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Abstract

Lauraceae have one of the oldest fossil records of angiosperms with the earliest known evidence from the mid-Cretaceous. However,
most of these records are based on leaves, especially from the Cenozoic of Asia, which are often challenging to assign to extinct or
extant genera or species. In contrast, fossils of reproductive organs are more informative, but remain scarce. We here described the
first Cenozoic Lauraceae flower of Asia and confirmed the presence of Cryptocarya in the Miocene Zhangpu flora (Fujian Province,
south-eastern China) based on an amber inclusion. We scanned the specimen using synchrotron radiation-based micro-computed
tomography (SRuCT) and then compared the fossil with extant flowers of the genus. The present fossil flower is small, bisexual,
and polysymmetric, with a whorled and trimerous perianth and androecium along with a hypanthium around the gynoecium. The
perianth comprises six undifferentiated tepals, the androecium consists of nine stamens and three innermost staminodes, and the
gynoecium of a single carpel with a superior, unilocular (and uniovulate) ovary. Our study also shows that the fossil shares an
unusual position of the typical staminal glands and a short androecial tube on the rim of the hypanthium with at least one extant
Australian species of Cryptocarya, which have not been reported before. Nowadays, Lauraceae are still present in tropical to sub-
tropical regions, mostly in American and Asian rainforests. The discovery of many Lauraceae leaf fossils in Zhangpu, as well as the
amber flower of this study, is consistent with the current reconstruction of the amber source environment as a megathermal seasonal
rainforest during the Mid-Miocene.

Key Words

Angiosperm, Cenozoic, palacobotany, synchrotron X-ray tomography, 3D reconstruction

Introduction comprise crops and spices, such as avocado, cloves

and cinnamon (Rohwer 1993). This family has a vast

The Lauraceae are one of the most species rich fami-
lies of Magnoliidae, with worldwide ecological and
economic importance. Some taxa are key ecosystem
components, especially in Asian and American trop-
ical lowland and montane forests. Lauraceae also

meso- to megafossil record, mostly consisting of leaves
from all over the world (Friis et al. 2011). Lauraceous
leaves are notoriously difficult to assign to species but
also to generic level, as key features are widespread
across extinct and extant taxa and geographical areas

Copyright Simon Beurel 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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(Hill 1986; Christophel et al. 1996). In contrast, fossil
fruits and flowers show more diagnostic features than
leaves and are particularly valuable for generic or even
species level identification (Rohwer 1993). Such repro-
ductive structures are nevertheless rare, as they are not
often preserved in the sedimentary fossil record (Friis
et al. 2011).

The oldest currently known lauraceous fossil flower
stems are from the Early Cretaceous Puddledock
locality (von Balthazar et al. 2007). Additionally, fossils
of lauraceous origin from North America (Drinnan
et al. 1990; Friis et al. 2011), Europe (Kvacek 1992;
Eklund and Kvacek 1998; Kvacek and Eklund 2003;
Viehofen et al. 2008; Coiffard et al. 2009; Moreau et
al. 2016) and South Asia (Poinar 2017) show that early
members of the family were already widely distributed
and diverse by the mid-Cretaceous. In Asia, the earliest
Lauraceae fossil records date back to the Cenomanian
with a flower inclusion of Cascolaurus burmitis Poinar
in Burmese amber (Poinar 2017) and inflorescences
and flowers of Mauldinia hirsuta Frumin, Eklund and
Friis from Kazakhstan (Frumin et al. 2004). Additional
Cretaceous fossils include flowers from the Coniacian
of Japan (Takahashi et al. 1999, 2001, 2014). However,
molecular clock study infers that diversification of
modern Lauraceae in Asia is more recent, and probably
took place during the early Cenozoic (Chanderbali et
al. 2001). This is supported by the large fossil leaves
record, mostly from China (e.g. Hu et al. 2007; Jacques
et al. 2011; Sun et al. 2011; Shi et al. 2014c; Huang
et al. 2016; Wang et al. 2019; Wang et al. 2021), but
fossil flowers from this time period remain scarce.
Therefore, the discovery of additional Cenozoic laura-
ceous reproductive organs is particularly interesting to
gain more insight into the evolution and diversification
of Lauraceae.

In this paper, we aim to describe a new fossil flower
of Lauraceae from Chinese Miocene Zhangpu amber
by using non-destructive X-ray imaging techniques.
We noticed similarities, such as an the unusual position
of the staminal glands and an androecial tube, with an
extant member of Cryptocarya R. Br. from Australia, and
discuss the significance of the oldest unambiguous fossil
of the genus in the Miocene Zhangpu flora.

Material and methods

The amber specimen derives from the Zhangpu amber
deposit of the Fotan Group, in Zhangpu County (Fujian
province, SE China; see detailed map in Wang et al. 2021:
fig. 1). The group is formed by sedimentary layers of
conglomerates, sandstone and mudstone alternating with
layers of basaltic rocks (Zheng and Wang 1994; Wang
et al. 2021). Plant macro-remains are commonly found
co-occurring with the amber in the same layers of blue-
grey mudstone with lignite and diatomite (Wang et al.
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2021). Based on the “°Ar/**Ar dating of the basaltic units
associated the fossil layers, the age of the amber has been
well constrained at 14.8 = 0.6 Ma to 14.7 + 0.4 Ma, corre-
sponding to the Langhian stage of the Middle Miocene
(Ho et al. 2003; Zheng et al. 2019; Wang et al. 2021). This
is consistent with the previous palynological studies of
the Fotan Group (Zheng and Wang 1994). The terpenoid
composition of Zhangpu amber indicates that it derived
from the tropical Dipterocarpaceae. Additionally, fossil-
ized winged fruits with affinities to this angiosperm
family were found in the same deposit (Shi and Li 2010;
Shi et al. 2014a, b). The amber piece was deposited in
the palaeobotanical collections of the Nanjing Institute
of Geology and Palaeontology, Chinese Academy of
Sciences in China (NIGPAS) under the collection number
PB21525.

Separation of the fossil flower from other syninclu-
sions in the same amber piece was achieved by using
the sawing machine ALGE. Then, the piece containing
the fossil was ground and polished with a LaboPol-25
machine (Struers, Sarasota, Florida, USA) using wet
silicon polishing papers with successively finer grit
sizes (250 to 4000 nm, Struers) to create even surfaces
parallel to the inclusion (see Sadowski et al. 2021
for details).

The amber specimen was studied under a Carl Zeiss
AxioScope Al compound microscope (Carl Zeiss,
Oberkochen, Germany), using incident and transmitted
light simultaneously. Images were taken with a Canon
EOS 80D digital camera (Canon, Tokyo, Japan) that was
mounted on the microscope. To accommodate the three-di-
mensionality of the inclusion, 65 single photographs were
taken and then digitally stacked to a composite image, by
applying the HeliconFocus 7.7 software.

Imaging of the flower inclusion was performed
using synchrotron-radiation based X-ray microto-
mography (SRuCT) at beamline P05 of the storage
ring PETRA III (Deutsches Elektronen-Synchrotron,
DESY, Hamburg, Germany) that is operated by
Helmholtz-Zentrum Hereon (Haibel et al. 2010;
Greving et al. 2014; Wilde et al. 2016). The amber
piece was mounted on a sample-stub with beeswax and
imaged using an attenuation contrast setup (Greving et
al. 2014). The specimen was scanned using a commer-
cial CMOS camera system with an effective pixel size
of 0.45 pm, a sample to detector distance of 75 mm
and a photon energy of 18 keV. A total of 3501 projec-
tions were recorded for the tomographic scan, at equal
intervals between 0 and m. A transport of intensity
phase retrieval approach and a filtered back projection
was used to perform the tomographic reconstruction
implemented with the Astra Toolbox (Palenstijn et al.
2011; van Aarle et al. 2015, 2016) and Matlab (Math-
Works), integrated in a bespoke reconstruction pipeline
(Moosmann et al. 2014). Raw projections were binned
twice during processing, resulting in an effective voxel
size of 0.91 um for the reconstructed volume.
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The size of the resulting tomographic images was
decreased from 32-bit floating point data to 16-bit,
by applying Imagel] 1.52 (Wayne Rasband, National
Institutes of Health, Bethesda, Maryland, USA). The
software Volume Graphics Studio Max, version 3.4
(Volume Graphics, Heidelberg, Germany) was used to
complete the segmentation, 3D reconstructions, and
length measurements.

We additionally examined flowers of some extant
species of Cryptocarya from the Oceanic region, including
one from Australia (originally C. hypotephra F. Muell.,
now C. vulgaris B. Hyland; MB.Pb.HB.00569 [Schrader
Herbarium (BHUPM), Museum fiir Naturkunde Berlin
(M1fN)]), and four from New Caledonia (C. adpressa
Munzinger & McPherson [Munzinger et al. 5832, P, Type
specimen], C. aristata Kosterm. [Munzinger et al. 5866,
P], C. cf. odorata Guillaumin [Munzinger (leg. Waikedre)
6716, MPU], and Vanuatu (C. wilsonii Guillaumin
[Munzinger & Bruy 8232], NOU). Each flower sample
was mounted on a specimen holder to facilitate microCT
scanning with a Phoenix X-ray Nanotom at the MfN.
The scans comprised 1440 to 2000 projections and were
conducted using the following settings: voltage = 80 to
100 kV, current = 75 to 100 pA, exposure time = 0.75 to
1 s, average = 3 to 6, skip = | and isotropic resolution =
1.64 to 3.6 pm.

Data resources

Supplementary data including SRuCT videos, 3D models
of the Cryptocarya flower inclusion and of extant flowers
of the genus are available here: https://doi.org/10.7479/
pzxg-2x16.

Results

Systematic palaeontology

Order Laurales Juss. ex Bercht. & J. Presl, 1820
Family Lauraceae Juss. 1789
Genus Cryptocarya R. Br., 1810

Cryptocarya sp.
Figs 1,2

Specimen studied. PB21525. Nanjing Institute of
Geology and Palaecontology, Chinese Academy of
Sciences in China (NIGPAS).

Locality. Zhangpu County, Fujian Province, China.

Horizon and age. Middle part of the Fotan Group,
Langhian (ca. 14.7-14.8 Ma), Middle Miocene.

Description. The flower is 3.11 mm long and 1.66 mm
wide (without the pedicel, not preserved) (Fig. 1A, B). It
is perfect, polysymmetric, and comprises six tepals, nine
stamens, and three staminodes, which are arranged in six

trimerous and alternate whorls around the gynoecium
(Fig. 1C-Q). It is also perigynous with a hypanthium
(1.71 mm long and 0.60 mm wide) that encloses the
superior ovary and lowest third of the style entirely
(Fig. 1D). The position of perianth organs forming a
narrow opening and of the apical flaps still covering
the pollen sacs suggest a late pre-anthetic stage or early
(female) anthetic phase.

The tepal lobes (1.72-2.04 mm long and 0.66—1.05 mm
wide) are free and arranged in an outer and inner whorl,
and share a similar narrowly ovate to elliptic shape and an
acute tip (Fig. 1A, B).

All stamens are shorter than the tepals in length and
have basifixed anthers with unilocular thecae opening
by two slightly lobed to flattened apically attached or
hinged flaps (Figs |C-E, 2A, C). Stamens of the first and
second whorls have introrse, ovate and incurved anthers
(ca. 0.57-0.68 mm long and 0.40-0.50 mm wide).
Their filaments are adnate to a tepal lobe (Fig. 1F) and
distinctly shorter than their anthers (ca. 0.25-0.48 mm
long and 0.08-0.11 mm wide). Three pairs of large
glands are inserted on the hypanthium rim, between
the united bases of the tepals and filaments (Fig. 1D).
These glands are formed by a subglobose distal part
(ca. 0.34-0.56 mm long and 0.29-0.38 mm wide) and
a long stalk (ca. 0.31-0.40 mm long and 0.09-0.12 mm
wide; Figs 1D, F, 2B). Stamens of the third whorl have
latero-extrorse, erect and narrow anthers (ca. 0.68—0.75
mm long and 0.37-0.39 mm wide). The filaments are
just about as long as their anthers (ca. 0.64—0.74 mm
long and 0.09-0.14 mm wide) and their bases form,
together with those of the staminodes, a short staminal
tube projecting beyond the rim of the hypanthium (ca.
0.13 mm long and 0.45 mm wide; Figs 1D, G, 2C). The
staminodes have a sagittate (triangular-ovate and acum-
inate) sterile anther and a short and stout filament (ca.
0.60—0.65 mm long and 0.38-0.40 mm wide and 0.31—
0.41 mm long and 0.15 mm wide respectively; Figs 1D,
F-G, 20).

The gynoecium consists of a single carpel (ca. 2.03 mm
long). The slender superior ovary (1.22 mm long and
0.18 mm wide) is entirely enclosed in the hypanthium.
The style (ca. 0.81 mm long and 0.14 mm wide) ends
in an inconspicuous stigma (Fig. 1D). The ovary has a
single locule and an apical pendulous ovule (ca. 0.71 mm
long and 0.16 mm wide).

The flower is densely pubescent with appressed simple
acute trichomes covering all organs, except for the inner
surface of the distal part of the hypanthium, the fertile and
sterile anthers and the gynoecium (Fig. 1).

Syninclusions

The specimen contains inclusions of two Tetramorium
and five Carebara ants (Formicidae), one Collembola,
two Chironomidae, and wood fragments.

fr.pensoft.net
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Figure 1. Cryptocarya fossil flower from Miocene Zhangpu amber, PB21525. A. Overview of the flower inclusion, taken under
the light microscope; B-D. Virtual 3D reconstruction from segmented SRuCT data; B. Overall flower; C. Cross section; D. Longi-
tudinal section; E-G SRuCT cross-sections, indicated in D and arranged from top to bottom; E. Bilocular anthers with two valves
and laterally fused pollen sacs (septa indicated by white arrowheads); F. Style, staminodes, glands, and the filaments of the fertile
stamens adnate to a tepal lobe; G. Short staminal tube resulting from the fusion of the third whorl of stamens with the whorl of
staminodes. Perianth — grey; Stamens of the first whorl — red; Stamens of the second whorl — orange; Stamens of the third whorl —
beige; Anther valves — white; Staminal glands — pink; Staminodes — yellow; Gynoecium — purple; Ovule — blue. Scale bars: 0.5 mm
(A-D); 0.4 mm (E-F); 0.3 mm (G).
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Figure 2. Androecium of the Cryptocarya flower from Miocene Zhangpu amber, PB21525. A. Stamens of the first and second
whorl; B. Staminal glands; C. Stamens of the third whorl fused with the staminodes at the base of the filaments, forming a short

staminal tube. Stamen of the first whorl — red; Stamen of the second whorl — orange; Stamens of the third whorl — beige; Anther

valves — white; Staminal glands — pink; Staminodes — yellow. Scale bars: 0.2 mm (A); 0.3 mm (B-C).

Discussion
Systematic affinity

Our non-invasive and non-destructive approach shows
that our fossil flower exhibits essentially the same
Bauplan as most extant Lauraceae, with two trimerous
whorls of tepals, followed by three trimerous whorls
of fertile stamens and an innermost trimerous whorl of
staminodes, and a unicarpellate gynoecium. In addition,
like in all Lauraceae, the anthers are unmistakingly
valvate with apical flaps, and the single ovary is supe-
rior and unilocular with one apical ovule (Rohwer 1993;
van der Werff 2001; Li et al. 2008a; Simpson 2010).
The bithecal anthers also exhibit a bilocular structure
with septal remains in some thecae. However, whether
lateral fusion of the two pollen sacs happened before
anthesis or earlier is unclear, but such anthers may
have evolved multiple times in Lauraceae, with inter-
mediate forms observed in several genera (Rohwer
1994). According to Rohwer (1993), bilocular anthers
most likely originated in Lauraceae from the reduc-
tion of the upper or lower pollen sac(s) but may also
have been formed by the lateral fusion of the pair of
pollen sacs, which is a synapomorphy of the “larger
part of the Cryptocarya group” that contains at least the
genera Cryptocarya, Beilschmiedia Nees, Endiandra
R. Br., Aspidostemon Rohwer & H.G. Richt., Potameia
Thouars, Eusideroxylon Teijsm, & Binn., Potoxylon
Kosterm., Dahlgrenodendron J.J.M. van der Merwe &
A. E. van Wyk, Sinopora J. Li, N.-H. Xia & H.W. Li,
Triadodaphne Kosterm. and Yasunia van der Werff
(Rohwer et al. 2014).

Within this group, the fossil flower exhibits a combi-
nation of distinctive features with members of the extant
genus Cryptocarya, including six tepals, nine stamens
that are all fertile and a deep hypanthium entirely encom-
passing the ovary (Fig. 3; van der Werff 1991, 2001;
Rohwer 1993; Moraes 2007; Li et al. 2008D).

Extant Cryptocarya flowers are small (about 3—5 mm,
Fig. 3), actinomorphic, bisexual and perigynous. The
perianth also consists of six tepals arranged in an outer
and inner whorl usually of similar size and shape. The
androecium comprises three whorls with three fertile
stamens and an innermost whorl of staminodes. The
first and second whorl of stamens have introrse anthers,
while the ones of the third whorl can be extrorse, lateral
or rarely introrse (Kostermans 1937; Moraes 2007). The
stamen filaments are inserted on the rim of the hypan-
thium, each close or connected to the base of a tepal. In
addition, stamens of the first/second or third whorl bear
a pair of glands, distant or adnate to the base of their fila-
ment (Fig. 3G; Hyland 1989; Moraes 2007). A fourth
whorl of conspicuous, sagittate staminodes also occurs in
the flowers. The style is long and the stigma is small or
inconspicuous (Kostermans 1937; Moraes 2007).

Position of glands and staminal tube in
Cryptocarya

Androecial characters are highly variable among extant
Lauraceae and may also vary within genera. In most cases,
the pairs of staminal glands are connected to or born on
the filament bases of the third whorl of stamens (Rohwer
1993). However, they can also occur on the outermost

fr.pensoft.net



6 Simon Beurel et al.: Cryptocarya flower from Miocene Zhangpu amber

Figure 3. Extant Cryptocarya vulgaris flower from Australia, MB.Pb.HB.00569. A. Overview of a flower, taken under the light
microscope; B-D. Virtual 3D reconstruction from segmented microCT data; B. Overall flower; C. Cross section; D. Longitudinal
section; E-G. microCT cross-sections, indicated in D and arranged from top to bottom; E. Immature bilocular anthers of the androe-
cium and the bilobed stigma; F. Style, staminodes, glands, and filaments of the fertile stamens; G. Staminal tube resulting from the
fusion of the third whorl of stamens with the whorl of staminodes; note the glands inserted at the division point of the tepal lobes.
Perianth — grey; Stamens of the first whorl — red; Stamens of the second whorl — orange; Stamens of the third whorl — beige; Stami-
nal glands — pink; Staminodes — yellow; Gynoecium — purple; Ovule — blue. Scale bars: 0.4 mm (A-D); 0.3 mm (E-G).
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androecial whorl such as in Rhodostemonodaphne
Rohwer and Kubitzki, Urbanodendron Mez,
Chlorocardium Rohwer, Richter and van der Werff,
and Brassiodendron C.K. Allen (Rohwer 1993). Also,
in some extant representatives of Cryptocarya from
Australia and South America, the paired staminal glands
are associated with the two outer whorls of stamens or
rather distant from the filaments (in C. brassii C.K. Allen,
C. grandis B. Hyland, C. pleurosperma C.T. White and
W.D. Francis, C. putida B. Hyland, C. vulgaris in Hyland
1989; C. moschata Nees and Martius, C. guianensis
Meisner, C. riedeliana P.L.R. Moraes in Moraes 2007).
As in some of these extant species, the staminal glands
of our Cryptocarya fossil flower are free from the fila-
ment and inserted towards the distal end of the floral cup
(Fig. 1D). However, it is often unclear in the literature
and in our material which whorl the glands are associ-
ated with. For instance, we observed in the herbarium
specimen C. vulgaris (MB.Pb.HB.00569) that they are
inserted at the division point of the tepal lobes (Fig. 3G)
whereas Hyland (1989) associates the glands with the
first whorl of stamens (fig. 37G).

In the fossil flower from Zhangpu, as well as in
the herbarium flowers of Cryptocarya vulgaris (MB.
Pb.HB.00569), the filaments of the third stamen whorl
are similarly fused with those of the staminodes whorl
(Figs 1G, 2C, 3G), forming a short staminal tube
extending beyond the rim of the hypanthium. Judging
from flowering stage, the staminal tube in the fossil is
less prominent than in the extant specimen. In addition,
the tube observed in extant Cryptocarya flowers is more
defined when the flower is less mature, suggesting that,
depending on the developmental stage of the specimen,
a staminal tube is only temporarily present in the early
development of some Cryptocarya flowers. They can
thus be superficially different in older stages and prevent
a detailed comparison with classic descriptions of fully
developed flowers in the literature. These morphological
variations should be considered in future morphological
studies of the genus.

The glands and the staminal tube are distinctive in the
herbarium flower (MB.Pb.HB.00569) and in the fossil.
However, such a staminal tube elaborated only by the third
and fourth androecium whorls has, to our knowledge,
never been pictured or mentioned before in Lauraceae.
Similarly, pairs of staminal glands on different whorls
were also only occasionally depicted (Hyland 1989,
figs 13G, 21G, 311, 32G, 37G; Moraes 2007, figs 33D,
52D). Therefore, future morphological and anatomical
studies are needed to gain more insight into the variation
of the gland position and staminal tube development in
Cryptocarya. Additionally, our results show that X-ray
based methods, like micro-CT scanning, is a valuable
tool for analysing extant plant specimens, as they allow
detailed observations of reproductive plant organs non-in-
vasively, compared to standard methods like microtome
sections, which are usually applied in botany.

Due to the morphological variations in Cryptocarya
flowers and the lack of distinctive characters in the fossil,
it does not seem reasonable to assign the flower inclu-
sion to any extant species of Cryptocarya. Furthermore,
additional plants organs, such as leaves or fruits would
be necessary to clarify the affiliation of the fossil to
the species level. For all these reasons, we refrain from
describing the amber inclusion as a new fossil species.

Fossil records and challenges in assigning
Cryptocarya and Lauraceae fossils

According to molecular data, Cryptocarya diverged
around about 90 + 20 million years ago and is probably
of Gondwanan origin (Chanderbali 2001). Nevertheless,
fossils with affinities to the Cryptocarya group, and more
specifically to Cryptocarya, are only known since the
Cenozoic. The oldest representatives are possibly fossil
leaves from the Eocene of Australia (Hill 1986, 1988S;
Conran and Christophel 1998; Carpenter et al. 2004) and
North America (MacGinitie 1941). In addition, numerous
putative leaves and fruit fossils were discovered in the
Miocene and Pleistocene of New Zealand (Holden 1982;
Pole 1993,2007,2019; Bannister etal. 2012), the Miocene
of New Caledonia (Garrouste et al. 2021), as well as in
the Oligocene, Miocene and Pleistocene of China (Liu
1993; Shi et al. 2014c; Wang et al. 2019), while fewer
were discovered in the New World (i.e. in the Paleogene
of Patagonia; Carpenter et al. 2018). It is only recently
that a fossil has been reliably assigned to the genus in
Asia, based on Pleistocene wood (Huang et al. 2023).
However, most of those fossils are leaf impressions
and compressions or cuticle fragments. Moreover,
the fossil pollen record of Lauraceae is scarce, as their
pollen has a low fossilisation potential (Herendeen et
al. 1994; Friis et al. 2011) and thus the pollen record for
Cryptocarya is inexistent. Although placement of fossil
leaves in Lauraceae is unequivocal, the assignment to
genera or even species is more complex with vegetative
organs alone, as leaf morphology varies greatly. This
is also the case in extant and fossil Cryptocarya (Hill
1986; Christophel et al. 1996; van der Werff 1991, 2001;
Bannister et al. 2012). For instance, Christophel et al.
(1996) observed that the presumed diagnostic cuticular
“butterfly-shaped” ledges of Australian Cryptocarya also
occur in other extant Lauraceae genera of South America.
Additionally, van der Werff (1991, 2001) noted that
the majority of extant genera are defined by floral charac-
ters; however, extant flower and fruit samples are difficult
to obtain or even unavailable for study (Rohwer 1993;
Li et al. 2008a). This makes the identification of fossil
Lauraceae even more challenging. Moreover, small deli-
cate reproductive organs are often not preserved as fossils.
It should be noted that the presence of Cryptocarya in
the Miocene of China was previously suggested by fossil
fruits found in Zhangpu county which showed similarities
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to extant Cryptocarya bhutanica Long (Wang et al. 2019),
but could not be unambiguously assigned to the genus.
Therefore, the fossil flower of this study confirms the
occurrence of Cryptocarya in the Miocene of Zhangpu
and gives new insight into its flower morphology in the
geological past.

Extant biodiversity and palaeoecological
implications

Lauraceae are pantropical with about 50 genera and
probably 2500 to 3500 species that are mostly evergreen
trees and shrubs (Rohwer 1993). While they are mainly
distributed in tropical to subtropical regions of Central
and South America as well as Southeast Asia, the family
is particularly diverse and sometimes dominant in rainfor-
ests (Rohwer 1993; Li et al. 2008a; Simpson 2010). About
25 genera and 445 species occur in China and mainly
inhabit the southern provinces (Li et al. 2008a, Tan et al.
2023). In the family, Cryptocarya is one of the most wide-
spread genera throughout the tropics, with between 200
and 350 species growing in South America, South Africa,
Madagascar, Asia, Australia and Oceania, and a centre of
diversity in Malaysia (Hyland 1989; van der Werff 1992,
2001; Rohwer 1993; Moraes 2007; Li et al. 2008b; Rohwer
et al. 2014). It has been noted that the disjunct distribution
of some Cryptocarya species was probably caused by fruits
dispersion of birds from Gondwana across the Pacific, but
that the genus was nonetheless, explicitly monophyletic
(Rohwer et al. 2014). Although Cryptocarya as a whole
still requires a global extensive revision (Rohwer 1993;
Rohwer et al. 2014), some studies have recently improved
our knowledge of the taxonomy of this genus in South Asia
(de Kok 2015, 2016; Nishida et al. 2016).

The Zhangpu amber deposit, where the fossil flower
was collected, is a highly diverse megathermal rainforest
biome. Amber inclusions of arthropods include more than
250 families, with at least 200 being insects. Bryophytes
are represented by about seven liverworts genera, as well
as five extant moss taxa (Wang et al. 2021). In contrast,
seed plant inclusions from Zhangpu amber are rare and
up to date; only three species were described (Canarium
wangboi Beurel et al. and Canarium leenhoutsii Beurel et
al. (Burseraceae); Beurel et al. 2023; Parrotia zhiyanii Wu
et al. (Hamamelidaceae); Wu et al. 2023). Nevertheless,
plant megafossils from the amber-bearing sedimentary
rocks are extremely rich, including about 24 families. Most
of them are megathermal pantropical plant families, such
as Annonaceae, Melastomataceae and Moraceae. Among
these taxa, Dipterocarpaceae, Leguminosae, Lauraceae
and Clusiaceae are the most abundant and diverse ones,
with only slight morphological variations compared to
their modern members, indicating a possible morpholog-
ical stasis in the plant community (Wang et al. 2019, 2022;
Wang et al. 2021). Within Lauraceae, fossils leaves with
probable affinities to Alseodaphne Nees, Cinnamomum
Schaeff. and Lindera Thunb. were recently discovered
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(Wang et al. 2021, supplementary material, table S1). The
palaeoclimate of Zhangpu, as well as the fossil plant taxa
are similar to tropical rainforests of Southeast Asia today,
suggesting that the Zhangpu amber forest was a megath-
ermal seasonal rainforest during the Mid-Miocene Climatic
Optimum (Jacques et al. 2015; Zheng et al. 2019; Wang
et al. 2021). Nowadays, Cryptocarya is still an important
element of evergreen broad-leaved forests in South China,
where it is part of the canopy and subcanopy (Wang et al.
2003; Li et al. 2008b). For instance, C. chinensis Hemsl.
can be found in lower subtropical monsoon evergreen
broad-leaved forests (Wang et al. 2003). Thus, the presence
of Cryptocarya in the Zhangpu amber forest is consistent
with the current palacoclimatic and palacoenvironmental
interpretations (Jacques et al. 2015; Wang et al. 2021).

Conclusion

In our study, we present the first Cenozoic Lauraceae
flower of Asia, based on an amber inclusion from Zhangpu.
The application of non-invasive X-ray computed tomog-
raphy techniques facilitated a detailed morphological
examination of the amber inclusion and an in-depth
comparison of the fossil flower with extant Cryptocarya
flowers, revealing their remarkable resemblances. The
fossil and extant flowers both have a perianth with six
tepals, an androecium comprising nine fertile stamens
with bilocular anthers and three staminodes, and a gynoe-
cium with a unicarpellate carpel forming a superior ovary
with one apical ovule surrounded by a hypanthium. The
distinct presence of a similar staminal tube and position
of staminal gland pairs are reported for the first time in
Cryptocarya, in both the examined extant C. vulgaris
from Australia and our fossil. This highlights the need to
re-evaluate the occurrence (and potential significance) of
those characters in other species.

In addition, the amber fossil supports the morpho-
logical stasis of Zhangpu plant communities alongside
insects in tropical rainforests of Asia since at least the
Middle Miocene (Wang et al. 2019, 2022; Wang et al.
2021; Beurel et al. 2023). However, it should be noted
that previous affinities of Lauraceae fossil leaves to
Cryptocarya are still debatable, as the family exhibits
a wide range of leaf characters and morphological
convergence between genera (Christophel et al. 1996).
Nevertheless, the inclusion of this study represents the
first fossil record of a flower of Cryptocarya and confirms
the presence of this genus in the Miocene Zhangpu flora,
which was only previously assumed from putative fossil
fruits (Wang et al. 2019).
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Abstract

Allaeochelys libyca is a carettochelyid turtle from the Middle Miocene of Libya. The species is the only valid carettochelyid taxon
recovered from Africa and was named based on fragmentary material that includes a partial cranium and isolated shell remains.
The description of the holotype cranium was limited to external aspects, and micro-computed tomography was only performed later
on that material. Here, we use these micro-computed tomography scans to reinvestigate the external and internal anatomy of the
holotype cranium to document several erroneous anatomical interpretations and provide new insights into the morphology of the
trigeminal foramen area, the endosseous labyrinth, and circulatory system of Allaeochelys libyca. The anatomical insights provided
herein have the potential to be translated into new phylogenetic characters that are expected to improve the resolution among the

Anosteira and Allaeochelys lineages, which are still poorly resolved.
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Introduction

Carettochelyidae is a clade of aquatic, hidden neck turtles
(Cryptodira), of which the only extant representative, the
pig-nosed turtle Carettochelys insculpta, lives as a relict
species in New Guinea and Australia (Ramsay 1887;
Joyce 2014; TTWG 2021). The clade used to have a wider
geographic distribution and higher diversity. The oldest
occurrences in the fossil record are fragmentary remains
from the mid Cretaceous. Two taxa are currently recog-
nized from that time period, Kizylkumemys khoratensis
from the Aptian of Thailand and Kizylkumemys schultzi
from the Cenomanian of Uzbekistan (Nessov 1976,
1977; Tong et al. 2005, 2006). More abundant remains
are known from the Cenozoic with a dozen valid species
having been described from deposits across Asia, North
America, Europe, and Africa (Joyce 2014 and references
therein; Carbot-Chanona et al. 2020; White et al. 2023).
The available fossil material mostly consists of shell
material, but skull remains are known for about half of the

valid carettochelyid taxa, in particular Anosteira pulchra
(Joyce et al. 2018), Anosteira maomingensis (Tong et al.
2010; Danilov et al. 2017), Allaeochelys crassesculpta
(Harrassowitz 1922), Allaeochelys libyca (Havlik et al.
2014), and Carettochelys niahensis (White et al. 2023).
Several studies documented the cranial anatomy of the
extant Carettochelys insculpta (Ramsay 1887; Baur
1889; Waite 1905; Walther 1922; Joyce 2014).
Allaeochelys libyca from the Middle Miocene
(Langhian) of Libya was described based on a partial
cranium and several, isolated shell fragments (Havlik et
al. 2014). Although other carettochelyid remains have
been reported from Egypt (Dacqué 1912; Lapparent de
Broin 2000), the Democratic Republic of the Congo
(Hirayama 1992), and perhaps Saudi Arabia (Thomas et
al. 1982), these consist of rare, isolated shell elements
that are currently not diagnostic enough to identify
additional species. Allaeochelys libyca, therefore, is the
only valid African taxon to date. The study of Havlik et
al. (2014) documented all externally available aspects
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of the anatomy of the cranium, but as tomographic
scans were not performed at that time, internal struc-
tures and cavities, such as the inner ear, the cavum
acustico-jugulare, and canals for arteries and nerves,
were not described. In the meantime, this cranium was
scanned using micro-computed tomography (LCT) and
the slice data alongside the 3D models of the inner ear
and cranium were made publicly available on the online
repository MorphoSource (Evers 2021) as part of a
study on turtle inner ears (Evers et al. 2022). As part of
an ongoing project that aims to document unpublished
and historical carettochelyid material, we downloaded
the pCT scans of the cranium of Allaeochelys libyca,
but noticed differences in the interpretation of some
anatomical features between our three-dimensional
reconstructions and the original description provided
by Havlik et al. (2014). We, therefore, here present the
results of the bone-by-bone segmentation of this skull,
which allows us to correct said erroneous anatomical
interpretations and to document additional features that
could not be documented originally, such as the anatomy
of the cavum acustico-jugulare or the circulatory
system. The new anatomical information highlighted in
the present contribution does not challenge the validity
of the species Allaeochelys libyca, but is expected to
have an impact on phylogenetic matrices, which will be
explored elsewhere.

Institutional abbreviations

BSPG, Bayerische Staatssammlung fiir Paldontologie
und Geologie, Miinchen, Germany; FMNH, Field
Museum of Natural History, Chicago, USA; NHMUK,
Natural History Museum London, London, England.

Material and methods

The material of Allaeochelys libyca is housed at the
Bayerische Staatssammlung fiir Paldontologie und
Geologie, Munich, Germany. BSPG 1991 II 130
was scanned at the School of Earth Sciences X-ray
Tomography Facility of the University of Bristol using a
Nikon Metrology XT H 225 ST scanner, with a voltage
of 125 kV, a current of 265 pA, 1601 projections, and
no filter. The scanning resulted in 1813 coronal slices
and a voxel size of 37.8 um. Scans are available at
MorphoSource (https://www.morphosource.org/concern/
media/000350560; Evers 2021). BSPG 1991 I1I 130
was segmented in Mimics Innovation Suite 25 (https://
www.materialise.com/en/healthcare/mimics-innova-
tion-suite) using the lasso and interpolation tools. The
segmented objects were exported as .ply files and visual-
ized in Blender 2.79b (https://www.blender.org) to create
high-quality illustrations and figures. 3D models were
deposited at MorphoSource (https://www.morphosource.
org/projects/000570948).

fr.pensoft.net

We frequently cite for comparison the cranial anatomy
of Carettochelys insculpta. Although this species has
seen several cranial descriptions (Ramsay 1887; Baur
1889; Waite 1905; Walther 1922; Joyce 2014), many of
our observations are not based on these descriptions, but
on a fully segmented specimen (NHMUK 1903.7.10.1),
which will be described in detail elsewhere. The CT scans
of that specimen as well as 3D models of its cranium
and endosseous labyrinth have already been published
(CT scans:  https://www.morphosource.org/concern/
media/000077378; 3D models: cranium, https://www.
morphosource.org/concern/media/000373013; endos-
seous labyrinth, https://www.morphosource.org/concern/
media/000373016), whereas the bone-by-bone segmenta-
tions will be released with the aforementioned description.

Systematic palacontology

Testudines Batsch, 1788
Cryptodira Cope, 1868
Trionychia Baur, 1891
Carettochelyidae Gill, 1889
Allaeochelys Noulet, 1867

Allaeochelys libyca Havlik et al., 2014

Holotype. BSPG 1991 II 130, an incomplete cranium.

Referred material. BSPG 1991 11 96, a left hypoplas-
tron; BSPG 1991 11 97, a left hypoplastron; BSPG 1991
IT 110, a bridge peripheral; BSPG 1991 II 113, an anterior
peripheral; BSPG 1991 II 114, a peripheral [; BSPG 1991
IT 131, an incomplete supraoccipital.

Type locality and horizon. Gebel Zelten (Jabal
Zaltan), southwestern slopes, localities “MS 2” or “Wadi
Shatirat,” Al Wahat District, Libya (Wessels et al. 2003).
Lower Maradah Formation, Middle Miocene, Langhian
(Desio 1935; Wessels et al. 2003).

Revised diagnosis. Allaeochelys libyca can be diag-
nosed as a representative of Carettochelyidae based on
its dermal ornamentation made of thick ridges separated
by equally sized grooves, presence of a deep fossa on the
posterior surface of the quadrate, and a reduced antrum
postoticum and a member of Carettochelyinae based on the
absence of carapacial and plastral scutes and the presence
of a broad plastron. Allaeochelys libyca can be differen-
tiated from Carettochelys insculpta by having a broader
and shorter cranium, a secondary contact between the
prefrontal and frontal within the orbit, a more posteriorly
located foramen posterius canalis carotici interni close to
the fenestra postotica, a larger contribution of the opist-
hotic to the tubercula basioccipitale, a deeper pterygoid
fossa, a larger quadrate fossa, a deeper sulcus between
the mandibular condyles, a reduced canalis cavernosus,
and absence of the sulcus cavernosus. Allaeochelys libyca
resembles Carettochelys niahensis by having a secondary
contact between the prefrontal and frontal, but appears to
have an even broader skull.
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Description and comparisons of the cranium of
Allaeochelys libyca

General comments. The cranium of BSPG 1991 II
130, the holotype of Allaeochelys libyca, lacks most of
its anteroventral and ventrolateral portions (Fig. 1). The
premaxillae, maxillae, jugals, vomer, epipterygoids, and
squamosals are not preserved. The palatines and postor-
bitals are almost completely lacking as well, and only small
pieces of bone belonging to the most posterior and most
medial portions of the right palatine and left postorbital,
respectively, remain attached to the cranium. The prefron-
tals, frontals, parietals, pterygoids, parabasisphenoid,
supraoccipital, and opisthotics lack substantial amounts
of their original anatomy, whereas the prootics, quadrates,
and basioccipital suffer from minor signs of damage. The
exoccipitals are the only bones that are fully preserved.

The preserved portions of the skull roof highlight the
presence of the characteristic carettochelyid skull sculp-
turing, made of thick ridges separated by equally sized
grooves (Fig. 1). As in all carettochelyids (see Baur 1889;
Harrassowitz 1922; Walther 1922; Joyce 2014; Danilov
et al. 2017; Joyce et al. 2018; White et al. 2023), the
upper temporal emargination is deep, the supraoccipital
is posteriorly expanded by means of a well-developed
crista supraoccipitalis and horizontal plate, the inci-
sura columella auris is fully enclosed by the quadrate,
the mandibular condyle is low, the palatines posteriorly
contact the parabasisphenoid and fully separate the pter-
ygoids, and the quadrate is posteriorly excavated by a
fossa. The cranium is more robust and less gracile than
that of Anosteira pulchra (Joyce et al. 2018), but broader
than Carettochelys insculpta (Walther 1922). Although
comparisons are difficult, proportions seem to be similar
to Carettochelys niahensis (White et al. 2023). A unique
feature exhibited by the cranium of Allaeochelys libyca is
the complete reduction of the sulcus cavernosus, which is
accompanied by a particular morphology of the trigem-
inal nerve foramen area.

