al. 2012b, who adapted the figure from
Delmer & Van Wichelen 1980. Abbreviation: Lux., Luxemburg.
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2004; Lopez-Arbarello & Codornit 2007; Lins de Paiva
& Gallo 2018). In parallel, the discovery of new mater-
ial has allowed the recognition of new taxa related to
Lepidotes and Semionotus, in particular from the
Triassic of Europe (Tintori & Lombardo 2007) and
China (Lopez-Arbarello et al. 2011; Wen et al. 2011,
Xu & Wu 2011; Sun & Ni 2017; Xu et al. 2018), from
the Early Cretaceous of Mexico (Lopez-Arbarello &
Alvarado-Ortega 2011), from the Late Jurassic—Early
Cretaceous of Southeast Asia (Cavin & Suteethorn
2006; Cavin et al. 2013, 2019; Deesri et al. 2014,
2016), and eventually from the Cretaceous of Africa
(Wenz 1999; Forey et al. 2011).

The systematic affinities of Lepidotes and Semionotus
have been discussed for a long time. Since the resurrec-
tion of Holostei by Grande (2010), most studies
resolved Semionotus, Lepidotes and related taxa as stem
gars (e.g. Cavin 2010). This clade, named Ginglymodi
by Grande (2010), was split in two clades by Ldpez-
Arbarello (2012): the Lepisosteiformes, which include
the extant gars and a series of genera from the Early
Jurassic to the present, and the Semionotiformes, which
include extinct Triassic to Cretaceous genera. This pat-
tern was then recovered in most subsequent studies.
Recently, the lepisosteiform clade was enriched by gen-
era closely related to modern gars discovered in the
Cretaceous of North America (Alvarado-Ortega et al.
2016) and South America (Wenz & Brito 1992; Grande
2010), in the Cretaceous of Africa (Cavin & Brito 2001;
Grande 2010) and, more surprisingly, in marine sedi-
ment of the Late Jurassic of Mexico (Brito et al. 2017).

The anatomical revision of ‘Lepidotes’ bernissarten-
sis, its inclusion in a phylogenetic framework and the
discussion of its position in the evolutionary history of
ginglymodians are proposed here.

Geological setting and locality

Geologically, Bernissart is situated in the north-western
part of the Mons Basin, an east-west synclinal structure
filled with Meso—Cenozoic deposits (Fig. 1C). Its sedi-
mentation started in a continental environment at the
beginning of the Cretaceous Period (during the so-called
Wealden) thanks to an active subsidence, mainly con-
trolled by intrastratal dissolution of deep evaporite beds
in the Mississippian (Carboniferous) basement. This led
to the creation of sinkholes, or natural pits, in various
parts of the basin (Spagna 2010; Quinif & Licour 2012).
When those natural pits reached the surface, after cross-
ing all the overlying deposits, they acted as a trap and
confined the sediment, fauna and flora present there at
that moment. At Bernissart, the fossil remains were

found in a lacustrine clay, which was defined as the
Sainte-Barbe Clays Formation (Cornet & Schmitz 1898;
Cornet 1927). The age of this formation was recently
determined based on palynologic data as late Late
Barremian to earliest Aptian (Yans ef al. 2006, 2012;
Dejax et al. 2007). The environment at the top of the
Iguanodon pit of Bernissart was formerly interpreted as
lacustrine (Van den Broeck 1898) or lacustrine to
swampy (Yans 2007; Schnyder et al. 2009; Spagna
2010; Spagna et al. 2012).

Fishes have so far been recovered in the Iguanodon
sinkhole through the lateral tunnel, starting at the
Sainte-Barbe mine shaft, at depth of —322 m (Fig. 1D).
They were mainly found concentrated with chelonians
and crocodiles in one or two bone beds (bone beds III
and/or IVb) but also found isolated within dinosaur
bone beds (I, II, IV and V) (Baele et al. 2012a).
Unfortunately, the information on the exact provenance
of these fossil fishes is lost because the specimens were
mixed up before labelling when brought to the surface.

Material and methods

The specimens were prepared at the beginning of twen-
tieth century and we have no record of the preparation
protocol at this time, but it was most probably done
mechanically. The general body outlines and the out-
lines of some of the skull bones are recognizable, but in
most specimens the ossifications are damaged and
poorly preserved, making recognition of the pattern of
the skull bones difficult.