The “trigeminal foramen” of turtles is somewhat of a
misnomer, as only two of three of the trigeminal nerve
rami exit this passage (Evers et al. 2019). The foramen
instead is a lateral window from the outside into the region
of the sulcus cavernosus, through which said nerve rami
pass in addition to the mandibular artery of some groups
of turtles (Albrecht 1967, 1976; Rollot et al. 2021a).
When viewed from the side, the trigeminal foramen of
Carettochelys insculpta is a large, diagonally arranged,
oval opening. Superficially, the anterodorsal third of this
opening corresponds to the trigeminal passage per se,
while the posteroventral third corresponds to the passage
of the mandibular artery into the lower temporal fossa. In
BSPG 1991 1I 130, the descending branch of the prootic
is laterally displaced, perhaps obliterating the passage of
the lateral head vein and visually separating passage of
the trigeminal nerve rami and the mandibular artery. As
preserved, only portions of the trigeminal foramen system
can be observed, making it necessary to communicate

about its subparts. We here explicitly refer to the anterior
foramen of BSPG 1991 1II 130 as the trigeminal foramen
sensu stricto, but the posterior foramen as the mandibular
artery foramen, while recognizing that the two combined,
if separated, are homologous with the trigeminal foramen
sensu lato of Carettochelys insculpta (see Prootic below).

Nasal. The nasals are absent in BSPG 1991 II 130
(Fig. 1A-D), as in all carettochelyids (Waite 1905;
Harrassowitz 1922; Walther 1922; Danilov et al. 2017;
Joyce et al. 2018; White et al. 2023).

Prefrontal. The two prefrontals are heavily damaged.
While most of the right element is missing, with only the
most dorsomedial part being apparent, its left counterpart
preserves the dorsal plate, but the descending process is
completely missing (Fig. 1A-D). The anterior surface
of the left prefrontal is smooth and an articulation facet
is missing, showing that the nasal is absent (Fig. 1E).
The prefrontal, therefore, forms the dorsal margin of the
apertura narium externa and the dorsal roof of the fossa
nasalis. The prefrontal also forms the dorsal margin of
the orbit. The ventrolateral portion of the prefrontal forms
the dorsal base of the descending process. The lateral half
of that base forms an articulation facet, which corre-
sponds to the ventrolateral contact of the prefrontal with
the ascending process of the maxilla (Fig. 1C), while the
medial half ventrally highlights a broken surface, i.e., the
area where the descending process of the prefrontal is
broken off. The prefrontal otherwise contacts the frontal
posteriorly along a convex suture. The left prefrontal
additionally exhibits a small, asymmetric, posteromedial
contact with the right frontal (Fig. 1A, B).

Frontal. The two frontals are nearly complete.
The right element lacks its most anterolateral portion.
Additional, minor damage can be seen along the crista
cranii of both bones (Fig. 1A, B). The frontal contacts
the prefrontal anteriorly along a slightly concave suture,
the parietal posteriorly, and the postorbital posterolat-
erally (Fig. 1A, B). The frontal is wider than long and
anterolaterally forms a short process that forms the
posterodorsal margin of the orbit (Fig. 1A). The extent
of this contribution to the orbit margin is similar to
that of most carettochelyids (Waite 1905; Harrassowitz
1922; Walther 1922; White et al. 2023) but not Anosteira
pulchra and Anosteira maomingensis, in which this
contribution is slightly broader (Danilov et al. 2017;
Joyce et al. 2018). Ventrally, the frontals form low crista
cranii, which jointly delimit a moderately broad sulcus
olfactorius (Fig. 1B). The posterior half of the two
cristae collectively encapsulate an area that is enlarged
relative to the sulcus olfactorius and that contained the
olfactory bulbs (Evers et al. 2019). The anteromedial
part of the crista cranii is mediolaterally broadened
and forms an oval articulation facet (Fig. 1B). This
facet, previously not reported by Havlik et al. (2014),
likely corresponds to a secondary contact between the
crista cranii of the frontal and the descending process
of the prefrontal. A similar arrangement is present in
Carettochelys niahensis, where a secondary contact

fr.pensoft.net
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Figure 1. Three-dimensional renderings of the segmented cranium of BSPG 1991 II 113. A. Dorsal view; B. Ventral view; C. Left
lateral view; D. Right lateral view; E. Anterior view; F. Posterior view. Abbreviations: aqf, anterior quadrate foramen; bo, basioc-
cipital; ex, exoccipital; fr, frontal; op, opisthotic; pa, parietal; pbs, parabasisphenoid; pf, prefrontal; po, postorbital; pro, prootic; pt,
pterygoid; ptf, pterygoid fossa; qu, quadrate; so, supraoccipital. Black arrowhead indicates the small, preserved portion of the right
palatine. Dashed lines indicate the foramen stapedio-temporale in A, the passage between the orbit and nasal cavity in B, and the

mandibular artery foramen in E.

between the frontal and prefrontal anteriorly delimits
a foramen that forms a passage between the orbit and
the nasal cavity (White et al. 2023). In the extant turtle
Carettochelys insculpta, such a contact is not present,
but the crista cranii closely approaches the descending
process of the prefrontal, forming a slit-like passage
between the orbital and nasal cavities along the most
anterior portion of the foramen interorbitale (Walther

fr.pensoft.net

1922; Joyce 2014). The condition described for
Carettochelys niahensis and Allaeochelys libyca likely
highlights an extended degree of ossification of the
interorbital area compared to Carettochelys insculpta.
Parietal. The parietal forms the posterior half of the
skull roof, the lateral half of the upper temporal emargi-
nation, and roofs the braincase. The dorsal plate of the
parietal is nearly complete, only missing its most distal
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part, and contacts the frontal anteriorly, the postorbital
anterolaterally, and the supraoccipital posteroventrally
(Fig. 1). Within the upper temporal fossa, the parietal
contacts the prootic laterally and the supraoccipital poste-
riorly (Fig. 1A). The descending process of each parietal
is severely damaged and only preserves its most dorsal
portions (Fig. 1C, D). Nevertheless, the bony contacts
of the parietal around the foramen nervi trigemini Sensu
stricto can be inferred based on comparisons with the
extant Carettochelys insculpta. In both the extant form
and BSPG 1991 II 130, the posterior margin of the
foramen nervi trigemini Sensu stricto is imprinted onto
the anterior surface of the prootic. The dorsal end of this
imprint is formed by a small, anteroventral bump-like
process of the prootic, which is well visible in the fossil
on both sides. As preserved, this bump prohibits the poste-
rior end of the descending process of the parietal to enter
the dorsal margin of the foramen nervi trigemini Sensu
stricto on the right side of the fossil. This can also be
appreciated on the left side, where the process is broken,
but where the prootic bump and sutural contact for the
descending process indicate a symmetrical morphology
with the right side. In Carettochelys insculpta, the
prootic bump serves as an articulation site for a postero-
dorsal process of the epipterygoid, which prohibits the
descending parietal process from entering the trigeminal
foramen sensu stricto margin at a more anterior position.
The morphology of BSPG 1991 II 130 is fully consistent
with that of Carettochelys insculpta, and thus it is reason-
able to infer that an epipterygoid—prootic contact in the
anterodorsal margin of the foramen nervi trigemini Sensu
stricto precluded a parietal contribution to this opening.
The preserved portion of the descending process shows
that it is continuous with the crista cranii of the frontal
and also forms a prominent ridge along its lateral surface
that extends posteroventrolaterally from the base of the
process within the upper temporal fossa (Fig. 1B, E). This
ridge is continuous with the processus trochlearis oticum,
and forms parts of its anteriorly overhanging margin, as
in Carettochelys insculpta and Anosteira maomingensis
(Walther 1922; Joyce 2014; Danilov et al. 2017). Within
the braincase, the descending process of the parietal is
deeply recessed and, jointly with the prootic, forms a
broad cavity that housed large cerebral hemispheres, as
in trionychians more generally (Fig. 1B; Ferreira et al.
2023). In the median contact of both parietals, there is
an additional constriction of the brain cavity toward the
supraoccipital contact, which corresponds to a median,
bulge-like cartilaginous rider (Werneburg et al. 2021).

Postorbital. The postorbitals are almost completely
missing. Only the most medial portion of the left element
is preserved, which contacts the frontal anteromedi-
ally and the parietal posteromedially (Fig. 1A, B). The
fully preserved left frontal and parietal and comparisons
with Carettochelys insculpta also allow to infer that the
postorbital contributed to the orbital margin and the upper
temporal emargination.

Jugal. The jugals are not preserved in BSPG 1991 11 130.

Quadratojugal. A small part of the right quadrato-
jugal was described by Havlik et al. (2014) as preserved
in articulation with the remainder of the fossil, in a posi-
tion anteroventral to the cavum tympani. This portion of
the quadratojugal disarticulated along its suture with the
quadrate in the specimen prior to CT scanning but was
scanned alongside the rest of the fossil. The ventral margin
of the quadratojugal fragment was formerly aligned with
the ventral margin of the quadrate’s articular process and
showed no indication of a dorsal upcurving that is generally
present in taxa with moderate or deep cheek emarginations.
Instead, the fragment is fully consistent with the morphology
of Carettochelys insculpta, in which the cheek emargina-
tion is minimal and limited to a more anterior portion of the
quadratojugal (Waite 1905; Walther 1922; Joyce 2014). In
addition, the preserved quadrates on both sides of BSPG
1991 II 130 show that the posterodorsal articulation of the
quadratojugal with the quadrate was limited to the antero-
dorsal margin of the cavum tympani and did not extend
posteriorly further along the dorsal margin. A quadrato-
jugal-squamosal contact was certainly absent in BSPG
1991 II 130 as the articular facets of the quadratojugal and
squamosal on the quadrates are widely spaced from one
another, much as in Carettochelys insculpta.

Squamosal. The squamosals are not preserved in
BSPG 1991 1I 130. Nevertheless, the quadrates on both
sides show well-developed articular facets for the squa-
mosals. These facets are triangular and somewhat broader
than in Carettochelys insculpta. However, as in the
extant taxon, the facets are anteriorly clearly separated
from those of the quadratojugal, showing that no contact
with the quadratojugal was present. The quadrate bone
surrounding the squamosal facet furthermore shows that,
again as in Carettochelys insculpta, the squamosal of
BSPG 1991 II 130 was excluded from the posterodorsal
margin of the cavum tympani.

Premaxilla. The premaxillac are not preserved in
BSPG 1991 11 130.

Maxilla. The maxillae are not preserved in BSPG
1991 1I 130.

Palatine. The pCT scans of BSPG 1991 1I 130 reveal
that a very small portion of the right palatine is preserved
just anterior to the suture between the parabasisphenoid
and pterygoid (Fig. 1B, E). Although this piece is so small
that it barely allows making statements about the anatomy
of the palatine, it nevertheless shows that a contact
between the palatine and pterygoid, and palatine and
parabasisphenoid was present, as in all carettochelyids
(Waite 1905; Harrassowitz 1922; Walther 1922; Danilov
et al. 2017; Joyce et al. 2018). The location of this frag-
ment at the level of the sella turcica between the pterygoid
and parabasisphenoid also suggests that a contact of the
pterygoid with its counterpart was likely absent, again,
as in all carettochelyids (Waite 1905; Harrassowitz 1922;
Walther 1922; Danilov et al. 2017; Joyce et al. 2018).

Vomer. The vomer is not preserved in BSPG 1991 11 130.

Pterygoid. Only the posterior half of the pterygoids
are preserved in BSPG 1991 II 130, which contact the
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Figure 2. Three-dimensional renderings of the circulatory system of BSPG 1991 II 113. A. Dorsal view; B. Dorsal view with bones
rendered transparent. Abbreviations: af-op, articulation facet for the opisthotic; ccb, canalis caroticus basisphenoidalis; cci, canalis
caroticus internus; cnf, canalis nervus facialis; cprnv, canalis pro ramo nervi vidiani; faccb, foramen anterius canalis carotici basi-
sphenoidalis; fpcci, foramen posterius canalis carotici interni; fpcna, foramen posterius canalis nervi abducentis; pbs, parabasisphe-

noid; pt, pterygoid; stag, stapedial artery groove.

parabasisphenoid medially, the palatine anteriorly, the
prootic anterodorsolaterally, the quadrate laterally, the
basioccipital posteromedially, the opisthotic postero-
dorsally, and the exoccipital posterodorsomedially
(Figs 1B, E, 2). Additionally, there was likely a contact
with the epipterygoid. Ventrally, the pterygoid forms
a deep pterygoid fossa and contributes to the elongate
tubercula basioccipitale anterolaterally (Fig. 1B). At
about mid-length between the parabasisphenoid and
quadrate, the pterygoid forms a low ridge that delin-
eates the pterygoid fossa medially (Fig. 1B). The ridge is
ventrally broken, and it likely formed an enfolded struc-
ture that partially covered the pterygoid fossa ventrally,
as in Carettochelys insculpta (Walther 1922; Joyce 2014),
but likely not Anosteira maomingensis, in which this
ridge seems to be absent (Danilov et al. 2017), and defi-
nitely not Anosteira pulchra, in which the ridge is clearly
absent (Joyce et al. 2018). The pterygoid of BSPG 1991
IT 130 ventromedially minorly enters the margin of the
mandibular artery foramen (Figs 1E, 3). The ventral half
of the canalis pro ramo nervi vidiani, which transmits the
vidian nerve from the geniculate ganglion to the canalis
caroticus internus (Gaffney 1979; Rollot et al. 2021a), is
also formed by the pterygoid (Fig. 2A). The pterygoid
floors the endosseous labyrinth and cavum acustico-jug-
ulare and forms the ventral margin of the fenestra ovalis
and ventromedial margin of the small fenestra postotica.
Dorsally, at about mid-length, the pterygoid forms a low
bulging articulation facet for contact with the processus
interfenestralis of the opisthotic (Fig. 2A). This dorsal
articular boss is unusual among turtles, but certainly
present in Carettochelys insculpta. Within the cavum
acustico-jugulare, the posterodorsal surface of the ptery-
goid forms a narrow groove, as in Carettochelys insculpta,
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and that is interpreted as having housed the stapedial
artery and/or the lateral head vein (Fig. 2A). Posteriorly,
the pterygoid entirely forms the foramen posterius canalis
carotici interni, the position of which differs from the early
branching carettochelyids Anosteira pulchra (Joyce et al.
2018) and Anosteira maomingensis (Danilov et al. 2017),
in which the foramen is located more anteroventrally
and between the parabasisphenoid and pterygoid, similar
to the generalized position of paracryptodires (Gaffney
1975). The foramen posterius canalis carotici interni
of BSPG 1991 1II 130 leads into the canalis caroticus
internus, which extends anteromedially through the pter-
ygoid (Fig. 2B) before entering the parabasisphenoid as
the canalis caroticus basisphenoidalis. A canalis caroticus
lateralis is absent, as in Carettochelys insculpta (Rollot
et al. 2021a). At about mid-length, the canalis caroticus
internus is slightly exposed dorsally within the floor of
the endosseous labyrinth (Fig. 2). Dorsal to the foramen
posterius canalis carotici interni, the pterygoid forms
a bony platform that contacts the opisthotic dorsally,
forming a secondary wall posterior to the processus inter-
fenestralis, as in Carettochelys insculpta (Walther 1922).

Epipterygoid. A large epipterygoid was described on
the left side of BSPG 1991 1II 130 by Havlik et al. (2014),
but the uCT scans of that specimen show that this piece
of bone anteroventral to the mandibular artery foramen
actually belongs to the pterygoid (Fig. 3). The epipterygoid
usually lies along the anterior and ventral margins of the
foramen nervi trigemini sensu lato in other carettochelyids
(Walther 1922; Joyce et al. 2018) and overlies the ptery-
goid in about the area where Havlik et al. (2014) drew their
epipterygoid. In BSPG 1991 II 130, the area that was indi-
cated as being the epipterygoid by Havlik et al. (2014) has
a slightly different, somewhat rougher surface texture than
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the surrounding bone surfaces exposed along the lower Quadrate. The quadrates are nearly complete,
temporal fossa. We consider it likely, based on compari-  with only minor damage along the anterior and poste-
sons of a completely segmented specimen of Carettochelys — rior margins of the cavum tympani (Figs 1C, D, 4).
insculpta (NHMUK 1903.7.10.1), that this area represents ~ The quadrate contacts the quadratojugal anteriorly, the
an articulation area for a formerly present but not preserved  prootic anteromedially, the opisthotic posteromedially,
epipterygoid of BSPG 1991 11 130. Details of this are further ~ and the pterygoid ventromedially (Fig. 1A, B, E, F).
given below in the context of descriptions and discussions  Posterodorsolaterally, the quadrate forms a mediolat-
surrounding the foramen for the mandibular artery. erally expanded articular facet for articulation with the

agf

Figure 3. Three-dimensional renderings of the left trigeminal area of Allaeochelys libyca (BSPG 1991 1I 113) and Carettochelys
insculpta (NHMUK 1903.7.10.1). A. Left trigeminal area of Allaeochelys libyca in anterolateral view; B. Close-up on the left tri-
geminal area of Allaeochelys libyca; C. Left trigeminal area of Carettochelys insculpta in anterolateral view; D. Close-up on the
left trigeminal area of Carettochelys insculpta; E. Left trigeminal area of Carettochelys insculpta in anterolateral view with the
epipterygoid removed; F. Close-up on the left trigeminal area of Carettochelys insculpta with the epipterygoid removed. Abbrevi-
ations: aqf, anterior quadrate foramen; epi, epipterygoid; fam, foramen arteriomandibulare; fc, foramen cavernosum; fnt, foramen
nervi trigemini; pal, palatine; pbs, parabasisphenoid; pro, prootic; pt, pterygoid; pto, processus trochlearis oticum; qu, quadrate.
Black arrowheads indicate the anteroventral bump on the prootic that is interpreted as serving for the contact with the epipterygoid,
and the white arrowhead indicates the lateral margin of the sulcus cavernosus formed by the pterygoid in Carettochelys insculpta.
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squamosal (Figs 1A, 4). A contact with the supraoccip-
ital is absent, as in other carettochelyids (Walther 1922;
Danilov et al. 2017; Joyce et al. 2018). As the quadrate
only forms a short epipterygoid process anteriorly, a
contact between the epipterygoid and quadrate was likely
absent in BSPG 1991 II 130 or minimal (Fig. 3), as in
some Carettochelys insculpta specimens. The quadrate
of BSPG 1991 II 130 forms the lateral and ventrolat-
eral margin of the mandibular artery foramen, and less
than half of the processus trochlearis oticum (Figs 1E,
3). Along its ventral surface, anterior to the condylus
mandibularis, the quadrate forms a conspicuous foramen
of several millimeter width, which leads into a canal that
extends dorsally within the quadrate and joins the most
anterior aspect of the quadrate fossa (Fig. 1B). We herein
refer to this foramen as the anterior quadrate foramen.
The path and location of its canal somewhat resem-
bles that of the canalis chorda tympani quadrati (sensu
Gaffney 1972), which transmits the chorda tympani
branch of the facial nerve (CN VII). However, the chorda
tympani canal generally opens along the posterior surface
of the quadrate and connects dorsally to the incisura colu-
mella auris, which has a direct connection to the facial
nerve path via the cavum acustico-jugulare. Here, we are
not able to identify any connection between the quadrate
canal in BSPG 1991 II 130 and the incisura columella
auris or otherwise the cavum acustico-jugulare, and
therefore cannot know its precise identity. However, as
the foramen is also evident in the extant Carettochelys
insculpta, but absent in the early branching carettoche-
lyid Anosteira pulchra for which we have CT scans to
ascertain this statement, we provide a new name for the
structure as a potential shared character of derived caret-
tochelyids. The quadrate forms a low, ventrally oriented
mandibular condyle, of which the lateral articular surface
is about twice the size of the medial one (Figs 1B, 4).
The two articular facets are separated by a deep and rela-
tively wide sulcus (Fig. 4B). Anterolateral to the articular
process, the quadrate extends with a vertical, sheeted
process that is ventrally projecting from the margin
of the cavum tympani, and which effectively forms a
lateral wall to the most posterior portion of the lower
temporal fossa. This sheeted process anteriorly contacted
the quadratojugal (Havlik et al. 2014), but the respec-
tive quadratojugal piece is now disarticulated. Within
the upper temporal fossa, the quadrate forms the lateral
margin of the foramen stapedio-temporale (Fig. 1A).
The foramen leads into the canalis stapedio-temporalis,
which is notably short, mostly oriented mediolaterally,
and laterally bordered by the quadrate. The canalis stape-
dio-temporalis leads into the cavum acustico-jugulare,
of which the quadrate forms the lateral wall. The medial
surface of the quadrate forms an imprint that allows to
determine the path of the stapedial artery. A large groove
extends anteriorly and slightly dorsally from the fenestra
postotica and, anterodorsal to the incisura columella auris,
abruptly curves to extend ventrally and join the mandib-
ular artery foramen. Dorsally and at about mid-length
between the incisura columella auris and mandibular
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artery foramen, the quadrate forms a low ridge, which
with the prootic collectively defines a passage for the
stapedial artery from the cavum acustico-jugulare to
the canalis stapedio-temporalis. It is likely that the split
between the stapedial and mandibular artery occurred at
that level, with the stapedial artery extending laterally
through the canalis stapedio-temporalis and the mandib-
ular artery curving ventrally to exit the skull by means of
the foramen cavernosum. Laterally, the quadrate forms
most of the cavum tympani, to the exception of the most
anterior margin that is formed by the quadratojugal (Figs
1C, D, 4A), as in other carettochelyids (Walther 1922;
Danilov et al. 2017; Joyce et al. 2018). The quadrate also
completely encloses the incisura columella auris and
forms a small antrum postoticum (Figs 3A, 4A), which
extends posterodorsolaterally through the quadrate and
squamosal, as in Anosteira pulchra (Joyce et al. 2018)
and Anosteira maomingensis (Danilov et al. 2017). Along
its posterior surface, the quadrate forms the quadrate
fossa (Fig. 4B), as in other carettochelyids (Harrassowitz
1922; Walther 1922; Danilov et al. 2017; Joyce et al.
2018). The quadrate fossa is broad and deep, as in more
derived members of the clade (Joyce 2014).

Prootic. The prootics are intact in BSPG 1991 1I 130.
Within the upper temporal fossa, the prootic contacts the
parietal anteromedially, the supraoccipital posteromedially,
the quadrate laterally, and the opisthotic posteriorly, and
forms the medial margin of the foramen stapedio-temporale
(Fig. 1A). Ventrally, the prootic contacts the parabasisphe-
noid medially, the pterygoid ventrally, the quadrate laterally,
and, likely, the epipterygoid anteroventrolaterally (Figs 1B,
E, 3). The prootic forms the greater half of the processus
trochlearis oticum, which is medially continuous with a
prominent ridge formed by the descending process of the
parietal (Figs 1B, E, 3). The anterior margin of the process
overhangs the lower temporal fossa and forms a broadly
concave surface for the adductor musculature and associ-
ated tendons. Within the lower temporal fossa, the prootic
forms the posterior margin of the foramen nervi trigemini
sensu stricto, i.e., the opening through which the maxillary
and mandibular nerve rami of the trigeminal nerve system
pass (“external trigeminal foramen” of Evers et al. 2019),
and the medial margin of the mandibular artery foramen,
which was labelled as the “posterior” foramen nervi
trigemini by Havlik et al. (2014) (Figs 1E, 3). These
foramina and the associated canalis cavernosus are
described in conjunction further below, as the morphology
seen in Allaeochelys libyca is quite unusual. Within the
braincase, the prootic anteriorly forms the posterior portion
of a deep cavity, which collectively with the parietal encap-
sulates the cerebral hemisphere, which appears to be
notably large, as has also been reported for extant triony-
chids (Ferreira et al. 2023). Posterior to the foramen nervi
trigemini sensu stricto of BSPG 1991 11 130, and ventral to
the cerebral hemisphere imprints, the course of the trigem-
inal nerve tissue can be inferred to pass along the
anteromedial surface of the prootic, which walls a broad
cavum epiptericum. On its medial surface, the prootic
forms the fenestra acustico-facialis, but the latter is
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Figure 4. Three-dimensional renderings of the right quadrate of BSPG 1991 II 113. A. Lateral view; B. Posterior view; C. Dorsal
view; D. Ventral view. Abbreviations: af-op, articulation facet for opisthotic; af-pro, articulation facet for prootic; af-pt, articulation
facet for pterygoid; af-qj, articulation facet for quadratojugal; af-sq, articulation facet for squamosal; ap, antrum postoticum; aqf,

anterior quadrate foramen; cm, condylus mandibularis; fam, foramen arteriomandibulare; fpo, fenestra postotica; fst, foramen sta-

pedio-temporalis; ica, incisura columella auris; qf, quadrate fossa.

incompletely preserved as portions of the prootic are
missing posteromedially. Within the fenestra acustico-fa-
cialis, only the medial foramen of the canalis nervus facialis
is fully preserved. The canalis nervus facialis extends later-
ally through the prootic and joins the medial margin of the
cavum acustico-jugulare. The canal is extremely large in
BSPG 1991 1II 130. The canalis pro ramo nervi vidiani
branches off the canalis nervus facialis just medial to the
latter contact and extends ventromedially through the
prootic and pterygoid to join the canalis caroticus internus
(Fig. 2), which is the common condition in carettochelyids
(Joyce et al. 2018; Rollot et al. 2021a). In BSPG 1991 11

130, a likely vidian nerve canal splits from the canalis
caroticus internus at the level of its contact with the canalis
pro ramo nervi vidiani and extends anteroventrally through
the pterygoid. The preserved portion of this proposed vidian
canal is, however, extremely short because of the damage
that affects the anteroventral region of the cranium. The
location of this canal within the pterygoid in that area of the
cranium is nevertheless highly indicative of a canalis nervus
vidianus. The preserved aspects of the facial nerve pattern
in Allaeochelys libyca are nevertheless very similar to that
of other carettochelyids (Joyce et al. 2018; Rollot et al.
2021a). Canals and foramina for the vestibulocochlear
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nerves (CN VIII) are mostly lacking and only the ventral
margin of one foramen remains preserved within the
fenestra acustico-facialis, just anterodorsal to the medial
foramen for the facial nerve canal. The prootic otherwise
forms the anterior half of the endosseous labyrinth, the
anterior half of the anterior semicircular canal, and the ante-
rior half of the fenestra ovalis. The anterior half of the
lateral semicircular canal is not fully enclosed by bone, and
the prootic only forms the lateral margin of a groove that
contained the anterior portion of the lateral semicircular
duct. Lateral to the fenestra ovalis, there is no posterior
recess in the prootic, as in Carettochelys insculpta. The
prootic also forms the anteromedial wall of the cavum acus-
tico-jugulare and the medial half of the canalis
stapedio-temporalis. The foramen nervi trigemini Sensu
stricto (see above) is not truly preserved in BSPG 1991 II
130. Although there is an anteriorly concave notch in the
anterior surface of the prootic, this likely represents parts of
the prootic surface that forms the cavum epiptericum. The
remainder of the foramen was likely formed by the epipter-
ygoid, and not by the parietal. This can be inferred as the
posterior end of the descending process of the parietal is
completely preserved on the right side of BSPG 1991 11
130. Here, the epipterygoid articulated with a small antero-
ventrally protruding bump of the prootic (Fig. 3A, B),
which currently prohibits the parietal to enter the trigeminal
foramen margin. In the extant Carettochelys insculpta, an
exact same bump-like process serves as an articular process
for a posterodorsal process of the epipterygoid, which
excludes the parietal from the foramen nervi trigemini
sensu stricto. Below, we argue that the trigeminal foramen
sensu stricto was likely confluent with an opening for the
mandibular artery, which is closely associated with the
canalis cavernosus. This canal of turtles is a result of their
basicranial evolution: Testudines have modified their
cranioquadrate space during their early basicranial evolu-
tion (e.g., Gaffney 1990; Sterli and Joyce 2007; Anquetin et
al. 2009; Sterli and de la Fuente 2010; Rabi et al. 2013;
Ferreira et al. 2020), thereby trapping the lateral head vein
in a canal called the canalis cavernosus (Gaffney 1979),
which extends from the anterior aspect of the cavum acus-
tico-jugulare between the pterygoid, quadrate and prootic
into the secondary braincase of turtles, where the lateral
head vein continues medial to the secondary braincase wall
that is generally formed by the pterygoid and parietal
(Gaftney 1979; Evers et al. 2019; Rollot et al. 2021a).
BSPG 1991 1II 130 has a morphology of the “cavernous”
area that differs strongly from this generalized testudine
bauplan. Our examination of comparative material shows
that the morphology of BSPG 1991 II 130 is, however, also
mirrored in Carettochelys insculpta, but the distinctness of
this morphology has, to our knowledge, not been noticed or
described before. In BSPG 1991 II 130, the most anterior
aspect of the cavum acustico-jugulare does not become
constricted to a broad canalis cavernosus as is the general
condition in turtles. Instead, there is an anteriorly directed,
large, circular opening that exits from the cavum acusti-
co-jugulare directly into the vicinity of the mandibular
artery foramen. Havlik et al. (2014) identified this opening
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as the “posterior” trigeminal nerve foramen. However, the
opening cannot be directly associated with the trigeminal
nerve, because it is connected to the cavum acustico-jugu-
lare, and not the cavum cranii, which houses the brain from
where the cranial nerves stem. Instead, the opening is likely
associated with the mandibular artery, which in many turtle
groups passes from the cavum acustico-jugulare into the
canalis cavernosus, from where it has different courses it
can take to reach the mandible. In many turtles, the mandib-
ular artery passes laterally through the trigeminal foramen
(Albrecht 1976), but it can also pass through the interorbital
foramen as in Dermatemys mawii (Evers et al. 2022), or it
can pass through a separate foramen opening from the
canalis cavernosus into the temporal fossa, as in some testu-
dinids like gopher tortoises, but also as in Chelonia mydas
(e.g., McDowell 1961; Crumly 1982, 1994; Evers and
Benson 2019; Rollot et al. 2021a). In Carettochelys
insculpta, there is no separate mandibular artery foramen,
but the trigeminal foramen is posteroventrally elongated
(Fig. 3C, D). Instead of being a nearly circular or slightly
oval foramen, the trigeminal opening is stretched and
slightly curved. Hereby, the posteroventral aspect of the
foramen essentially opens into the canalis cavernosus. This
morphology suggests that the elongated trigeminal foramen
of Carettochelys insculpta essentially incorporates a
mandibular foramen. Herein, we call this morphology the
“trigeminal foramen sensu lato”. The opening from the
cavum acustico-jugulare of BSPG 1991 II 130 likely
represents the posteroventral part of an incompletely
preserved trigeminal foramen sensu lato. In BSPG 1991 11
130 and Carettochelys insculpta, the trigeminal foramen
sensu lato is formed largely by the quadrate and protic, with
a ventral contribution of the pterygoid. Whereas in the
incompletely preserved BSPG 1991 II 130 it looks like a
canalis cavernosus is entirely reduced, the morphology of
Carettochelys insculpta shows otherwise: in the extant
form, the epipterygoid forms a bony bridge from the ptery-
goid region of the trigeminal foramen sensu lato to the
descending process of the parietal (Fig. 3C, D). Hereby, the
epipterygoid forms the anterolateral wall of a tightly
constricted space between the epipterygoid, pterygoid and
prootic, which clearly corresponds to a strongly size-re-
duced canalis cavernosus. In BSPG 1991 II 130, the
epipterygoid is not preserved, so that the impression of a
complete absence of the canalis cavernosus is given.
However, a small process of the prootic in the dorsal margin
of the partly preserved trigeminal foramen sensu lato of
BSPG 1991 11 30 (Fig. 3A, B) suggests that an epipterygoid
with similar contacts and shape as in Carettochelys
insculpta (Fig. 3C-F) was once present. Thus, the large,
circular foramen of BSPG 1991 1I 130 likely corresponds to
the part of the trigeminal foramen sensu lato through which
the mandibular artery would pass into the temporal cavity,
and the likely confluence with the trigeminal foramen is not
evident due to the missing epipterygoid, which would have
encased a size-reduced canalis cavernosus. An alternative
interpretation of the region in BSPG 1991 II 130 would be
that the sulcus cavernosus indeed is entirely reduced, and
that the mandibular artery and lateral head vein both exit
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into the temporal fossa. If the morphology of Allaeochelys
libyca is informative about the plesiomorphic state of caret-
tochelyid evolution, this scenario would require a complete
loss of the canalis cavernosus in Allaeochelys and then the
re-evolution of a size-reduced canalis cavernosus in
Carettochelys insculpta, which we think is less likely.
Opisthotic. The two opisthotics are damaged and
lack their most anteromedial portion, which contrib-
utes to the hiatus acusticus, and most of the processus
interfenestralis. The opisthotic contacts the prootic ante-
riorly, the supraoccipital medially, the quadrate laterally,
the exoccipital posteroventromedially, and the ptery-
goid posteroventrolaterally (Fig. 1A, F). A small contact
between the basioccipital and processus interfenestralis
of the opisthotic might have been present, but is obscured
by damage. The opisthotic forms the posterior half of the
endosseous labyrinth, the lateral semicircular canal, and
the posterior half of the posterior semicircular canal. The
most lateral aspect of the left processus interfenestralis
is preserved, which allows assessing that the opisthotic
forms the posterior half of the fenestra ovalis and that

A

fenh

Figure 5. Three-dimensional renderings of the left posterior portion of BSPG 1991 II 113. A. Posterolateral view; B. Posteroventro-
lateral view; C. Anterodorsolateral view. Abbreviations: bo, basioccipital; ex, exoccipital; fenh, foramen externum nervi hypoglossi;
finh, foramen internum nervi hypoglossi; fjp, foramen jugulare posterius; fpcci, foramen posterius canalis carotici interni; fpo, fe-
nestra postotica; op, opisthotic; pt, pterygoid; qf, quadrate fossa; qu, quadrate; rst, recessus scalae tympani; so, supraoccipital. Black
arrowhead indicates the position of the foramen oropharyngeale.

the processus interfenestralis ventrally contacts the pter-
ygoid. The amount of damage that affects the processus
interfenestralis, however, prevents us to observe any
other structure to which the process usually contributes in
carettochelyids. We are therefore unable to provide any
anatomical details about the fenestra perilymphatica or
the foramina associated with the glossopharyngeal nerve
course. The processus interfenestralis forms the anterior
wall of the recessus scalae tympani, which is notably large
in BSPG 1991 11 130. Posteriorly, the opisthotic forms the
posterior wall to the recessus scalae tympani that ventrally
contacts the pterygoid and forms the medial margin of the
fenestra postotica (Fig. SA). At the level of the suture with
the pterygoid, the opisthotic forms alongside the latter
bone a small canal that extends posterolaterally and joins
the back of the cranium by means of a foramen formed by
these two bones (Fig. 5A). The canal and foramen may
have served as a passage for the glossopharyngeal nerve,
as the latter is known to extend posterolaterally within
the recessus scalae tympani and through the fenestra
postotica in turtles (Soliman 1964; Gaffney 1979).

rst
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Supraoccipital. The supraoccipital is incomplete,
lacking its most anterior and anterodorsal parts and the crista
supraoccipitalis almost completely. The supraoccipital
contacts the parietal anteriorly, the prootic anterolaterally,
the opisthotic posterolaterally, and the exoccipital postero-
ventrolaterally (Fig. 1A, F). The supraoccipital forms the
posterior half of the braincase roof, the posterior half of the
anterior semicircular canal, the anterior half of the poste-
rior semicircular canal, the dorsal margin of the hiatus
acusticus, and the dorsal margin of the foramen magnum.
Although the crista supraoccipitalis is broken off, a small
portion of the mediolaterally expanded plate usually seen
in carettochelyids is preserved (Fig. 1A). The expanded
plate starts posterior to the level of the prootic-opisthotic
contact, just medial to the contact between the supraoccip-
ital and opisthotic. In dorsal view, it is apparent that the
lateral margins of the preserved portion of the expanded
plate are slightly concave, and seem to slightly broaden
again towards the posterior (Fig. 1A), suggesting that the
expanded plate of the crista supraoccipitalis was broader
posteriorly, as in Carettochelys insculpta (Joyce 2014), but
not Anosteira pulchra (Joyce et al. 2018).

Basioccipital. The basioccipital is almost complete,
only lacking a small portion around the occipital condyle.
The basioccipital can generally be differentiated in the CT
scans from the exoccipitals, although the suture between
the basioccipital and right exoccipital fades away slightly
within the right tuberculum basioccipitale. The basioc-
cipital contacts the parabasisphenoid anteriorly, the
pterygoid laterally, and the exoccipital posterodorsolater-
ally and posterodorsally (Figs 1B, F, 5). The contact of the
basioccipital with the parabasisphenoid is mediolaterally
elongate in ventral view, but is actually restricted to the
most central aspect of the two bones more dorsally. This
creates a depression lateral to the basioccipital-parabasi-
sphenoid contact that expands the endosseous labyrinth
ventrally. A crista basis tubercula basalis is likely absent,
although this may be the result of the light damage that
affects the anterodorsal surface of the basioccipital
(Fig. 5C). In ventral view, the central part of the basioccip-
ital forms a shallow depression that laterally reaches the
tubercula basioccipitale, and posteriorly extends up to the
occipital condyle (Fig. 1B). The tubercula basioccipitale
are posteriorly elongate (Figs 1B, 5), as in Carettochelys
insculpta (Walther 1922; Joyce 2014) and Allaeochelys
crassesculpta (Harrassowitz 1922), but different from the
short processes seen in Anosteira pulchra (Joyce et al.
2018). The occipital condyle is greatly damaged and only
the base of the exoccipital lobes is preserved (Figs IF,
5A, B). The preserved portion neither allows to determine
with confidence to which extent each bone contributed to
the condyle, nor how many lobes were actually forming
the condyle. Although the basioccipital is exposed ventro-
medially between the exoccipitals, a slight reduction in
width of the basioccipital towards the posterior is apparent
in the pCT image stack, but our observations are not suffi-
cient to determine with confidence the morphology of the
occipital condyle in BSPG 1991 1II 130.
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Exoccipital. The exoccipitals are almost complete,
only the portion around the occipital condyle is damaged.
The exoccipital contacts the supraoccipital dorsally, the
opisthotic laterally, the pterygoid ventrolaterally, and
the basioccipital ventrally (Figs 1F, 5). The exoccipital
forms the posterolateral wall of the braincase and the
lateral margin of the foramen magnum. Within the brain-
case, the exoccipital forms two internal foramina for the
hypoglossal nerve (Fig. 5C). The more anterior foramen
is smaller and located just above the suture between the
exoccipital and basioccipital. The other foramen is larger
and located more posteriorly, at the level of the foramen
magnum. Both foramina lead into separate canalis nervi
hypoglossi that extend posterolaterally through the
exoccipital. The exterior foramina nervi hypoglossi are
separate but close to one another, located in a shallow
cavity that lies lateral to the occipital condyle and just
dorsal to the exoccipital-basioccipital suture (Fig. 5A,
B). Our interpretation differs from that of Havlik et al.
(2014), who identified three external foramina for the
hypoglossal nerve. Cross-examination of the pCT scans
available to us reveals that the most ventral of the three
foramina identified by the latter authors actually corre-
sponds to some porosity that is externally exposed, and
that only two sets of internal and external foramina
are present in Allaeochelys libyca, as in Carettochelys
insculpta (Walther 1922) and Anosteira pulchra (FMNH
PR966). The anteromedial surface of the exoccipital is
concave and smooth and forms parts of the posterior
wall of the recessus scalae tympani. Within the recessus
scalae tympani, the exoccipital forms a moderately large
but short canal that extends posterolaterally and joins
the posterior surface of the exoccipital by means of the
foramen jugulare posterius, which is located just dorso-
lateral to the foramina externum nervi hypoglossi (Fig. 5).
Medially, the exoccipital forms the posterior margin of
the foramen jugulare anterius, i.e., the internal opening
between the recessus scalae tympani and the braincase.
The exoccipital also forms the dorsal part of the elongate
tubercula basioccipitale with an elongated posterolateral
process (Figs 1F, 5).

Parabasisphenoid. The parabasisphenoid is broken at
the anterior limit of the sella turcica. The anterior parts
of the otherwise broad and flat rostrum basisphenoi-
dale are therefore missing. The area around the clinoid
process and retractor bulbi pits is damaged as well and
we are not able to describe these structures. The paraba-
sisphenoid contacts the palatine anteriorly, the pterygoid
laterally, the prootic anterodorsolaterally, and the basioc-
cipital posteriorly (Fig. 1B, E). The dorsal surface of the
parabasisphenoid is concave and floors the braincase. The
parabasisphenoid posteriorly forms a short, thin sheet of
bone that underlies the basioccipital and gives the impres-
sion of a broad contact between the two bones, but the
contact is dorsally limited to the most central portion of
both the parabasisphenoid and basioccipital. The paraba-
sisphenoid forms the dorsum sellae, which anteriorly
projects to cover the sella turcica. The foramina anterius
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canalis carotici basisphenoidalis are located within the
lateral corners of the sella turcica and lead into the canalis
caroticus basisphenoidalis, which in BSPG 1991 II 130
are the anterior continuation of the canalis caroticus
internus (Fig. 2B). The foramina posterius canalis nervi
abducentis are located along the dorsal surface of the
parabasisphenoid, posterolateral to the dorsum sellae
(Fig. 2A). The foramen posterius canalis nervi abducentis
leads into the canalis nervus abducentis, which extends
anteriorly through the parabasisphenoid. The anterior
path of the canal and bony contributions to the foramen
anterius canalis nervi abducentis remain unknown as this
area is damaged in BSPG 1991 1II 130.

Endosseous labyrinth. The semicircular canals are
thick, with the anterior semicircular canal being the
longest of the three and that anteriorly joins the vesti-
bule at the level of the anterior ampulla (Fig. 6). The
posterior semicircular canal is shorter than the anterior
canal and its posterior third is ventrally confluent with
the posterior portion of the lateral semicircular canal,
forming a large secondary common crus (Fig. 6B). The
common crus is low and dorsally forms an embayment
between the anterior and posterior semicircular canals,
as in many other turtles (Fig. 6A; see Evers et al. 2019;
Martin-Jiménez and Pérez-Garcia 2021, 2022, 2023a,
2023b; Rollot et al. 2021b; Smith et al. 2023). The
lateral semicircular canal is the shortest of the three,
only forming a proper canal along the posterior half of
the labyrinth that is barely detached from the vestibule,
which results in a narrow, dorsoventral opening between
the lateral canal and the vestibule (Fig. 6C). Anteriorly,
the lateral canal merges with a large lateral ampulla.
The morphology of the endosseous labyrinth of BSPG
1991 1I 130 is extremely similar to that of NHMUK
1903.7.10.1 (Carettochelys insculpta). We are only able
to identify two very subtle differences between the two
endosseous labyrinths, namely a slightly thicker anterior
semicircular canal in BSPG 1991 II 130 and a slightly
more excavated dorsal embayment of the common crus
appears BSPG 1991 1I 130.

Isc

fov fov

Discussion and conclusions

The availability of uCT scans and complete segmenta-
tion of BSPG 1991 II 130 allows us to reinterpret several
features that were originally misinterpreted by Havlik
et al. (2014). The opening originally interpreted as the
“posterior” foramen nervi trigemini actually corresponds
to the posterior end of a trigeminal foramen sensu lato,
i.e. the confluent foramina for the trigeminal nerve and
mandibular artery. The mandibular artery is inferred to
pass directly into the lower temporal fossa by reference
to the circulatory system described for Carettochelys
insculpta by Rollot et al. (2021a). The foramen nervi
trigemini sensu lato is incompletely preserved in BSPG
1991 1I 130, as the epipterygoid is absent. Havlik et al.
(2014) identified an epipterygoid beneath the processus
trochlearis oticum and between the mandibular artery
foramen and foramen nervi trigemini sensu stricto. The
pCT scans of BSPG 1991 11 130 show that the sutures of
this purported epipterygoid with the surrounding bones,
i.e., the quadrate, prootic, and pterygoid, actually corre-
spond to a crack, and that the epipterygoid is not preserved.
Ironically, we infer that an epipterygoid would have
likely sat in a similar area, forming a narrowly constricted
and size-reduced canalis cavernosus, as in Carettochelys
insculpta. This highly unusual ‘cavernous’ area seems to
be a derived feature of at least Carettochelyinae. The uCT
scans and three-dimensional reconstructions also allowed
us to confirm the presence of two internal and external
hypoglossal foramina with their associated canals, versus
the three external foramina labeled by Havlik et al. (2014)
in the figures of their contribution. We also reinterpret the
suture between the exoccipital and basioccipital, which
is nearly horizonal and located more ventrally than inter-
preted by Havlik et al. (2014), but we note that in the
RCT scans, this suture fades away towards the posterior,
which likely made its identification on the specimen
without back-up from tomographic data difficult. Finally,
we identify a small piece of bone located anterior to the
right pterygoid-parabasisphenoid suture as a remnant of

C

ScC

lam Isc

5mm

Figure 6. Three-dimensional renderings of the left endosseous labyrinth of BSPG 1991 II 113. A. Lateral view; B. Posterior view;
C. Dorsal view. Abbreviations: asc, anterior semicircular canal; cc, common crus; fov, fenestra ovalis; lam, lateral ampulla; Isc,

lateral semicircular canal; psc, posterior semicircular canal; scc, secondary common crus.
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the palatine, but acknowledge that the identification of
this bone was only possible thanks to the pCT scans. Our
reconstructions of the preserved portions of the facial
nerve and internal carotid artery canals also show that
the circulatory and innervation systems of Allaeochelys
libyca are likely identical to that of Anosteira pulchra
(Joyce et al. 2018) and Carettochelys insculpta (Rollot
et al. 2021a). Despite differences in the location of the
foramen posterius canalis carotici interni, all three taxa
share the absence of the canalis caroticus lateralis and the
location of the split of the facial nerve into its subordinate
branches, i.e., the vidian and hyomandibular nerves, that
is located within the prootic. Although the circulatory and
innervation systems remain unknown for the most early
branching carettochelyids Kizylkumemys khoratensis and
Kizylkumemys schultzi, current knowledge suggests that
all carettochelyids likely have very similar systems.
Despite the reinterpretation of several anatomical
features and the new information provided in the present
contribution, the differences we highlighted between our
study and the original work of Havlik et al. (2014) do
not challenge the validity of Allaeochelys libyca. The
insights provided herein will nevertheless be reflected in
phylogenetic matrices, as scorings of several characters
will have to be updated accordingly (e.g., subdivision
of the foramen nervi trigemini). We also believe that
some of our observations have the potential to be tran-
scribed into new phylogenetic characters, such as the
presence versus absence of a contact between the crista
cranii of the frontal and the descending process of the
prefrontal, the presence versus absence of an additional
canal and associated foramina in the opisthotic for the
glossopharyngeal nerve, or the short versus elongate
tubercula basioccipitale. Even if scoring changes and
new characters are not expected to drastically change
the phylogenetic relationships of carettochelyids, they
might allow a better resolution within some subclades
of carettochelyids. Anosteira spp. and Allaeochelys spp.
are commonly retrieved as unresolved subclades (Havlik
et al. 2014; Danilov et al. 2017; Carbot-Chanona et al.
2020), and the inclusion of new characters might allow a
better resolution within the latter. The inclusion in phylo-
genetic matrices of the newly described Carettochelys
niahensis (White et al. 2023), even if the reported mate-
rial is fragmentary, might provide novel insights as well.
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Abstract

As the fossil record reveals, neopterygians had a major diversification after the great mass extinction at the Permian-Triassic bound-
ary, including the appearance of the major clade Teleosteomorpha. Detailed studies of new taxa (Pseudopholidoctenus germanicus,
Barschichthys ruedersdorfensis, and Ruedersdorfia berlinensis) from the lower Anisian (middle Muschelkalk) of Germany and their
comparisons with other Triassic relatives are presented, including new information concerning size, shape, and diet. Two families,
Pholidophoridae and Marcopoloichthyidae, made a modest appearance during the Anisian of Europe and Asia almost simultaneous-
ly, with Pseudopholidoctenus (and the teleosteomorphs Barschichthys and Ruedersdorfia) from the Germanic Basin, being the oldest
stem teleosts (244 Ma), followed shortly by Marcopoloichthys ani from Italy. The early teleostean diversification was fast—already
in the late Ladinian three lineages were present: Prohalecitiidae (Europe), Pholidophoridae (Asia, Europe), and Marcopoloichthyidae
(Asia, Europe), with ca. 20 species inhabiting the Tethys Ocean during the Middle—Late Triassic. Most Triassic teleosteomorphs
were small, ca. 50 mm standard length, and a few as possibly miniature, with torpedo or oblong shapes, and suction feeders—proba-
bly a plankton based-diet. These first Triassic radiations were replaced during the early Sinemurian of marine ecosystems of Europe
with two major groups: (a) non-monophyletic ‘pholidophoriforms’ and (b) proleptolepids and leptolepids, having an average size
(ca. 100 mm SL) longer than Triassic forms, with oblong and fusiform shapes. A fast dispersion from the Tethys to the Paleo-Pacific
followed, as demonstrated by the presence of small (ca. 50 mm SL) suction feeder proleptolepids in the early Sinemurian of Chile.
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Introduction Lias of Dorsetshire, Pholidophorus bechei, was consid-

ered by Woodward as the type species, because it was

About two hundred years ago, Agassiz (1832) described
two species of his new genus Pholidophorus (P. latius-
culus and P. pusillus) from the upper part of the middle
Norian (Upper Triassic) of Seefeld, Austria (Brandner and
Poleschinski 1986). In 1843, he added several Jurassic
species to Pholidophorus, a list that increased consider-
ably by Woodward (1895), who recognized many Jurassic
species, disregarding the Triassic ones; Woodward’s
taxonomy was followed by nearly all researchers because
of his prestige. His authoritative opinion was taken to the
extreme when an Early Jurassic species from the Lower

better known, an approach that was followed even by
Nybelin (1966) in his review of certain ‘pholidophori-
forms’. More recently, Arratia (2013) revalidated the
Late Triassic species Pholidophorus latiusculus as the
type species and removed the Early Jurassic Ph. bechei
from Pholidophorus and placed it in a new genus,
Dorsetichthys (Arratia 2013: p. 118).

In contrast to the speciose Jurassic so-called ‘pholido-
phoriforms’ (sensu Arratia 2000), Triassic pholidophorids
were described rarely. A Carnian (lower Late Triassic)
species was described by Kner (1866), a Norian (Late
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Triassic) species by Gortani (1907), and a Rhaetian (Late
Triassic) species by Airaghi (1908). Zambelli (1975,
1977, 1980a, b, c, 1990) revised Triassic pholidophorids
related to the holotype Pholidophorus latiusculus that
were recovered in fossiliferous sites near Bergamo,
Lombardy, northern Italy (e.g., Cene, Ponte Giurino, and
Endenna). He erected several pholidophorid genera (e.g.,
Parapholidophorus, Pholidoctenus, Pholidorhynchodon,
and Eopholidophorus) and species from two main Norian
localities near Bergamo (Cene and Ponte Giurino). At
the same time, Griffith (1977) erected a new pholido-
phorid genus and species, Pholidophoretes salvus, among
other Carnian fishes in the northern Alps (Lunz, Austria).
Almost 40 years later, Arratia (2013, 2017) provided
detailed taxonomic revisions of previously described
Triassic pholidophorids from Europe and erected a few
new genera (e.g., Annaichthys, Lombardichthys and
Zambellichthys) and species and provided extensive
morphological descriptions. Based on these taxa and
additional teleosts, Arratia (2013) proposed a phyloge-
netic hypothesis of these Triassic pholidophorids within
Teleosteomorpha or stem-based teleosts. These European
Triassic pholidophorids are restricted to the Late Triassic,
from the Carnian to the Rhaetian, and to marine deposits
in the southern and northern Alps. Research on Middle
Triassic (late Ladinian) fishes from southern China has
added important information to the knowledge of pholi-
dophorids and early teleosteomorphs, with the discovery
of a new genus (Malingichthys) with two species, which
were interpreted as the oldest pholidophorids and oldest
teleosts (Tintori et al. 2015). The new genus Malingichthys
extended not only the paleogeographic area of pholido-
phorids to East Asia, but also extended the time, back to
middle late Ladinian. Currently, the oldest European tele-
osteomorph is Prohalecites porroi Tintori, 1990, also from
the Middle Triassic (late Ladinian; ca. 240 Ma) of Italy.
Recently, the range of teleosteomorphs has been enlarged
by the description of new taxa: Marcopoloichthys ani from
the Anisian of China (Tintori et al. 2007), M. andreetti and
M. faccii from the Norian of Italy (Tintori et al. 2007),
and Seinstedtia parva Schultze et al. (2022) from the
Norian Fuchsberg Quarry near Seinstedt, Lower Saxony
(Schultze et al. 2022: fig. 2), which is the first described
Triassic teleosteomorph for Germany.

Whereas the finds from Italy, Austria and China are
from the open marine Tethys, the teleosteomorph speci-
mens from Riidersdorf are from the restricted marine basin
of the Central European Basin (Germanic Basin). Up to
2021, there was a single mention of basal teleosteomorphs
for Germany; a skull roof identified as Pholidoctenus sp.
from Riidersdorf was figured by Schultze and Kriwet
(2021) outside the Tethys (see below for new taxonomic
assignment). Only recently, small teleosteomorph fishes
were described from an upper Norian/lower Rhaetian
locality in the central European Basin (Seinstedt, Lower
Saxony; Schultze et al. 2022).

New findings and/or revision of fossiliferous localities or
specimens, or the acquisition of new knowledge sometimes
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give unexpected results. A single finding that was previ-
ously mentioned as Pholidoctenus sp. by Schultze and
Kriwet (2021), is restudied herein, plus two other new fishes
from the same locality (Riidersdorf near Berlin, Germany).
These fishes indicate an even earlier appearance of stem
teleosts or teleosteomorphs in the Anisian (lower Middle
Triassic) in a paleogeographic region where no teleosteo-
morphs were previously reported, the European (Germanic)
Triassic basin (lower Muschelkalk) of Riidersdorf near
Berlin. These fishes and all other early teleosts, their sizes
and body shapes, geographic distributions, and ecosystems
are discussed here in the complex framework of early tele-
ostean diversification during the Triassic.

Geological site

The Muschelkalk Quarry Riidersdorf, 25 km east of
the center of Berlin, is a historic source of building
stone and cement for the city of Berlin (Schroeder
2015). The quarry has been in operation for hundreds
of years. The Muschelkalk (from upper lower to lower
upper Muschelkalk) is exposed as an island in between
Pleistocene deposits. The Muschelkalk is moved to the
surface by movement of the underlying Zechstein salt.
Marine fossils (bivalves, crinoids and many others) are
known throughout the sequence. The most common and
best known vertebrates are nothosaurids (Raab 1907;
Schroder 1914; Rieppel and Wild 1996); single bones
are common, but also complete specimens have been
found. Schroder (1914) described different species of
Nothosaurus, but after Rieppel and Wild (1996), only
one species, Nothosaurus marchicus, is recognized in
the Muschelkalk of Riidersdorf. Other marine reptiles are
rare (in the lower Muschelkalk: Cymatosaurus according
to Huene 1944 and Omphalosaurus after Maisch and
Lehman 2002), and the black, rounded crushing teeth
of Placodus are also known. Shark teeth have been
found in the middle Muschelkalk (Acrodus lateralis,
Hybodus plicatilis, Palaeobates (Strophodus) angustis-
simus; see Raab 1907 and Picard 1916) and in the upper
Muschelkalk (Acrodus, Palaeobates; see Raab 1907), as
well as actinopterygian teeth in the middle Muschelkalk
(Gyrolepis tenuistriatus and Colobodus; see Raab 1907
and Picard 1916) and upper Muschelkalk (Colobodus
and Saurichthys; see Raab 1907). Additionally, scales
broadly assigned to “Semionotus” have been known for
a long time. Recently, the private collectors, Mr. W.-W.
Tornow and Mr. E. Barsch, have found complete and
nearly complete fishes from horizons in the Mittlerer
Muschelkalk, but most specimens of teleosteomorphs are
represented by isolated skull roofs as described below.

Stratigraphy

Zwenger (1993: see fig. 4.1.26 for Mittlerer Muschelkalk)
and Kramm and Hagdorn (2020: tab. 2) described the
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Scheme 1. Diagrammatic representation of the Triassic geological system, with special reference to the Riidersdorf sequence, and

a distribution of stem teleosts.

stratigraphic sequence of the Muschelkalk of Riidersdorf
based on earlier accounts. The Muschelkalk of Riidersdorf
reaches from the upper lower Muschelkalk into the lower
upper Muschelkalk (Scheme 1). The new fishes described
here occur in the lower part of the middle Muschelkalk,
in the orbicularis-Schichten (= Unteres Karbonat) and in
the above Untere Wechsellagerung. The “Fischmergel”
forms the base of the Untere Wechsellagerung and is
separated from the underlying orbicularis-Schichten by a
3-m thick bench of dolomite. Few fish remains are known
from the Oberer Muschelkalk (Glaukonitkalk). The small
specimens described here were collected in the so-called
“Fischmergel” near the base of the Untere Wechsellagerung
of the middle Muschelkalk, corresponding to middle
Anisian (about 244 Ma; Kramm and Hagdorn 2021).

Material and methods

The described fossil material is deposited in the fish
paleontological collection of the Museum of Natural
History, Berlin, Germany (MB). A broad comparison
was done with other Triassic teleosteomorphs deposited

in the Geologische Bundesanstadt Wien Abteilung,
Paldontologische Sammlungen, Vienna, Austria (GBA);
Department of Geology, University of Innsbruck,
Innsbruck, Austria (Innsb); Civic Museum of Natural
Science Enrico Caffi, Bergamo, Italy (MCSNB);
Geowissenschaftliche Sammlungen, Zentralmagazin
Naturwisssenschaftlicher Sammlungen, Martin Luther-
Universitdt Halle-Wittenberg, Halle (Saale), Germany
(MLU); Geological-Paleontological Section of the
Naturhistorical Museum, Vienna, Austria (NHMW); and
the Palaeontological Institut and Museum, University of
Zurich, Switzerland (PIMUZ).

Anatomical terminology

The terminology of the skull roof bones is based on
homology and ontogeny (Schultze 2008 and Teng et al.
2019 and literature cited therein). The first time that the
parietal and postparietal bones are cited in the text, as well
as in figures, the traditional terminology is shown in square
brackets, e.g., parietal bone [= frontal]: pa [= fr] and post-
parietal bone [= parietal]: ppa [= pa]. Since most of the
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fishes studied herein are represented by skull roof plates,
the characteristics of the plates, including measurements
and proportions (taken with a digital Vernier caliper),
were compared with similar plates in other Triassic pholi-
dophorids. Only complete exposed plates, preserved in
dorsal view, were considered to make the values compa-
rable. To avoid misunderstanding concerning these
measurements, these are explained below (see Fig. 1).

>

.
[

Figure 1. Pholidophorid skull roof illustrating possible meas-
urements. See text for explanation.

The skull roof length (= SRL) is taken from the most
anterior to the most posterior margins of the plate. The
orbital region is the area of the plate bordering the eyes
dorsally; the length of the orbital region or orbital region
length (= ORL) is taken from the most anterior margin of
the plate to the dorso-posterior margin of the orbit, at the
region of the plate corresponding to the autosphenotic or
sphenotic corner (it includes the parietal [= frontal] bones).
The postorbital region is the area of the plate extending
between the autosphenotic regions to the posterior margin
of the plate (it includes the supratemporotabulars [=
dermopterotics] and postparietal [= parietal] bones); the
postorbital region length (= PORL) is taken from the
level of both autosphenotics to the posterior margin of the
plate. The nasal region is the most anterior area of the
plate, usually triangular in shape, and articulating laterally
with the nasal bones and occasionally, depending on the
taxon, with the rostral; the nasal region length (= NRL) is
taken from the most anterior tip of the plate to the poste-
rior line forming the triangle. The nasal region width (=
NRW) is taken at the base of the triangle corresponding to
this region. The mid-orbital region width (= PORW) is
measured at the mid-region of this area, and the postorbital
region width is taken at the broadest point of the postor-
bital region or postparietal plus supratemporotabulars [=
dermopterotic] area. The postorbital region width (POW)
is measured as the broadest point of the region.

For body size analyses of Triassic stem teleosts,
we compiled data on their total and standard lengths
(= maximum standard length of Romano et al. 2016)
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at species level. Incomplete taxa (e.g., Zambellichthys
Arratia, 2013 known only by the head) were excluded.
Most fishes studied here have hemiheterocercal tails; thus,
the standard length was measured from the most anterior
tip of the head to the last scale carrying the lateral line
and ending approximately at the mid-region between the
dorsal and ventral posterior body lobes. Thus, sometimes
identification of the last scale carrying the lateral line is not
possible due to incomplete preservation or the scales are
not preserved or displaced, making any identification diffi-
cult. The body shape of the stem Triassic pholidophorids
was studied, as well certain anatomical complexes, such as
the jaws and their position in the head and their dentition,
with the aim to identify possible feeding habits. It is note-
worthy to mention that the quality of preservation of most
Triassic stem teleosts is generally very good to excellent.

Illustrations

[lustrations are based directly on the specimens. The
drawings were done with the help of a camera lucida
attached on a WILD stereomicroscope M5A. Except
for the photographs of the new taxa described here,
which were taken with a Nikon R9 and 30 mm lens,
all others were taken by professional photographers
working for the various academic institutions as listed in
Acknowledgements.

Systematic Paleontology

Teleosteomorpha Arratia, 2001
Pholidophoriformes sensu Arratia, 2013
Pholidophoridae Woodward, 1890 sensu Arratia, 2013

Pseudopholidoctenus gen. nov.
https://zoobank.org/A3980B26-695C-477E-98E9-1A960AD85SDAC

Type species. Pseudopholidoctenus germanicus sp. nov.

Pseudopholidoctenus germanicus sp. nov.
https://zoobank.org/CC8072F4-A28E-42EA-91D9-3D45809E 1BBD
Figs 2-6

2021 Pholidoctenus sp. Schultze and Kriwet: p. 321, fig. 11.

Diagnosis. (Based on a unique combination of characters
among stem teleosts. Autapomorphies are identified with
an asterisk [*].) Small fish of about 55 mm total length.
Skull roof bones covered by small tubercles and ridges
of different sizes. The length of the nasal region is about
30% of the midorbital width (Table 1). The length of
the postorbital region is about 50% of the orbital region
length [*]. Deep opercle about five times deeper than
the subopercle. Suture between opercle and subopercle
slightly oblique. Ventral limb of cleithrum straight and



Fossil Record 27 (1) 2024, 29-53

33

narrow, lacking a posterior expansion at the confluence of
both limbs. With a series of large scales or scutes, almost
square-shaped, preceding the epaxial lobe of the caudal
fin [*]. Less than 18 principal caudal rays present [*]. No
hypaxial procurrent rays present [*]. Scales covered with
a smooth layer of ganoine. Posterior margin of the scales
with a few conspicuous acute projections or serrae.

Derivatio nominis. The name refers to the similarity
of the skull roof and serrations on bones and scales to the
genus Pholidoctenus from the Norian of Italy.

Type material. Holotype. MB. f. 18641, a well-pre-
served skull roof including sensory cephalic cranial system.

Paratypes. MB. f. 19904, almost complete specimen
(missing the anterior part of the head and distal tips of the
caudal fin rays), relatively well preserved considering the
hardness of the rock and problems cleaning the surface of
bones without destroying them. MB. f. 19905 and 19906,
skull roofs.

Provenience. Opencast mine in Ridersdorf, 25 km
east of the center of Berlin, Germany.

Age. Lower Middle Triassic, lower Anisian (middle
Muschelkalk).

Description. This is a small species of about 55 mm total
length and about 36 mm SL. Specimen MB. f. 19904, with
the body and squamation preserved in situ, is a rare one in a
locality where the fishes are usually preserved as disarticu-
lated bones (Fig. 2). The anterior part of the head is missing,
and since the body is slightly bent, it is not possible to esti-
mate its body shape accurately; possibly, it was oblong, and
the peduncle depth seems to be half of the predorsal depth.
The pectoral fins are missing, and the pelvic fins are incom-
pletely preserved. The dorsal fin is placed at about half the
length of the fish, and the anal is placed posteriorly, very
close to the ventral margin of the caudal fin.

Skull roof. The nicely preserved skull roof (8.3 mm long
and 7.5 mm wide at the postorbital region) has all dermal
bones fused into a large plate (Fig. 3), with the exception
of the rostral and nasal bones that are not preserved. The
skull roof plate is almost triangular, being narrow anteri-
orly at the so-called triangular nasal region and expanding

=7 3

posteriad, reaching its maximum width at the supratempo-
rotabular [= dermopterotic] level and ending in a straight
line (Fig. 3). A posterior process is absent in the posterior
margin of the supratemporotabular region. The skull roof
looks like a flat plate having a straight profile. Most of the
skull roof is formed by the orbital region whose length is
about 62% of the total length of the skull roof. The small
triangular nasal region is short, and its length is about 11%
of the skull roof length (Table 1). The lateral margins of
the nasal region would articulate with the nasal bones that
are not preserved, but considering the oblique position of
both sutures for the nasal bones, it is assumed here that
the rostral bone had an anterior position in front of the
nasals. The orbital region is narrower than the postorbital
region, with the width at its mid-region being ca. 33% of
the postorbital region width (Table 1).

The skull roof (Fig. 3) does not show obvious sutures,
but there is a slight median overgrowth in the region
where both parietals [= frontals] would fuse, a tenuous,
incomplete suture where both postparietals [= parietals]
would meet, and a tenuous suture separating the short
and small right supratemporotabular [= dermopterotic].
According to this interpretation, the parietal region would
be the largest component of the skull roof, forming the
whole orbital region and extending into the postorbital
region. There is no process at the lateral margin at the
confluence of the nasal and orbital regions of the plate.
The lateral margin of the plate, at the supratemporotab-
ular region, shows an invagination that may be occupied
by the dorsal margin of the suborbital or an accessory
suborbital, as in Pholidoctenus serianus (Zambelli 1977,
Arratia 2013) and Ph. sanpellegrinensis (Arratia 2017).
There is no evidence of a supraoccipital bone and/or
epiotics at the posterior region of the plate.

The preorbital region of the skull roof plate that
is formed by the fusion of both parietals occupies a
significant part of the plate (Table 1). In contrast, the
anteriormost narrow orbital region is about 30% of the
postorbital region. This gives the skull roof character-
istic proportions and shape (see section “Morphological

Figure 2. Pseudopholidoctenus germanicus gen. et sp. nov. in lateral view (MB. f. 19904) from Riidersdorf, near Berlin, Germany

(central European Basin; Germanic Basin). Scale bar: 1 cm.
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Figure 3. Pseudopholidoctenus germanicus gen. et sp. nov. (holotype MB. f. 18641) from Riidersdorf, near Berlin, Germany (cen-
tral European Basin; Germanic Basin). A. Photograph of skull roof. B. Interpretative drawing. Abbreviations: a.pl, anterior pitline;
m.pl, middle pitline; ot.c, otic canal; pa+ppa+asp+stt [= fr+pa-+asp+dpt], parietal+postparietal+autosphenotic + supratemporotabular
[= frontal+parietal+autosphenotict+dermopterotic]; ppa.b, postparietal branch; p.pl, posterior pitline; sor.c, supraorbital canal; sp,
pore of sensory canal. Scale bar: 1 mm (A).

Table 1. Approximate skull roof proportions in certain European stem teleosts with well-preserved skull roofs. The measured spec-
imens are identified by their catalogue numbers. Abbreviations: NRL, nasal region; ORL, orbital region; ORW, orbital mid-region

width; PORW, postorbital region: SRL, skull roof length.

ORL/SRL PORL/ORL NRL/SRL NRL/PORW NRW/PORW PORW/SRL

Species
Barschichthys ruedersdorfensis gen. et sp. nov. (MB f. 19907) 58%
Parapholidophorus nybelini (MCSNB 3220) 78%
Pholidoctenus serianus (MCSNB 3095) 73%
Pholidoctenus sanpellegrinensis (MCSNB 13207) 63%
Pholidophoretes salvus (NHMW 170/0293) 62%
Pseudopholidoctenus germanicus gen. et sp. nov. (MB f. 18641) 62%
Ruedersdorfia berlinensis gen. et sp. nov. (MB f. 19910) 52%
Seinstedtia parva (MLU Sei.2010.76) 61%

68% — — 150% 35%
30% 22% 52% 20% 84%
36% 16% 43% 32% 96%
58% 15% 46% 32% 80%
60% 19% 57% 31% 94%
50% 11% 33% 32% 93%
90% 7.7% 22% 86% 34%
63% 16.6% 40% 77% 32.8%

comparisons and taxonomic assignments”). The anterior
nasal region of the plate is triangular-shaped, and acting
as sutural margins for the nasal bones, an interpretation
based on other pholidophorids and teleosteomorphs
with the bones in situ. Following such an outline and by
comparisons with Pholidoctenus serianus and Ph. sanpel-
legrinensis, it is hypothesized here that both nasals were
medially sutured in part of their medial contact surfaces.
The posterolateral corner of the orbital region is the area
corresponding to the autosphenotic or sphenotic, which in
this case, is fused to the parietal laterally and supratempo-
rotabular [= dermopterotic] posteriorly.

The surface of the skull roofis covered by a thin layer of
smooth ganoine; small tubercles and ridges covering the
whole skull roof are observed under high magnification.

The supraorbital sensory canal (Fig. 3B) is visible
(on both sides) through the bone, with few small pores,
irregularly placed and opening on the surface directly on
the trajectory of the canal. The supraorbital sensory canal
extends posteriad, ending in the postparietal branch, just
anterior to the middle pitline. The supraorbital canal,
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nicely preserved, shows that there is not a lateral connec-
tion with the infraorbital canal, neither with the otic canal
whose trajectory (and pores) is partially visible in the right
supratemporotabular region of the plate. Three pitlines
(Fig. 3B) are clearly visible on the postorbital region. The
longest one is the middle pitline that extends from near
the mid-region of the plate to the lateral margin of the
supratemporotabular region. The short anterior pitline is
placed in continuation of the postparietal branch, and the
posterior pitline, equally short, extends near the posterior
margin of the skull roof plate.

Circumorbital bones and suborbital region. Only
the posterior part of the circumorbital ring is preserved
(Fig. 4) and includes the dermosphenotic and two partially
preserved dorsoposterior infraorbitals that probably
correspond to infraorbitals 4 and 5. The suborbital region,
placed between the dorsoposterior infraorbitals anteriorly
and the opercle and preopercle posteriorly, is unclear. It
could include one large suborbital or two suborbitals.

Opercular bones. The opercle and subopercle, and a
small fragment of the preopercle (Fig. 4) are preserved.
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?exc

b.stt [= dpt]

br.r< P

Figure 4. Pseudopholidoctenus germanicus gen. et sp. nov. (MB. f. 19904) from Riidersdorf, near Berlin, Germany (central Europe-
an Basin; Germanic Basin). Drawing of cranium and pectoral girdle in lateral view. Hatched areas represent areas that are destroyed

or too poorly preserved to allow a description. Arrows point to small serrations. Abbreviations: br.r, branchiostegal rays; b.sob,

broken suborbital; b.stt [= dpt], broken supratemporotabular [= dermopterotic]; cl, cleithrum; ?exc, ?extrascapula; op, opercle; pcl,

postcleithra; pop, section of preopercle; scl, supracleithrum; sop, subopercle.

The opercle is a large bone, almost five times deeper
than the subopercle. It is almost oval-shaped dorsally,
expanding slightly at its mid-region and suturing with
the subopercle throughout a slightly oblique suture. One
small serration is preserved at the posterior margin.

The small subopercle has an oval-shaped ventral
contour; its short anterodorsal process is at the conflu-
ence of the preopercle, opercle, and subopercle. The
three opercular bones have smooth exposed surfaces. The
posterior section of three narrow branchiostegal bones
are preserved below the subopercle.

Paired girdles and fins. A section of a stout, long and
narrow lower arm of the cleithrum (Fig. 4) is preserved;
the angle of the lower arm is characteristically shaped
and implies that the upper section of the cleithrum was
short. An elongate and moderately broad supracleithrum
is posterior to the opercle and dorsal part of the cleithrum.
The trajectory of the lateral line canal is not visible.
Three approximately rectangular-shaped elements,
scale-like, are positioned posterior to the supracleithrum
and cleithrum and are interpreted here as postcleithra.
Postcleithra 2 and 3 are slightly displaced and partially

covering each other. There is no information on other
pectoral girdle bones or pectoral rays.

The pelvic basipterygium is covered by scales so that
information is not available, and the fin is represented by
a few, incomplete preserved pelvic rays.

Dorsal and anal fin. An incompletely preserved dorsal
fin (Fig. 5) is placed slightly anterior to the mid-length
of the body trunk, slightly posterior to the incompletely
preserved pelvic rays, and it does not oppose the anal fin
(Fig. 2). A broad, slightly oval and short scute precedes
four paired basal fulcra that are leaf-like and are followed
by at least nine dorsal rays, seven with broken bases and
two that are displaced. An elongate and broad fringing
fulcrum is placed between the last basal fulcrum and the
first principal ray, and it is followed by a series of elon-
gated fringing fulcra that decrease in size distally. The first
principal ray, only segmented and not branched, has a long
base; the following principal rays have also long bases that
become thinner posteriad. The bases of the dorsal rays are
surrounded by enlarged, thick scales (Fig. 5).

Remains of anal rays (Fig. 6) are preserved posteri-
orly in the body. Remnants of five anal rays, incompletely
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Figure 5. Pseudopholidoctenus germanicus gen. et sp. nov. (MB. f. 19904) from Riidersdorf, near Berlin, Germany (central Euro-
pean Basin; Germanic Basin). Dorsal fin and surrounding scales. Abbreviations: b.fu, basal fulcra; f.fr, fringing fulcra; sc, scales;

Ist.dr, first principal dorsal ray.

scu e.bfu ffr

Figure 6. Pseudopholidoctenus germanicus gen. et sp. nov. (MB. f. 19904) from Riidersdorf, near Berlin, Germany (central Euro-
pean Basin; Germanic Basin). Posterior part of body illustrating squamation and caudal and anal fins. Arrows point to serrations.
Abbreviations: a.fr, anal fin rays; e.bfu, epaxial basal fulcra; f.fr, fringing fulcra; h.bfu, hypaxial basal fulcrum; r.ry, rudimentary ray;
L.PR, last principal ray; scu, scutes or enlarged scales; 1st.PR, first principal ray.

preserved, almost reach the anterior margin of the scaly lobe (Fig. 6). Preceding the dorso-anterior margin of
hypaxial lobe of the caudal fin. the fin is a series of scutes that apparently were in contin-

Caudal fin. The fin lacks its middle-posterior part; it  uation with the posterior part of the dorsal fin, which is
seems to be hemiheterocercal, with an abbreviated dorsal ~ missing. The series of scutes is in continuation with three

fr.pensoft.net



Fossil Record 27 (1) 2024, 29-53

37

basal fulcra that are lanceolate in shape with their median
posterior margin bifurcated. An incomplete series of
elongate fringing fulcra follows. The fin seems to have
few principal rays; 14 rays are preserved, and apparently
there are not more; their segmentation is mainly straight.
The number of principal rays is fewer than in the Italian
genus Pholidoctenus with 18 to 22 principal rays (Arratia
2013, 2017). Remains of one hypaxial basal fulcrum is
preserved; this fulcrum is followed by a series of elongate
fringing fulcra. According to the preservation, procurrent
rays are absent in the hypaxial lobe of the caudal fin, which
is another major difference with species of Pholidoctenus.

Scales and scutes. Ganoid scales of lepisosteid-type of
different sizes and shapes cover the body. Most scales of
the dorsal and ventral rows of the flank are rhombic, rect-
angular or even square-shaped, with a variable number of
small serrations at their posterior margin. Apparently, the
three main rows of the flank, just posterior to the upper
half of the opercle, are deeper and larger than other poste-
rior scales (Fig. 2). The scales decrease in size posteriad
and have different shapes, but they are not preserved well
enough for a detailed description.

The scales at the posterior region of the dorsal margin
anterior to the dorsal fin seem to be enlarged in compar-
ison to dorsolateral scales (Figs 2, 5). The median
scales placed posterior to the dorsal fin are incompletely
preserved, but there are at least four large, square-shaped
scales preceding the epaxial basal fulcra (Fig. 6).

Teleosteomorpha Arratia, 2001

Family Barschichthyidae family nov.
https://zoobank.org//D155CF4E-8F48-436B-B35F-65D6DCAD8C06

Diagnosis. (Based on a unique combination of charac-
ters among stem teleosts. Autapomorphies are identified
with an asterisk [*].) Small fishes about 80 mm total
length. The skull roof plate is unique in that its anterior
region lacks the triangular nasal region [*] present in
most Triassic teleosteomorphs. The anterior margin of
the skull roof plate is expanded [*] and markedly lobated
[*], giving a unique aspect to the skull roof among tele-
osteomorphs (Fig. 7). Anterodorsal profile of head gently
rounded. Left and right lateral extrascapulars present. One
median extrascapular present [*]. Extrascapulars lacking
the anterior ‘roll-over’ characteristic of pholidophorids.
Anterodorsal region of the posttemporal medially posi-
tioned. One large, rectangular-shaped suborbital bone.
Maxillary blade expanding posteriad [*]. A tiny supra-
maxilla 1 contrasts with a large supramaxilla 2 covering
most of dorsal margin of maxilla. Lower jaw long, slightly
protruding anteriad, with articulation for quadrate placed
posterior to posterior margin of orbit. Skull roof covered
with tubercles of ganoine of different sizes. Supramaxilla,
maxilla and lower jaw covered with longitudinal ridges
of ganoine. Ganoid scales of anterior part of body with
few serrations on posterior margin. Markedly difference

in size between lateral line scale row and dorsal scale
rows, and slight decrease in size between lateral line scale
row and the next two ventral rows; oval-shaped scales or
scute-like below pectoral girdles and fins.

Barschichthys gen. nov.
https://zoobank.org/670FBC57-19CF-44C3-B2ED-01181A82FB7E

Type species. Barschichthys ruedersdorfensis sp. nov.

Barschichthys ruedersdorfensis sp. nov.
https://zoobank.org/D2B43 AEC-EA84-42F9-B4CF-407B96671C23
Figs 7-9

Diagnosis. Same as family diagnosis.

Derivatio nominis. The names of the family and of
the genus are dedicated to Mr. Enrico Barsch, who from
an early age (ca. 15 years old) began to collect in the mine
of Riidersdorf, which is characterized by unique but few
fossils in durable, hard-to-work stone. Thus, after years
of search and careful work, Mr. Barsch has gathered an
important collection studied herein and he also donated
part of the collection to the Museum of Natural History
(MB) in Berlin.

Type material. Holotype. MB. f. 19907, a well-pre-
served skull roof including sensory cephalic cranial
system and ornamentation.

Paratypes. MB. f. 19908, a well-preserved skull
roof including ornamentation. MB. f. 19909, specimen
of about 50 mm standard length, preserving the lateral
view of the head and part of the trunk, which is inter-
preted as belonging to the same species due to the orbital
region that is expanded anteriorly and broadly expanded
posteriorly (though broken), as well as having the same
ornamentation as in the holotype and paratype.

Provenience. Opencast mine in Ridersdorf, 25 km
east of the center of Berlin, Germany.

Age. Lower Middle Triassic, lower Anisian (middle
Muschelkalk).