The phylogenetic analysis of the relationships of
‘Lepidotes’ bernissartensis is based on the data matrix
of Cavin et al. (2019), which itself is based on the data
matrix of Sun & Ni (2017), ultimately based on that
built by Lopez-Arbarello (2012) and Cavin (2010), with
multiple subsequent additions and corrections (analysis
I). Based on new observations, some corrections of the
scoring have been made (i.e. Isanichthys palustris for
ch. 6(1), 35(0), 42(1) and 53(0); 1. lertboosi for ch.
14(3), 20(0), 37(0), 71(1); L. microrhis for ch. 6(0),
53(0), 56(0)).

Recently, in a new analysis which aimed at resolving
the phylogenetic relationships of a new basal ginglymo-
dian, Xu et al. (2018) built a large new data matrix
including characters of ginglymodians and haleco-
morphs. We also used this data matrix to run a phylo-
genetic analysis (analysis II).

Anatomical abbreviations. a.f.hm, articular facet of
the hyomandibula; Ang, angular; bpt, basipterygoid pro-
cess; Cha, anterior ceratohyal; Chp, posterior cera-
tohyal; Cl, cleithrum; Co, coronoid; D, dentary; Dpl,
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dermopalatine; Dplt, dermopalatine tooth; Dpt, dermop-
terotic; Dsp, dermosphenotic; Ecp, ectopterygoid; Es,
extrascapular; Fr, frontal; gr, groove; lo, infraorbital;
Iop, interopercle; (1), left; msc, mandibular sensory
canal; Op, opercle; Pa, parietal; Pcl, postcleithrum;
Pmx, premaxilla; Pmxt, premaxillary tooth; Pop, preop-
ercle; Psp, parasphenoid; Ptt, posttemporal; (r), right;
Scl, supracleithrum; Seo, supraorbital; Sob, suborbital;
Sop, subopercle; t, teeth; Vo, vomer.

Institutional abbreviation. IRSNB, Institut royal des
Sciences naturelles de Belgique, Brussels, Belgium.

Systematic palaeontology

Holostei Miiller, 1844 (sensu Grande 2010)
Ginglymodi Cope, 1872 (sensu Grande 2010)
Lepisosteiformes Hay, 1929 (sensu Lopez-
Arbarello 2012)

Lepidotidae Owen, 1860
Scheenstia Lopez-Arbarello & Sferco, 2011
Scheenstia bernissartensis (Traquair, 1911)
(Figs 2-4)

1911 Lepidotus bernissartensis Traquair in Traquair: 16,
figs 4-7; pl. 11, figs 1-6.

1911 Lepidotus brevifulcratus Traquair in Traquair: 23,
fig. 8; pl. 111, figs 1, 2.

1911 Lepidotus arcuatus Traquair in Traquair: 25, fig. 9.

Lectotype. IRSNB P 1205 (Fig. 2A), a head without
lower jaw, with the pectoral girdle and the anterior part
of the body.

Referred specimens. IRSNB P 9942, IRSNB P 9943,
IRSNB P 9944, IRSNB P 9945, IRSNB vert 01680 —
00011, IRSNB P 1201 (‘Lepidotes brevifulcratus’),
IRSNB P 1202 (‘Lepidotes brevifulcratus’), IRSNB P
1205, IRSNB P 1207, IRSNB P 1208, IRSNB P 1210,
IRSNB P 1204 (‘Lepidotes arcuatus’).

Locality and horizon. Sainte-Barbe mine shaft, at a
depth of —322 m, Sainte-Barbe Clays Formation, late
Late Barremian to earliest Aptian.

Comparative emended diagnosis. Small- to medium-
sized Scheenstia with a proportionally deeper body than
S. mantelli; dorsal outline of the body more convex than
S. mantelli, reminiscent of S. zappi; frontal tapering
anteriorly, contrary to S. laevis and S. zappi; four or
five suborbitals, vs eight in S. mantelli, six in S. laevis
and S. zappi, and about 10 in S. maximus; dermal skull
roof bones with weak ornamentation and with few small
tubercles of ganoid, contrary to S. laevis; probably three
pairs of extrascapulars as in S. laevis, vs four in S.

mantelli and more than three in S. zappi; 22 predorsal
scale rows; dorsal fin composed of approximately four
basal fulcrae, 11 fringing fulcrae and 12 rays; anal fin
composed of approximately three basal fulcrae, more
than seven fringing fulcrae and nine rays; caudal fin
comprises around 5 dorsal and three ventral basal ful-
crae, nine dorsal fringing fulcrae and a maximum of
20 rays.

Description

The central part of the frontals, dermopterotics, dermos-
phenotics, supraorbitals and some infraorbitals bears
rare tubercles and grooves, with few small tubercles of
ganoid. Other parts of the dermal bones are smooth.