Description. The head and anterior part of the body
of MB. f. 19909 provide information on cranial bones
and the pectoral girdle and their relationships and on
the scales of the anterior body (Fig. 8). Patchy regions
covered with tubercles are badly preserved on some of
the lateral head bones and some scales. The head has its
anterodorsal profile almost rounded, and the long lower
jaw is slightly protruding anteriad (Fig. 9). Although the
skull roof of the specimen is partially destroyed showing
parts of left and right broken bones, it is evident that the
head at the level of the extrascapulars is deeper than long.
The diameter of the orbit is small, ca. 25% of the head
length. Specimens MB. f. 19907 and MB. f. 19908 difter
in the distance between orbits or mid orbital region width
(PORW), but they are interpreted here as belonging to
the same species because they share some unique features
such as lacking the nasal region (NRL) of the skull roof
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pa+ppa+asp + stt
[=fr + pa + asp + dpt]

L tobnd

Figure 7. Barschichthys ruedersdorfensis gen. et sp. nov. from Riidersdorf, near Berlin, Germany (central European Basin; Ger-
manic Basin). A. Photograph of skull roof (holotype MB. f. 19907). B. Interpretative drawing. C. Photograph of skull roof (MB.
f. 19908). D. Interpretative drawing. Abbreviations: dsp, dermosphenotic; d.dsp, displaced dermosphenotic; ep, epiotic; fon, an-
terior cranial fontanel; i.s, incomplete suture; m.exc, median extrascapula; m.pl, middle pitline; ot.c, otic canal; patppa+asp+stt
[= fr+patasp+dpt], parietal+postparietal+autosphenotictsupratemporotabular [= frontal+parietal+autosphenotict+dermopterotic];

sor.c, supraorbital canal. Scale bars: 5 mm.

plate, having an expanded and undulated anterior margin
of the skull roof, and a similar postorbital region structure
and proportions and sharing the same characteristic orna-
mentation. The difference in the mid-orbital region width
may indicate sexual differences, a hypothesis that should
be tested when more specimens become available.

Skull roof bones. Specimen MB. f. 19907 is a nicely
preserved skull roof of ca. 19 mm long and 14 mm width
at the postorbital region, with all dermal bones fused
into a large, characteristically-shaped plate (Fig. 7), with
the exception of the rostral and nasal bones that are not
preserved. Still, some incomplete suture lines can be
observed. Posteriorly, remains of a lateral extrascapula
and a median extrascapula are preserved. The skull roof
plate is expanded anteriorly, ending on a broadly undu-
lated or lobated margin and expanding posteriad, reaching
its maximum width at the supratemporotabular [=
dermopterotic] level and ending in a gently curved line.
The skull roof looks like a flat plate; however, the first
impression is deceptive, because the lateral margins on the
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anterior part of the plate are lateroventrally inclined, with
the mid-section of the parietal regions of the plate, slightly
higher than the lateral orbital margins; the lateral margins
of the postorbital region are gently inclined lateroventrally.
Most of the skull roof is formed by the orbital region whose
length is about 58% of its total length. The small triangular
nasal region (Figs 1, 3) present in Pseudopholidoctenus
gen. nov. is absent here, but the anterior margin is broad; it
is ca. 150% of the midregion of the orbital width. Because
of the position of the supraorbital sensory canal on the
skull roof plate lying closer to the midregion than to the
lateral margins, there is the possibility that the nasals were
very broad bones, joining at their medial margins and that
the rostral bone was anterior to the nasals.

The skull roof (Fig. 7) does not show complete sutures
separating bones, but there is a tenuous incomplete suture
where both parietals [= frontals] meet, and another tenuous
and incomplete suture separating partially the parietal and
postparietal regions. Unlike other Triassic teleosteomorphs,
a small oval fontanel separates left and right halves of the
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Figure 8. Barschichthys ruedersdorfensis gen. et sp. nov. (MB. f. 19909) from Riidersdorf, near Berlin, Germany (central European
Basin; Germanic Basin) illustrating head and anterior part of trunk in lateral view. Scale bar: 5 mm.

skull plate anteriorly in one skull roof, but it is almost
closed in another specimen. As in Pseudopholidoctenus
germanicus gen. et sp. nov., the parietal region would be
the largest component of the skull roof, forming the whole
orbital region and extending into the postorbital region.
The lateral margins of the plate at the supratemporotabular
region are ventrolaterally expanded and carry the otic canal,
which is incompletely preserved. There is no evidence of a
supraoccipital bone. Suturing with the posterior margin of
the plate, there are pieces of the lateral extrascapulae and
a median extrascapula preserved (Figs 7, 9). Their anterior
margin is smooth and not presenting the so-called thick
“roll-over” that characterizes the extrascapulars in pholi-
dophorids, which have only two extrascapulars, not three,
as in the case of this fish.

The anterior nasal region of the plate is absent in this
fish (compare Fig. 1 and Fig. 7), an interpretation based
on other pholidophorids and teleosteomorphs with the
region in situ. The broad anterior margin of the skull
plate would articulate with the nasal bones, but only
one nasal is incompletely preserved, forming an angle
of almost 90 degrees with the parasphenoid. The rela-
tionship among the anterior margin of the plate, nasals,
and rostral (not preserved) is unknown. Due to its size
and position, the nasal bone would be part of the ante-
rior region of the circumorbital region. The posterolateral
corner of the orbital region is the area corresponding to
the autosphenotic or sphenotic, which in this case, is
fused to the parietal laterally and supratemporotabular [=
dermopterotic] posteriorly.

The surface of most of the skull roof is covered by
tubercle-like ornamentation that cannot be described
properly due to irregularities in shape and position of the
tubercles; however the ornamentation seems to be lacking
in the anterior lobated region of the plate.

The supraorbital sensory canal (Fig. 7) and otic canal
are visible in certain regions where the ornamentation is
not preserved. No sensory pores opening on the surface
have been observed. Only discontinuous sections of the
middle pitline (Fig. 7) are visible on the postparietal plus
supratemporotabular region; these are very difficult to
observe because of the density of the ornamentation in
the isolated skull roof plates, and the surface is damaged
in MB. f. 19907 and MB. f. 19909.

Braincase. The braincase is covered by bones, and
only sections of the interorbital septum and parasphenoid
(Fig. 9) are preserved. A posterior section of the inter-
orbital septum covers half the orbit in specimen MB. f.
19909. A section of the ascendent process of the paras-
phenoid can be observed in this specimen. Teeth or their
sockets are not observed, so they are interpreted as absent.
Posteriorly, the parasphenoid expands dorsally, but it is
laterally covered by the suborbital so that the extension
of the ascendent process is unknown. There is another
ventrolateral extension that could be an incompletely
preserved basipterygoid process.

Circumorbital bones and suborbital region. The
description is based on MB. f. 19907 with the circumorbital
ring partially preserved (Fig. 9) and includes infraorbitals
1 to 3 and the dermosphenotic. There is no evidence of
supraorbital bones. Infraorbital 1 is a large, oval-shaped
bone, slightly expanded anterodorsally. Infraorbital 2 is
short and triangular-shaped. Infraorbital 3 is a large bone
slightly rectangular-shaped and extending below the subor-
bital, reaching the opercular region. Infraorbitals 4 and 5
are not preserved, but remnants of an incomplete dermo-
sphenotic are preserved in MB. f. 19908 and MB. f. 19909.
One large, rectangular-shaped suborbital is surrounded by
the dorsoposterior infraorbitals anteriorly (not preserved),
the opercle posteriorly, and infraorbital 3 ventrally. The
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pcl1

pcl2

pcl3

Figure 9. Barschichthys ruedersdorfensis gen. et sp. nov. from Riidersdorf, near Berlin, Germany (central European Basin; German-
ic Basin). Drawing of skull roof (MB. f. 19909). Hatched marks represent areas that are destroyed or too poorly preserved to allow
a description. Abbreviations: b.dsp, broken dermosphenotic; b.na, broken nasal bone; b.pop, broken preopercle; br.r, branchiostegal

rays; br.skr, broken skull roof; cl, cleithrum; ent, entopterygoid; exc, extrascapulae; gu?, gular plates?; io1-3, infraorbitals 1-3; iop,

interopercle; 1j, lower jaw; op, opercle; orb, incomplete orbital septum; par, parasphenoid; pcll-3, postcleithra 1-3; pmx, premaxilla;
ptt, posttemporal; sc, scale; smx1-2, supramaxillae 1-2; sob, suborbital; sop, subopercle.

trajectory of the infraorbital canal can be seen in infraor-
bitals 1-3, but no branches or pores are visible.

Upper jaw. The maxillaand supramaxillae are preserved.
An enlarged, narrow premaxilla is preserved as an imprint.
The maxilla (Fig. 9) is moderately long, reaching just below
the posterior margin of the orbit. However, it is unclear
how the posterior margin of the maxilla ended, because
the maxilla is broken at its posterior margin. Its anterior
articular process is short and narrow in comparison to
the maxillary blade that is narrow anteriorly and expands
posteriad, with the posterior margin being almost double
the depth of the anterior blade. The oral margin (at least at
its posterior half) carries small conical teeth; some of these
teeth are covered by the oral margin of the bone, but they
are seen throughout the bone. The posterior supramaxilla
(Fig. 9) is a large, oblong bone that covers about half of the
posterior part of the dorsal margin of the maxilla. Below
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the anterior end of the supramaxilla, there is a tiny bone
that is interpreted here as the anterior supramaxilla. The
maxilla and supramaxillae are covered with elongate lines
of ganoine, giving both bones a striated aspect.

Lower jaw. The lower jaw (Fig. 9) is an elongate bone,
with a curved ventral margin, partially exposed below the
maxilla, with its posterior region poorly preserved and
extending posterior to the maxilla. Consequently, the artic-
ulation between lower jaw and suspensorium was posterior
to the posterior margin of the orbit. The limit between the
dentary and angular is not preserved as well as the trajec-
tory of the mandibular canal. At least, in the posterior part
of'the jaw, some ridges covered with ganoine are preserved.

Opercular bones. The opercle, subopercle, fragment of
the preopercle, and an interopercle (Fig. 9) are preserved.
The opercle is slightly larger than the subopercle (with
its dorsal margin broken; Fig. 9) and characteristically
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shaped. Its suture with the subopercle is oblique. The
broad subopercle has an almost oblique ventral margin,
which becomes slightly rounded posteriorly; its small
anterodorsal process is broken and is anteriad directed.
The preopercle is represented by some pieces so that a
description is not possible, except to propose that the bone
was short dorsally because of the position and relation-
ships between the suborbital and opercle. The interopercle
is preserved below the preopercle and interopercle, so that
it is possible to assume that it was an elongate bone.
Branchiostegal rays and gular plate. Remnants of
a few, narrow branchiostegal rays are preserved below
the interopercle (Fig. 9). Below the posterior part of the
lower jaw and opercular region, two elongate bones are
preserved, and because of their position, they can be
interpreted as being median bones. Thus, these are inter-
preted here as possibly two gular plates (Fig. 9).
Pectoral girdle and fin. It is unclear if one of the scale-
like bones that is broken posterior to the extrascapular
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bones could be interpreted as a large posttemporal,
having a medial position to the supracleithrum (Fig. 9).
The dorsal part of the supracleithrum is partially exposed
posterodorsal to the opercle. The cleithrum is a long
bone whose ventral part is preserved, but the surface of
its dorsal, narrower section is partially destroyed. The
bone lacks a well-pronounced curvature and extends
ventrally below the interopercle and branchiostegal rays,
so that it is not possible to observe whether a clavicle was
present anteriorly. Remains of the serrated appendage are
preserved along the medial, ventral section of the bone.
Three scaly types of postcleithra (Figs 9, 10) are present.
The first one is the longest of the series and the second one
is somewhat oval shaped. Postcleithrum 2 has serrations
at its posterior border, but since postcleithra 1 and 3 have
their posterior margin poorly preserved, it is unknown
whether more serrations were present. There are remains
of ornamentation on the lower part of postcleithrum 3 that
are shown in Fig. 10.

1 mm

Figure 10. Barschichthys ruedersdorfensis gen. et sp. nov. from Riidersdorf, near Berlin, Germany (central European Basin;
Germanic Basin). Drawing of a section of the lateral trunk illustrating mainly scales and postcleithral bones (MB. f. 19909).

Abbreviations: or, ornamentation (tubercles); pcll-3, postcleithra 1-3; pec.r, broken pectoral rays; sc, scales; scl, supracleithrum.

Arrows point to large oval scales or scutes.
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Posterior to the posteroventral curvature of the
cleithrum, a few broken rays (Fig. 10) are present, but
their poor preservation does not allow a description.

Scales. The ganoid type of scales covering the body
seem to be thick. There is not a distinct row of scales
(Fig. 10) carrying the lateral line that can be described
as significantly deeper than the next ventral body scale
row; however, there is a significant difference between the
lateral line scales and the dorsal series of scales that are
smaller. The scales carrying the lateral line and those just
above and below are rectangular, with short serrations at
their posterior margin that are mostly destroyed. Ventrally,
the series of scales become smaller and oval. In the ventral
midline, or close to it, below the pectoral girdle and
pectoral fin, some larger and oval-shaped scales or scutes
are present (Fig. 10). Some of them still have preserved
rounded or elongate tubercles of ganoine on their surface.

Teleosteomorpha Arratia, 2001
Family incertae sedis

Ruedersdorfia gen. nov.
https://zoobank.org/94004D17-F2D9-4962-937E-ADB3724C4C5A

Type species. Ruedersdorfia berlinensis sp. nov.

Ruedersdorfia berlinensis sp. nov.
https://zoobank.org/F3FFD837-0DBF-4650-AD87-B223884B53C6
Fig. 11

Diagnosis. (Based on a unique combination of charac-
ters among stem teleosts. Autapomorphies are identified
with an asterisk [*].) The skull roof plate resulting from
the fusion of parietal, postparietal, autosphenotic, and
supratemporotabular is characteristic in that the orbital
region is almost as long as the postorbital region, and the
width of the midorbital region is about half the width of
the postorbital region ([*]; Table 1). The length of nasal
region is less than 10% of the cranial plate [*], being
a small one among Triassic teleosteomorphs. Middle
pitline short, not reaching the lateral margin of the supra-
temporotabular region [*]. Skull roof plate covered by a
characteristic ornamentation (Fig. 11).

Derivatio nominis. The genus name is dedicated to the
place of origin (Riidersdorf) plus the ending “ichthys”,
for fish. The species name refers to the town of Berlin,
indicating the geographic position of the quarry, that is
located 25 km east of the center of Berlin (Germany).

Type material. Holotype. MB. f. 19910, a well-pre-
served skull roof including characteristic ornamentation.

Paratypes. MB. f. 14888, a skull roof plate preserved
as impression. MB. f. 19911, a well-preserved skull roof
including sensory canal system.

Provenience. Opencast mine in Ridersdorf, 25 km
east of the center of Berlin, Germany.

Age. Lower Middle Triassic, lower Anisian (middle
Muschelkalk).
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Description. This taxon is represented by three nicely
preserved skull roofs of ca. 18 mm length and 11 mm width
at the postorbital region, with all skull dermal bones fused
into a plate, with the exception of the rostral and nasal
bones that are not preserved. The skull roof plate (Fig. 11) is
narrow anteriorly at the so-called triangular nasal region and
slightly expands posteriad, reaching its maximum width at
the supratemporotabular [= dermopterotic] region; the skull
roof plate ends in almost a straight line, with a small process
that is exposed at the posterolateral corner of the supratem-
porotabulars in the paratypes. The skull roof differs from
all other taxa studied here and other teleosteomorphs in
that the orbital region is as long as the postorbital region
(Table 1). The small triangular nasal region is short and its
length is about 8% of the skull roof length. Considering the
oblique position of both sutural surfaces for the nasal bones
and the lateral exits of the supraorbital canal, it is assumed
here that nasal bones were placed laterally to the median
rostral bone. The orbital region is slightly narrower than the
postorbital region, with the width at its mid-region ca. 33%
of the postorbital region width (Table 1).

The skull roof (Fig. 11) does not show sutures or incom-
plete ones. The anteriormost, narrow orbital region is the
smallest among the skull roofs studied here, and in addition,
its anterior margin is slightly rounded, unlike other preor-
bital regions that commonly are triangular-shaped. This
gives the skull roof characteristic proportions and shape
(see Table 1 and section on Morphological comparisons and
taxonomic assignments). There is no evidence of a supra-
occipital bone. The exposed portion of the epiotics at the
posteroventral region of the plate are well developed and
conic in shape. The surface of the skull roof is covered by
a layer of ganoine, characteristically ornamented (Fig. 11).

The supraorbital sensory canal is visible through the
bone, with a characteristic trajectory, with few small pores,
irregularly placed and opening directly on the surface. The
supraorbital sensory canal extends posteriad, ending in the
postparietal, just anterior to the middle pitline. Thus, the
last section of the canal can be interpreted as its postpa-
rietal branch. The supraorbital canal, nicely preserved,
shows that there is not a lateral connection with the infra-
orbital canal, neither with the otic canal whose trajectory
(and pores) is not visible in the supratemporotabular
region of the plate. Two pitlines are clearly visible on the
postorbital region. One is the middle pitline that is placed
posterior to the anterior pitline, and is short, not extending
to the lateral surface of the supratemporotabular region.
The short anterior pitline is placed in continuation with the
postparietal branch of the supraorbital canal, and appar-
ently it does not contact the middle pitline.

Morphological comparisons and taxonomic
assignments

Pseudopholidoctenus germanicus gen. et sp. nov.

A broad comparison of the skull roof plate (Fig. 3) of
Pseudopholidoctenus germanicus gen. et sp. nov., its
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Figure 11. Ruedersdorfia berlinensis gen. et sp. nov. (holotype MB. f. 19910) from Riidersdorf, near Berlin, Germany (central
European Basin; Germanic Basin). Small arrrows point to the epiotics. A. Photograph of skull roof plate. B. Drawing illustrating
details of ornamentation. Sensory canals and pit lines are not observed due to the thickness of the ornamentation. Abbreviation:
Ip.pr, latero-posterior process of the supratemporotabular area of the skull roof. Scale bar: 5 mm (A).

characteristic triangular shape, proportions and fusion
of all bones was performed, including pholidophorids
(with the characteristic skull roof, triangular in shape),
other stem teleosts from the same locality, and other
Triassic teleosteomorphs.

Triassic pholidophorids may have the skull roof plate
covered with a smooth layer of ganoine or with a layer of

ganoine ornamented with ridges and tubercles of different
sizes (e.g., in Lombardichthys [Pholidophorus] gerva-
suttii, Annaichthys pontegiurinensis, Pholidorhynchodon
malzannii, and Knerichthys [Pholidophorus] bronni;
Arratia 2013). European pholidophorids with a thin
ganoine cover and lacking ornamentation on the skull plate
as in Pseudopholidoctenus germanicus gen. et sp. nov.
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are the genera Pholidoctenus, Parapholidophorus, and
the Carnian Pholidophoretes (Arratia 2013). The three
genera have slight differences in proportions of their
skull roofs (compare Fig. 3 and Fig. 12B; Table 1):
(1) Parapholidophorus has the longest and narrowest nasal
region (Table 1) in contrast to other Triassic European
pholidophorids; (2) Pholidophoretes has the shortest and
broadest nasal region; and (3) Parapholidophorus has an
irregular region and/or process at the lateral margin of the
parietal region where the supraorbital 1 and nasal bone
articulate (see Arratia 2013: figs 59, 61).

In all these European pholidophorids, all bones
forming the skull roof are fused (although some spec-
imens still retain incomplete sutures, especially in
younger individuals). In contrast, the Chinese pholi-
dophorid Malingichthys nimaiguensis (Fig. 12A) has
fused parietals medially, while the supratemporotabulars
[= dermopterotics] are separated and the postparietals
are fused into one element (Tintori et al. 2015: fig. 4);
furthermore, the separation of bones is complete in
Malingichthys wanfenglinensis (Tintori et al. 2015:
fig. 7). Although, as in the European pholidophorids, the
skull roof is longer than broad, the length of the orbital
region is ca. 59% of the total length of the skull roof
so that the postorbital region is slightly longer than in
European pholidophorids. In parallel, the midsection of
the orbital region is comparatively broader (ca. 50%) than
the postorbital region width in most European pholido-
phorids, except Pholidophoretes (see Table 1).

While the trajectory of the supraorbital sensory canal
(Fig. 3) is clearly visible and showing a long canal in
continuation with the parietal branch, ending just in front
of the anterior pitline in Pseudopholidoctenus german-
icus gen. et sp. nov., the canal is shorter in Pholidoctenus
serianus and Ph. sanpellegrinensis (Arratia 2013:
figs 78, 79; Arratia 2017). The number of pores in
Pseudopholidoctenus germanicus is slightly variable
between the left and right sides of the skull roof plate
(Fig. 3), and it is also variable in Pholidoctenus serianus
and Ph. sanpellegrinensis (Zambelli 1978; Arratia 2013:
figs 78A, 79; Arratia 2017: figs 3, 4A). All mentioned
pholidophorids, as well as Pseudopholidoctenus german-
icus, have small sensory pores, lacking sensory tubules,
just opening directly above the canal.

The only other known Triassic teleosteomorphs are
Prohalecites from Ca’ del Frate, northern Italy (Tintori
1990; Tintori and Lombardo 1999; Arratia 2013: fig. 95;
Arratia 2017: fig. 9; Arratia 2022; Gouiric-Caballi and
Arratia 2022: fig. 14), Marcopoloichthys from China, Italy
and Switzerland (Tintori et al. 2007; Arratia 2022), and
the recently described Seinstedtia (Schultze et al. 2022)
from Germany. The skull roofs of Prohalecites (Fig. 12C)
and Marcopoloichthys (Arratia 2022: figs 4, 5, 7) are not
comparable with that of Pseudopholidoctenus german-
icus from Riidersdorf, Germany, because their skull roofs
lack the characteristic triangular shape of pholidophorids,
with the postorbital region significantly broader than the
mid-orbital region. The skull roofs of Prohalecites and
Marcopoloichthys are slightly broader at the postorbital
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region in comparison to the orbital region (see Fig. 12C).
Additionally, the skull roof of Prohalecites has a gently
curved profile anteriorly, and most bones are indepen-
dent. Although the skull roof of Seinstedtia has an overall
shape similar to that in pholidophorids, its postorbital
region is considerably broader than the orbital region
(Fig. 12D). Additionally, Seinstedtia has several other
morphological characters that separate the genus from
pholidophorids, so it was interpreted as a teleosteomorph,
family undetermined by Schultze et al. (2022).

Thus, the skull roof of Pseudopholidoctenus german-
icus gen. et sp. nov. from Riidersdorf, Germany has the
characteristic shape found in members of Pholidophoridae
sensu Arratia (2013), and in particular it has an overall
similarity to those of the Italian Pholidoctenus serianus
and Pholidoctenus sanpellegrinensis, although slight
differences in proportions are present in the three species
(Table 1). Because of the characteristics of the skull
roof in different pholidophorids, we currently interpret
the skull roof of MB. f. 18641, previously described as
Pholidoctenus sp. by Schultze and Kriwet (2021) from the
lower Anisian of Riidersdorf, Germany as belonging to a
new genus and species, Pseudopholidoctenus germanicus.

Barschichthys ruedersdorfensis gen. et sp. nov.

The other two new stem teleosts, Barschichthys rueders-
dorfensis and Ruedersdorfia berlinensis, described above
were recovered together with Pseudopholidoctenus
germanicus in the same geological site in the middle
Anisian (Middle Triassic) of the Germanic Basin
(Scheme 1). The two new fishes represented by isolated
skull roof plates (and one lateral view of the head and
anterior part of the body) are so characteristic that they
can be easily separated from each other and also from
Pseudopholidoctenus germanicus. Although the three taxa
share the fusion or incomplete fusion of cranial bones into
one plate and the narrowing of the orbital region versus an
expanded postorbital region, they have major differences
in the nasal region, anterior margin of the skull roof and
the trajectory of the supraorbital sensory canal when this
canal is observed (compare Figs 3, 7 and Fig. 11).

The lateral view of the head of Barschichthys
ruedersdorfensis gen. et sp. nov. has some overall simi-
larities with that of members of the Late Jurassic family
Archacomaenidae from Gondwanan continents (e.g.,
Antarctica, Australia). One of the diagnostic features of
archaeomaenids is a “broad cranial roof, with a ventral
gently curvature of the antero-dorsal portion of the skull”
(Bean 2021: p. 218); however, such apparent similarity
is misleading, because the skull roof is also broad, but
its shape is completely different from that in archaeo-
maenids, which lack the expanded anterior margin of
the cranial roof plate present in Barschichthys rueders-
dorfensis. In addition, the anterior margin of the parietal
bones in archacomaenids is straight, while it is irregular
in Barschichthys ruedersdorfensis. Another diagnostic
feature of archaecomaenids is “an almost horizontal
suture between opercle and subopercle”, whereas the
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Figure 12. Schematic skull roof plates of Triassic teleosteomorphs illustrating variation in shape, proportions and fusion of bones.
A. Chinese pholidophorid Malingichthys nimaiguensis. B. Italian pholidophorid Pholidoctenus serianus. C. Italian prohalecitid Pro-
halecites porroi. D. German indeterminate teleosteomorph Seinstedtia parva. Abbreviations: patasp [= fr+asp], parietal+autosphenot-
ic [= frontal-+autosphenotic]; ppa [= pa], postparietal [= parietal]; pa+ppa+asp+stt [= fr+patasp+dpt], parietal-+postparietal+autosphe-

notictsupratemporotabular [= frontal+parietal+autosphenotict+dermopterotic]; stt [= dpt], supratemporotabular [= dermopterotic].

Table 2. Size, body shape, and paleoenvironments in Triassic pholidophorids.

Taxon Body size Body shape Geographical ~ Environment Age
(SL in mm) distribution
BARSCHICHTHYIDAE family nov.
Barschichthys ruedersdorfensis gen. et sp. nov. ? oblong? Germany marine middle Anisian
PHOLIDOPHORIDAE
Annaichthys +60 oblong Italy marine Norian
Knerichthys +130 oblong Italy marine Carnian
Lombardichthys +72 oblong Italy marine Norian
Malingichthys maiguensis +65 fusiform Asia marine late Ladinian
M. wanfenglinenssi +48 fusiform Asia marine late Ladinian
Parapholidophorus caffii +49 oblong Italy marine Rhaetian
P. nybelini +60 oblong Italy marine Norian
Pholidoctenus serianus +55 fusiform/oblong Italy marine Norian
Ph. sanpellegrinensis +55 fusiform/oblong Italy marine Norian
Pholidophoretes +72 ? Italy marine Carnian
Pholidophorus +75 oblong Italy marine middle Norian
Pholidorhynchodon +140 oblong Italy marine Norian
Pseudopholidoctenus germanicus gen. et sp. nov. +36 oblong Germany marine middle Anisian
MARCOPOLOICHTHYIDAE
Marcopoloichthys ani 35-37 torpedo-like China marine middle Anisian
M. faccii +37 torpedo-like Italy marine early Carnian
M. furreri +45 torpedo-like Switzerland marine Ladinian
M. andreetti +36 torpedo-like Italy marine early Ladinian
PROHALECITIDAE
Prohalecites 30-36 torpedo-like Italy marine late Ladinian
TELEOSTEOMORPHA INCERTAE SEDIS
Ruedersdorfia berlinensis gen. et sp. nov. ? ? Germany marine middle Anisian
Seinstedtia parva 38 fusiform Germany coastal Norian
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suture is oblique in the Triassic Barschichthys rueders-
dorfensis, and the shape and size of these bones are also
different from those in archaecomaenids. Archacomaenids
have supraorbital bones, whereas they are absent in
Barschichthys ruedersdorfensis. Thus, the circumorbital
ring is closed in archmaeomaenids; in contrast, it is open
dorsally in Barschichthys ruedersdorfensis. The maxilla
is comparatively smaller in archaecomaenids than in the
German Triassic fish which, in addition, has a unique
maxilla among teleosteomorphs, which expands poste-
riad. The lower jaw of archacomaenids is short with the
quadrate-lower jaw articulation about the middle of the
orbit, whereas the lower jaw of the German Triassic fish
is long, extending well posteriad to the orbit, and its artic-
ulation with the quadrate is placed posterior to the orbit.

The new family described here, Barschichthyidae,
differs from members of the Triassic family
Pholidophoridae sensu Arratia (2013, 2017) in the same
characters cited above for archacomaenids. And the same
can be said if a comparison is done with the Triassic
Prohalecitidae and Marcopoloichthyidae, all with very
characteristic crania (Tintori 1990; Tintori et al. 2015;
Arratia 2022). Thus, the diagnosis of the new family
is supported by several anatomical and morphological
features (see Diagnosis) that are unique to this new taxon,
as well as its combination of diagnostic characters.

Finally, the diagnosis of the new genus and species,
Ruedersdorfia berlinensis (Fig. 11), is characterized by
a few autapomorphies and a unique combination of char-
acters that justify its creation as a new taxon. However,
due to its combination of characters, its position among
stem teleosts is unknown and is interpreted here as
Teleosteomorpha incertae sedis.

Discussion

Size and body shape and oldest
teleosteomorphs or stem teleosts

With very few exceptions, Triassic stem teleosts are
small-bodied in comparison to some contemporaneous
non-teleost fishes, such as Birgeria and Saurichthys.
Except for marcopoloichthyids, other stem teleosts,
such as Prohalecites and pholidophorids, including
Pseudopholidoctenus germanicus gen. and sp. nov.,
have hemiheterocercal tails so that both the maximum
body length or total length and the standard length were
measured for most taxa studied here. Interpretation as
small body size versus an intermediate or large body size
fish is somewhat subjective, because of personal differ-
ences in taking measurements so that the comparison
below is restricted to what can be understood as a ‘small
body-sized’ or ‘miniature’ fish in Triassic teleosteomorphs.

Miniaturization, as defined for extant Neotropical fishes
by Weitzmann and Vari (1988) and extended thereafter to
other fish taxa (e.g., Kottelat et al. 2006) and extant amphib-
ians and reptiles (e.g., Janken 1993; Janken and Wake
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1993; Zimkus et al. 2012), involves individuals reaching
sexual maturity at 20 mm SL or less and not growing longer
than 26 mm SL, and usually exhibiting paedomorphic char-
acters. However, such views are being challenged, because
it is considered that after the limitations established by
Weitzman and Vari (1988), the threshold is arbitrary. To be
considered a miniature, the species needs to present a reduc-
tion in body size in comparison with close relatives/sister
lineages and the common patterns that follow the miniatur-
ization process, such as reductions and losses of structures
(P. Braganca, written comm. November 21, 2022).

Among Permian neopterygians (e.g., the European
holosteans Acentrophorus altus and A. glaphyrus, ca.
40-90 mm total length; Gill 1933; Brandt 2021) and
Triassic fossil neopterygians, there are some that are so
small that they are candidates to be considered as minia-
ture, such as the European neopterygians Habroichthys
minimus (ca. 32 mm TL; Biirgin 1992), Peltopleurus noto-
cephalus (ca. 45 mm TL), Peltoperleidus macrodontus
(50 mm TL) (Biirgin 1992), and Prosantichthys buer-
geni (60 mm total length; Arratia and Herzog 2007) and
the Asian neopterygians Frodoichthys luipingensis and
Gimlichthys dawaziensis (ca. 40 mm TL; Sun et al. 2016a,
b), the thoracopterid Wushaichthys exquisitus (ca. 55 mm
TL; Xuetal. 2015; Chen and Arratia 2022), the louwoich-
thyiform Peltoperleidus asiaticus (46 mm TL; Yuan et al.
2022) and the ginglymodian Diandongichthys ocellatus
(ca. 45 mm TL and ca. 35 mm SL; Xu and Ma 2023).
Among European teleosteomorphs, Pseudopholidoctenus
germanicus gen. et sp. nov. (ca. 36 mm SL), according to
current information, would be the smallest pholidophorid
(see Table 2). Interestingly, paedomorphic characters
have not been mentioned for these fishes.

So far as is known, a few of the oldest stem teleosts
can be considered as candidates for miniaturization,
because the smallest ones have standard lengths of about
30-36 mm (Prohalecites porroi), 35-37 mm SL (Chinese
Marcopoloichthys ani; Tintori et al. 2007), and 38 mm SL
(Seinstedtia parva; Schultze et al. 2022). With standard
lengths of about 48 and 49 mm Malingichthys wanfeng-
linensis from China and Parapholidophorus caffii from
Italy are respectively the smallest species among pholido-
phorids, whereas the Italian Pholidorhynchodon malzannii
(ca. 140 mm SL) and Knerichthys bronni (ca. 130 mm SL)
are the longest. Other pholidophorids such as the Italian
Pholidoctenus serianus and Ph. sanpellegrinensis, the
Chinese Malingichthys nimaiguensis (ca. 55 mm SL), the
Italian Annaichthys pontegiurinensis (ca. 59 mm SL), the
Austrian Pholidophorus latiusculus (ca. 75 mm SL), the
Italian Lombardichthys gervasvasulttii (ca. 72 mm SL) and
the Austrian Pholidophoretes salvus (ca. 72 mm SL) form
a group of intermediate small-sized fishes that according
to the current information would represent the average
length among pholidophorids (Table 2). A comparison
among families reveals that Pholidophoridae had the
broader size diversification of 36—-140 mm SL, whereas
the diversity within the family Marcopoloichthyidae was
narrower, ranging from 35-55 mm SL. A comparison is
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difficult, because these fishes, as part of their phyloge-
netic position (e.g., Arratia 2013, 2017, 2022), possess
several characters that place them among the most prim-
itive teleosts, but according to our results and a survey of
the available literature, they do not exhibit features that
could be interpreted as paedomorphic.

Comparisons of species lengths of teleosteomorphs
versus their geographical distribution point to the fact
that the smallest known taxa were living in Europe
(Prohalecites porroi, Pseudopholidoctenus german-
icus gen. et sp. nov., and Seinstedtia parva) and in Asia
(Marcopoloichthys ani), but they were not co-existing in
a temporal dimension (Table 2). More teleosteomorphs
of intermediate and long lengths have been found in
Europe, and a few in Asia (Table 1), but this could be
biased because Triassic stem teleosts have been explored
and studied in Europe for longer periods than in Asia.

Evaluating body shapes of stem teleosteomorphs has also
been a difficult task because of differences in interpretation
that although subtle, still could be significant. Thus, Fig. 13
illustrates the three shapes that we distinguish here. While
there isno conflict separating a fusiform or atorpedo-like fish,
sometimes it is difficult to distinguish an oblong fish from a
fusiform one. All species of marcopoloichthyids are charac-
terized by a torpedo-like form (Tintori et. al. 2007; Arratia
2022); we observe a similar body shape in Prohalecites,
with its head considerably large compared to its narrow,
elongate body. In contrast, Seinstedtia parva has a beautiful
fusiform body, with its middle body region considerably
deeper than the head and the caudal peduncle. Although not
as clear as in Seinstedtia, the body shape of Malingichthys
imaiguensis and M. wanfenglinensis can be also interpreted
as fusiform. The body shape of Pholidophorus latiusculus,
Pholidoctenus serianus, P. sanpellegriniensis, and others
(see Table 1) is better described as oblong, with the body
axis longer than its depth.

Among the studied fishes, the body of the German stem
teleost Ruedersdorfia berlinensis gen. et sp. nov. remains
unknown, whereas the body of Pseudopholidoctenus
germanicus gen. et sp. nov. and Barschichthys rueders-
dorfensis gen. et sp. nov. is interpreted as probably
oblong, and it is covered with ganoid scales. The body
of the Eurasian pholidophorids and Seinstedtia parva
is covered with ganoid scales, adding protection to the
inner organs (and body weight); in contrast, Prohalecites
and Marcopoloichthys have naked bodies (Tintori 1990;
Tintori et al. 2007; Arratia 2022), but differ in that a
series of ganoid scales (= urodermals) is present in the
caudal fin of Prohalecites (Arratia and Tintori 1999), and
that Marcopoloichthys has a few large scales around the
urogenital region (Tintori et al. 2007; Arratia 2022).

Buccal morphology and feeding in early
teleosteomorphs

The jaws of teleosteomorphs or stem teleosts, either
upper or lower jaw, are formed consistently by the same

bones: upper jaw comprising a small, mobile premaxilla,
a maxilla, and two supramaxillae, which may be absent in
some taxa, and a lower jaw formed laterally by a dentary
or dentalosplenial, angular, and surangular. Despite such
similarities in bone composition, the jaws of these fishes
show some major variations that are outlined below,
reflecting differences in feeding mechanisms.

The lower jaw (Fig. 14A) of Prohalecites (late
Ladinian) is moderate in size, with the coronoid process
posteriorly placed, the anterior part of the dentary or
dentalosplenial markedly narrower than the posterior half
of the jaw, and with its articular region for the quadrate
at the level of the posterior margin of the large orbit. The
lower and upper jaws are armed with many long, conical
teeth. Another interesting character is the absence of a
supramaxilla in this fish.

The configuration of the jaw (Fig. 14B) of
Marcopoloichthys (China, Italy, and Switzerland; Anisian
to Ladinian; Tintori et al. 2015; Arratia 2022) is quite
different from all other Triassic stem teleosts, especially
in its articulation of the quadrate at about the mid-region
of the orbit when the fish was not feeding, but at the ante-
rior margin of the orbit when the fish was suction feeding
(Arratia 2022: fig. 7). The lower jaw has a characteristic
shape, with the high coronoid process placed closer to
the mandibular symphysis than posteriorly. Both jaws
are edentulous, which is a unique feature among Triassic
stem teleosts. Marcopoloichthys also lacks a supramax-
illa, as in Prohalecites.

Seinstedtia (Germany; Norian; Schultze et al. 2022)
has a characteristic lower jaw (Fig. 14C) with a deeper
symphysis than in other Triassic stem teleosts and with
its articular region for the quadrate placed below the
posterior half of the orbit, so that when the fish has its
mouth closed, the anterior profile of the head is almost
triangular. At least the premaxilla and dentary carry
minuscule, conical teeth. Contrary to other stem teleosts,
Seinstedtia has only one supramaxilla in its upper jaw.

Among pholidophorids, Annaichthys pontegiurinensis
(Norian of Italy; Fig. 14D) is unique in having the maxillary
blade almost parallel to the anterior border of the head that
is mainly formed by the lower jaw and the most anterior
branchiostegal rays; the articulation of the lower jaw with
the quadrate is placed almost at the level of the anterior
margin of the orbit when the mouth is closed. This configu-
ration corresponds to a protractile lower jaw. Although most
specimens of Pholidophoretes are not very well preserved,
the lower jaw of the holotype also has a position similar
to that in Annaichthys. In Pholidoctenus sanpellegrinensis
(Arratia2017: figs 4, 7C; Fig. 14E), the articulation between
lower jaw and quadrate is placed below the anterior half of
the orbit when the mouth is closed, giving the lower jaw
definite protractility. As in Annaichthys, the upper jaw of
P. sanpellegrinensis has two supramaxillary bones, and
both jaws have minuscule conical teeth. The condition is
slightly different in Pholidoctenus serianus with the artic-
ulation between the lower jaw and quadrate placed at the
level of the posterior margin of the jaw, which is longer and
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Figure 13. Types of body shapes in Triassic teleosteomorphs. A. Marcopoloichthys furreri (BNM 201166, reversed to the left) illus-
trating a torpedo-like fish. B. Seinstedtia parva (MLU Sei.2010.76, reversed to the left) illustrating a fusiform fish. C. Pholidoctenus
serianus (MCSNB 3067) illustrating an oblong fish. Scale bars: 5 mm.

not protractile. In contrast to all other Triassic stem tele-
osts, Pholidorhynchodon malzannii has a long lower jaw,
with its articulation with the quadrate lying posterior to the
posterior margin of the orbit (Fig. 14F). The long maxilla
and long dentary are armed with many small, conical
teeth, but in addition, the rostrodermethmoid and lateral
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dermethmoid carry powerful, larger conical teeth (Arratia
2013: figs 45, 47A; Arratia 2017: fig. 8). The structure of
the jaws and dentition point to carnivorous feeding, a fact
that is supported by a few specimens with a small pholi-
dophorid in the mouth. Pholidorhynchodon, as far as is
known, would be the only carnivorous stem teleost living
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Figure 14. Diagram of Triassic teleosteomorph heads in lateral view illustrating the position of the upper and lower jaws with re-
spect to other cranial bones. A. Prohalecites porroi. B. Marcopoloichthys furreri. C. Seinstedtia parva. D. Annaichthys pontegiurin-
ensis. E. Pholidoctenus sanpellegrinensis. F. Pholidorhynchodon malzannii. Note the posterior extension of the lower jaw (articula-
tion with quadrate) in relation to the orbit. Abbreviations: a.na, accessory nasal; ang, angular; ant?, antorbital?; asp, autosphenotic;
br, branchiostegal rays; de, dentalosplenial or dentary; dsp, dermosphenotic; ent, entopterygoid; exc, extrascapula; gu, gular plate;
i0l, 3, infraorbitals 1, 3; lat.e, lateral ethmoid; ldet, lateral dermethmoid; mx, maxilla; op, opercle; pa [= fr], parietal [= frontal]; na,
nasal; par, parasphenoid; pmx, premaxilla; ppa [= pa], postparietal [= parietal]; qu, quadrate; sang, surangular; smx, supramaxilla;
smx1-2, supramaxilla 1-2; sob, suborbital; stt [= dpt], supratemporotabular [= dermopterotic]; sy, symplectic.

in the Late Triassic. The potential food of other species that
seem to have protractile mouths is unknown, and consid-
ering the structure of the jaws and dentition, we suppose
that they were planktivorous, including a variety of small
prey; a similar assumption is proposed for the suction-
feeding marcopoloichthyids, who could be also feeding on

phytoplankton. Because of its well-developed dentition,
Prohalecites is proposed here to have had a carnivorous
diet, including small prey. Thus, although there is informa-
tion concerning the possible feeding mechanisms present
in Triassic stem teleosts, except for Pholidorhynchodon,
specific kinds of prey involved are unknown. Apparently,
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a suction-feeding mechanism was widespread among
these fishes, including the oldest marcopoloichthyid
(Marcopoloichthys ani), but a small carnivorous fish
(Prohalecites) is also among the oldest teleosteomorphs.

Marine versus freshwater environments and the
oldest teleosteomorphs

While marcopoloichthyids and pholidophorids inhabited
marine waters in Europe and Asia during the Middle—Late
Triassic, Prohalecites is only known from marine waters
of the Middle Triassic of Italy. The stem teleosts from
Italy, Austria and China were inhabitants of the Tethys
Ocean, whereas Pseudopholidoctenus germanicus gen. et
sp. nov. from Riidersdorf is from the central European
Basin (Germanic Basin), and as far is known, all of these
fishes were living in a marine environment. In contrast,
the recently described Seinstedtia (Schultze et al. 2022) is
known from an environment with connection to the sea in
the Norian of Germany. The marine aquatic environment
(Tethys Ocean) is interpreted here as playing a significant
role in the diversification and distribution of stem tele-
osteomorphs in Eurasia during the Middle—Late Triassic,
Europe in the Early Jurassic, and in their dispersion to
other latitudes.

The youngest known Triassic teleosteomorph or stem
teleost (Parapholidophorus caffii) is from the Rhaetian
(ca. 208-201 Ma) of Europe, and in the Sinemurian of
the Early Jurassic (ca. 199-190 Ma), they are known
worldwide, leaving a 2 Ma gap (Hettangian Age) in their
history where no teleosteomorphs have been reported, not
even other pholidophorids. After this short, apparent gap,
there are at least two new radiations of marine stem tele-
osts in the Sinemurian of Europe represented by:

1) Dorsetichthys bechei and other ‘pholidophori-
forms’, especially from marine environments of the
Lower Lias of England and France (Nybelin 1966;
Woodward 1985; Arratia 2000, 2004), and

2) Proleptolepis, with at least four species known
from the Lower Lias of England (e.g., Lymes Regis,
Dorset, and Charmouth; Nybelin 1974), which,
contrary to the Triassic teleosteomorphs, have
among their characters a well-developed poste-
ro-dorsal process in the quadrate, a well-developed
series of uroneurals, and cycloid scales.

Almost simultaneously another radiation of proleptol-
epids is reported outside Europe, and for this, the Tethys
Ocean and its connection with the Paleo-Pacific through
the Spanish Corridor (Hallam 1977, 1983) played a
major role. The fishes involved are the early to middle
Sinemurian proleptolepid-like fishes from northern Chile
(Quebrada Vaquillas Altas; Covacevich and Escobar
1979; Naranjo and Covacevich 1979), inhabiting the
Paleo-Pacific about 199 to 190 million years ago (Arratia
and Schultze 1999). These are represented by at least two
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small species of about 50 mm of maximum length, lacking
teeth on their jaws (Arratia and Schultze 1999: figs 5, 7, 8)
and are assumed here to have been suction feeders.

The Tethys Ocean continued playing a major role
during the Upper Lias of Europe with the appearance and
diversification of teleosts:

1) Leptolepis and Longileptolepis had about eight
species from the Upper Lias of England, France
and Germany (Nybelin 1974; Arratia and Thies
2001; Arratia 2003; Konwert and Stumpf 2017),
representing another radiation of fishes that are
an important landmark in the evolution of teleosts
in which many synapomorphies appeared, as for
instance the loss of the surangular, prearticular,
and coronoid bones in the lower jaw; presence of
an autocentrum forming the vertebral centra; 10/9
principal rays in the caudal skeleton; and the first
and last segmented and not branched principal
ray forming the leading margins of the caudal fin
(Arratia 1999, 2013, 2017).

2) At the same time (Upper Lias), numerous species
previously identified as Pholidophorus (Agassiz
1833—-1843; Woodward 1895; Nybelin 1966) were
present in marine environments of England, France
and Germany. All these species should be re-studied,
because they belong to the non-monophyletic genus
‘Pholidophorus’ sensu Arratia (2000).

It is noteworthy to mention that by the Early to
Middle Jurassic (ca. 170—-161 Ma), a few stem teleosts
reached distant latitudes and occupied other habitats,
such Oreochima ellioti living in lacustrine freshwater
environments from Victoria Land, Antarctica (Schaeffer
1972; Sepkoski 2002; Bean 2021). This fish was first
interpreted as an archaeomaenid pholidophoriform by
Schaeffer (1972) and more recently archaeomaenids
were interpreted as non-pholidophoriform stem teleosts
by Bean (2021).

Age and oldest teleosteomorphs

The interpretation concerning the oldest stem teleost
has changed a few times recently due to new findings
and/or new interpretation of the fishes. For instance,
Prohalecites porroi from the Middle Triassic (late
Ladinian, ca. 240-237 Ma) of Italy was interpreted as
the oldest teleosteomorph by Arratia (2015). However,
at the same time two new pholidophorids (Malingichthys
nimaiguensis and M. wanfenglinensis from the Late
Ladinian of China were proposed as the oldest tele-
osts by Tintori et al. (2015). The new data presented
here challenge such interpretations, because the age of
Barschichthys, Pseudopholidoctenus and Ruedersdorfia
from Ridersdorf, central European Basin (Germanic
Basin) is about 244 Ma, as well as Marcolopoichthys
ani from Italy, ca. 7 Ma from the Paleozoic/Mesozoic
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boundary. A few molecular studies placed the origin of
crown teleosts in the Paleozoic (e.g., Near et al. 2012;
Broughton et al. 2013; Hughes et al. 2018), many years
prior to the earliest fossil record known at that time;
however, the new fossil evidence presented here shortens
the time difference between the Anisian and Paleozoic
(Permian) for the teleosteomorphs. Additionally, the
results presented above contradict Tintori and other’s
claim (2015) that China is the center of origin of teleos-
teomorphs. The new information supports Europe in such
arole, but we can expect that new discoveries of Triassic
fishes in Eurasia may change today’s interpretations.
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Abstract

The description of the small Late Triassic temnospondyl Chinlestegophis ushered in a potentially radically new understanding of the
origins of the extant amphibian clades. Together with the fragmentary Rileymillerus, Chinlestegophis was argued to link extant cae-
cilians to Permo-Triassic stereospondyl temnospondyls rather than to frogs and salamanders (and through them to amphibamiform
temnospondyls or to brachystelechid and lysorophian “lepospondyls™). We critically review the comparative description of Chin-
lestegophis and phylogenetic analyses of previous studies. Most of the features previously interpreted to be shared by caecilians,
Chinlestegophis and/or other stereospondyls have different distributions than scored in the analysis. We also find no evidence for
an incipient tentacular sulcus in Chinlestegophis, and note that its vertebrae, unreduced ribs and dermal shoulder girdle are unlike
those of any extant amphibians (nor their likely sister group, Albanerpetidae). Furthermore, the original matrices contain misscores
accreted over more than a decade that likewise influence the results. Some features are coded as multiple redundant characters: the
double toothrow of Chinlestegophis, other stercospondyls, and caecilians is represented as seven characters. Analysis of the unmod-
ified matrix yields much less resolution than originally reported, and tree topology is altered by a small change to the taxon sample
(the addition of Albanerpetidae), limited revisions of irreproducible scores, and ordering the most obviously clinal characters; any
one of these changes removes Chinlestegophis from Lissamphibia, and confirms it as a stereospondyl.

Key Words

Amphibia, Chinlestegophis, Funcusvermis, Gymnophiona, Gymnophionomorpha, Lissamphibia, majority-rule consensus, phylo-
genetics, phylogeny

Introduction

Caecilians have a scanty fossil record (Santos et al. 2020;
Kligman et al. 2023); the earliest well-supported stem
members are Funcusvermis gilmorei Kligman et al.,
2023 (Late Triassic), and Eocaecilia micropodia Jenkins
& Walsh, 1993 (Jenkins and Walsh 1993; Early Jurassic).

Eocaecilia retains limbs and some cranial bones that are
absent in the caecilian crown group (Gymnophiona;
see Wake 2020); partial femora were also assigned to
Funcusvermis and the Early Cretaceous or, more likely,
Late Jurassic (Lasseron et al. 2019) Rubricacaecilia
monbaroni Evans & Sigogneau-Russell, 2001 (Evans
and Sigogneau-Russell 2001; Kligman et al. 2023).

Copyright David Marjanovic 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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Since Eocaecilia was named, a more thorough anatom-
ical study (Jenkins et al. 2007) and many phylogenetic
analyses confirmed its position along the caecilian stem
(Laurin 1998; Vallin and Laurin 2004; Maddin et al.
2012a; Pardo et al. 2017a: fig. S6). However, despite the
absence of serious doubts about the status of Eocaecilia
in the literature (Evans and Sigogneau-Russell 2001;
Carroll 2007: 54; Sigurdsen and Bolt 2010: 1373;
further corroborated by Kligman et al. 2023), Pardo et
al. (2017a: abstract) stated: “The position of Eocaecilia
within tetrapod phylogeny is controversial, as it already
acquired the specialized morphology that character-
izes modern caecilians by the Jurassic.” That statement
is misleading: all phylogenetic analyses that included
Eocaecilia support its placement as a stem-caecilian;
it is the position of caecilians as a group in the context
of its ancestry among extinct tetrapods that remained
controversial.

To this controversy, Pardo et al. (2017a) added
Chinlestegophis jenkinsi, which they named and
described as a stem-caecilian from the Late Triassic
(slightly younger than Funcusvermis: Kligman et al.
2023). Their phylogenetic analyses surprisingly appeared
to anchor the caecilians (through Chinlestegophis)
within the stereospondyl temnospondyls, whereas frogs
and salamanders (i.e., batrachians) remained in a more
common placement as dissorophoid temnospondyls,
producing a new and confidently delivered hypothesis
of lissamphibian origins. The captivating notion of
the problem of amphibian origins and the evolution of
specialized caecilian traits having been “solved” with
the discovery of Chinlestegophis has already permeated
popular zoology textbooks (Pough et al. 2022: figs. 9.2
and 9.5).

Although we agree that Chinlestegophis presents an
interesting mix of characters, we wish to respond to
claims Pardo et al. (2017a) made about Chinlestegophis
that were incompletely tested in that and subsequent
studies (Schoch et al. 2020; Serra Silva and Wilkinson
2021; Gee 2022; Kligman et al. 2023). We find in Pardo
et al. (2017a), and review and evaluate below: 1) prob-
lems with the matrices used, including narrow taxon
sampling, errors and oversights in character construc-
tion and modification, and incorrect scores within the
original data sets underpinning the resulting matrices;
2) a suboptimal methodology, including reliance on a
majority-rule consensus tree and incomplete reporting
of tree statistics; and 3) qualitative problems with the
diagnostic features linking Chinlestegophis (and in
some cases Rileymillerus Bolt & Chatterjee, 2000) to
caecilians. Our reanalyses show that Chinlestegophis
in particular and stereospondyls in general currently
cannot be supported as stem-caecilians and should not
be treated as such in textbooks or in secondary anal-
yses, such as molecular estimates of divergence times
(as previously stated by Santos et al. 2020 and Kligman
et al. 2023).
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Scope

Recent works have investigated selected aspects of the
work of Pardo et al. (2017a). Marjanovi¢ and Laurin
(2018) and Serra Silva and Wilkinson (2021) reana-
lyzed one of the two matrices, finding that the published
majority-rule consensus tree was a highly incomplete
presentation of the results. Kligman et al. (2023: supple-
mentary information parts 3-4) reevaluated a large
number of scores of that matrix, enlarged the taxon
sample and discussed the character states that Pardo et
al. (2017a) had used to tie caecilians to Chinlestegophis
and other stereospondyls, focusing on their distribu-
tion in stereospondyls. We focus on their distribution in
lissamphibians and so-called lepospondyls, experiment
with (and discuss) ordering characters, adding taxa and
reevaluating a different set of scores, and first of all we
reanalyze the other matrix for the first time, both without
and with a topological constraint.

Nomenclature and terminology

Our usage of the clade names Gymnophiona, Amphibia
and Lissamphibia follows Wake (2020) and Laurin et al.
(2020a, b); temnospondyl nomenclature follows Schoch
(2013, 2018), except for the names Temnospondyli,
Euskelia and Limnarchia (Yates and Warren 2000).
Whenever practicable, we applied the same set of names
to all figures. Junior synonyms are shown in parentheses,
and names that cannot be applied to a particular tree
(because of qualifying clauses or definitions that restrict
their applicability to certain phylogenetic contexts) are not
shown on that tree. Schoch (2013) gave identical defini-
tions for Stereospondyli and Stereospondylomorpha; it is
obvious that that is an accident and that the intended defi-
nition for Stereospondyli can be recovered by replacing
“most” by “least”. Misspellings of genus and species
names in the matrices and figures of Pardo et al. (2017a)
are corrected. See Marjanovi¢ and Laurin (2019: 13) for
the correction of “Albanerpetontidae” to Albanerpetidae.

We use “caecilians” for crown-group caecilians
(Gymnophiona: Wake 2020) and their uncontroversial
relatives like Eocaecilia and Funcusvermis. The names
Lepospondyli and Microsauria are used here informally
for traditional groupings of taxa; the likely para- or poly-
phyly of these groupings (supported and reviewed by
Marjanovi¢ and Laurin 2019) is beyond the scope of this
work. For simplicity we present these names without
quotation marks throughout.

We use “coding” for the process of choosing and
defining the characters and their states, and “scoring” for
filling in the matrix. Observed morphology is “miscoded”
if, for example, it is represented as two redundant charac-
ters in the character sample, but “misscored” if the scores
(numbers, state symbols) in the matrix are not what they
should be according to the existing state definitions.
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Abbreviations

AMNH FARB Collection of Fossil Amphibians,
Reptiles and Birds at the American
Museum of Natural History (New York).

app. appendix (of cited works).

Cl consistency index.

MPT most parsimonious tree.

MRC majority-rule consensus.

OoTuU operational taxonomic unit (a line in a
data matrix).

RC rescaled consistency index.

RI retention index.

supp. inf. supplementary information (of cited
works).

Matrices, methodologies, and missteps
Matrix history and taxon sampling

Pardo et al. (2017a) analyzed two matrices: a taxo-
nomically broader, unpublished dataset, and an
expanded, published matrix focused on the position of
Chinlestegophis and Rileymillerus within temnospon-
dyls. The originally unpublished matrix (see Suppl.
material 1 for a NEXUS file), which generated the trees
shown in Pardo et al. (2017a: fig. S6), contains 319 char-
acters (27 of them parsimony-uninformative, including
five constant ones) and 71 OTUs; it is based on the matrix
of Maddin et al. (2012a), with additions of characters and
taxa from Huttenlocker et al. (2013) and several new
ones. Those earlier matrices are based on that of Anderson
et al. (2008a), but subsequently proposed corrections to
that matrix (Marjanovi¢ and Laurin 2009; Skutschas and
Martin 2011; Sigurdsen and Green 2011) were neither
included in the resulting composite matrix nor addressed
in the text by Pardo et al. (2017a) or any of the references
therein. Those changes have considerable influence on
the resulting tree topology, as exemplified in Fig. 1.

The published matrix (Pardo et al. 2017a: supporting
information part D), which generated the trees shown in
Pardo et al. (2017a: fig. 2, 3, S7), has 345 characters (23
parsimony-uninformative) and 76 OTUs. It is built on
the unpublished matrix by the deletion of most non-tem-
nospondyl taxa and the addition of characters and taxa
taken primarily from Schoch (2013)—see Gee (2022) for
a thorough discussion of that lineage of matrices.

It is, of course, common practice to modify and expand
existing data sets, and underlying errors are frequently
perpetuated into later generations of matrices when first-
hand reassessment of specimens is infeasible, detailed
comparison to the literature is deemed too time-con-
suming, or the full history of characters becomes
obscured over time, leading to different meanings of
the same character for different taxa that were added or
revised at different times (Marjanovi¢ and Laurin 2019;

Gee 2021, 2022). In those cases, conservative practice is
to accept preexisting descriptions and scores as reliable.
However, over many iterations of matrices, substantial
errors can and do accumulate—this is a known and perva-
sive problem with large data matrices that are recycled
in consecutive studies (Simdes et al. 2017; Laurin and
Pifieiro 2018; Marjanovi¢ and Laurin 2019; Gee 2021,
2022; Kligman et al. 2023: supp. inf. part 4; and see our
Discussion section).

The merging of existing matrices can also generate
additional problems related to redundant characters
and states. As an example, multiple characters related
to the lower jaw in the published matrix of Pardo et
al. (2017a) carry redundancy (in particular characters
147, 148, 146, 272, 273, 322, 344; see full evaluation
below), and because each is strongly associated with
specialized morphologies mainly observed in caecilians,
they may, even when correctly scored, generate bias by
inflating support for the purported relationship between
Chinlestegophis and caecilians. Moreover, as characters
are merged, moved, modified, and added, it becomes
increasingly easy to overlook simple mechanical errors,
such as state 26(2) being mentioned neither in the list of
state labels within the matrix file nor in the character list
despite all three states being scored for numerous taxa in
the matrix (Pardo et al. 2017a: SI appendix parts C, D).

Robust analyses also may be thwarted by constraints
related to the original taxon sampling of the underlying
matrices; in other words, matrices compiled by other
authors were (implicitly or explicitly) constructed with
the intent to apply them to specific problems, and thus
any clade may be densely or sparsely sampled depending
on the question that was originally addressed, rather than
on questions of later interest. Inserting new taxa may be
difficult if additional variation is not easily accommo-
dated without major character revisions, and this may
limit which taxa can be speedily added. The matrix of
Anderson et al. (2008a) is slightly modified from that
of Anderson (2007), which is a merger of a matrix that
sampled lepospondyls (Anderson 2001) and a matrix that
sampled amphibamiform temnospondyls (Anderson et
al. 2008b). As a result, all descendants of the matrix of
Anderson et al. (2008a), including the unpublished matrix
of Pardo et al. (2017a), sample lepospondyls, amphibam-
iforms, and very little in between; in the case of Pardo
et al. (2017a: fig. S6), other than the amphibamiforms
and the added taxa Chinlestegophis and Rileymillerus,
taxa include only seven other temnospondyl OTUs
(some composite), the colosteid Greererpeton, lepo-
spondyls, the diadectomorph pan-amniote Limnoscelis,
the seymouriamorph Seymouria and the anthracosaur
Proterogyrinus. The taxon sample is completed by the
designated outgroup Acanthostega, the earliest well-un-
derstood limbed vertebrate.

The more narrowly focused published matrix of
Pardo et al. (2017a) omits almost all taxa not sampled
by Schoch (2013), retaining only temnospondyls,
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Acanthostega
Greererpeton

Gerobatrachus

Proterogyrinus _
Seymouria baylorensis
Limnoscelis

epodena] |

Albanerpetidae
salamanders

Figure 1. Strict consensus of the four MPTs obtained by Marjanovi¢ & Laurin (2009: electronic supplementary material 2) from
their modified version of the matrix of Anderson et al. (2008a) with ordering of clinal characters. Note that contrary to Anderson
et al. (2008a), who had found extant amphibians to be diphyletic, with the stem-caecilian Eocaecilia among lepospondyls but
Albanerpetidae, “salamanders”, Triadobatrachus and “frogs” among temnospondyls, Lissamphibia is found as a clade (cyan
rectangle) and placed among lepospondyls (orange rectangle). The temnospondyl Gerobatrachus, interpreted as a member of the
batrachian stem by Anderson et al. (2008a), i.e., closest to frogs and salamanders, is marked with a purple rectangle and white font.
The names of extant taxa are in boldface; “frogs” and “salamanders” are composites. The application of the name Amphibamiformes
is unclear due to the absence of Dissorophus. Numbers below internodes are bootstrap percentages (in bold if 50 or higher; “—”
indicates clades contradicted by the bootstrap tree, always by clades with bootstrap percentages of 40 or less), numbers above
internodes are Bremer values. Some or all of the Bremer values shown as “> 5 are probably 5 (Marjanovi¢ and Laurin 2009). Note
that “Asaphestera” as used here is a chimera of the amniote Asaphestera, the microsaur Steenerpeton Mann et al., 2020, and an
indeterminate lower jaw; most of the material belongs to Steenerpeton, however (Mann et al. 2020). The Dendrerpetidac OTU was
originally called “Dendrerpeton” but is mostly based on its apparently close relative Dendrysekos.

fr.pensoft.net



Fossil Record 27 (1) 2024, 55-94

59

lissamphibians, and the same two outgroups as Schoch
(2013), Proterogyrinus and Greererpeton. The stated
reason for this drastic omission of taxa, which eliminated
all lepospondyls, Seymouria and Limnoscelis, was to
reduce calculation time for the Bayesian analysis (Pardo
et al. 2017a: E5394), after analysis of the unpublished
matrix suggested that Chinlestegophis and lissamphib-
ians nested within Temnospondyli.

In short, Pardo et al. (2017a) first tested the phylo-
genetic position of Chinlestegophis and the similar
Rileymillerus (Bolt and Chatterjee 2000) “coarsely”
by adding them to a matrix that sampled lepospondyls,
amphibamiforms, a few other extinct taxa, and lissam-
phibians. Chinlestegophis and Rileymillerus were found
as temnospondyls close to, but outside, Amphibamiformes
(Pardo et al. 2017a: fig. S6). Accepting the result that
Chinlestegophis, Rileymillerus and lissamphibians were
temnospondyls, Pardo et al. (2017a) zoomed in by adding
them to a matrix that sampled temnospondyls (and temno-
spondyl-related characters) more broadly, but omitted
most other extinct clades. The question of whether caeci-
lians are lepospondyls or stereospondyl temnospondyls
was never adequately tested; the unpublished matrix
lacks stereospondyls and uses unrevised scores for lepo-
spondyls that were previously criticized (Marjanovi¢ and
Laurin 2009; Sigurdsen and Green 2011; Skutschas and
Martin 2011), whereas the published one lacks lepospon-
dyls altogether.

The published matrix further lacks representation
of Albanerpetidae (a member or the sister group of
Lissamphibia), despite their presence in the unpublished
matrix. Daza et al. (2020) added Albanerpetidae (as a
composite taxon with new data) back into the published
matrix of Pardo et al. (2017a) and analyzed the result with
implied weighting. They found caecilians and batrachians
as sister taxa, followed by Karauridae as the next more
distant relative, then Albanerpetidae, then the branchio-
saurid Apateon and then the rest of Amphibamiformes.
Chinlestegophis and Rileymillerus instead formed the
sister-group of Brachyopoidea within Stereospondyli
(Daza et al. 2020: fig. 4E, S14). Clearly, omitting
Albanerpetidae had a large effect on the resulting rela-
tionships among extinct taxa and extant amphibians.

Phylogeny inferred from parsimony

The original parsimony analysis of the published matrix
yielded 882 shortest trees (Pardo et al. 2017a; and see
below). As often occurs, the strict consensus was poorly
resolved. To remedy this, Pardo et al. (2017a: fig. S7B)
produced a majority-rule consensus (MRC) tree and
used it as the basis for comparison with the tree resulting
from a Bayesian analysis of the same matrix (their fig.
2C = S7A). Both the MRC and Bayesian trees show
batrachians as amphibamiforms, but caecilians as stereo-
spondyls closest to Chinlestegophis, and Rileymillerus as
sister to caecilians + Chinlestegophis. However, none of

the 28 nodes that separate caecilians from batrachians +
karaurids have 50% or higher bootstrap support, and none
(even the basal caecilian node) occurs in 100% of the
shortest trees (Pardo et al. 2017a: fig. S7B). We stress that
the percentage of MPTs in which a given node occurs,
as long as it is not 0 or 100, is not a support measure
in a parsimony analysis (e.g., Serra Silva and Wilkinson
2021; Kligman et al. 2023: supp. inf. part 3); all MPTs are
equally parsimonious, and therefore equally optimal by
the sole criterion the analysis used. Therefore, the MRC
tree provides an incomplete picture of the results of any
parsimony analysis, even if there is only a single island
of MPTs (see below). Indeed, a fully resolved MRC is
not even necessarily identical to any MPT (J. Felsenstein,
pers. comm. to D. M. 2017).

Investigating that problem specifically, Serra Silva and
Wilkinson (2021) reevaluated the full diversity of MPTs
supported by the published matrix of Pardo et al. (2017a),
noting in their introductory paragraph that “[d]espite
concerns that summarizing MPTs with the majority-rule
consensus is potentially misleading [...], some workers
still use the majority-rule method as if it were unprob-
lematic (e.g. [...] Pardo et al. 2017[a]).” After briefly
describing the reanalysis by Marjanovi¢ and Laurin (2018:
57-58; 2019: 144, fig. 301-K), they demonstrated why
the MRC is misleading in the specific case of Pardo et al.
(2017a), and why it is important to inspect individual trees
when the strict consensus is unsatisfactorily resolved: the
882 trees form islands which are each highly congruent
internally, but very different from each other. More than
half of the MPTs belong to a single island; therefore, the
overall MRC (Pardo et al. 2017a: fig. S7B) is almost
entirely identical (Serra Silva and Wilkinson 2021: fig. 2)
to the MRC of that one island and fails to represent the
MPTs on the other equally parsimonious islands.

Of the other islands, one (figured by Marjanovic¢
and Laurin 2019: fig. 30I; Serra Silva and Wilkinson
2021: fig. 3c) agrees with the most popular hypothesis
of lissamphibian origins, which is also supported by the
previously unpublished matrix of Pardo et al. (2017a:
fig. S6): that Lissamphibia (including Eocaecilia but
excluding Chinlestegophis and Rileymillerus) nests inside
Amphibamiformes, close to Gerobatrachus (Atkins et al.
2019; Daza et al. 2020: fig. 4D/S13; Schoch et al. 2020;
Kligman et al. 2023). It further differs from the largest
island in that the karaurids occupy their usual position as
stem-salamanders (corroborated by Jones et al. 2022), not
the entirely novel one on the batrachian stem found on the
largest island. Moreover, on the stereospondyl side of the
tree, Chinlestegophis and Rileymillerus form the sister-
group of Brachyopoidea, rather than being nested in it as
on the largest island.

Another island (Marjanovi¢ and Laurin 2019: fig.
30K; Serra Silva and Wilkinson 2021: fig. 3b) shows
Lissamphibia as the sister-group of Chinlestegophis +
Rileymillerus, together nested within Stereospondyli next
to Brachyopoidea. Yet another island (Marjanovi¢ and
Laurin 2019: fig. 30I; Serra Silva and Wilkinson 2021:
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fig. 3a) positions Lissamphibia next to Gerobatrachus
within Amphibamiformes, and Chinlestegophis is nested
within the caecilians as the sister-group of Eocaecilia,
while Rileymillerus is placed among the stereospondyls
as the sister-group of Brachyopoidea.

In other words, parsimony analysis of the published
matrix of Pardo et al. (2017a) supports positions within
Amphibamiformes or Stereospondyli equally strongly for
Chinlestegophis, the undoubted caecilians, and Batrachia
(including Karauridae).

Bayesian inference of phylogeny

With the result of the parsimony analysis of the published
matrix wholly inconclusive, an argument can still be
made that the topology shown in fig. S7B of Pardo et
al. (2017a) should be preferred over the equally parsi-
monious alternatives because it is congruent with the
result of the Bayesian analysis of the same matrix, which
is the only result figured in the main paper (Pardo et al.
2017a: figs 2B, C, 3, S7TA). However, Bayesian inference
as a method of phylogenetic analysis of paleontological
matrices has its own sources of error.

The supposed problem of common branch lengths
for all characters in previous simulations, pointed out by
Goloboff et al. (2017, 2018) and given great weight by
Marjanovi¢ and Laurin (2019: 98), seems not to be one
of them; it was accounted for by the two latest treatments
of the question of how best to analyze morphological
data (Puttick et al. 2018; Keating et al. 2020) and found
to be irrelevant. Yet, those two studies did not simulate
any missing data, and the misuse of the MRC to repre-
sent the results of parsimony analyses by Puttick et al.
(2018) will overestimate the precision but underestimate
the accuracy of parsimony, as Keating et al. (2020: fig. 5)
demonstrated. Furthermore, the homoplasy distributions
in the matrices simulated by Puttick et al. (2018), and
probably Keating et al. (2020) as well, do not encompass
cases like the matrix of Marjanovi¢ and Laurin (2019)
at the very least, and evidently not the matrix of Pardo
et al. (2017a) either—given the multiple starkly different
topologies that it supports as equally parsimonious.

Even more importantly, as paleontological matrices
generally do (contrary to the implication by King
[2020]), the matrix of Pardo et al. (2017a) contains
multiple conflicting signals as well as large amounts of
missing data. That combination is known to present a
major problem for parametric methods in phylogenetics,
including Bayesian inference, whereas parsimony (a
non-parametric method) is immune to that particular
issue (Simmons 2014; King 2019). Specifically, when
character conflict is present (and at least one terminal
branch has a positive length), parametric methods give
much greater weight to the signal present in characters
that are sampled for all taxa than to the signal present
in incompletely sampled characters, even if very little
information is missing (Simmons 2014; King 2019).
Given that there is no reason to assume a correlation
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between homoplasy and preservation, we regard
this as a flaw of parametric methods for paleontolog-
ical applications.

We also would like to draw attention to figure 1 of
Mongiardino Koch et al. (2021), in which the propor-
tion of quartets in a simulation study that are accurately
resolved by undated Bayesian inference (as used by
Pardo et al. 2017a) increases when the amount of missing
data also increases, or in other words decreases when
accurate data are added. Although this startling result
is not statistically significant, it seems that undated
Bayesian inference was, in that case, right for the wrong
reasons, and is likely to be wrong for the same reasons in
other circumstances.

Further, by default, parsimony is somewhat less vulner-
able than parametric methods to the long-known problem
of heterotachy (Crotty et al. 2019, and references therein).
That problem was solved, but currently the solution is
implemented in only one program, which only performs
maximum-likelihood analysis and cannot deal with most
features of morphological data (Crotty et al. 2019); a
solution remains unavailable for Bayesian inference. On
the empirical side, Palci et al. (2019) recovered a plau-
sible topology of total-group snakes when they analyzed
their dataset with parsimony, but a highly implausible
one, requiring ecologically unmotivated reversals, by
Bayesian inference. Thus, we strongly emphasize the
conclusion of Marjanovi¢ and Laurin (2019: 96-99) that
the accuracy of the matrix is much more important than
the method of analysis, because no method can compen-
sate for misscoring or miscoding of morphological data,
a major issue we document for the matrix published and
relied upon by Pardo et al. (2017a).

Materials and methods

As noted above, Pardo et al. (2017a) performed analyses
of two matrices (one published, one unpublished) with
similar character samples but different taxon samples.
The originally unpublished matrix was kindly shared
with us by J. Pardo and A. Huttenlocker, and we publish
it here: Suppl. material 1 contains the unaltered matrix
in a NEXUS file, with an added PAUP command block
that replicates our analyses of it (called al and a2 below)
when the file is executed in PAUP*. All of our analyses
(Table 1) were run in PAUP* 4.0a169 (Swofford 2021)
for Windows. This includes bootstrap analyses to test the
results of selected phylogenetic analyses for robustness;
we have relied not only on the bootstrap trees, which we
present as figures, but also on the lists of bipartitions in
the PAUP* output (Suppl. material 2: tables S1-S4). The
published matrix was modified in Mesquite versions up
to 3.70 (Maddison and Maddison 2021). The Kishino/
Hasegawa, Templeton and winning-sites tests were
employed to assess whether constrained and uncon-
strained trees resulting from the previously unpublished
matrix are significantly different; all three tests are avail-
able in PAUP*.
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Table 1. Overview of analyses and results presented here.

Analysis  Our Base matrix of Modifications from  Ordering inf. Length Topology
figure Pardoetal. (2017a) Pardoetal. (2017a) ofclinal char. of MPTs
characters
- 1 - n/a yes 212 1264  Marjanovi¢ & Laurin (2009: supplementary figure), matrix modified
from Anderson et al. (2008a), clinal characters ordered; LH:
Lissamphibia next to Brachydectes (Lysorophia), Gerobatrachus in
Amphibamiformes
al 2 unpublished: SM 1 None no 292 1450 as in Pardo et al. (2017a: fig. S6B)
a2 3 unpublished: SM 1 constraint de facto no 292 1454 LH; Lissamphibia contains Gerobatrachus, positions of
for LH Chinlestegophis + Rileymillerus as in al
b - published: SM 3 None no 322 1514 five islands: Lissamphibia, when present, in Amphibamiformes or
Stereospondyli; Chinlestegophis in Gymnophionomorpha and/or
Stereospondyli; figures in Serra Silva & Wilkinson (2021: fig. 2-4),
simplified figures in Marjanovi¢ & Laurin (2019: fig. 301-K), only
one island figured by Pardo et al. (2017a: fig. S7B)
bootstrap 4 published: SM 3 None no 322 n/a Diphyly of modern amphibians: Karauridae + Batrachia next to
of b Gerobatrachus (43%), caecilians next to Chinlestegophis (52%) in
Stereospondyli
c 5 published: SM 3 addition of no 329 1565  asin Daza et al. (2020: fig. S14) except for slightly lower resolution;
Albanerpetidae from (Albanerpetidae (Karauridae, Lissamphibia)) in Amphibamiformes,
Daza et al. (2020) Chinlestegophis + Rileymillerus in Stereospondyli
dl 6 published: SM 4 None yes 324 1554 Lissamphibia next to Chinlestegophis + Rileymillerus in
Stereospondyli
bootstrap 7 published: SM 4 None yes 324 n/a Lissamphibia (46%) next to Chinlestegophis + Rileymillerus
of dl (29%); Chinlestegophis as gymnophionomorph not compatible with
bootstrap tree (44%)
d2 8 published: SM 4 Albanerpetidae yes 329 1605 Lissamphibia in Amphibamiformes (closer to Apateon than to
Doleserpeton or Gerobatrachus), Chinlestegophis and Rileymillerus
in Stereospondyli
bootstrap 9 published: SM 4 Albanerpetidae yes 329 n/a Lissamphibia (52%) next to Chinlestegophis + Rileymillerus
of d2 (27%); Chinlestegophis as gymnophionomorph not compatible with
bootstrap tree (40%)
el 10-12  published: SM 5 corrections of no 319 1514 seven islands: Lissamphibia either next to Gerobatrachus in
characters and scores Amphibamiformes or next to Chinlestegophis + Rileymillerus in
Stereospondyli
e2 13,14  published: SM 6 corrections of yes 321 1558 Lissamphibia next to Chinlestegophis + Rileymillerus in
characters and scores Stereospondyli
e3 15 published: SM 5 corrections; no 326 1564 (Albanerpetidae (Karauridae, Lissamphibia)) in Amphibamiformes,
Albanerpetidae Chinlestegophis + Rileymillerus in Stereospondyli
e4 16,17  published: SM 6 corrections; yes 326 1601 three islands; Lissamphibia always in Amphibamiformes (closer to
Albanerpetidae Apateon than Doleserpeton or Gerobatrachus), Chinlestegophis +
Rileymillerus in Stereospondyli
bootstrap 18 published: SM 6 corrections; yes 326 n/a Lissamphibia (77%) in Amphibamiformes (Dissorophoidea:
of e4 Albanerpetidae 35%), Chinlestegophis + Rileymillerus in Stereospondyli (34%);

Chinlestegophis + Rileymillerus as gymnophionomorphs (15%)
or next to Lissamphibia (29%), let alone Lissamphibia in
Stereospondyli (10%), not compatible with bootstrap tree

inf. char. = number of parsimony-informative characters; LH = “lepospondyl hypothesis” of lissamphibian origins (Eocaecilia closer to Carrolla than to Doleserpeton);
SM = Supplementary material file that contains the matrix and the settings for the analysis in question.

As described below, for some of our analyses of the
published matrix, we added Albanerpetidae from Daza et
al. (2020, based mainly on Yaksha Daza et al., 2020) rather
than from Schoch et al. (2020, based on Celtedens ibericus
McGowan & Evans, 1995, with a few additions from
Shirerpeton Matsumoto & Evans, 2018). We did not add
Funcusvermis for any analyses; we consider the effects of
adding Funcusvermis sufficiently tested by Kligman et al.
(2023), who added it to their revision of the matrix of Schoch
et al. (2020), which was itself an expansion and slight revi-
sion of the published matrix of Pardo et al. (2017a).

Analyses of the unpublished matrix of Pardo et
al. (2017a)

We reanalyzed the originally unpublished matrix (asso-
ciated with figure S6 of Pardo et al. 2017a) to determine

how many steps are needed to change the results. Two
analyses were performed: one (al) unconstrained, to
replicate the original results, and one (a2) constrained to
find Eocaecilia closer to the lepospondyl Carrolla than to
the temnospondyl Doleserpeton, de facto enforcing the
“lepospondyl hypothesis” of lissamphibian origins (but
not any particular version of it) to enable us to compare
the number of necessary extra steps. (The constraint also
allows the “polyphyly hypothesis” that was supported by
earlier versions of that matrix, most recently Huttenlocker
et al. [2013].)

In both analyses, all characters were unordered, and no
changes were made to the matrix. The search parameters
were as follows: 10,000 random addition sequence repli-
cates (far more than proved necessary) were performed
holding one tree at each step, followed by branch swap-
ping using TBR (tree bisection and reconnection) with
a reconnection limit of 8 and a limit of 50 million
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rearrangements per replicate (which was never hit);
steepest descent was not in effect; unlimited automatic
increases on the Maxtrees setting; branches collapsed if
maximum branch length was 0.