Skull roof

The frontal is elongated, approximately 3.5—4 times lon-
ger than wide and 2.5 times longer than the parietal.
The frontal slightly tapers anteriorly, has a notch at its
anterior extremity at the level of the exit of the supra-
orbital sensory canal and has a concavity along its lat-
eral margin at the level of the orbit (Figs 2G, H, 3D).
Its medial margin is straight along its anterior half and
forms a curve posteriorly (IRSNB 9943, IRSNB vert
01680-00011). The path of the supraorbital sensory
canal is marked by a series of pores extending from the
posterior limit of the lateral concavity (where it contacts
the infraorbital sensory canal) and running parallel to
the lateral margin of the bones. Posteriorly, two pores
indicate the path of the temporal canal leading to the
dermopterotic. The parietal is quadrangular, two times
longer than wide (Fig. 3B). Both parietals are never
completely visible together on the available material,
but the medial margin of visible parietals is not on the
midline of the skull, indicating that the two parietals are
asymmetrical. The parietal bears a deep, T-shaped
groove. The short bar of the T accommodated the anter-
ior pit line and the long bar, which extends onto the der-
mopterotic, accommodated the middle pit line. Close to
the anterolateral corner of the parietal, a large pore
opens, extending posteriorly into a groove, which prob-
ably corresponds to the parietal extension of the supra-
orbital sensory canal. The dermopterotic visible in
IRSNB P 1207 and IRSNB P 9943 (Fig. 2F, G, respect-
ively) is roughly quadrilateral, with its longest margin
along the parietal and the frontal, its shorter margin
anteriorly contacting the dermosphenotic, and two equal
margins contacting the suborbital and the preopercle lat-
erally and the extrascapular posteriorly. Two pores
along the anterolateral margin mark the path of the otic
sensory canal, and a large pore located above the
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Figure 2. Scheenstia bernissartensis. A-D, IRSNB P 1205, lectotype, photograph of the specimen (A) and interpretative drawing of
the skull (B); photograph (C) and interpretative drawing (D) of the palate in ventral view. E, F, IRSNB P 1207, photograph of the
specimen (E) and interpretative drawing of the skull (F). G, H, IRSNB P 9943, photographs in dorsal (G) and ventral (H) view.
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Figure 3. Scheenstia bernissartensis. A, B, IRSNB P 9944, photograph of the specimen (A) and interpretative drawing of the skull
(B). C, D, IRSNB P 1208, photograph of the specimen (C) and interpretative drawing of the skull (D).

extremity of the preopercle indicates the exit for the
connection with the preopercular sensory canal. The
nasal is unknown.

Cheek

The cheek is best preserved on IRSNB P 1205 (Fig. 2A, B),
but information from other specimens is also considered.
The circumorbital series is composed of a dermosphe-
notic, two supraorbitals (plus a small supplementary one
at least in IRSNB P 1205), two infraorbitals posterior to
the orbit (plus a small supplementary one at least in
IRSNB P 1205), two infraorbitals along the anteroventral
margin of the orbit and probably three infraorbitals anteri-
orly, without contact with the orbit (IRSNB vert 01680-
00011). The dermosphenotic is trapezoidal and deeper

than long. Both supraorbitals are longer than deep, with
their dorsal margin curved to fit the concavity of the
frontal. In IRSNB P1 205, the anteroventral corner of the
posterior supraorbital and the posteroventral corner of the
anterior supraorbital are excavated, thus forming a space
for a small supplementary supraorbital, deeper than long,
that shows no contact with the skull roof. The dorsal pos-
terior infraorbital is deeper than long, with a tapering dor-
sal extremity. The ventral posterior infraorbital is
quadrangular, longer than deep, and bears a groove along
its orbital margin marking the path of the infraorbital sen-
sory canal. Wedged between the two posterior infraorbi-
tals along the orbital margin is a small, rounded
supplementary infraorbital. A similar pattern is observed
in some specimens of Thaiichthys buddhabutrensis
(Cavin et al. 2013). Two other infraorbitals located along
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Figure 4. Scheenstia bernissartensis. A, B, IRSNB P 9942, photograph (A) and interpretative drawing (B) of the specimen. C, D,
IRSNB P 9945, photograph (C) and interpretative drawing (D) of the specimen.

the ventral margin of the orbit are visible laterally as pen-
tagonal ossifications bearing some traces of ornamenta-
tion. The anterior series of infraorbitals is preserved on a
few specimens only. In IRSNB vert 01680-00011, one
deep quadrangular infraorbital is preserved. It is preceded
and followed by the traces of two other, approximately
similar-shaped infraorbitals. This specimen shows frag-
ments of bone anterior to the infraorbital series that prob-
ably correspond to the antorbital. In IRSNB P 1205, four
suborbitals are aligned in a series between the infraorbital
bones and the preopercle (Fig. 2A, B). The dorsal-most
one is large and squarish. The one below is trapezoidal
and deeper than long, and occupies most of the depth of
the vertical limb of the preopercle. The following one
below is squarish and contacts the preopercle, and the
anteroventral-most one is smaller and quadrangular. In
IRSNB P 1207, the latter suborbital is much larger and tri-
angular in shape (Fig. 2E, F). In IRSNB P 9944, a small
quadrangular suborbital is wedged between the fourth one
and the ventral infraorbitals (Fig. 3A, B). It is unclear
whether this suborbital was present but shifted in IRSNB
P 1205, or if this situation corresponds to polymorphism

in this species. The cheek bones completely cover the sus-
pensorium. One specimen (IRSNB P 9944, Fig. 3A, B)
shows its cheek in medial view: five or six infraorbitals
are located ventrally to the orbit (it is unclear whether
there are more infraorbitals than in IRSNB P 1205
described above), and each one possesses a lamina that
extends ventrally. In medial view, the two most posterior
laminae extend ventroposteriorly and touch the preop-
ercle, indicating that the ventral parts of these infraorbitals
are likely located underneath the suborbitals visible in lat-
eral view. Consequently, one or two suborbitals appar-
ently rest above the hidden ventral expansions of the
infraorbitals, thus constituting two superimposed layers of
dermal bones in this part of the cheek. As far as we know,
this pattern is unknown in other ginglymodians. We can-
not exclude that this specimen (IRSNB P 9944) belongs
to a taxon different from S. bernissartensis, for instance a
Callipurbeckiidae (Lopez-Arbarello, pers. comm. 2019).
However, because of the poor preservation of the mater-
ial, we regard the pattern of the cheek bones with caution
in this specimen pending its confirmation with better pre-
served material. We consider it more parsimonious to
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include all the material in a single species, keeping in
mind that the unusual mode of preservation of IRSNB P
9944, showing the medial side of the ossification, makes
its interpretation problematic.

Jaws. Jaws are poorly preserved on the available
material. In IRSNB P 9942, a fragment of the premax-
illa is preserved showing part of the oral border with
the lowest part of the nasal process, but we cannot see
its development, or assess the possible presence of teeth
(Fig. 4A, B). In IRSNB P 1205, the premaxillae with
their teeth are certainly present, but their extent relative
to other tooth-bearing bones of the palate is unclear
(Fig. 2A, B). The maxilla is unknown. In IRSNB P
1208, the premaxilla is not preserved, but a tooth likely
corresponding to this bone is preserved (Fig. 3C, D). It
is pedicellate with a bulbous rounded cap. This speci-
men is also the only one which displays the lower jaw,
with the left lower jaw partially visible in lateral view.
The symphyseal region is low and the dentary bears
three pedicellate teeth, but more were likely present. A
few sensory pores of the mandibular canal are visible in
this region. Posteriorly, the angular is partly preserved
and forms part of a deep coronoid process. The right
lower jaw is visible in medial view and shows the den-
tary extending posteriorly as a ventral process that
almost reaches the posterior corner of the mandible.
Eight crushing coronoid teeth, broader and stronger than
the dentary teeth, form a patch on the lingual side of the
anterior portion of the mandible.

Ventral region of the braincase and
suspensorium

IRSNB P 9943 shows the dorsal part of the skull roof
in dorsal view on one side of the slab, while the speci-
men was prepared on the other side of the slab to reveal
part of the parasphenoid and the vomer (Fig. 2H). The
parasphenoid bears elongated and pointed basipterygoid
processes, and a small patch of teeth at the level of the
basipterygoid processes. The vomer bears 11 teeth, and
it is unclear whether the ossification is paired or
unpaired. The oral edentulous margin of the ectoptery-
goid is visible on IRSNB P 1205 (Fig. 2A, B). But the
more conspicuous elements are the dermopalatines,
which bear a patch of strong crushing teeth (IRSNB P
1205, Fig. 2C, D). It seems, based on IRSNB P 1208,
that the dermopalatine bears laterally a row of thinner
pedicellate teeth (Fig. 3C, D).

Opercular series

The two arms of the preopercle form an open angle
(IRSNB P 9945, Fig. 4C, D). The vertical limb is nar-
row, the bone broadens at the level of the posteroventral

corner and the horizontal limb is proportionally deep
before tapering at its anterior extremity. Six large pores
open along the horizontal arm (IRSNB P 1207, Fig. 2E,
F), plus there is a large pore at the anterior extremity
for the connection with the mandibular canal. The
opercle is approximately twice as deep as long, roughly
rectangular (Fig. 2A, B) although the posteroventral cor-
ner is poorly marked in some specimens (e.g. IRSNB P
1207, Fig. 2E, F). When rectangular, the longest part of
the bone is located ventrally. The subopercle is poorly
preserved on all specimens but it appears to have an
elongated anterodorsal process (IRSNB P 9945, Fig.
4C, D).