Analyses of the unmodified previously
published matrix

We reanalyzed (analysis b) an unrevised version of the
published matrix of Pardo et al. (2017a: supporting
information part D; basis for their figures 2, 3 and S7) to
verify its replicability and to further inspect the results.
We computed consensus trees for each island, rather
than for the entire sample of MPTs; unlike Serra Silva
and Wilkinson (2021), who computed the MRC of each
island, we used the strict consensus. The search settings
were as above, except for the use of only 1000 unlim-
ited replicates.

We also present a bootstrap analysis of this matrix
(200 bootstrap replicates, each with 500 addition
sequence replicates limited to 10 million rearrangements)
to enable a better understanding of its support for various
hypotheses. Most bootstrap values returned by Pardo et
al. (2017a: fig. S7B) were below 50% and not originally
published; however, clades supported by moderate boot-
strap values (e.g., 45%) may still be better supported than
any single alternative.

Addition of Albanerpetidae to the previously
published matrix

Daza et al. (2020: fig. 4E, S14) added Albanerpetidae—
as a composite OTU based mainly on Yaksha, the new
albanerpetid they described—to the published matrix of
Pardo et al. (2017a) and analyzed the resulting matrix
with implied weighting, using concavity values (k)
ranging from 10 to 200 in increments of 10. The MRC
of the results of all twenty analyses pooled together was
presented in Daza et al. (2020: fig. S14); numbers of
optimal trees, tree lengths or indices were not published.
Although most nodes occur in 100% of the trees (a
number that may, however, result from rounding up to the
nearest unit in some cases), and although the analysis at
k = 200 was practically unweighted (the lower the value
of k, the more strongly are homoplastic characters down-
weighted), we ran our single analysis (c) unweighted to be
sure which trees the matrix supports at face value. Keating
et al. (2020) demonstrated that unweighted parsimony is
more accurate than implied-weights parsimony under
certain realistic conditions; in addition, a basic assump-
tion of implied weighting—an exponential distribution in
which homoplasy-free characters are more common than
those with any other number of extra steps—is not likely
to be met for this matrix, and the performance of implied
weights when that assumption is not met has not been
studied (Marjanovi¢ and Laurin 2019).
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Instead of publishing matrix files, Daza et al. (2020)
published only the scores of the albanerpetid OTUs they
revised in, or added to, the previously published matrix
files they used. They confused the scores they added to
the matrix of Pardo et al. (2017a; their reference 22) with
the scores of Albanerpetidae they revised in the matrix
of Pardo et al. (2017b; their reference 21) and presented
these scores for the wrong matrix on pp. 16 and 17 of their
supplementary text. The matrix of Pardo et al. (2017a)
has 345 characters whereas that of Pardo et al. (2017b)
has 370. Unable to add a string of 370 scores to a matrix
of 345 characters, we added the string of 345 scores to
the matrix of Pardo et al. (2017a) without any changes.
The resulting NEXUS file, including a PAUP block that
repeats analysis ¢ when executed, is published here as
Suppl. material 3. The search settings were as above.

Ordering continuous characters

In the analyses of both matrices performed by Pardo
et al. (2017a), as well as that by Daza et al. (2020), all
multistate characters were unordered, even though some
represent continuous or meristic morphoclines, which are
more appropriately treated as ordered characters (Grand
et al. 2013; Rineau et al. 2015, 2018; Marjanovi¢ and
Laurin 2019; and references therein). Many characters
used for phylogenetic analysis represent discretizations
of intrinsically continuous variables that represent sizes,
shapes and ratios, and the rationale for lumping similar
values into a single state to produce discrete states follows
the same logic as ordering the resulting states linearly
(Wiens 2001). Simulations showed that ordering such
states increases resolving power (the ability to recover
clades) and reduces the occurrence of erroneous topolo-
gies (Grand et al. 2013; Rineau et al. 2015, 2018).

In the process of ordering all such clines in the unmod-
ified published matrix, we discovered (like Kligman et
al. 2023: supp. inf. part 4) that state 2 of character 9 is
missing from the character list of Pardo et al. (2017a:
part C of the supplementary text). In the “charstatela-
bels” block of the NEXUS file published as part D of
the supplementary text, state 2 does occur, but in the
matrix it is scored exclusively for Ichthyophis. J. Pardo
(pers. comm. 2021) explained that state 2, absent from
Schoch’s (2013) matrix, was intended to be introduced
into the matrix, but this was implemented incompletely
and accidentally omitted from the published character
list. The states of character 9 (“preorbital region length’)
originally were: 0, “less than twice the length of posterior
skull table”; 1, “more” (than twice the length); 2, “equal
in length”, so that state 2 is a subset of state 0. Gee (2022)
and Kligman et al. (2023) noted this, but overlooked the
fact that state 2 is scored correctly for Ichthyophis; they
changed the name of state 2 to “twice as long” but did not
rescore Ichthyophis or score state 2 for any other taxon.
We have instead rescored Ichthyophis back to 0 for our
ordered analyses, making the character binary.
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For characters 3, 26 and 201, the implementation
of state 2 as published in part D seems complete even
though it is likewise missing from part C in all three cases.
Conversely, character 292 has three states in part C, of
which state 1 does not occur in the matrix. Characters 301
and 318 have three states in part C as well, of which the
matrix lacks state 2.

We performed two parsimony and two bootstrap anal-
yses—without (d1) and with (d2) Albanerpetidae as in
analyses b and c—ordering the following clinal charac-
ters of the published matrix: 67, 75, 110, 143, 145, 158,
163, 170, 182, 187, 191, 201, 205, 209, 213, 214, 221,
226, 229, 242, 243, 262, 264, 266, 269, 271, 273, 279,
298, 300, 302, 304, 327, 328, and 334 (35 ordered out
of 345 total characters; 10.1%). We first reordered the
states of characters 205, 221, 327 and 328 to allow linear
ordering because the original order did not follow the
cline: states 0 and 1 of characters 205 and 221 had to be
exchanged, as well as states 1 and 2 of characters 327
and 328. The resulting data matrix (and PAUP block) is
available as Suppl. material 4.

The search settings were as above. 200 bootstrap repli-
cates were performed, each using 500 random addition
sequences. Instead of presenting the bootstrap values on
consensus trees, we present the bootstrap trees (including
the clades with greater frequencies than their alternatives)
with their bootstrap values.

Evaluation of potential synapomorphies and
revisions to the published matrix

Pardo et al. (2017a) suggested various features as synapo-
morphies of caecilians with either Chinlestegophis alone
or Chinlestegophis and other stereospondyls. Many
correspond to characters in the published matrix. Here
we evaluate all proposed synapomorphies and explain,
where applicable, our revisions of scores in the matrix.
We quote and discuss them below in the order in which
they appeared in Pardo et al. (2017a). Our intention is not
to fully revise the matrix (see Gee 2022), but to demon-
strate the strong influence exerted by incorrect scores and
compounding errors.

The resulting modified matrix is presented in
Suppl. materials 5, 6 and was analyzed (analyses el—
e4: Table 1) using the same parameters applied in our
analyses b—d, both without ordering characters (el, e3;
Suppl. material 5) and with the same character ordering
used in analysis d (e2, e4; Suppl. material 6), and both
without (el, e2) and with Albanerpetidae as in analyses
c and d2 (e3, e4). Analysis e4 was bootstrapped using
the same parameters as for the bootstraps of analyses b,
dl and d2.

The diagnosis of Chinlestegophis states on p. E5389:
“A shared feature with stereospondyls and caeci-
lians is opisthotics fused to exoccipitals.” As pointed
out by Santos et al. (2020), that feature is universal
among lissamphibians except larval and some neotenic

salamanders (e.g., Duellman and Trueb 1994; Jones et
al. 2022). It further occurs in the amphibamiform temno-
spondyl Doleserpeton (Sigurdsen and Bolt 2010), a few
lepospondyls (e.g., Pardo et al. 2015) and some (Maddin
et al. 2013; Daza et al. 2020) though apparently not all
albanerpetids (Matsumoto and Evans 2018). Among
stereospondyls, conversely, it seems to be limited to
extremely large and correspondingly unusually highly
ossified adults of Mastodonsaurus giganteus (Jaeger,
1828) (Kligman et al. 2023: supp. inf. part 3). There is no
corresponding character in the published matrix of Pardo
etal. (2017a).

“Shared features with brachyopoids and caecilians”
were proposed to (p. E5389) “include lacrimal fused
to maxilla”. This hypothesis is difficult to evaluate.
The maxillopalatine of Funcusvermis does not contain
the nasolacrimal duct, so there is no evidence that it
contains the lacrimal bone (Kligman et al. 2023). In
Chinlestegophis, a separate lacrimal is absent, and the
nasolacrimal duct lies entirely in what would otherwise
be called the maxilla (Pardo et al. 2017a); however, the
maxilla is dorsoventrally much narrower than expected
for a fusion product. (The maxilla is slightly taller in the
closely related Rileymillerus [Bolt and Chatterjee 2000:
fig. 1.3]; however, Kligman et al. [2023: supp. inf. part 3]
suggested quite plausibly that the fragmentary supposed
nasal of Rileymillerus is actually a separate lacrimal.)
As a result, fusion of the lacrimal to the maxilla cannot
be distinguished from wholesale absence of the lacrimal
in the currently known material of Chinlestegophis.
Similarly, the cause of the absence of a separate lacrimal
(loss or fusion) in most brachyopoids and a few other
stereospondyls is unknown; even the nasolacrimal canal
has not been traced in any of them (see Kligman et al.
2023: supp. inf. part 3 for details). Only in a few gymno-
phionans, as pointed out by Santos et al. (2020) and
discussed by Theska et al. (2018), is ontogenetic fusion
of the lacrimal to the maxilla documented (Hypogeophis
rostratus [Cuvier, 1829]: Miiller 2006; Gegeneophis
ramaswamii Taylor, 1964: Miiller et al. 2005; probably
Idiocranium russeli Parker, 1936: Theska et al. 2018;
possibly the “prefrontal” of Dermophis mexicanus
[Duméril & Bibron, 1841]: Wake and Hanken 1982),
although it has generally been hard in gymnophionans to
tell the prefrontal, the lacrimal, and even the septomaxilla
apart, and it is not clear whether the lacrimal ever forms
in most gymnophionans (Theska et al. 2018). It is unclear
if the two extant species scored in the matrix, Epicrionops
bicolor Boulenger, 1883, and Ichthyophis bannanicus
Yang, 1984, let alone the Early Jurassic Eocaecilia,
possess(ed) a discrete lacrimal bone during development
or not. However, character 21 of the published matrix
only describes the presence or absence of the lacrimal,
without mentioning the causes of such absence (such as
fusion to the maxilla). We interpret this as describing the
observed presence or absence of a separate bone in adults
and have therefore not changed the scores of these taxa
(all “absent”, state 1).
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The sentence quoted above continues: “and two small
posterior processes (‘horns’) on the occipital exposure of
the tabular, just posterior to the otic notch (as in chigut-
isaurids).” Part B of the supplementary text of Pardo et
al. (2017a) expressed some uncertainty about this: “two
modest protuberances project from the occipital face of
the tabular [of Chinlestegophis]. These processes may
correspond to a rudimentary tabular horn, but their size
and unusual topological relationship to the otic notch
makes this homology uncertain. However, it is similar
in position to the ‘tabular horn’ of some brachyopoids,
particularly Batrachosuchus and Vigilius” (both of
which are brachyopids, not chigutisaurids). Intriguingly,
Batrachosuchus was scored as lacking “tabular horns”
(pointed out by Gee 2022: app. 2.4.2), and see Kligman et
al. (2023: supp. inf. part 3) for the doubtful homology of
the “tabular horns” of Chinlestegophis and any brachyo-
poids. Later on p. E5390, Pardo et al. (2017a) made clear
that tabular “horns” are not known in any caecilians.
Indeed, for character 65—“Tabular (horn). Present in
some form (0), or entirely absent (1)”—Eocaecilia was
scored as unknown (?), and Epicrionops and Ichthyophis
were scored as inapplicable (-) because they unambig-
uously lack tabulars (presence/absence of tabulars is
coded by character 239). This means that this character
does not hold Chinlestegophis and caecilians together
in the published matrix. We have kept the scores for the
caecilians and only changed the scores of the extant sala-
manders Cryptobranchus and Hynobius from unknown
to inapplicable because they clearly lack tabulars; this
change has no impact on any calculations of relationships.

On the same page, “[s]hared features with Rileymillerus
and caecilians include the following: orbits small and later-
ally directed.” Orbit size, not coded in the published matrix,
should be quantified before it can be evaluated, but is expected
to be convergent among animals that live in darkness. Indeed,
the orbits of Funcusvermis appear to have been consider-
ably larger than those of other caecilians, Chinlestegophis
or Rileymillerus (Kligman et al. 2023). Orbit location was
included as character 26: “Orbit location. Medial, framed by
wide jugals laterally (0), or lateral emplacement, framed by
very slender jugals (1).” Dilkes (2015) revised the definition
of character 26, but focused on the width of the jugal in his
modifications. We, instead, interpret the intention of char-
acter 26 to be the location of the orbit and suggest rewording
this character. Additionally, although three states are scored
in the original matrix, only two are given in the character
definition. The third state refers to particularly large orbits
framed by relatively slender jugals and slender frontals (J.
Pardo pers. comm. 2021; Kligman et al. 2023: supp. inf. part
4), but it is scored for batrachians that lack jugals. In order to
keep the scores, we have reinterpreted it as referring to the
size of the orbit or orbitotemporal fenestra rather than the
jugal explicitly. Therefore, like Kligman et al. (2023), we
have only changed the score of Eocaecilia from 2 to 1. We
have further followed Kligman et al. (2023) in changing the
scores of two amphibamiforms: Platyrhinops from 2 to 1,
Apateon from 0 to 2.
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“Shared features with caecilians include double tooth
row on mandible” is stated in the next sentence of Pardo
et al. (2017a). This feature is represented in the published
matrix as no less than seven characters: 146, 147, 148,
272,273, 322 and 344.

Character 146 reads: “Symphyseal teeth. No accessory
teeth posterior to symphyseal tusks (0), or a transverse
row of such teeth (1).” State 1 is found in some stereo-
spondyl taxa. Despite the absence of symphysial tusks,
state 1 also was scored for Chinlestegophis, Eocaecilia
and the two extant caecilians (Pardo et al. 2017a). We
changed the score of Chinlestegophis to 0 because the
lingual toothrow of the holotype and the referred spec-
imens is restricted to the coronoids, and the coronoids
do not participate in the symphysial region of this
animal (Pardo et al. 2017a: fig. S3, movies S4 and S7).
The lingual toothrow of Eocaecilia, Epicrionops and
Ichthyophis does reach all the way to the symphysis, so
we retained a score of 1 for those, but caution that this
likely duplicates scores for the coronoid dentition char-
acters. (As discussed in Marjanovi¢ et al. [2023], we
provisionally disagree with Kligman et al. [2023] that this
toothrow is borne on the adsymphysial bone.)

Characters 147 and 148 describe presence/absence of
teeth on specific coronoids and are thus redundant with
character 272, which describes presence/absence of coro-
noid teeth in general (Pardo et al. 2017a). Characters
147 and 148 contain potentially important, non-overlap-
ping variation, so we opted to keep that variation over
retaining the more general variation captured by character
272, which we have excluded from our analyses. Because
it is difficult to identify which coronoid is tooth-bearing
in some taxa (i.e., when fewer than three distinguishable
coronoids are present), Doleserpeton and caecilians in
particular, we have, unlike Kligman et al. (2023: supp.
inf. part 4), modified the definition of characters 147 and
148 as follows, which allowed us to keep all of the orig-
inal scores:

147. Dentition lingual to distal half of labial
toothrow. Present (0), or absent (1).
148. Dentition lingual to mesial half of labial
toothrow. Present (0), or absent (1).

Character 322, “Splenial teeth. Present (0), absent (1)”,
was scored 0 exclusively for Ichthyophis, Epicrionops
and the dvinosaurian temnospondyl Trimerorhachis
insignis Cope, 1878. The scores for the former two
refer to the fact that the lingual toothrow of caecilians
has historically been thought to be borne on the splenial
(references in Miiller 2006; “splenial” was still used in
quotation marks by Wilkinson et al. 2021). However,
the bone that bears this toothrow is not in the ventral
position of a splenial, but the dorsolingual one of a
coronoid, in the three extant caecilians whose devel-
opment is well enough understood to tell (Miiller et al.
2005; Miiller 2006; Theska et al. 2018); a splenial has
never been positively identified in any caecilian—or
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any other lissamphibian. In other words, the scores of
1 for Triadobatrachus, Cryptobranchus, Hynobius,
Ambystoma and Leptodactylus are not correct either; we
have followed Gee (2022) in changing the scores of all
lissamphibians that were not already scored as unknown
to inapplicable (-). Moreover, the existence of teeth
(including “denticles”: Gee et al. 2017) on the splenial
of any species of Trimerorhachis has never been claimed
or illustrated in the literature (most recently Milner and
Schoch 2013), and D. M. found teeth to be absent there in
personal observation of AMNH FARB 4565 (type spec-
imen of T. insignis) and AMNH FARB 4572 (referred to
the same species). This is not surprising. Only one certain
and one possible case of tooth-bearing splenials are
known in all of Tetrapodomorpha, if not Gnathostomata,
and neither is sampled in any of the matrices we mention
here: Caerorhachis, in which a “denticle” field extends
from the coronoids and the prearticular onto the splenial
(Ruta et al. 2002), and the unnamed “Parrsboro jaw”,
where the same may or may not be the case (Sookias et al.
2014). In short, we changed the score of Trimerorhachis
to 1, so that state 0 does not occur in the revised matrix at
all; the character is constant and therefore uninformative
in a parsimony analysis. Finally, Chinlestegophis was
scored as unknown; we have corrected this to 1 because
Pardo et al. (2017a: fig. S3) depicted the absence of teeth
on the splenial.

It is worth mentioning that all three caecilians were
correctly scored as lacking splenials in the published
matrix of Pardo et al. (2017a: state 2 of character 264).
This is contrary to the main text, which erroneously
described the pseudodentary as “comprising the dentary,
coronoid, splenial, and anterior Meckel’s cartilage”
(p- E5391).

Character 344 also appears to target the presence of
a lingual row of dentition on the mandible as seen in
gymnophionans and taxa like Chinlestegophis. The char-
acter is defined as: “Dentary marginal dentition. Single
row (0), multiple rows (1).” The three caecilian OTUs
and Chinlestegophis, and no other OTUs, were scored as
having multiple rows (1); however, Chinlestegophis has
only one dentary toothrow as described and illustrated
by Pardo et al. (2017a), and in caecilians, as discussed
above, the lingual row of teeth is borne on a coronoid
rather than on the dentary. Thus, we rescored those taxa
as having a single row of dentary teeth (0), meaning that
state 1 does not occur in the revised matrix and this char-
acter, too, is uninformative.

Additionally, character 273 is: “Coronoid teeth. Larger
than marginal (0), equal to marginal (1), smaller than
marginal (2).” State 1 was scored exclusively for the
three caecilians, Chinlestegophis and the stereospondyl
Benthosuchus. We rescored Chinlestegophis as possessing
state 2 because Pardo et al. (2017a: fig. S3) showed that
the coronoid teeth are smaller than the marginal teeth.

The next feature listed as shared between
Chinlestegophis and caecilians is “quadrate completely
anterior to ear”, possibly meaning the otic capsules. If so,

this character state—which is not coded in the matrix—is
standard among brachystelechid and lysorophian lepo-
spondyls (Maddin et al. 2011; Glienke 2013, 2015; Pardo
et al. 2015; Pardo and Anderson 2016) and widespread
among lissamphibians as well. For present purposes it is
only interesting if caecilians are temnospondyls, which
this matrix cannot test.

Next is “broad, parallel-sided parasphenoid cultri-
form process >20% skull width”. Three characters in
the published matrix (112, 114, 343) attempt to capture
variation in parasphenoid shape, particularly that of the
cultriform process, but “broad” and “parallel-sided” have
different distributions. Although the cultriform process of
Chinlestegophis is even broader than that of Eocaecilia,
this condition is more or less universal among lissam-
phibians (references in Marjanovi¢ and Laurin 2008:
185-189), occurs prominently in lysorophians (Pardo
and Anderson 2016), and also is found in the morpholog-
ically most immature dissorophoid temnospondyls (e.g.,
Nyranerpeton: Werneburg 2012).

Character 112 is presented in the character list as
having two states: “Cultriform process (width). Base
not wider than rest, clearly set off from basal plate (0),
or merging continuously into plate (1)” (Pardo et al.
2017a: part C of the supplementary text). In the matrix,
however, three states are scored; the first two are as given
in the list, and the third (state 2) is called “flaring anteri-
orly” in the “charstatelabels” block, as in Schoch (2013).
We followed Gee (2022) and Kligman et al. (2023) in
transferring state 2 to character 343, which originally
described whether the cultriform process is “[n]arrow,
tapering anteriorly (0)” or “spatulate and parallel-sided
(1)”. In other words, character 112 now describes the
shape of the caudal end of the cultriform process in two
states, and character 343 now describes the shape of
the rostral end in three states that form a continuum of
widths; character 343 is therefore ordered in our analyses
with ordered characters (e2, e4). Our scores for both char-
acters follow those of Gee (2022), which represents an
update on Kligman et al. (2023). In addition, we scored
Chinlestegophis as unknown for character 343; it was
reconstructed as having state 1 (Pardo et al. 2017a: fig.
1H) and scored accordingly, but the entire rostral half of
the cultriform process appears to be unknown (Pardo et
al. 2017a: fig. 1B).

Character 114 is: “Cultriform process (outline). Of
similar width throughout (0), or posteriorly expanding
abruptly to about twice the width (1).” State 1 was scored
only for the two extant caecilian OTUs and for the temno-
spondyls Rileymillerus, Eryops and Onchiodon. We are
not sure if the conditions of those taxa should be consid-
ered primarily homologous: the two eryopids have a
bulbous expansion near the base of the cultriform process,
followed caudally by a constriction and then the basal
plate along with its contacts to the pterygoids (Sawin
1941; Boy 1990); Rileymillerus has a strongly biconcave
cultriform process that gradually expands caudally until
it reaches five times its narrowest width where it merges
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into the basal plate (Bolt and Chatterjee 2000: fig. 1.2,
2.2); Epicrionops and Ichthyophis have rostrally pointed
cultriform processes that widen rather suddenly at the
caudal ends of their contacts with the (maxillo)pala-
tines (Jenkins et al. 2007: fig. 6B, D). But, in any case,
Chinlestegophis and Eocaecilia were correctly scored 0,
so (like Gee 2022 and Kligman et al. 2023) we have not
modified this character or its scores.

“[O]ccipital condyles extend far beyond posterior
edge of skull roof” is the next character state proposed
to be shared by Chinlestegophis and caecilians (Pardo et
al. 2017a: E5390). It is coded in the published matrix as
character 137: “Exoccipital condyles. Short and broad
base, projecting only with their posterior half behind the
rim of the skull table (0), or almost the complete element
posterior to level of occipital flange (1)”. State 1 was
scored exclusively for most trematosauroids and brachy-
opoids, Rileymillerus, Chinlestegophis, Eocaecilia,
Cryptobranchus and Ambystoma. However, that state
(which appears to be more widespread among stereo-
spondyl and dvinosaurian temnospondyls: Kligman et
al. 2023: supp. inf. part 3) can be reached by elongating
the condyles, reducing the caudal extent of the skull roof,
extending the braincase caudally, or a combination of
two or all three factors. The stalked occipital condyles of
Chinlestegophis (and Rileymillerus: Bolt and Chatterjee
2000) are standard for stereospondyls, but are not found
in any caecilians; this was beautifully illustrated by Pardo
et al. (2017a: fig. 3). Rather, lissamphibians (and albaner-
petids: Daza etal. 2020) generally expose large parts of the
otic capsules in dorsal view, resulting in the entire occip-
ital condyles lying far beyond the posterior edge of the
skull roof. The condyles themselves are weakly elongated
in some caecilians and not at all in others, as again shown
by Pardo et al. (2017a: fig. 3) and described and illus-
trated by Jenkins et al. (2007: fig. 1-4, 6). This includes
Eocaecilia, despite its retention of postparietal and prob-
able tabular bones (Pardo et al. 2017a: fig. 3; Jenkins et
al. 2007). Conversely, milder examples of the stereo-
spondyl condition exist in various lepospondyls (Santos
et al. 2020, and references therein). Therefore, Eocaecilia
should not receive the same score as Chinlestegophis; we
reinterpreted the character as referring to condyle elonga-
tion instead of the skull table, limiting state 1 to condyles
with a stalked base, and consequently revised the scores
of Eocaecilia, Cryptobranchus and Ambystoma to 0.

The last character state proposed to be shared by
Chinlestegophis and caecilians (Pardo etal. 2017a: E5390)
is presence of a “pterygoquadrate”, referring to fusion of
the pterygoid and the quadrate bones, as observed in the
ontogeny of some extant caecilians (Wake and Hanken
1982; Miiller et al. 2005; Miiller 2006; Theska et al. 2018:
fig. 1c). On the next page, however, Chinlestegophis is
more cautiously stated to possess, “perhaps, an incipient
pterygoquadrate based on the structure of the suspenso-
rium and apparent absence of the quadratojugal.” The
full description of the skull (Pardo et al. 2017a: part B
of the supplementary text) states the matter in a simi-
larly limited way: “A separate quadrate is not evident in
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either side of the skull, but it is likely that the saddle-
shaped posterolateral face of the pterygoid represents the
articular glenoid, and we hypothesize that this therefore
represents a fused pterygoid-quadrate element (pterygo-
quadrate).” Thus, a pterygoquadrate is not observed in
Chinlestegophis, and cannot be used to link it to caeci-
lians. The issue is further complicated by Eocaecilia, in
which the quadrate appears to be fused to the stapes and
not to the pterygoid (Jenkins et al. 2007). Additionally, a
pterygoquadrate is not universal in Gymnophiona, being
absent in non-teresomatans like Ichthyophis, Epicrionops
and Amazops (Jenkins et al. 2007: fig. 6B, D; Wilkinson et
al. 2021: fig. 3) and the teresomatan Chikila (“pterygoid
process of the quadrate”, separated from the quadrate by
a suture and meeting the maxillopalatine, in Kamei et al.
2012: fig. S2(b)). If the fused pterygoquadrate is not only
real in Chinlestegophis, but also homologous between
Chinlestegophis and Teresomata or a subset thereof, it
must have been independently lost three successive times
in Eocaecilia, Rhinatrematidae and Ichthyophiidae, and
at least once more in Chikila.

The pterygoquadrate may be coded as state 2 of char-
acter 318: “Quadrate-maxilla separated by. [sic] Pterygoid
(0), small pterygoid and pterygoid process of quadrate (1),
by pterygoid process of quadrate only (pterygoid absent)
(2).” In agreement with the discussion above, state 2 does
not occur in the matrix, which lacks teresomatans.

Pardo et al. (2017a: E5390) also stressed that “[i]n the
temporal region, there is a small, round supratemporal
that is only loosely articulated to its surrounding calvarial
elements. This bone is morphologically and topolog-
ically identical to an element identified as the ‘tabular’
in Eocaecilia”. As pointed out by Marjanovi¢ and Laurin
(2019: 151, app. S1: 35), the statement of identity rests
entirely on the reconstruction drawing published by
Jenkins et al. (2007: fig. 1), which shows almost no
uncertainty (by dashed lines, differential shading or any
other means), but rather depicts a preferred hypothesis
of what an undamaged skull looked like. The text, spec-
imen drawings and photos in Jenkins et al. (2007), further
supported by the pCT rendering in Maddin et al. (2012a:
fig. 1A), make clear that the morphology and topology
of the “?tabular” in the reconstruction are guesses—the
presence and independence of the bone are evident, but
not its shape or size. In the crushed holotype (Jenkins et
al. 2007: fig. 2; Maddin et al. 2012a: fig. 1A), the left
“?tabular” is caudally broken, but the right one may well
have reached the caudal edge of the skull table (pers. obs.
H. M. and D. M.), reopening the possibility that it is, in
fact, a tabular and not homologous to the supratemporal of
Chinlestegophis. Pardo et al. (2017a) actually scored the
tabular as present in Eocaecilia (state 0 of character 239).
However, given the uncertainty surrounding the element,
we changed this score to unknown (?), and retained the
scores of “unknown” in the tabular-related characters 62,
63 and 65-67. We also followed Gee (2022) and Kligman
et al. (2023) in changing the scores of all salamanders
to not applicable (-) for the tabular-related character 63,
because they clearly lack tabulars, and changed the scores
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of all lissamphibians (including Eocaecilia) to inappli-
cable for character 71, which references tabular horns.

The implication later in the same paragraph (Pardo et
al. 2017a: E5390) that the real tabular could be part of the
0s bhasale in Eocaecilia is unfounded: there is no reason
to think, from their shapes or topological relationships,
that the dorsal sides of the 0ssa basalia contain tabulars
or any other dermal bones of the skull roof (Jenkins et al.
2007: fig. 2, showing the holotype; compare extant caeci-
lians and their ontogeny: Wake and Hanken 1982; Miiller
et al. 2005; Miiller 2006; Theska et al. 2018).

In their Discussion section, Pardo et al. (2017a:
E5393) made a far-reaching claim: “a sulcus associated
with the opening of the nasolacrimal duct in the orbit
is present in both Chinlestegophis and Eocaecilia in a
similar position to the tentacular sulcus of the basal caeci-
lian Epicrionops petersi”, citing Jenkins et al. (2007: fig.
10), which indeed shows the tentacular foramen inside
the orbit of the extant Epicrionops and a “tentacular
sulcus” on the orbital margin of the maxilla of Eocaecilia.
Evidence of the caecilian tentacle, a body part composed
mostly of the nasolacrimal duct and eye musculature
and associated with chemosensation in extant caeci-
lians, has not been reported from any vertebrates other
than Gymnophiona and Eocaecilia. In Chinlestegophis,
the maxilla does not reach the orbit, being excluded by
a contact of the prefrontal and the lateral exposure of the
palatine (Pardo et al. 2017a: fig. 1, S4). The nasolacrimal
duct is housed in the maxilla and meets the orbit in two
pores well medial of the skull surface (Pardo et al. 2017a:
fig. S4C). Although the sulcus is stated to be in the orbit
margin in part F of the supplementary material, it was
not reconstructed in fig. 1J, which instead shows an ellip-
tical orbit devoid of any corners; the reconstruction in fig.
11 shows a more angular orbit, fitting the pCT images in
fig. 1E-G, but these corners are very wide, obtuse and
rounded, offering no evidence of a tentacular sulcus. A
nasolacrimal duct that is separated from the surface of
the head would not function in sensory reception, and
seems unlikely to explain the evolution of the caecilian
tentacle. Funcusvermis also lacked a tentacular sulcus
unless the sulcus had an unusually far dorsal position, i.e.,
at the dorsoventral midpoint of the rostral orbit margin at
minimum (Kligman et al. 2023: fig. 1a, g—i). In any case,
no feature relating to the nasolacrimal duct or the shape
of the orbit is coded in the published matrix.

Results

See Table 1 for a brief overview of our analyses and their
results.

Analyses of the unpublished matrix of Pardo et
al. (2017a)

Our unconstrained analysis (al; Fig. 2) found 12 MPTs
of 1450 steps, as reported in Part G of the supplementary

information of Pardo et al. (2017a); their previously
unreported indices are: CI excluding uninformative char-
acters = 0.2668, RI = 0.6532, RC = 0.1815. The resulting
strict consensus is identical to that of Pardo et al. (2017a:
fig. S6B), with Chinlestegophis and Rileymillerus posi-
tioned as the sister-group to all other amphibamiform
temnospondyls including Lissamphibia, which in turn
contains Eocaecilia and Gymnophiona. Of the 319 char-
acters, 292 are parsimony-informative.

The MPTs form two islands that differ in their resolution
of Lissamphibia: (1) Gerobatrachus as the sister-group of
Lissamphibia, within which “frogs” + Triadobatrachus is
the sister-group of a clade formed by ‘“salamanders” +
Karaurus on one side and Albanerpetidae + Eocaecilia
and crown caecilians on the other; (2) crown caecilians
+ Eocaecilia as the sister-group of the other lissamphib-
ians, within which Gerobatrachus is the sister-group of a
clade formed by “frogs” + Triadobatrachus on one side
and Albanerpetidae + (“salamanders” + Karaurus) on the
other. Note that only (2) is compatible with phylogenies
of extant amphibians based on molecular data (Hime et
al. 2020, and references therein).

Constraining Eocaecilia to be closer to the lepo-
spondyl Carrolla (analysis a2; Fig. 3) than to the
temnospondyl Doleserpeton produced 48 MPTs of
a very similar length (1454 steps) and very similar
indices (CI excluding uninformative characters
=0.2661, RI = 0.6519, RC = 0.1807). The positions of
Chinlestegophis and Rileymillerus remain unchanged
compared to Pardo et al. (2017a: fig. S6). Although the
“lepospondyl hypothesis” is supported in this exper-
iment, Lissamphibia contains Gerobatrachus, and it
nests far from Carrolla, indeed on the other side of
the lepospondyl tree—next to the limbless aistopods,
followed by the limb-reduced Brachydectes, much as
in Marjanovi¢ and Laurin (2009; Fig. 1) whose matrix
has a common ancestor with this one (Anderson et al.
2008a). The strict consensus shows a less well resolved
version of the abovementioned topology (2).

The differences in fit to the matrix between the uncon-
strained and the constrained trees are not significant
(Kishino/Hasegawa test: p = 0.6284; Templeton test:
p = 0.6276; winning-sites test: p = 0.7160).

Analyses of the unmodified previously
published matrix

Reanalysis of the published matrix (analysis b) yielded
identical results to those of Pardo et al. (2017a),
Marjanovi¢ and Laurin (2019: fig. 30I-K), Serra Silva
and Wilkinson (2021) and Gee (2022), returning 882
MPTs with a length of 1,514 steps, CI excluding uninfor-
mative characters = 0.2548, RI = 0.6858, RC = 0.1812.
Of the 345 characters, 322 are parsimony-informative.
The MPTs are spread across the five islands found and
described by Serra Silva and Wilkinson (2021) and above
(Matrices, Methodologies, and Missteps: Phylogeny
inferred from parsimony).
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Acanthostega

Chinlestegophis

Gerobatrachus

salamanders

Albanerpetidae

epodenal

Gerobatrachus

Albanerpetidae
salamanders

Proterogyrinus
Seymouria baylorensis
Limnoscelis

Lepospondyli

Figure 2. Strict consensus of the 12 MPTs obtained from our analysis al (see Table 1), using the unpublished matrix used by Pardo et
al. (2017a: fig. S6B). The two islands are represented by the duplication of Lissamphibia and its sister-group (on one island) or member
(on the other island) Gerobatrachus. The branch marked “(wrong)” contradicts the molecular consensus (Hime et al. 2020). Question
marks indicate names with uncertain application given the taxon sample. Colored rectangles and boldface, as well as “Asaphestera” and
Dendrerpetidae, as in Fig. 1; red rectangle for Chinlestegophis, brown rectangle for crown-group caecilians (Gymnophiona).
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Albanerpetidae
salamanders

Gerobatrachus

Figure 3. Strict consensus of the 48 MPTs obtained from the unpublished matrix used by Pardo et al. (2017a) in an analysis (a2;
see Table 1) constrained against the “temnospondyl hypothesis” of lissamphibian origins; a version of the “lepospondyl hypothesis”

results. Colors, boldface, “Asaphestera” and Dendrerpetidae as in Fig. 2.
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The bootstrap tree of analysis b (Fig. 4) shows moderate
support for the diphyly of modern amphibians as presented
by Pardo et al. (2017a): the three caecilians form the sister-
group of the stereospondyl Chinlestegophis in 52% of the
bootstrap replicates, while the batrachians are found as
amphibamiform dissorophoids closest to Gerobatrachus in
only 43%, and adding any further dissorophoids depresses
this value to a maximum of 35%. This latter value is the
highest that separates caecilians and batrachians + karau-
rids; even Rileymillerus occurs as the sister-group of
Chinlestegophis and the caecilians together in only 32%.
Most bootstrap values in the rest of the tree, except for the
majority of the most highly nested nodes, are even lower.

Inspection of the list of bipartitions in the output of PAUP*
(Suppl. material 2: table S1), including those that are incom-
patible with the bootstrap tree, shows that Lissamphibia was
found in 37% of the bootstrap replicates—support compa-
rable to that for Dissorophoidea including Batrachia (35%),
which is shown in the bootstrap tree (Fig. 4). An exclusive
clade of all lissamphibians and Chinlestegophis occurs in
21% of the replicates and combines with Rileymillerus in
20%; all lissamphibians and any or all dissorophoids form
an exclusive clade in no more than 16% of the replicates.
Stereospondyli excluding Chinlestegophis and option-
ally Rileymillerus appears in only 9%, as often as, e.g., an
improbable clade of all lissamphibians except Eocaecilia.
Only 8% group all lissamphibians, Chinlestegophis and
Gerobatrachus exclusively.

Addition of Albanerpetidae to the previously
published matrix

The matrix of Daza et al. (2020: fig. 4E, S14), ie.,
the published matrix of Pardo et al. (2017a) with
Albanerpetidaec added, yielded a single island of 45
MPTs (analysis c; length = 1565 steps, CI excluding
uninformative characters = 0.2510, RI = 0.6795, RC =
0.1741). Their strict consensus (Fig. 5) is topologically
identical to that of Daza et al. (2020: fig. S14), except for
slightly lower resolution: Dissorophidae, Trematopidae,
and a node supporting Edingerella, Benthosuchus,
Capitosauroidea and Trematosauroidea + Brachyopoidea
are unresolved. Interestingly, all nodes marked “95” in
the MRC of Daza et al. (2020: fig. S14) are present in the
strict consensus of our analysis, whereas a few of those
marked “100” are not. Amphibamiformes, including
Lissamphibia, is resolved exactly as in Daza et al. (2020:
fig. 4E, S14): there is a clade (Apateon (Albanerpetidae
(Karauridae, Lissamphibia))) which is the sister-group of
(Micropholis (Platyrhinops (Amphibamus (Doleserpeton,
Gerobatrachus)))) within Dissorophoidea. Likewise,
Chinlestegophis and Rileymillerus are positioned as
in Daza et al. (2020: fig. S14), as the sister-group to
Brachyopoidea within Stereospondyli.

The addition of Albanerpetidae renders seven charac-
ters parsimony-informative, so that 329 of the total of 345
now have this status.

fr.pensoft.net

Ordering continuous characters

Ordering of clinal characters (analysis d1) in the other-
wise unmodified published matrix of Pardo et al. (2017a)
rendered two characters parsimony-informative (for
a total of 324 of the 345 characters in the matrix) and
resulted in three islands of 270 MPTs in total (length
= 1554 steps, CI excluding uninformative characters =
0.2508, RI =0.6885, RC = 0.1777). The strict consensus
is well resolved (Fig. 6) and shows Lissamphibia as the
sister-group of the clade formed by Chinlestegophis
and Rileymillerus, nested within the brachyopoid
stereospondyls.

The bootstrap tree of analysis d1 (Fig. 7) recovers a
rather weakly supported (46% frequency) Lissamphibia
with the same sister-group, and the Chinlestegophis-
Rileymillerus clade is again less supported (40%).
Affinities between the Chinlestegophis-Rileymillerus
clade and Lissamphibia are slightly better supported
than with unordered states, but at 29%, this clade is still
weak. The position of Chinlestegophis as a stem-cae-
cilian, incompatible with the bootstrap tree, occurs
with a frequency of 44% (Suppl. material 2: table
S2). Lissamphibia is separated from Doleserpeton or
Gerobatrachus by bootstrap values no higher than 30%;
an exclusive clade of frogs, salamanders, karaurids
and Gerobatrachus has 36% support (less if any other
dissorophoids are added) and an exclusive Lissamphibia-
Gerobatrachus clade only 15% (likewise less if other
dissorophoids are added; Suppl. material 2: table S2).