Pectoral girdle

The posttemporal is large, roughly triangular with
rounded angles and pierced by the lateral line. The ante-
roventral extremity formed a knob-like process (Fig.
2A, B). The supracleithrum is a large and roughly rect-
angular ossification, without a concave dorsal extremity.
The cleithrum is also well developed, with a ventral
limb forming a right angle with the vertical limb.
Several denticulated ridges are present at the base of the
vertical limb. At least two large postcleithra are present
posterior to the cleithrum.

Post-cranial skeleton

No complete specimens are available, and the caudal
part in particular is poorly known. The scales on the
flanks are deeper than long and finely serrated along
their posterior margin. There are 22 predorsal scale
rows and the maximum number of scales in a row is 23,
at the mid-level of the back. Other counts cannot be
made because of the incomplete state of preservation of
the specimens. The dorsal fin is composed of c¢. 4 basal
fulcrae, 11 fringing fulcrae (IRSNB P 1202) and 12 rays
(IRSNB P 1210), and the anal fin is composed of ¢. 3
basal fulcrae, more than seven fringing fulcrae (IRSNB
P 1202) and nine rays (IRSNB P 1210). The caudal fin
comprises approximately five dorsal and three ventral
basal fulcrae (IRSNB P 1202), nine dorsal fringing ful-
crae (indeterminate ventrally) and a maximum of 20
rays (IRSNB P 1210).

Discussion

Affinities

Traquair (1911) did not provide much information about
the cranial anatomy of Scheenstia bernissartensis. We
agree with his description of the skull bones (frontal,
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opercle, supraorbitals, etc.) and of the upper and lower
teeth, which are reminiscent of those of S. mantelli.

Traquair distinguished Lepidotes brevifulcratus from
L. bernissartensis on the basis of postcranial characters,
in particular the number, shape and orientation of the
fulcrae of unpaired fins. However, IRSNB P 1201 and P
1202 (Traquair 1911, pl. III, figs 1 and 2, respectively)
show the same number of basal and fringing fulcrae as
a specimen of S. bernissartensis, and the difference in
orientation and relative size is likely due to the general
position of the dorsal fin, which is more posteriorly
inclined in the specimens of L. brevifulcratus. Another
difference from S. bernissartensis is the supposedly
lower number of denticles on the posterior margin of
the scales. But, as Traquair pointed out himself, the
number and arrangement of these denticles are variable
within a specimen and between specimens of L. bernis-
sartensis, and we do not regard it as diagnostic.

Although Traquair did not provide specific characters
for L. arcuatus, the description indicates that the main
difference between this species and S. bernissartensis is
the occurrence of a median dorsal row of prominent
scales that becomes spiny posteriorly, but this feature is
related to the mode of preservation. Consequently, we
consider that a single species of ‘Lepidotes’ is present
in the site of Bernissart that should be included in the
genus Scheenstia, and that S. bernissartensis, L. brevi-
Sfulcratus and L. arcuatus should be regarded
as synonymous.

Traquair regarded S. bernissartensis and S. mantelli
as closely related (“espeéce voisines”, Traquair 1911, p.
61). Based on the description of S. mantelli by
Woodward (1916) and on personal observation (LC,
UD), S. bernissartensis differs by its smaller body size
and smoother ornamentation (which are not reliable spe-
cific characters), by small meristic differences (either
one or two rays in the dorsal and anal fins), and by
body proportion (S. bernissartensis has a deeper body).
Stronger diagnostic differences between the two species
are the number of suborbitals (four or five in S. bernis-
sartensis vs eight in S. mantelli), and the number of
extrascapulars (four pairs in S. mantelli and an uncertain
number in S. bernissartensis, but which was likely three
based on what is preserved in IRSNB P 1205 and on
the space available in IRSNB P 1207 — although, to be
cautious, this character was not coded in the cladistic
analysis). The structure of the scales (finely serrated
along their posterior margin) is similar in the two spe-
cies, and the number of predorsal scale rows and max-
imal number of scales in the longest row are the same
or very close (respectively 22 and 23).

This discussion makes clear that S. bernissartensis is
somehow related to S. mantelli. However, we performed

cladistic analyses in order to check whether the inclu-
sion of this species would have an impact on the top-
ology of the ginglymodian cladogram.

Phylogenetic analysis

Characters used in analyses I and II are distinguished in
the following text by ’ and ’’, respectively. In analysis
I, we obtained 654 most parsimonious trees, with a large
polytomy affecting Scheenstia spp., Isanichthys spp.,
Lanxangichthys alticephalus, Camerichthys lunae and
the genus Lepidotes. This situation is unsatisfactory as
the affected taxa are precisely those directly concerned
by the present study. We experimentally pruned terminal
taxa of lepidotids from the analysis to detect which one
has the strongest impact on its resolution. The removal
of Lanxangichthys alticephalus, a species known by a
single isolated head (Cavin et al. 2019), generated a
fully resolved topology of this clade. The new analysis |
(Fig. 5, left) found 54 most parsimonious trees (tree
length = 421; consistency index (CI) = 0.344; retention
index (RI) = 0.6809). The general pattern is very simi-
lar to the pattern obtained by Lodpez-Arbarello et al.
(2019) and Sun & Ni (2017), in particular with the rec-
ognition of the family Lepidotidae including
Isanichthys, Scheenstia, Camerichthys and Lepidotes.
The family was not recovered in Cavin et al. (2019),
while Lopez-Arbarello & Wencker (2016) recovered it,
but without Isanichthys. In analysis I, the Lepidotidae
node is supported by four synapomorphies (9°, 25°, 40°,
66’), among which S. bernissartensis shows the derived
state for two. One is the presence of one row of subor-
bitals, which extends anteriorly below the orbit (ch. 40,
state 1). Character state 1 is present in all terminal spe-
cies of this clade except in Isanichthys latifrons, which
has a mosaic of suborbitals. The other visible character
state is a large interopercle, approximately as long as
the ventral arm of the preopercle (ch. 66°, state 0), but
its distribution is very homoplasic (consistency index
(ci) = 0.167) among ginglymodians and poorly inform-
ative. Among Lepidotidae, the genus Lepidotes, includ-
ing here L. gigas and L. semiserratus, is supported by
four synapomorphies, which are all homoplastic within
ginglymodians. Among the Lepidotidae, excluding
Lepidotes, the basal-most species is Scheenstia bernis-
sartensis, which shares four character states with more
derived lepidotids. One of them visible in S. bernissar-
tensis is unambiguous and uniquely derived: the first
and last suborbitals are larger than the other suborbitals
(ch. 42°, visible in IRSNB P 1207, Fig. 2F). Two other
homoplastic and unambiguous synapomorphies support-
ing this clade are also visible in S. bernissartensis: the
presence of a knob-like anteroventral process on the
posttemporal (ch. 69°) and the presence of molariform
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teeth on coronoids, pterygoids or vomers (ch. 93°).
More derived than S. bernissartensis is S. zappi, the
type species of the genus, which is the sister clade to
the remaining lepidotids. This node is supported by two
homoplastic character states absent in S. bernissartensis:
the dermal bones of the skull are ornamented with
tubercles and ridges (ch. 17°, this character is possibly
age-related) and the ventral border of infraorbital series
flexes abruptly dorsally at the anterior margin of the
orbit (ch. 27’). The remaining lepidotids comprise
Isanichthys (with three species), sister to Camerichthys,
plus three Scheenstia species (S. maximus, S. laevi and
S. mantelli). Consequently, based on this topology,
Scheenstia is not a monophyletic genus. It should be
stressed, however, that the nodes in this part of the tree
are weakly supported, as exemplified by the distribution
of some characters. Among the four characters support-
ing the grouping of Camerichthys with the three
Scheenstia species, for instance, two are unknown in S.
zappi (ch. 4’ and 49’) and the other two are shared
between S. zappi and at least one of the three other
Scheenstia species (ch. 21’ and 31’). Camerichthys
lunae is a ginglymodian from the Tithonian—Berriasian
beds of the Matute Formation, Spain, which was ini-
tially included in the Semionotiformes (Bermudez-
Rochas & Poyato-Ariza (2015) and is located close to
Scheenstia in most recent analyses (LOpez-Arbarello &
Wencker 2016; Sun & Ni 2017; Cavin et al. 2019;
Lopez-Arbarello et al. 2019).