When the clinal characters are ordered and
Albanerpetidae is added (analysis d2), 329 charac-
ters are parsimony-informative, and the published
matrix yields a single island of 30 MPTs (1605 steps,
CI excluding uninformative characters = 0.2453, RI
= 0.6830, RC = 0.1711). The strict consensus (Fig.
8) shows (Apateon (Albanerpetidac (Karauridae,
Lissamphibia))) in Amphibamiformes—next to a clade
that contains Doleserpeton and Gerobatrachus—while
the Chinlestegophis-Rileymillerus clade forms the sister-
group of the brachyopoid stereospondyls.

Bootstrapping analysis d2 (Fig. 9) shows moderate
support for Lissamphibia (52%). Lissamphibia and a
clade formed by Chinlestegophis and Rileymillerus
are found as sister groups with low support (27%).
Interestingly, both clades together form the sister-group of
Dissorophoidea; the support for exclusion from a position
close to Gerobatrachus or Doleserpeton is compar-
atively high (62%), but the support for exclusion from
Trematosauria within Stereospondyli is very low (12%).
Noteworthy, on the other hand, is the support (75%) for
excluding Karauridae (Karaurus and Kokartus), univer-
sally considered a clade of stem-salamanders (Jones et
al. 2022, and references therein), from Batrachia (frogs
+ salamanders). An exclusive clade of Albanerpetidae,
Karauridae and Batrachia has 58% support, moderately
contradicting Matsumoto and Evans (2018) and Daza et
al. (2020); this may be due to character sampling.
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Ambystoma opacum
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Archegosaurus decheni
Platyoposaurus stuckenbergi
Lydekkerina huxleyi
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Rhineceps nyasaensis
Uranocentrodon senekalensis
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Eocaecilia micropodia
Epicrionops bicolor
Ichthyophis bannanicus
Sangaia lavina

Siderops kehli
Batrachosuchus watsoni
Laidleria gracilis

Plagiosuchus pustuliferus
Gerrothorax pulcherrimus
Peltostega erici
Lyrocephaliscus euri
Trematosaurus brauni
Trematolestes hagdorni
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Parotosuchus
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Figure 4. Bootstrap tree obtained from the published matrix used by Pardo et al. (2017a) when all characters are unordered (analysis
b). The bootstrap tree shows moderate support (52%) for the diphyly of extant amphibians. Colors and boldface as in Fig. 3, boot-
strap values > 50% also in boldface; darker brown rectangle for Lapillopsis, a small temnospondyl thought to be a stereospondyl
convergent to dissorophoids. The blue rectangle for Temnospondyli is omitted because all OTUs except Greererpeton and Protero-
gyrinus are (inferred to be) temnospondyls; the cyan rectangle for Lissamphibia is omitted because the name Lissamphibia does not
apply on this tree. Tr.-oidea = Trematosauroidea. The Dendrerpetidae OTU was called “Dendrerpeton acadianum” by Pardo et al.
(2017a) but is mostly based on its apparently close relative Dendrysekos. In this and the following figures we have also corrected
spelling mistakes in taxon names compared to the matrix and the figures of Pardo et al. (2017a).
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Figure 5. Strict consensus of the 45 MPTs obtained from the published matrix of Pardo et al. (2017a) with addition of Albanerpeti-
dae from Daza et al. (2020); all characters are unordered (analysis ¢). The resolution differs slightly from Daza et al. (2020: fig. S14)
because we used parsimony with equal rather than implied weights. Colors, boldface and Dendrerpetidae as in Fig. 3 and 4 here and

in all following figures; Tr.-oidea = Trematosauroidea.
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Figure 7. Bootstrap tree obtained from the published matrix of Pardo et al. (2017a) with clinal characters ordered (analysis d1).
Bootstrap values > 50% in boldface.
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Figure 8. Strict consensus of the 30 MPTs obtained from the published matrix of Pardo et al. (2017a) with clinal characters ordered
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Figure 9. Bootstrap tree obtained from the published matrix of Pardo et al. (2017a) with clinal characters ordered and Albanerpeti-
dae added (analysis d2). Bootstrap values > 50% in boldface. Tr.-oidea = Trematosauroidea.
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The list of bipartitions not compatible with the bootstrap
tree (Suppl. material 2: table S3) reveals 40% bootstrap
support for a clade of Chinlestegophis and the three
caecilians (slightly more than the 38% without ordering
and without Albanerpetidae) and 30% for a clade that
includes these four and Rileymillerus. Chinlestegophis
and Rileymillerus are excluded from Dissorophoidea +
Lissamphibia in 21% of the bootstrap replicates. The
support for exclusion of Albanerpetidae from Lissamphibia
(17%) is lower than it could be given the 58% for a specific
placement in Lissamphibia mentioned above; 12% of the
replicates group the caecilians with Albanerpetidae, 6%
find all dissorophoids, all batrachians, the karaurids and
Albanerpetidae in an exclusive clade.

Revised published matrix

The matrix including the changes we propose was run
both with all characters unordered, as they were in Pardo
et al. (2017a), and with the herein proposed characters
that form morphological clines ordered; both of these
options were used both without and with the addition
of Albanerpetidae from Daza et al. (2020). The anal-
ysis with all characters unordered and Albanerpetidae
excluded (el) resulted in 1341 MPTs, each with a length
of 1514 steps (CI excluding uninformative characters
= 0.2535, RI = 0.6849, RC = 0.1801), distributed over
seven islands of optimal trees. Of the 344 characters,
only 319 are parsimony-informative. In all seven islands,
Lissamphibia is recovered and excludes Chinlestegophis
(as well as Rileymillerus). One island (Fig. 10) places
(Brachyopoidea  (Lissamphibia  (Chinlestegophis,
Rileymillerus))) in Stereospondyli, and Karauridae on
the batrachian stem; the others recover Lissamphibia
next to Gerobatrachus in Amphibamiformes while the
Chinlestegophis-Rileymillerus clade remains nested in
Stereospondyli next to or inside Brachyopoidea, and
Lissamphibia is resolved either as (frogs (karaurids
(caecilians, salamanders))) (Fig. 11), contradicting the
molecular consensus (Hime et al. 2020), or as (caecilians
(frogs (karaurids, salamanders))) (Fig. 12).

The second analysis, using ordered characters (e2),
resulted in three islands of 99 MPTs in total (1558 steps; CI
excluding parsimony-uninformative characters = 0.2489,
RI = 0.6870, RC = 0.1759). 321 characters were parsi-
mony-informative. The well-resolved strict consensus
is shown in Figs 13, 14. Lissamphibia is recovered and
placed next to a Rileymillerus + Chinlestegophis clade,
which lies next to Plagiosauridae within the brachyopoid
stereospondyls; Karauridae lies on the batrachian stem.
Gerobatrachus remains next to Doleserpeton inside a
variably resolved Dissorophoidea.

The third and fourth analyses differ from the first
and second by the addition of Albanerpetidae (from
Daza et al. 2020) as in analysis c. In both, 326 of the
344 characters were parsimony-informative. The unor-
dered analysis e3 yielded 297 MPTs (1564 steps, CI

excluding uninformative characters = 0.2498, RI =
0.6790, RC = 0.1732); PAUP* groups them as two
islands, but these are similar enough that we present
the overall strict consensus in Fig. 15. Dissorophoidea
including Lissamphibia is resolved as in analysis c; the
Rileymillerus + Chinlestegophis clade is grouped with the
poorly resolved brachyopoid stereospondyls.

In the ordered analysis e4, 81 MPTs are recovered
(1609 steps, CI without uninformative characters =
0.2434, RI = 0.6817, RC = 0.1695). They all group
the Rileymillerus + Chinlestegophis clade with
Brachyopoidea as in analysis e3, while Lissamphibia is
nested among the amphibamiform dissorophoids, closer
to Apateon than to Gerobatrachus or Doleserpeton.
PAUP* groups the MPTs into three islands depending on
how they resolve amphibamiform phylogeny: one island
(Fig. 16) has (Doleserpeton (Gerobatrachus (Apateon,
Lissamphibia))) inside Amphibamidae, Albanerpetidae on
the caecilian stem and Karauridae on the batrachian stem;
the other two (Fig. 17) have (Apateon (Albanerpetidae
(Karauridae, Lissamphibia))) close to but outside
Amphibamidae, which contains Gerobatrachus; the
Early Triassic amphibamiform Micropholis is either on
the amphibamid or on the lissamphibian side.

Bootstrapping analysis e4 reveals (Fig. 18) consid-
erable support for Lissamphibia (77%), within which
Albanerpetidae (43%) and Karauridae (64%) lie on the
batrachian stem but not in Batrachia (75%). Lissamphibia
is, with limited support, placed next to Apateon (22%)
in Dissorophoidea (35%); similar support is recov-
ered for placing Chinlestegophis (and Rileymillerus)
close to brachyopoids including plagiosaurids (27%) in
Stereospondyli (34%).

Groupings not compatible with the bootstrap tree
(Suppl. material 2: table S4) include Chinlestegophis +
Rileymillerus as gymnophionomorphs (15%) or in an
exclusive clade with Lissamphibia (29%); comparable
support exists for Lissamphibia without Albanerpetidae
(30%) or Lissamphibia without Karauridae or
Albanerpetidae (20%), both of which are also incom-
patible with the bootstrap tree. An exclusive clade of
lissamphibians and stereospondyls occurs in only 10% of
the bootstrap replicates.

Discussion
Support for alternative topologies

Our work corroborates some of the results of the analyses
performed by Pardo et al. (2017a), but also highlights
weaknesses in the phylogenetic signal that was claimed
to support caecilian affinities of Chinlestegophis. Indeed,
Pardo et al. (2017a: abstract) claimed: “Our results place
the taxon confidently within lissamphibians.” On the
contrary, our results demonstrate that the affinities of
Chinlestegophis cannot be ascertained with confidence
based on either of the two matrices of Pardo et al. (2017a).
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Figure 10. Strict consensus tree of some of the 1341 MPTs recovered in analysis el (published matrix of Pardo et al. [2017a] after
revision, all characters unordered). For the other MPTs, see Figs. 11 and 12. Br.-oidea = Brachyopoidea.
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The branch marked “(wrong)” contradicts the molecular consensus (Hime et al. 2020).
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Figure 12. Strict consensus of each of the remaining four islands of MPTs from analysis el. Except for Lissamphibia, the part de-
picted here is identical in all four islands; Lissamphibia is resolved either as shown or as in Fig. 11, Stereospondyli is resolved as in
Fig. 11 (with both options shown there for Trematosauria). For the other MPTs, see Figs 10, 11.

First, we stress that the unpublished matrix (our analysis ~ when a broader sample of extinct tetrapods is included, a
al, see Table 1; Fig. 2; Pardo et al. 2017a: fig. S6) yieldeda  more mainstream hypothesis of both lissamphibian ancestry
commonly recovered Lissamphibia, nested within dissoro-  and Paleozoic tetrapod relationships is produced, and the
phoids and optionally containing Gerobatrachus but never  stereospondyls represented in this matrix, Rileymillerus
Chinlestegophis. This is important because it suggests that  and Chinlestegophis, are distanced from lissamphibian
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MPTs recovered in analysis e2 (published matrix of Pardo et al. [2017a] after revision, clinal characters ordered). See Fig. 14 for
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origins. Constraining Eocaecilia to nest among lepospon-
dyls (analysis a2; Fig. 3) results in only slightly longer trees
(4 steps added to the 1450 of the unconstrained trees) that
are not significantly different from the unconstrained trees
(p between 0.62 and 0.72 according to the three usual tests)
despite conforming to the “lepospondyl hypothesis” of
amphibian origins.

All of our remaining analyses focused on the
published matrix of Pardo et al. (2017a). Unsurprisingly,
we confirmed (analysis b) the results of Marjanovi¢ and
Laurin (2019: fig. 30I-K), Serra Silva and Wilkinson
(2021) and Gee (2022) that Pardo et al. (2017a) found
all MPTs that fit this matrix, that the MRC tree they
reported is accurate as such, and that the MRC tree is
a highly incomplete representation of the MPTs: it is
equally parsimonious for Batrachia and Gymnophiona
to lie in Stereospondyli or Amphibamiformes, and for
them to form Lissamphibia or not, which may or may
not contain Chinlestegophis. We further contribute the
first fully published bootstrap analysis of this matrix
(Fig. 4, Suppl. material 2: table S1); contrary to Pardo
et al. (2017a: fig. S7B), it supports diphyly of extant
amphibians, although the support is not strong (52% for
grouping Chinlestegophis with the caecilians; 43% for
grouping Gerobatrachus with the batrachians; only 35%
for grouping all dissorophoids with the batrachians to the
exclusion of any caecilians).

Pardo et al. (2017a: fig. S7B) found no bootstrap
values of 50% or higher on any node that separates caeci-
lians and batrachians. Differences in bootstrap settings
may explain why our results differ somewhat from those
of Pardo et al (2017a); we used 200 bootstrap replicates
of 500 addition-sequence replicates each, whereas Pardo
et al. (2017a) used 1000 bootstrap replicates of 100 addi-
tion-sequence replicates each (J. Pardo pers. comm. 2023;
the settings were not published).

However, adding Albanerpetidae to the matrix (anal-
ysis c; Fig. 5) confirms the result of Daza et al. (2020):
Lissamphibia is found in Amphibamiformes in all
MPTs, while Chinlestegophis is always a stereospondyl.
The omission of albanerpetids from the original matrix
was clearly a suboptimal choice, given that all studies
published since their discovery over half a century
ago support close affinities between albanerpetids and
lissamphibians, if not a position among lissamphibians
(e.g., Estes 1969; Estes and Hoffstetter 1976; Fox and
Naylor 1982; McGowan and Evans 1995; Maddin et al.
2013; Daza et al. 2020; Kligman et al. 2023). Even the
most unorthodox analysis of albanerpetid affinities that
we know of suggested close affinities to batrachians
(McGowan 2002).

The effect of ordering characters within the orig-
inal published matrix (i.e., without Albanerpetidae and
without corrections other than renumbering the states
of some ordered characters) (analysis dl; Fig. 6) was
to decrease the number of islands from five to one:
Lissamphibia (which has 46% bootstrap support) forms
the sister group of the stereospondyls Chinlestegophis and
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Rileymillerus. This arrangement only occurs in 29% of
the bootstrap replicates, however (Fig. 7; Suppl. material
2: table S2). Adding Albanerpetidae (analysis d2) moved
Lissamphibia into the amphibamiform dissorophoids;
Chinlestegophis and Rileymillerus remained brachyo-
poid stereospondyls (Fig. 8). Bootstrapping this analysis
(Fig. 9; Suppl. material 2: table S3) revealed increased, if
still modest, support for Lissamphibia (52%) and weak
support for any position of that clade, but comparatively
strong support against a position close to Gerobatrachus
or Doleserpeton (62%).

A modest revision of the published matrix, without
Albanerpetidae, replicated the basic results of analyses ¢
and d1 as equally parsimonious when all characters were
unordered (analysis el; Figs 10-12). Ordering (analysis
e2; Figs 13, 14) restricted Lissamphibia to Stereospondyli
as in analysis d1 (unmodified matrix, likewise ordered,
likewise without Albanerpetidae). Adding Albanerpetidae
without ordering (analysis e3; Fig. 15) essentially repli-
cated analysis c; ordering (analysis e4; Figs 16, 17)
introduced variation within Lissamphibia but kept it in the
same place as in analysis c—with strong bootstrap support:
a lissamphibian-stereospondyl clade is not compatible
with the bootstrap tree (Fig. 18) and only occurs in 10%
of the replicates (Suppl. material 2: table S4). The 77%
support for Lissamphibia (with Albanerpetidae) excluding
Chinlestegophis (or Rileymillerus, Gerobatrachus or any
other traditional non-member) is worth highlighting.

In all four cases, ordering increased the resolution of
the results. We interpret this as an example of ordering
bringing out phylogenetic signal in data, congruent with
results from simulations and some empirical examples;
note that ordering does not automatically increase the net
resolution (Marjanovi¢ and Laurin 2008, 2019; Grand et
al. 2013; Rineau et al. 2015, 2018; and references therein).

Strikingly, none of the trees from analyses c, d or
e (most parsimonious or bootstrap) support affinities
between Chinlestegophis and caecilians to the exclusion of
other lissamphibians. The bootstrap analysis of the original
matrix under original conditions (analysis b; Fig. 4, Suppl.
material 2: table S1) only weakly supports diphyly of extant
amphibians and an exclusive clade of Chinlestegophis
and the three caecilians (bootstrap frequency of 52%) or
an exclusive clade of frogs, salamanders, karaurids and
Gerobatrachus (frequency of 43%). Our highly restricted
revisions to the published matrix (analyses el, €2; see Gee
2022 for a generally much more thorough revision), as
well as the addition of Albanerpetidae to the taxon sample
(analysis c) or the combination of both (analyses e3, e4),
resulted in an exclusive clade comprising lissamphibians
being nested among dissorophoids (analyses c, el, e3, e4
and its bootstrap analysis), or Lissamphibia as sister to
Chinlestegophis + Rileymillerus within Stereospondyli
(analyses el, €2). The former is the currently most wide-
spread hypothesis on the origin of the extant amphibian
clades; the latter is new, but considerably less novel
than extant amphibian diphyly as proposed by Pardo
etal. (2017a).
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Figure 14. Strict consensus of the remaining MPTs recovered in analysis e2 (published matrix of Pardo et al. [2017a] after revision,
clinal characters ordered). See Fig. 13 for the MPTs not represented here and for the clades shown collapsed here.
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Figure 15. Strict consensus of the 297 MPTs recovered in analysis e3 (published matrix of Pardo et al. [2017a] after revision, Alba-
nerpetidae added from Daza et al. [2020], all characters unordered). Capito. = Capitosauria; Tr.-oidea = Trematosauroidea.
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Figure 16. Strict consensus of all (to the left and above the stippled line) or some (to the right and below the stippled line) of the
81 MPTs recovered in analysis e4 (published matrix of Pardo et al. [2017a] after revision, Albanerpetidae added from Daza et al.

[2020], clinal characters ordered). For the other MPTs, see Fig. 17.
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The published matrix of Pardo et al. (2017a) contains
some data that suggest affinities between Lissamphibia and
the Chinlestegophis + Rileymillerus clade, always within
Stereospondyli, as recovered in analyses b (as one of several
equal options), d1 (if only with 29% bootstrap support), el
(as one of two options) and e2. Although weakly supported,
the fact that this result occurred in the original (analyses b,
dl) and the revised matrix (analyses el, 2) suggests that
Chinlestegophis may contribute important information about
amphibian evolution in the context of the “temnospondyl
hypothesis”, even if it cannot be supported specifically as
a stem-caecilian. More likely, however, it may highlight
convergence between the Chinlestegophis + Rileymillerus
clade and lissamphibians in general or caecilians in particular;
this is supported to an extent by our bootstrap of analysis e4
(Fig. 18; Suppl. material 2: table S4), where Chinlestegophis
+ Rileymillerus were recovered next to Lissamphibia in only
29% and as gymnophionomorphs in only 15% of the boot-
strap replicates while a lissamphibian-stereospondyl clade
only has 10% bootstrap support (all three groupings are
incompatible with the bootstrap tree: Fig. 18), as well as by
the bootstrap analysis conducted by Kligman et al. (2023:
extended data figure 6), where Lissamphibia excluding
Chinlestegophis and Rileymillerus occurred in 55% of the
replicates and Stereospondyli including a Chinlestegophis +
Rileymillerus clade in 57%. Minimally, our results highlight
the importance of albanerpetids—sampled in analyses c, d2,
e3 and e4—for understanding lissamphibian relationships.

Pardo et al. (2017a) emphasized that the topology
they presented was supported by Bayesian inference. As
discussed above (Matrices, Methodologies, and Missteps:
Bayesian inference of phylogeny), missing data have unpre-
dictable, sometimes very strong, effects on parametric
methods of phylogenetics such as Bayesian inference, while
the non-parametric method called parsimony is unaffected
by this particular issue and therefore safer for paleontolog-
ical data. Matrix quality remains more important than the
method of analysis (Simdes et al. 2017; Marjanovi¢ and
Laurin 2019; Gee 2021, 2022; and references therein).

Assessment of qualitative arguments

As further support for a close relationship between
Chinlestegophis and caecilians, Pardo et al. (2017a)
proposed a number of features supposedly shared
between both taxa, and in some cases with other stereo-
spondyls. Most of them are coded in the matrix in some
form. However, our review of these features (Materials
and Methods: Evaluation of potential synapomorphies
and revisions to the published matrix) finds serious prob-
lems in all of them; none supports placing caecilians as
the sister taxon of Chinlestegophis (or Chinlestegophis +
Rileymillerus), or in stereospondyls in general.

We note several other features, not discussed by Pardo
et al. (2017a), by which Chinlestegophis resembles other
stereospondyls but differs starkly from caecilians. The
basicranial articulation in Chinlestegophis superficially
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resembles that of Eocaecilia and Gymnophiona. However,
in Chinlestegophis, the basicranial joint forms a strong
girder, tightly sutured (Pardo et al. 2017a), similar to the
condition seen in other stereospondyls. In caecilians,
the basicranial joint is instead loosely constructed, with
thick cartilage covering the bony joint surfaces of both
the 0s basale and the (epi)pterygoid or pterygoquadrate
(Maddin et al. 2012b). Furthermore, Chinlestegophis has
well-developed posttemporal fenestrae, as in brachyopoid
stereospondyls, while in lissamphibians and albaner-
petids these fenestrae are absent.

What little is known and described of the postcranial
skeleton of Chinlestegophis (Pardo et al. 2017a: fig. S5)
also resembles other stereospondyls but starkly differs from
caecilians. The interclavicle of Chinlestegophis is a large
plate, as usual for stereospondyls; in lissamphibians and
albanerpetids, no interclavicle is known. Similarly, the clav-
icles consist mostly of a large plate and look unremarkable
for a stereospondyl in all details of their shape; clavicles are
absent in albanerpetids, caecilians (including Eocaecilia)
and salamanders, and those of frogs are robust curved struts
more similar to those of extant amniotes. A few neural arches
are preserved in Chinlestegophis, but centra are not; this is
standard for morphologically immature temnospondyls, but
only observable (as presence or absence of ossification) in a
very short phase in the ontogeny of frogs and hynobiid sala-
manders, and not known in caecilians—in Gegeneophis and
in Caecilia orientalis Taylor, 1968, the centra ossify before
the neural arches (Miiller 2006; Pérez et al. 2009). Indeed,
early ossification of the centra (earlier than the neural arches
or not long after them), quickly followed by suturing or even
fusion to the neural arches, is a synapomorphy of lissam-
phibians and probably a few amphibamiforms (notably
Doleserpeton and Gerobatrachus) under the “temnospondyl
hypothesis”, or of Seymouriamorpha, Chroniosuchia and
Tetrapoda under the “lepospondyl hypothesis™ (Laurin and
Reisz 1997; Danto et al. 2019). Full neurocentral fusion is
not found outside these clades (and Albanerpetidae), but
is found in all known vertebrae of Eocaecilia (Jenkins et
al. 2007) and the lone vertebra referred to Funcusvermis
(Kligman et al. 2023). The ribs of Chinlestegophis are,
plesiomorphically, longer than three successive vertebrae;
they are shorter in amphibamiforms and a few select lepo-
spondyls (Marjanovi¢ and Laurin 2008, 2019), and much
shorter, about as long as one vertebra, in albanerpetids and
all lissamphibians except a few peramorphic salamandrids
(Marjanovi¢ and Witzmann 2015, and references therein).
The only known postcranial similarity to caecilians is body
elongation; the massive dermal shoulder girdle does not
suggest limb reduction, and indeed the presumed ulna has
an unremarkable size.

Homoplastic rather than stepwise evolution

Interpretations of functional biology and evolutionary
trends rely on our perspective of phylogenetic relation-
ships. In the original description of Chinlestegophis, once
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Figure 17. Strict consensus of each of the remaining two islands of MPTs from analysis e4. The remainder of the tree is identical in

all three islands and not repeated here; see Fig. 16.
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aconsensus tree was selected and reported, a number of the
characteristics used in the matrices and discussed above
were used to infer a stepwise evolution of traits toward the
specialized fossorial and head-first burrowing lifestyle of
caecilians. Those features include fusion of the lacrimal
+ maxilla and exoccipital + opisthotic (interpreted as
stages in the consolidation of the skull), repositioning of
the jaw suspension, small and laterally oriented eyes, etc.
However, as we demonstrate above, most of those features
have a wider distribution across Paleozoic tetrapods or
present confounding problems of homoplasy across many
disparate clades, extinct and extant.

In particular, we regard as unfortunate the aforemen-
tioned removal of all lepospondyls from the unpublished
matrix to create the published matrix after the initial
recovery of Chinlestegophis as a temnospondyl by Pardo
et al. (2017a). Potential affinities between lepospondyls
and lissamphibians have been controversial for more than
two decades (Anderson 2001; Marjanovi¢ and Laurin
2008, 2009, 2013, 2019; Laurin et al. 2022; Jansen and
Marjanovi¢ 2022; Mann et al. 2022; and references
therein). Thus, including lepospondyls in tests of the
origins of extant amphibians is critical to represent the
full range of morphology during the Paleozoic and reveal
potential homoplasy. Removing those taxa from analyses
could make it more likely that any elongate, fossorial, or
burrowing taxa such as Chinlestegophis and caecilians be
placed together incorrectly in the phylogeny.

Schoch et al. (2020) added three lepospondyls to the
published matrix of Pardo etal. (2017a), but they did not add
any characters that would help resolve their phylogeny or
their relationship to lissamphibians. This was not changed
by Kligman et al. (2023), in whose results those three lepo-
spondyls form the sister-group of Greererpeton (Kligman
etal. 2023: extended data figs 5—7), an Early Carboniferous
colosteid that is a more appropriate outgroup than the
anthracosaur Proterogyrinus that was used as such.

Considering that alternative hypotheses of relation-
ships are equally supported by the published matrix, even
without broader taxonomic sampling to include lepospon-
dyls, the proposed stepwise evolution of caecilian features
falls apart. Rather than traits linking Chinlestegophis and
caecilians, those same characteristics appear to represent
homoplasy, as shown in trees that place Chinlestegophis
close to but outside Lissamphibia (our analyses a, d, e2
and some MPTs of b and el plus the bootstrap of b) or far
away (our analyses c, €3, e4 and some MPTs of b and el).

Evolutionary ecology

The grooves for the lateral-line organ identified by Pardo
et al. (2017a) on the skull of Chinlestegophis indicate
an animal that was strictly aquatic for at least part of
its adult life. In contrast, there is no evidence of later-
al-line grooves or other aquatic features in Eocaecilia or
the admittedly fragmentary Funcusvermis, and among
extant caecilians aquatic lifestyles are restricted to larvae

(of those few taxa that have them) and the highly nested
clade Typhlonectidae. The inference of an aquatic life-
style in Chinlestegophis is further supported by its poorly
ossified vertebral column and probably also by its cranio-
caudally elongate plate-like clavicles. Perhaps aquatic
vs. terrestrial lifestyles explain why Chinlestegophis
was able to coexist with caecilians like the slightly older
Funcusvermis; the wide, flat vertebra referred to the latter
lacks a neural spine, interpreted as a fossorial adaptation
by Kligman et al. (2023).

Matrix quality, taxon sampling and character
sampling

The discussion above takes at face value both the coding
and scoring of the two matrices, and their character
and taxon samples, apart from our limited modifica-
tions in analyses ¢, d2 and e; but these issues deserve
comments. We have not scrutinized the matrices in full
(see Gee 2022 for a cautious but comprehensive treat-
ment of the published matrix of Pardo et al. 2017a), as
we wished only to test whether alternative topologies can
be equally (or better) supported by the original matrices,
and to show the impact of a few scoring changes that
were obviously needed. The absence of lepospondyls
in the matrix published by Pardo et al. (2017a) prevents
us from looking into how many extra steps an origin of
lissamphibians among them would imply, compared to
an origin among temnospondyls. Similarly, the removal
of characters that are variable only among lepospondyls
prevents using the published matrix as a starting point for
such comparisons; unfortunately, this was not changed by
Schoch et al. (2020) or Kligman et al. (2023) despite the
former’s addition of three lepospondyl OTUs which the
latter then retained. The heretofore unpublished precursor
matrix remains available for this purpose, but it would
need to be updated and greatly enlarged; in its present
form, only four extra steps need to be added to the orig-
inal 1450 to make an odd version of the lepospondyl
hypothesis possible.

Conclusions

Published in one of the most prestigious journals, the
description of Chinlestegophis (Pardo et al. 2017a)
resulted in a new hypothesis about the origins of the
extant amphibian clades and a new scenario for the origin
of caecilians and their fossorial lifestyle that has attracted
attention far beyond that of specialist researchers (Pough
et al. 2022). We show that these exciting proposals are
poorly supported by the original datasets and the original
methods of analysis, as well as by limited revisions to one
of the datasets aimed at eliminating the most conspicuous
cases of character redundancy and a few question-
able anatomical interpretations of Chinlestegophis
and other taxa. The question of lissamphibian origins
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remains unsolved, although our revisions to the matrix
reveal further support for Lissamphibia excluding
Chinlestegophis and any Paleozoic taxa. In any case, we
join Kligman et al. (2023) in cautioning against calibrating
the divergence of caecilians and batrachians according to
the phylogenetic hypothesis of Pardo et al. (2017a), i.e.,
by using the Late Carboniferous age of certain dissoro-
phoid temnospondyls as the calibration date.

Concerning phylogenetics, we reiterate that the major-
ity-rule consensus is not a useful representation of the
result of a parsimony analysis, and that not all issues with
Bayesian analysis of matrices with missing data have been
solved; but most importantly, matrix quality remains para-
mount in phylogenetic analysis. This concerns typographic
errors, misinterpretations of published literature, redundant
characters (in the dataset we revised, the double toothrow
in the lower jaw of caecilians was coded as seven characters
that an analysis could only treat as independent), characters
that represent two or more independently varying features,
and inconsistencies in scoring. As previously pointed out
(e.g. Marjanovi¢ and Laurin 2019; Kligman et al. 2023;
and references in both), avoiding, detecting and mitigating
these issues is time-consuming but not difficult.

Acknowledgments

Jason Pardo and Adam Huttenlocker kindly sent us both
matrices, and J. Pardo and Ben Kligman discussed certain
characters with us. The reviewers Marvalee Wake and
Christian Sidor led us to improve the clarity of our writing.
D. M.’s understanding of current issues in phylogenetics
benefited from a course taught by Tiago Simodes and
Oksana Vernygora and organized by Transmitting Science.

References

Anderson JS (2001) The phylogenetic trunk: maximal inclusion of
taxa with missing data in an analysis of the Lepospondyli (Verte-
brata, Tetrapoda). Systematic Biology 50: 170-193. https://doi.
org/10.1080/10635150119889

Anderson JS (2007) Incorporating ontogeny into the matrix: a phyloge-
netic evaluation of developmental evidence for the origin of modern
amphibians. In: Sues H-D, Anderson JS (Eds) Major transitions in ver-
tebrate evolution. Indiana University Press, Bloomington, 182-227.

Anderson JS, Reisz RR, Scott D, Frobisch NB, Sumida SS (2008a)
A stem batrachian from the Early Permian of Texas and the ori-
gin of frogs and salamanders. Nature 453: 515-518. https://doi.
org/10.1038/nature06865

Anderson JS, Henrici AC, Sumida SS, Martens T, Berman DS (2008b)
Georgenthalia clavinasica, a new genus and species of dissorophoid
temnospondyl from the Early Permian of Germany, and the relation-
ships of the family Amphibamidae. Journal of Vertebrate Paleontol-
ogy 28: 61-75. https://doi.org/10.1671/0272-4634(2008)28[61:G-
CANGA]2.0.CO;2

Atkins JB, Reisz RR, Maddin HC (2019) Braincase simplification and
the origin of lissamphibians. PLOS ONE 14: €0213694. https://doi.
org/10.1371/journal.pone.0213694

fr.pensoft.net

Bolt JR, Chatterjee S (2000) A new temnospondyl amphibian from the
Late Triassic of Texas. Journal of Paleontology 74: 670—683. https://
doi.org/10.1666/0022-3360(2000)074<0670: ANTAFT>2.0.CO;2

Boy JA (1990) Uber einige Vertreter der Eryopoidea (Amphibia: Tem-
nospondyli) aus dem européischen Rotliegend (? hochstes Karbon
— Perm) 3. Onchiodon. Paldontologische Zeitschrift 64: 287-312.
https://doi.org/10.1007/BF02985720

Carroll RL (2007) The Palaecozoic ancestry of salamanders, frogs and
caecilians. Zoological Journal of the Linnean Society 150: 1-140.
https://doi.org/10.1111/j.1096-3642.2007.00246.x

Crotty SM, Minh BQ, Bean NG, Holland BR, Tuke J, Jermiin LS, von
Haeseler A (2019 [printed 2020]) GHOST: recovering historical sig-
nal from heterotachously evolved sequence alignments. Systematic
Biology 69: 249-264. https://doi.org/10.1093/sysbio/syz051

Danto M, Witzmann F, Kamenz S, Frobisch N (2019) How informative
is vertebral development for the origin of lissamphibians? Journal of
Zoology 307: 292-305. https://doi.org/10.1111/jz0.12648

Daza JD, Stanley EL, Bolet A, Bauer AM, Arias JS, Cerﬁansk}’/ A, Bevitt
JJ, Wagner P, Evans SE (2020) Enigmatic amphibians in mid-Cre-
taceous amber were chameleon-like ballistic feeders. Science 370:
687-691. https://doi.org/10.1126/science.abb6005

Dilkes D (2015 [for 2014]) Carpus and tarsus of Temnospondyli. Ver-
tebrate Anatomy Morphology Palacontology 1: 51-87. https://doi.
org/10.18435/BSMW2Q

Duellman WE, Trueb L (1994) Biology of Amphibians. Paperback
edition. The Johns Hopkins University Press, Baltimore-London,
[xxi+] 670 pp. https://books.google.com/books?id=CzxVvKmrtlgC

Estes R (1969) Prosirenidae, a new family of fossil salamanders. Nature
224: 87-88. https://doi.org/10.1038/224087a0

Estes R, Hoffstetter R (1976) Les urodeles du Miocene de la Grive-
Saint-Alban (Isére, France). Bulletin du Muséum national d’Histoire
naturelle, Paris 57: 297-343.