Based on analysis I, S. bernissartensis differs only
slightly from other species of the genus and notably
from S. mantelli as mentioned above, which is ecologic-
ally and stratigraphically a closely related species. Most
differences between these species concern characters
that might be size-dependent, such as the relative pos-
ition of the lower jaw articulation (ch. 14°), the orna-
mentation of the dermal bone (ch. 17°) and the relative
size of the basal fulcrac (ch. 75°). Other characters
unlikely related to size, but difficult in some way to
code, are the shape of the ectopterygoid (ch. 11°), the
shape of the antorbital portion of the frontal (ch. 22°),
the shape of the ventral border of the infraorbital series
at the anterior margin of the orbit (ch. 27’), the shape of
the infraorbital at the posterior border of the orbit (ch.
34’) and the relative sizes of the dermopterotic and par-
ietal (ch. 85”). Another potential difference between S.
mantelli and S. bernissartensis is the arrangement of
some of the infraorbitals, which in the latter species
extend ventrally underneath the suborbitals. But the dis-
position of this feature is unknown in most of the spe-
cies included in the analyses, and consequently was not
scored in the analyses. Although Scheenstia does not
appear to be monophyletic in analysis I, we do not
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Figure S. Left: analysis I, strict consensus tree of 54 most
parsimonious trees (tree length = 421; CI = 0.344; RI =
0.6809); right: analysis II, strict consensus tree of five most
parsimonious trees (tree length = 474; CI = 0.4873; RI =
0.7477). Abbreviation: Macro., Macrosemiidae.

propose to change the generic names of the Scheenstia
species, other than the type species S. zappi, pending
new analyses to confirm the pattern obtained here. In
particular, it will be important to decipher the relation-
ships between Camerichthys lunae and the Scheenstia
spp. because the sister clade of Camerichthys is not
always the same according to different studies.
Camerichthys is sister to the clade ([S. maximus S. lae-
vis] S. mantelli) in the present analysis, to S. zappi in
Lopez-Arbarello et al. (2019), and to a clade including
four Scheenstia species in Lopez-Arbarello & Wencker
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Figure 6. Time-scaled tree of the neopterygian crown group, with a focus on the ginglymodians based on analyses I and II, plus the
insertion of two terminal taxa (Herreraichthys and Nhanulepisosteus) based on other phylogenetic analyses. Continuous blue range,
marine occurrences; long-dotted green ranges, freshwater occurrences; short-dotted red ranges, occurrences from mixed (brackish)

environments.

(2016), Sun & Ni (2017) and Cavin et al. (2019).
Addressing this issue is beyond the scope of this article.
Analysis II (Fig. 5, right) found five most parsimoni-
ous trees (tree length = 474; CI 0.4873; RI
0.7477) with a topology of relationships of the species
common between the two matrices very congruent and
fully resolved, with the exception of a polytomy includ-
ing all Lepidotidae. In this analysis the Lepidotidae
comprise two species of Lepidotes (L. gigas and L.
semiserratus), Isanichthys palustris and S. bernissarten-
sis only, the other Lepidotidae of analysis I having not
been scored. In analysis II, the Lepidotidae is supported
by four homoplastic synapomorphies, among which
three are visible in S. bernissartensis: absence of contact
relationships of infraorbital bone at posteroventral corner
of orbit with preopercle (ch. 51”°, state 0), four or more
suborbitals (ch. 67, state 2) and suborbital bones
extend anteriorly below the orbit (ch. 69°’, state 1).

Evolutionary history of ginglymodians

Figure 6 is a time-scaled tree based on analyses I and II
produced here, to which we added Herreraichthys coa-
huilaensis from Santonian marine deposits, and
Nhanulepisosteus mexicanus from Late Jurassic marine
deposits, both from Mexico (Alvarado-Ortega et al.
2016; Brito et al. 2017). We placed both taxa in our
phylogeny on the basis of phylogenetic analyses avail-
able in Alvaredo-Ortega et al. (2016), ie.
Herreraichthys as a Lepisosteini, and in Brito et al.
(2017), i.e. Nhanulepisosteus as the basal-most
Lepisosteidae.

The general pattern of the evolutionary history of gin-
glymodians indicates that the first diversification within
the clade occurred in a marine environment during the
Early—Middle Triassic, with most of the fossils found in
the Middle Triassic. Representatives of this diversifica-
tion occurred mostly along the northern margin of the
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Tethys, i.e. South China and Europe. After this diversifi-
cation, two clades split, i.e. the Semionotiformes and
the Lepisosteiformes. Among Semionotiformes, the
Semionotidae (Semionotus and Lophionotus) radiated in
freshwater in Europe and North Africa during the Late
Triassic and the Early Jurassic (with the production of
species flocks for the S. elegans group; McCune 1996).
The Macrosemiidae and the Callipurbeckiidae diversi-
fied in marine environments during the Late Triassic up
to the late Early Cretaceous, except a single species,
Callipurbeckia minor, found in the Purbeck facies. The
recent revision of the genus Eosemionotus by
Lopez-Arbarello et al. (2019) indicates that marine mac-
rosemiids had already radiated in European marine envi-
ronments during the Middle Triassic (not shown in Fig.
6). The Lepisosteiformes show a first diversification
with the Lepidotidae, firstly with marine forms in the
Early Jurassic (Lepidotes) and then in marine, brackish
and freshwater environments. The pattern is still unclear
because we observed a mix of species from various
environments in Europe (four Scheenstia species
and Camerichthys) and from freshwater environments
in Southeast Asia (two species of Isanichthys). The
remaining  Lepisosteiformes,  the  Lepisosteoidi,
diversified in fresh waters of Asia (Thaiichthys)
and fresh and brackish waters of Western
Gondwana (Araripelepidotes, Pliodetes, Obaichthyidae).
Surprisingly, the oldest and basal-most Lepisosteidae
occurred in a marine environment (Nhanulepisosteus),
while most representatives occurred in freshwater envi-
ronments, with the exception of Herreraichthys.

In this scheme, some taxa are difficult to integrate.
This is the case for Lepidohyas and Neosemionotus. The
former is resolved as a basal Semionotiformes (Cavin
et al. 2019; present study) or as a basal
Lepisosteiformes (Cavin 2010), and the latter is simi-
larly resolved as a basal Lepisosteiformes (Cavin 2010;
Sun & Ni 2017; present study) or as a Dbasal
Semionotiformes (Cavin et al. 2019; Lépez-Arbarello
et al. 2019). Interestingly, Lins de Paiva & Gallo (2018)
found these two taxa to form a clade with
Quasimodichthys and Hoyasotes, two genera that are not
included in the present analysis. In Lins de Paiva and
Gallo’s study, however, the Lepidotidae are not recov-
ered: Scheenstia spp. and Lepidotes spp. are found in a
pectinated position at the base of the Lepisosteiformes.
Lépez-Arbarello et al. (2019) found Neosemionotus to
be closely related to Lophionotus, forming a clade of
freshwater taxa. These phylogenetically labile genera
(Quasimodichthys, Neosemionotus, Hoyasotes,
Lepidohyas) indicate how fragile the phylogenetic rela-
tionships are at the base of the Semionotiformes and
Lepisosteiformes clades, although the composition of

the more derived taxa in these clades is regularly recov-
ered in most recent analyses.

Conclusions

The new description of the ginglymodian from
Bernissart allows its inclusion in the genus Scheenstia.
No significant differences among the three species ori-
ginally recognized at this site are observed here, and a
single species, S. bernissartensis, is retained. As already
noted by Traquair in 1911, S. bernissartensis shows
similarities to S. mantelli, although the two species are
not directly related in the cladistic analysis. The rela-
tionships among the four Scheenstia species,
Camerichthys and Isanichthys (and Lanxangichthys,
which is not included in the present study) should still
be confirmed. Scheenstia mantelli is the commonest spe-
cies of this clade, and is the species with the most simi-
lar palaeoecology and stratigraphical range to
S. bernissartensis. It was recognized in the British
Upper Purbeck (Berriasian?) and in the Wealden Group
(Berriasian to Aptian), in the Obnerkirchen Member of
the Germanic Wealden (Late Berriasian) (Hornung et al.
2012) and in the Berriasian of Cherves-de-Cognac,
France (Pouech et al. 2015). Thus, this species was dis-
tributed over a large part of Europe during the first part
of the Early Cretaceous, and it is not surprising that a
related species is present in the Barremian—Aptian
in Belgium.

The phylogeny of the ginglymodians is becoming pro-
gressively more complete and better resolved. Bones of
contention concern the relationships of the taxa at the
base of otherwise well-defined clades, i.e. the basal-
most ginglymodians, the basal-most Semionotiformes
and the basal-most Lepisosteiformes. The Lepidotidae is
a family regularly found in recent analyses. However,
the composition of the clade and its intra-relationships
are weakly supported. The task of resolving this issue
should be conducted by describing and re-describing the
existing taxa, but also by better defining the characters
used in the cladistic analyses.

The ginglymodians form a large clade of ray-finned
fishes present during the whole Mesozoic, with a single
clade extending through the Cenozoic up to the Recent
(the Lepisosteidae). Within the Lepisosteiformes a gen-
eral shift from marine towards freshwater environments
is observed during the evolution of several clades (gin-
glymodians as a whole, lepidotids, lepisosteiforms). A
similar trend, i.e. shifts of habitats from marine to fresh-
water environments, was observed in various actino-
pterygian clades during the Late Jurassic—Paleocene
time interval (Guinot & Cavin 2018). In the
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ginglymodians, however, this general trend suffers
exceptions, with the marine Nhanulepisosteus and
Herreraichthys among the brackish and freshwater
Lepisosteids.
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