Evans SE, Sigogneau-Russell D (2001) A stem-group caecilian (Lissam-
phibia: Gymnophiona) from the Lower Cretaceous of North Africa.
Palaeontology 44: 259-273. https://doi.org/10.1111/1475-4983.00179

Fox RC, Naylor BG (1982) A reconsideration of the relationships of the
fossil amphibian Albanerpeton. Canadian Journal of Earth Sciences
19: 118-128. https://doi.org/10.1139/¢82-009

Gee BM (2021) Returning to the roots: resolution, reproducibility, and
robusticity in the phylogenetic inference of Dissorophidae (Am-
phibia: Temnospondyli). Peer] 9: e12423. https://doi.org/10.7717/
peerj.12423

Gee BM (2022) The disadvantage of derivation: conserved systematic
flaws in primary data have repeatedly biased the phylogenetic infer-
ence of Temnospondyli (Tetrapoda, Amphibia). bioRyiv. https://doi.
org/10.1101/2022.06.22.496729

Gee BM, Haridy Y, Reisz RR (2017) Histological characterization of
denticulate palatal plates in an Early Permian dissorophoid. Peer] 5:
e3727. https://doi.org/10.7717/peerj.3727

Glienke S (2013) A taxonomic revision of Batropetes (Amphibia, Mi-
crosauria) from the Rotliegend (basal Permian) of Germany. Neues
Jahrbuch fiir Geologie und Paldontologie — Abhandlungen 269:
73-96. https://doi.org/10.1127/0077-7749/2013/0336

Glienke S (2015) Two new species of the genus Batropetes (Tetrapoda,
Lepospondyli) from the Central European Rotliegend (basal Perm-
ian) in Germany. Journal of Vertebrate Paleontology 35: €918041.
https://doi.org/10.1080/02724634.2014.918041

Goloboff PA, Pittman M, Pol D, Xu X (2018 [printed 2019]) Morpho-
logical data sets fit a common mechanism much more poorly than



Fossil Record 27 (1) 2024, 55-94

91

DNA sequences and call into question the Mkv model. Systematic
Biology 68: 494-504. https://doi.org/10.1093/sysbio/syy077

Goloboff PA, Torres A, Arias JS (2017 [printed 2018]) Weighted par-
simony outperforms other methods of phylogenetic inference un-
der models appropriate for morphology. Cladistics 34: 407-437.
https://doi.org/10.1111/cla.12205

Grand A, Corvez A, Duque Velez LM, Laurin M (2013) Phylogenet-
ic inference using discrete characters: performance of ordered and
unordered parsimony and of three-item statements. Biological Jour-
nal of the Linnean Society 110: 914-930. https://doi.org/10.1111/
bij.12159

Hime PM, Lemmon AR, Lemmon ECM, Prendini E, Brown JM,
Thomson RC, Kratovil JD, Noonan BP, Pyron RA, Peloso PL,
Kortyna M, Keogh J, Donnellan S, Lockridge Mueller R, Raxwor-
thy C, Kunte K, Ron S, Das S, Gaitonde N, Green D, Labisko J, Che
J, Weisrock D (2020 [printed 2021]) Phylogenomics reveals ancient
gene tree discordance in the amphibian tree of life. Systematic Biol-
ogy 70: 49—66. https://doi.org/10.1093/sysbio/syaa034

Huttenlocker AK, Pardo JD, Small BJ, Anderson JS (2013) Cranial
morphology of recumbirostrans (Lepospondyli) from the Permian
of Kansas and Nebraska, and early morphological evolution inferred
by micro-computed tomography. Journal of Vertebrate Paleontology
33: 540-552. https://doi.org/10.1080/02724634.2013.728998

Jansen M, Marjanovi¢ D (2022) The scratch-digging lifestyle of the
Permian “microsaur” Batropetes Carroll & Gaskill, 1971 as a model
for the exaptative origin of jumping locomotion in frogs. Comptes
Rendus Palevol 21: 463-488. https://doi.org/10.5852/cr-palevol-
2022v21a23

Jenkins FA Jr, Walsh DM (1993) An Early Jurassic caecilian with limbs.
Nature 365: 246-249. https://doi.org/10.1038/365246a0

Jenkins FA Jr, Walsh DM, Carroll RL (2007) Anatomy of Eocaecilia
micropodia, a limbed caecilian of the Early Jurassic. Bulletin of the
Museum of Comparative Zoology 158: 285-365. https://doi.org/10.
3099/0027-4100(2007)158[285: AOEMAL]2.0.CO;2

Jones ME, Benson RB, Skutschas P, Hill L, Panciroli E, Schmitt AD,
Walsh SA, Evans SE (2022) Middle Jurassic fossils document
an early stage in salamander evolution. Proceedings of the Na-
tional Academy of Sciences of the United States of America 119:
€2114100119. https://doi.org/10.1073/pnas.2114100119

Kamei RG, Mauro DS, Gower DJ, Van Bocxlaer I, Sherratt E, Thomas
A, Babu S, Bossuyt F, Wilkinson M, Biju S (2012) Discovery of a
new family of amphibians from northeast India with ancient links
to Africa. Proceedings of the Royal Society B: Biological Sciences
279: 2396-2401. https://doi.org/10.1098/rspb.2012.0150

Keating JN, Sansom RS, Sutton MD, Knight CG, Garwood RJ (2020)
Morphological phylogenetics evaluated using novel evolution-
ary simulations. Systematic Biology 69: 897-912. https://doi.
org/10.1093/sysbio/syaa012

King B (2019) Which morphological characters are influential in a
Bayesian phylogenetic analysis? Examples from the earliest oste-
ichthyans. Biology Letters 15: 20190288. https://doi.org/10.1098/
rsb1.2019.0288

King B (2021) Bayesian tip-dated phylogenetics in paleontology: topo-
logical effects and stratigraphic fit. Systematic Biology 70: 283-294.
https://doi.org/10.1093/sysbio/syaa057

Kligman BT, Gee BM, Marsh AD, Nesbitt SJ, Smith ME, Parker WG,
Stocker MR (2023) Triassic stem caecilian supports dissorophoid
origin of living amphibians. Nature 614: 102-107. https://doi.
org/10.1038/s41586-022-05646-5

Lasseron M, Allain R, Gheerbrant E, Haddoumi H, Jalil N-E, Métais G,
Rage J-C, Vullo R, Zouhri S (2019) New data on the microvertebrate
fauna from the Upper Jurassic or lowest Cretaceous of Ksar Metli-
li (Anoual Syncline, eastern Morocco). Geological Magazine 157:
367-392. https://doi.org/10.1017/S0016756819000761

Laurin M (1998) The importance of global parsimony and historical
bias in understanding tetrapod evolution. Part I. Systematics, middle
ear evolution, and jaw suspension. Annales des Sciences Naturelles,
Zoologie, Paris, 13¢ Série 19: 1-42. https://doi.org/10.1016/S0003-
4339(98)80132-9

Laurin M, Pifeiro G (2018) Response: Commentary: A reassessment
of the taxonomic position of mesosaurs, and a surprising phyloge-
ny of early amniotes. Frontiers in Earth Science 6: 220. https://doi.
org/10.3389/feart.2018.00220

Laurin M, Reisz RR (1997) A new perspective on tetrapod phyloge-
ny. In: Sumida SS, Martin KLM (Eds) Amniote origins: completing
the transition to land. Academic Press, San Diego, 9-59. https://doi.
org/10.1016/B978-012676460-4/50003-2

Laurin M, Arntzen JW, Baez AM, Bauer AM, Damiani R, Evans SE,
Kupfer A, Larson A, Marjanovi¢ D, Miiller H, Olsson L, Rage
J-C, Walsh D (2020a) Amphibia C. Linnaeus 1758 [M. Laurin, J.
W. Arntzen, A. M. Baez, A. M. Bauer, R. Damiani, S. E. Evans,
A. Kupfer, A. Larson, D. Marjanovi¢, H. Miiller, L. Olsson, J.-
C. Rage and D. Walsh], converted clade name. In: de Queiroz K,
Cantino PD, Gauthier JA (Eds) Phylonyms: An Implementation of
PhyloCode. CRC Press, Boca Raton, Florida, 765—771. https://doi.
org/10.1201/9780429446276

Laurin M, Arntzen JW, Baez AM, Bauer AM, Damiani R, Evans SE,
Kupfer A, Larson A, Marjanovi¢ D, Miiller H, Olsson L, Rage J-C,
Walsh D (2020b) Lissamphibia C. Linnaeus 1758 [M. Laurin, J.
W. Arntzen, A. M. Baez, A. M. Bauer, R. Damiani, S. E. Evans,
A. Kupfer, A. Larson, D. Marjanovi¢, H. Miiller, L. Olsson, J.-
C. Rage and D. Walsh], converted clade name. In: de Queiroz K,
Cantino PD, Gauthier JA (Eds) Phylonyms: An Implementation of
PhyloCode. CRC Press, Boca Raton, Florida, 773—778. https://doi.
org/10.1201/9780429446276

Laurin M, Lapauze O, Marjanovi¢ D (2022) What do ossification se-
quences tell us about the origin of extant amphibians? Peer Commu-
nity Journal 2: e12. https://doi.org/10.24072/pcjournal.89

Maddin HC, Olori JC, Anderson JS (2011) A redescription of Carrolla
craddocki (Lepospondyli: Brachystelechidae) based on high-res-
olution CT, and the impacts of miniaturization and fossoriality on
morphology. Journal of Morphology 272: 722-743. https://doi.
org/10.1002/jmor.10946

Maddin HC, Jenkins FA Jr, Anderson JS (2012a) The braincase of Eo-
caecilia micropodia (Lissamphibia, Gymnophiona) and the origin of
caecilians. PLOS ONE 7: e50743. https://doi.org/10.1371/journal.
pone.0050743

Maddin HC, Russell AP, Anderson JS (2012b) Phylogenetic implica-
tions of the morphology of the braincase of caecilian amphibians
(Gymnophiona). Zoological Journal of the Linnean Society 166:
160-201. https://doi.org/10.1111/.1096-3642.2012.00838.x

Maddin HC, Venczel M, Gardner JD, Rage J-C (2013) Micro-computed
tomography study of a three-dimensionally preserved neurocranium
of Albanerpeton (Lissamphibia, Albanerpetontidae) from the Plio-
cene of Hungary. Journal of Vertebrate Paleontology 33: 568—587.
https://doi.org/10.1080/02724634.2013.722899

Maddison WP, Maddison DR (2021) Mesquite: a modular system for

evolutionary analysis. Version 3.70. http://www.mesquiteproject.org

fr.pensoft.net



92 David Marjanovi¢ et al: Dataset quality, Chinlestegophis and origin of caecilians

Mann A, Gee BM, Pardo JD, Marjanovi¢ D, Adams GR, Calthorpe AS,
Maddin HC, Anderson JS (2020) Reassessment of historic ‘micro-
saurs’ from Joggins, Nova Scotia, reveals hidden diversity in the
earliest amniote ecosystem. Papers in Palacontology 6: 605-625.
https://doi.org/10.1002/spp2.1316

Mann A, Pardo JD, Sues H-D (2022 [printed 2023]) Osteology and phy-
logenetic position of the diminutive ‘microsaur’ Odonterpeton trian-
gulare from the Pennsylvanian of Linton, Ohio, and major features of
recumbirostran phylogeny. Zoological Journal of the Linnean Society
197: 641-655. https://doi.org/10.1093/zoolinnean/zlac043

Marjanovi¢ D, Laurin M (2008) A reevaluation of the evidence sup-
porting an unorthodox hypothesis on the origin of extant am-
phibians. Contributions to Zoology 77: 149-199. https://doi.
org/10.1163/18759866-07703002

Marjanovi¢ D, Laurin M (2009) The origin(s) of modern amphibians:
a commentary. Evolutionary Biology 36: 336-338. https://doi.
org/10.1007/s11692-009-9065-8

Marjanovi¢ D, Laurin M (2013) The origin(s) of extant amphibians: a
review with emphasis on the “lepospondyl hypothesis”. Geodiver-
sitas 35: 207-272. https://doi.org/10.5252/g2013n1a8 [open access:
https://sciencepress.mnhn.fr/en/periodiques/geodiversitas/35/1/
les-origines-des-amphibiens-actuels-une-synthese-avec-em-
phase-sur-1-hypothese-lepospondyle]

Marjanovi¢ D, Laurin M (2018) Reproducibility in phylogenetics: re-
evaluation of the largest published morphological data matrix for
phylogenetic analysis of Paleozoic limbed vertebrates. Peer] Pre-
prints 6: e1596v3. https://doi.org/10.7287/peerj.preprints.1596v3

Marjanovi¢ D, Laurin M (2019) Phylogeny of Paleozoic limbed vertebrates
reassessed through revision and expansion of the largest published rel-
evant data matrix. Peer] 6: e5565. https://doi.org/10.7717/peerj.5565

Marjanovi¢ D, Witzmann F (2015) An extremely peramorphic newt
(Urodela: Salamandridae: Pleurodelini) from the latest Oligocene
of Germany, and a new phylogenetic analysis of extant and extinct
salamandrids. PLOS ONE 10: e0137068. https://doi.org/10.1371/
journal.pone.0137068

Marjanovi¢ D, Maddin HC, Olori JC, Laurin M (2023) The new prob-
lem of Chinlestegophis and the origin of caecilians (Amphibia,
Gymnophionomorpha) is highly sensitive to old problems of sam-
pling and character construction. Version 1 [first preprint of the pres-
ent article]. PaleorXiv. https://doi.org/10.31233/osf.io/myuv5

Matsumoto R, Evans SE (2018) The first record of albanerpetontid
amphibians (Amphibia: Albanerpetontidae) from East Asia. PLOS
ONE 13: e0189767. https://doi.org/10.1371/journal.pone.0189767

McGowan GJ (2002) Albanerpetontid amphibians from the Lower Cre-
taceous of Spain and Italy: a description and reconsideration of their
systematics. Zoological Journal of the Linnean Society 135: 1-32.
https://doi.org/10.1046/j.1096-3642.2002.00013.x

McGowan G, Evans SE (1995) Albanerpetontid amphibians from
the Cretaceous of Spain. Nature 373: 143-145. https://doi.
org/10.1038/373143a0

Milner AR, Schoch RR (2013) Trimerorhachis (Amphibia: Temnospon-
dyli) from the Lower Permian of Texas and New Mexico: cranial
osteology, taxonomy and biostratigraphy. Neues Jahrbuch fiir Ge-
ologie und Paldontologie — Abhandlungen 270: 91-128. https://doi.
org/10.1127/0077-7749/2013/0360

Mongiardino Koch N, Garwood RJ, Parry LA (2021) Fossils improve
phylogenetic analyses of morphological characters. Proceedings of
the Royal Society B: Biological Sciences 288: 20210044. https://doi.
org/10.1098/rspb.2021.0044

fr.pensoft.net

Miiller H (2006) Ontogeny of the skull, lower jaw, and hyobranchial
skeleton of Hypogeophis rostratus (Amphibia: Gymnophiona: Cae-
ciliidae) revisited. Journal of Morphology 267: 968-986. https://doi.
org/10.1002/jmor.10454

Miiller H, Oommen OV, Bartsch P (2005) Skeletal development of the
direct-developing caecilian Gegeneophis ramaswamii (Amphibia:
Gymnophiona: Caeciliidae). Zoomorphology 124: 171-188.
https://doi.org/10.1007/s00435-005-0005-6

Palci A, Hutchinson MN, Caldwell MW, Smith KT, Lee MSY (2019
[printed 2020]) The homologies and evolutionary reduction of the
pelvis and hindlimbs in snakes, with the first report of ossified pelvic
vestiges in an anomalepidid (Liotyphlops beui). Systematic Biology
188: 630—652. https://doi.org/10.1093/zoolinnean/z1z098

Pardo JD, Anderson JS (2016) Cranial morphology of the Carbonifer-
ous-Permian tetrapod Brachydectes newberryi (Lepospondyli, Ly-
sorophia): new data from pCT. PLOS ONE 11: e0161823. https:/
doi.org/10.1371/journal.pone.0161823

Pardo JD, Szostakiwskyj M, Anderson JS (2015) Cranial morphology
of the brachystelechid ‘microsaur’ Quasicaecilia texana Carroll pro-
vides new insights into the diversity and evolution of braincase mor-
phology in recumbirostran ‘microsaurs’. PLOS ONE 10: e0130359.
https://doi.org/10.1371/journal.pone.0130359

Pardo JD, Small BJ, Huttenlocker AK (2017a) Stem caecilian from the
Triassic of Colorado sheds light on the origins of Lissamphibia. Pro-
ceedings of the National Academy of Sciences of the United States of
America 114: ES389-E5395. https://doi.org/10.1073/pnas.1706752114

Pardo JD, Szostakiwskyj M, Ahlberg PE, Anderson JS (2017b) Hidden
morphological diversity among early tetrapods. Nature 546: 642—
645. https://doi.org/10.1038/nature22966

Pérez OD, Lai NB, Buckley D, del Pino EM, Wake MH (2009) The
morphology of prehatching embryos of Caecilia orientalis (Am-
phibia: Gymnophiona: Caeciliidae). Journal of Morphology 270:
1492-1502. https://doi.org/10.1002/jmor.10772

Pough FH, Bemis WE, McGuire B, Janis CM (2022 [for 2023]) Verte-
brate Life. Eleventh edition. Sinauer Associates/Oxford University
Press, Sunderland/Oxford-New York, xvii + 585 + 1+ G12 +139 pp.

Puttick MN, O’Reilly JE, Pisani D, Donoghue PC (2018 [printed 2019])
Probabilistic methods outperform parsimony in the phylogenetic
analysis of data simulated without a probabilistic model. Palacon-
tology 62: 1-17. https://doi.org/10.1111/pala.12388

Rineau V, Grand A, Zaragiieta R, Laurin M (2015) Experimental sys-
tematics: sensitivity of cladistic methods to polarization and char-
acter ordering schemes. Contributions to Zoology 84: 129-148.
https://doi.org/10.1163/18759866-08402003

Rineau V, Zaragiieta i Bagils R, Laurin M (2018) Impact of errors on
cladistic inference: simulation-based comparison between parsimo-
ny and three-taxon analysis. Contributions to Zoology 87: 25—40.
https://doi.org/10.1163/18759866-08701003

Ruta M, Milner AC, Coates MI (2002 [for 2001]) The tetrapod Caer-
orhachis bairdi Holmes and Caroll from the Lower Carboniferous
of Scotland. Transactions of the Royal Society of Edinburgh: Earth
Sciences 92: 229-261. https://doi.org/10.1017/S0263593300000249

Santos RO, Laurin M, Zaher H (2020) A review of the fossil record of cae-
cilians (Lissamphibia; Gymnophionomorpha) with comments on its use
to calibrate molecular timetrees. Biological Journal of the Linnean Soci-
ety 131: 737-755. https://doi.org/10.1093/biolinnean/blaal48

Sawin HJ (1941) The cranial anatomy of Eryops megacephalus. Bulletin of
the Museum of Comparative Zoology at Harvard College 88: 407-463.
https://www.biodiversitylibrary.org/item/21129#page/451/mode/1up



Fossil Record 27 (1) 2024, 55-94

93

Schoch RR (2013) The evolution of major temnospondyl clades: an in-
clusive phylogenetic analysis. Journal of Systematic Palacontology
11: 673-705. https://doi.org/10.1080/14772019.2012.699006

Schoch RR (2018 [printed 2019]) The putative lissamphibian stem-group:
phylogeny and evolution of the dissorophoid temnospondyls. Journal
of Paleontology 93: 137—156. https://doi.org/10.1017/jpa.2018.67

Schoch RR, Werneburg R, Voigt S (2020) A Triassic stem-salamander
from Kyrgyzstan and the origin of salamanders. Proceedings of the
National Academy of Sciences of the United States of America 117:
11584—11588. https://doi.org/10.1073/pnas.2001424117

Serra Silva A, Wilkinson M (2021) On defining and finding islands
of trees and mitigating large island bias. Systematic Biology 70:
1282-1294. https://doi.org/10.1093/sysbio/syab015

Sigurdsen T, Bolt JR (2010) The Lower Permian amphibamid Dole-
serpeton (Temnospondyli: Dissorophoidea), the interrelationships
of amphibamids, and the origin of modern amphibians. Journal of
Vertebrate Paleontology 30: 1360—1377. https://doi.org/10.1080/02
724634.2010.501445

Sigurdsen T, Green DM (2011) The origin of modern amphibians: a
re-evaluation. Zoological Journal of the Linnean Society 162: 457—
469. https://doi.org/10.1111/1.1096-3642.2010.00683.x

Simmons MP (2014) A confounding effect of missing data on character
conflict in maximum likelihood and Bayesian MCMC phylogenetic
analyses. Molecular Phylogeny and Evolution 80: 267-280. https://
doi.org/10.1016/j.ympev.2014.08.021

Simdes TR, Caldwell MW, Palci A, Nydam RL (2017) Giant taxon-char-
acter matrices: quality of character constructions remains critical
regardless of size. Cladistics 33: 198-219. https://doi.org/10.1111/
cla.12163

Skutschas P, Martin T (2011) Cranial anatomy of the stem salamander
Kokartus honorarius (Amphibia: Caudata) from the Middle Juras-
sic of Kyrgyzstan. Zoological Journal of the Linnean Society 161:
816-838. https://doi.org/10.1111/j.1096-3642.2010.00663.x

Sookias RB, Béhmer C, Clack JA (2014) Redescription and phylo-
genetic analysis of the mandible of an enigmatic Pennsylvanian
(Late Carboniferous) tetrapod from Nova Scotia, and the lability
of Meckelian jaw ossification. PLOS ONE 9: €109717. https://doi.
org/10.1371/journal.pone.0109717

Swofford D (2021) PAUP* (*Phylogenetic Analysis Using PAUP). Ver-
sion 4.0a169. PhyloSolutions. http://phylosolutions.com/paup-test/

Theska T, Wilkinson M, Gower DJ, Miiller H (2018 [printed 2019]) Mus-
culoskeletal development of the Central African caecilian Idiocrani-
um russeli (Amphibia: Gymnophiona: Indotyphlidae) and its bearing
on the re-evolution of larvae in caecilian amphibians. Zoomorphology
138: 137-158. https://doi.org/10.1007/300435-018-0420-0

Vallin G, Laurin M (2004) Cranial morphology and affinities of Micro-
brachis, and a reappraisal of the phylogeny and lifestyle of the first
amphibians. Journal of Vertebrate Paleontology 24: 56—72. https://
doi.org/10.1671/5.1

Wake MH (2020) Gymnophiona J. Miiller 1832 [M. H. Wake], convert-
ed clade name. In: de Queiroz K, Cantino PD, Gauthier JA (Eds)
Phylonyms: An Implementation of PhyloCode. CRC Press, Boca
Raton, Florida, 779-783. https://doi.org/10.1201/9780429446276

Wake MH, Hanken J (1982) Development of the skull of Dermophis
mexicanus (Amphibia: Gymnophiona), with comments on skull
kinesis and amphibian relationships. Journal of Morphology 173:
203-223. https://doi.org/10.1002/jmor.1051730208

Werneburg R (2012) Dissorophoide Amphibien aus dem Westphalian
D (Ober-Karbon) von Nyfany in Béhmen (Tschechische Republik)

— der Schliissel zum Verstindnis der frithen ,Branchiosaurier‘. Se-
mana 27: 3—-50.

Wiens JJ (2001) Character analysis in morphological phylogenet-
ics: problems and solutions. Systematic Biology 50: 689-699.
https://doi.org/10.1080/106351501753328811

Wilkinson M, Reynolds RP, Jacobs JF (2021) A new genus and species
of rhinatrematid caecilian (Amphibia: Gymnophiona: Rhinatrema-
tidae) from Ecuador. Herpetological Journal 31: 27-34. https://doi.
org/10.33256/31.1.2734

Yates AM, Warren A (2000) The phylogeny of the ‘higher’ temnospon-
dyls (Vertebrata: Choanata) and its implications for the monophyly
and origins of the Stereospondyli. Zoological Journal of the Linnean
Society 128: 77-121. https://doi.org/10.1006/zjls.1998.0184

Supplementary material 1

Mesquite NEXUS file of Pardo et al. (2017a:
fig. S6), previously unpublished

Authors: David Marjanovi¢, Hillary C. Maddin, Jennifer
C. Olori, Michel Laurin

Data type: nex

Explanation note: We have added a PAUP block that
repeats our unconstrained and constrained analyses
(al, a2) if the file is executed in PAUP*, and a TREES
block that contains one tree resulting from each anal-
ysis; before conducting the analyses, the PAUP block
performs the statistical tests comparing the trees in the
TREES block. Otherwise the file remains as provided
by J. Pardo and A. Huttenlocker.

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0). The Open Database License
(ODbL) is a license agreement intended to allow users
to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/f1.27.109555.suppl 1

Supplementary material 2

Frequencies of bipartitions in our
(unrooted) bootstrap analyses

Authors: David Marjanovi¢, Hillary C. Maddin, Jennifer
C. Olori, Michel Laurin

Data type: pdf

Explanation note: Tables S1-S4, showing the bootstrap
bipartitions corresponding to analyses b, d1, d2 and e4.

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0). The Open Database License
(ODbL) is a license agreement intended to allow users
to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/1.27.109555.suppl2

fr.pensoft.net



94 David Marjanovi¢ et al: Dataset quality, Chinlestegophis and origin of caecilians

Supplementary material 3

Mesquite NEXUS file of Pardo et al. (2017a:
fig. 2, 3, S7) with the albanerpetid OTU of
Daza et al. (2020) added

Authors: David Marjanovi¢, Hillary C. Maddin, Jennifer
C. Olori, Michel Laurin

Data type: nex

Explanation note: No scores are changed, all characters
are unordered. We have also added a PAUP block and
deleted the CHARSTATELABELS block because
Mesquite could not deal with it correctly. If the file is
executed in PAUP*, it repeats our analysis b (without
Albanerpetidae), bootstraps it, and repeats analysis ¢
(with Albanerpetidae).

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0). The Open Database License
(ODbL) is a license agreement intended to allow users
to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/fr.27.109555.suppl3

Supplementary material 4

Mesquite NEXUS file of Pardo et al. (2017a:
fig. 2, 3, S7) with the clinal characters
ordered and the albanerpetid OTU of Daza
et al. (2020) added

Authors: David Marjanovi¢, Hillary C. Maddin, Jennifer
C. Olori, Michel Laurin

Data type: nex

Explanation note: For characters 205, 221, 327 and 328,
the states had to be reordered to allow for linear ordering
as described in the text. If executed in PAUP*, the
file repeats our analysis d1 (without Albanerpetidae),
bootstraps it, repeats analysis d2 (with Albanerpetidae)
and bootstraps it as well.

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0). The Open Database License
(ODbL) is a license agreement intended to allow users
to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/11.27.109555.suppl4

Supplementary material 5

Mesquite NEXUS file of Pardo et al. (2017a:
fig. 2, 3, S7) with the modifications to
characters and individual scores described
in the text and the albanerpetid OTU of
Daza et al. (2020) added

Authors: David Marjanovi¢, Hillary C. Maddin, Jennifer
C. Olori, Michel Laurin

Data type: nex

Explanation note: If executed in PAUP*, the file repeats
our analyses el (without Albanerpetidae) and e3 (with
Albanerpetidae).

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0). The Open Database License
(ODbL) is a license agreement intended to allow users
to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/{r.27.109555.suppl5

Supplementary material 6

Mesquite NEXUS file of Pardo et al. (2017a:
fig. 2, 3, S7) with the modifications to
characters and individual scores described
in the text, the albanerpetid OTU of Daza
et al. (2020) added and the clinal characters
ordered as in Suppl. material 4

Authors: David Marjanovi¢, Hillary C. Maddin, Jennifer
C. Olori, Michel Laurin

Data type: nex

Explanation note: If executed in PAUP*, the file performs
our analyses e2 (without Albanerpetidae) and e4 (with
Albanerpetidae) and then bootstraps e4.

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0). The Open Database License
(ODbL) is a license agreement intended to allow users
to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/fr.27.109555.suppl6

fr.pensoft.net



Fossil Record 27 (1) 2024, 95-100 | DOI 10.3897/fr.27.111567

© PENSOFT,

o N

NATURKUNDE
BERLIN

Coexistence of Oligocene toothed and baleen-assisted mysticetes in
the northwestern Pacific

Cheng-Hsiu Tsai!, Toshiyuki Kimura?, Yoshikazu Hasegawa??

1 Department of Life Science, Institute of Ecology and Evolutionary Biology, Museum of Zoology, National Taiwan University, No. 1, Sec. 4,
Roosevelt Rd., Taipei, 10617, Taiwan
Gunma Museum of Natural History, 1674-1, Kamikuroiwa, Tomioka, Gunma 370-2345, Japan

3 lida City Museum, 2-655-7, Otemachi, lida, Nagano 395-0034, Japan

https://zoobank.org/3E4B181B-8B6A-4567-9A58-A4A9ABFAD188

Corresponding authors: Cheng-Hsiu Tsai (whaletsai@ntu.edu.tw, craniata@gmail.com); Toshiyuki Kimura (kimura@gmnh.pref.gunma.jp)

Academic editor: Johannes Miiller ¢ Received 24 August 2023 ¢ Accepted 22 December 2023 ¢ Published 11 January 2024

Abstract

Oligocene mysticetes display an unparalleled diversity and morphological disparity in the evolutionary history of Mysticeti.
However, their paleoecological aspects, such as the patterns of coexistence of different morphotypes, remain poorly explored. Here
we describe an aetiocetid (toothed mysticete) from the Jinnobaru Formation (lower upper Oligocene, about 28 million years ago)
of Umashima Island, Kitakyushu, Japan. Our description of a toothed mysticete from the Oligocene of Umashima exemplifies the
coexistence of toothed and baleen-assisted mysticetes in the northwestern Pacific. Hopefully, new finds of Oligocene mysticetes
will lead to a well-sampled dataset for analyzing this and other related paleoecological traits to understand the demise of “archaic”

Oligocene mysticetes and the subsequent rise of the modern-looking baleen-bearing whales in Miocene times.

Key Words

Actiocetidae, Chattian, Jinnobaru Formation, Mysticeti, toothed baleen whale, Umashima

Introduction

The coexistence of closely related species often shows
niche partitioning under various mechanisms, such as
resource, spatial, and temporal partitioning, habitat
differentiation, or size disparity (Schoener 1974). Baleen
whales (Cetacea: Mysticeti), the largest animals ever
generally avoid intense competition through food parti-
tioning. For example, blue whales consume euphausiids
primarily, whereas fin whales predominantly forage on
small fishes but also include euphausiids when abundant
(Wursig et al. 2018). Yet, coexistence or competition
of closely related mysticetes in the deep past has rarely
been documented or discussed. The few remarkable
examples include a large aetiocetid from the Oligocene
of Hokkaido, which implies an early case of niche parti-
tioning by size disparity in toothed mysticetes along the
northwestern Pacific coast (Tsai and Ando 2016), and a

likely competitive exclusion between cetotheriid and
eschrichtiid whales (Collareta et al. 2021). Here, we
describe a newly collected aetiocetid specimen from
the Oligocene of Umashima Island (Fukuoka, Japan;
Fig. 1). This new specimen represents the first formally
recognized toothed “baleen” whale from the Jinnobaru
Formation. Given that the Jinnobaru Formation has also
produced the well-preserved eomysticetid Yamatocetus,
our discovery provides an opportunity to discuss the
coexistence of different morphotypes of early mysticetes.

Institutional abbreviations

UCMP, University of California Museum of Paleontology,
Berkeley, USA; USNM, National Museum of Natural
History, Smithsonian Institution, Washington, D.C., USA;
Y M, Yamaguchi Prefectural Museum, Yamaguchi, Japan.

Copyright Cheng-Hsiu Tsai 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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Results

Systematic paleontology

Cetacea Brisson, 1762
Mysticeti Gray, 1864
Aetiocetidae Emlong, 1966

Aetiocetidae gen et sp. indet.
Fig. 2

Material. YM-G-100208, including the posterior part of
the skull. A 3D file of YM-G-100208 is freely available
at: https://zenodo.org/record/8140997.

Locality and age. YM-G-100208 was collected by
Akito Makino on Umashima Island (about ten years ago,
33°57'58"N, 130°51'41"E; Fig. 1), Fukuoka Prefecture,
Japan. YM-G-100208 was a floating nodule when discov-
ered, resulting in an uncertain geological horizon. No
microfossils, indicative of the geological age, have been
recovered from the matrix with YM-G-100208. However,
the matrix with YM-G-100208 is grayish and fine-grained
sandstone, as typical of the Jinnobaru Formation of the
Ashiya Group, which is the only exposed formation on
Umashima (Nakae et al. 1998). In addition, YM-G-
100208 is extensively eroded but still preserves some skull
sutures, suggesting that the specimen was likely not trans-
ported far from the original locality. Thus, we regard the
geological horizon producing YM-G-100208 to be part of
the Jinnobaru Formation of the Ashiya Group. The Ashiya
Group includes the Yamaga, Norimatsu, Jinnobaru, Honjo,
and Waita formations in ascending order stratigraphically
(Ozaki et al. 1993). The geological age of the Ashiya
Group ranges from the latest Early to Late Oligocene
based on fission-track dating, calcareous nannofossils, and
planktonic foraminifera (Saito 1984; Okada 1992; Ozaki

et al. 1993), and the base of the Jinnobaru Formation was
dated 28.91 + 0.2 Ma by the sensitive high-resolution
ion microprobe zircon U-Pb method (Sakai et al. 2014).
The upper boundary of the Jinnobaru Formation remains
uncertain, and we consider YM-G-100208 to be slightly
younger than 28 Ma, about the early Late Oligocene,
similar to Yamatocetus canaliculatus. The Jinnobaru
Formation has produced abundant vertebrate fossils,
including the eomysticetid Yamatocetus canaliculatus
(Okazaki 1995; Okazaki 2012), the purported squal-
odontid “Metasqualodon” symmetricus (Okazaki 1982),
and plotopterids (Olson and Hasegawa 1996).

Description. YM-G-100208 preserves the post-frontal
skull. The anteriormost serration likely indicates the fron-
tal-parietal suture. Overall, the preserved part of the skull
is eroded, and the natural sutures between bones are barely
identifiable; the occipital complex is damaged. The right
and left parietals meet at the dorsal midline, and the pres-
ence of the sagittal crest remains uncertain due to erosion.
The anteriormost edge of the parietal is unclear, but the
anteroposterior length of the parietal is much longer than
its dorsoventral height. The posterior suture between the
parietal and the supraoccipital is also eroded but shows
a minor lateral extension of the supraoccipital, leaving a
gentle overhang on the squamosal fossa posteriorly. The
posterior-most margin of the parietal is also uncertain, but
given the preserved morphology, it likely extends further
back, only slightly anterior to the occipital condyle.

The supraoccipital is broadly triangular, and the
anterior half is concave. Based on the surrounding
morphology, the existence of a supraoccipital depres-
sion should be regarded as genuine. The suture between
the supraoccipital and exoccipital likely remains partly
unfused, but the post-mortem damage and compression
hinder reliable judgment. The left occipital condyle is
missing, but the overall preservation shows an oval shape
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Figure 1. Geological horizon and locality of YM-G-100208. (A) Geological column to indicate the collecting horizon. (B) Geographic
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of the magnum foramen (shorter dorsoventral height).
Ventrally, the flat surface of the basioccipital is wide
(about 63 mm), and the basioccipital crest is massive and
bulbous. The basioccipital crest runs posterolaterally.

Anterior to the basioccipital, a partially well-devel-
oped keel of the vomer is observed, and the height reaches
about 31 mm. The ventral margin of the keel is eroded,
but it gently slopes to the surface of the basisphenoid/
basioccipital posteriorly from the anterior margin of the
pterygoid sinus. The vomer extends posteriorly at least
to the level of the basioccipital crest. On the right side of
the skull (the left side is eroded), the oval-shaped pter-
ygoid sinus orients anteromedially, being much longer
anteroposteriorly than wide. Posteriorly, the periotic is
broken and eroded. The shape and degree of protrusion
of the anterior process of the periotic remains uncertain
due to erosion but shows a contact with the squamosal.
The squamosal is also heavily eroded, but the base of the
squamosal is robust based on the broken surface.

Body size and ontogenetic stage. We estimated
that the bizygomatic width of YM-G-100208 is about
28 cm. Based on this estimation, we used Pyenson and
Sponberg’s equation (2011) for stem mysticetes:

log (TL) = 0.92*(log(BIZYG[in cm]) — 1.72) + 2.68

to assess the body size of YM-G-100208, resulting in
268 cm — typical for aetiocetids. The skull sutures that
can help assess the ontogenetic stage (Walsh and Berta
2011) are broadly eroded. But, given the fusion of some
sutures, such as the suture between the basioccipital and
basisphenoid, and robustness, we consider that YM-G-
100208 represents a subadult at least.

Comment. YM-G-100208 shows its aetiocetid affinity
by displaying the following combination of characters:
body size less than 3 m long, outline of the supraoccip-
ital broadly triangular, an anteriorly-thrust supraoccipital,
straight lateral margins of the supraoccipital, a moderate
exposure of parietals on the skull roof, and a well-de-
veloped basioccipital crest. YM-G-100208 differs from
llanocetids in its small body size, lack of the sagittal
trough, bulbous basioccipital crests, and the ventral
keel of the vomer extending posteriorly to the level of
the basioccipital crest. YM-G-100208 further differs
from mammalodontids in having a broadly triangular
supraoccipital, a less elongate intertemporal region, a
well-developed and bulbous basioccipital crests, and the
ventral keel of the vomer extending posteriorly to the
level of the basioccipital crest. YM-G-100208 differs
from eomysticetids in lacking the sagittal crest on the
skull roof and the ventral keel of the vomer extending
posteriorly to the level of the basioccipital crest. YM-G-
100208 further differs from other crown mysticetes in
having the parietals exposed on the skull roof. Due to the
incompleteness of YM-G-100208, we provisionally iden-
tify it as belonging to Aetiocetidae gen. et. sp. indet. This
taxonomic identification allows for the first recognition
of coexisting toothed and baleen-assisted mysticetes in
the northwestern Pacific.

Discussion

Our description of YM-G-100208 represents a formal
recognition of the presence of aetiocetids in the Jinnobaru
Formation, likely coexisting with the eomysticetid
Yamatocetus canaliculatus. Interestingly, “Metasqualodon”
symmetricus was originally named and recognized as an
odontocete (Okazaki 1982), but later cladistic analyses
suggested its placement in the mysticete lineage (Geisler et
al. 2017; Boessenecker et al. 2023). The updated descrip-
tion and formal taxonomic revision of “Metasqualodon”
symmetricus, which require a new generic identification,
remain under progress (pers. comm. with Y. Okazaki). In
addition, the lack of overlapping materials between YM-G-
100208 and the holotype of “Metasqualodon” symmetricus
hinders our interpretations of taxonomic similarities and
the detailed composition of the mysticete communities
of the Jinnobaru Formation. That said, the description of
YM-G-100208 indicates a complex Oligocene ecosystem
in the Jinnobaru Formation, with the co-occurrence of
baleen-assisted eomysticetids and toothed mysticetes.

In the northwestern Pacific, two units, the Ashiya
Group (including Jinnobaru Formation) in Kyushu and the
Morawan Formation in Hokkaido, have yielded abundant
Oligocene fossil cetaceans. However, the faunal compo-
sition of the two fossil whale-rich formations features
an apparent discrepancy. Various species of toothed
mysticetes were recovered from the Morawan Formation
of Hokkaido, but no eomysticetids (Barnes et al. 1995;
Tsai and Ando 2016), whereas both toothed mysticetes
(this study) and eomysticetids (Okazaki 2012} have been
documented (Fig. 2) from the Jinnobaru Formation of the
Kyushu area. This faunal discrepancy, coupled with the fact
that the Jinnobaru Formation (about 28 Ma) is older than
the Morawan Formation (ranging from 26 to 24 Ma), may
reflect an evolutionary scenario of the ecosystem structure
along the northwestern Pacific. The competition between
toothed mysticetes and baleen-assisted eomysticetids
should have been less intense (a common resource-depen-
dent niche partitioning). Then, toothed mysticetes may
have dispersed north and differentiated to occupy various
niches in the Oligocene waters of Hokkaido, resulting the
size disparity of toothed mysticetes (Tsai and Ando 2016).

Alternatively, the faunal discrepancy between the
Jinnobaru and Morawan formations may indicate
the need for more research effort in the Ashoro area,
Hokkaido, which has produced various aetiocetid species
but no baleen-assisted mysticetes (Barnes et al. 1995;Tsai
and Ando 2016). On the other side of the North Pacific
(Fig. 2), abundant Oligocene mysticetes, including both
toothed and baleen-assisted species, inhabited both
the northern and southern waters of the eastern North
Pacific (ranging from Washington of the USA to Mexico)
(Barnes et al. 1995; Marx et al. 2015; Peredo and Uhen
2016; Hernandez-Cisneros 2022; Hernandez-Cisneros
and Nava-Sanchez 2022). Of note, a toothed mysticete,
Chonecetus sookensis, has also been recovered from
Canada (Russell 1968). Still, given the geographic
locality and geological horizon, Chonecetus sookensis
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C

broadly eroded suture
of the supraoccipital

broken but well-developed
keel of the vomer

pterygoid sinus

basioccipital crest

Figure 2. The skull of YM-G-100208 and a well-preserved skull of Aetiocetus weltoni (UCMP 122900) for comparison. (A) Dorsal
view of Aetiocetus weltoni (UCMP 122900). (B) Ventral view of Aetiocetus weltoni (UCMP 122900). (C) Dorsal view of YM-G-
100208. (D) Ventral view of YM-G-100208.

from the Oligocene of Canada can be considered as part ~ North Pacific. For example, the Oligocene mysticete
of the faunal composition from the Oligocene sediments ~ composition between New Zealand and Australia also
in Washington, USA. This distribution pattern suggests  shows a prominent discrepancy; New Zealand includes
more abundant Oligocene mysticetes from the western  various baleen-assisted and toothed species (Fordyce and
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Figure 3. The global distribution of Oligocene toothed and baleen-assisted mysticetes.

Marx 2016; Boessenecker and Fordyce 2017; Tsai and
Fordyce 2018), whereas toothed mysticetes represent
the only Oligocene mysticetes in Australia (Fitzgerald
2006; Fitzgerald 2010). Interestingly, the supplementary
information of a recent publication (Marx et al. 2019)
listed 12 specimens (earbones: bullae) and identified as
eomysticetids or chacomysticetes from the Oligocene of
Australia. Future finds should substantiate this identifica-
tion and provide a better understanding of the Oligocene
mysticete communities of the Southern Ocean.

Oligocene mysticetes show an unparalleled diver-
sity and morphological disparity in the evolutionary
history of Mysticeti (Barnes et al. 1995; Fitzgerald 2010;
Boessenecker and Fordyce 2015; Tsai and Fordyce 2015;
Geisler et al. 2017; Peredo et al. 2018; Tsai 2023), and some
of the most challenging questions in the mysticete evolu-
tion are whether toothed aetiocetids possessed proto-baleen
and how the mysticete toothed-baleen transition occurred
(Ekdale and Deméré 2022; Peredo et al. 2022). Such a tran-
sition in the structure of the feeding apparatus of baleen
whales indeed played a critical role and attracts intense
research efforts. Our description of a toothed mysticete
from the Oligocene of Umashima (Kyushu, Japan) and a
compilation of Oligocene mysticetes across the globe (Fig.
3) should draw more attention to finding more Oligocene
mysticetes and lead to a well-sampled dataset for analyzing
the coexistence pattern or other related paleoecological traits
to understand the demise of “archaic” Oligocene mysticetes
and give rise to the modern-looking baleen whales.
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Abstract

Fossil insects are valuable indicators of the evolutionary history of the clades to which they belong. According to their state of preser-
vation, fossil insects are often partially described for key morphological characters, such as forewing venation in crickets (Orthoptera,
Grylloidea). In parallel, the use of 3D microtomography is increasingly becoming common for studying some fossils, which allowed
here the precise reconstruction and interpretation of the venation pattern in the smallest known cricket with a stridulatory apparatus,
‘tPicogryllus carentonensis, found in opaque amber. The 3D reconstructions have revealed the general structure of the venation of the
forewing and have enabled the identification of all its veins and cells, validating its similarity with that of extant crickets. Putative ho-
mologies are established according to previous studies, and some particularities are observed, such as the presence of two crossveins
in the mirror, a rare feature in extant crickets that is discussed in the frame of cricket venation evolution. These findings highlight the
importance of 3D microtomography as a powerful tool for examining fossil insects and also provide crucial information for taxonomic
identification and evolutionary studies, offering a validated morphological basis for future phylogenetic analyses incorporating fossils.

Key Words

evolution, Gryllidea, homology, microtomography, morphology

Introduction paradigms, impeding the safe reconstruction of wing

evolution in the megadiverse clade of insects. The

Wings have been a main key driver of the evolution
of insects since the Devonian-Early Carboniferous
(Grimaldi and Engel 2005), and for over two centu-
ries, the venation patterns of the wings of insects have
been harshly debated. Neither the number of main veins
present in insect wings (e.g., Comstock and Needham
1898, 1899; Snodgrass 1935; Kukalova-Peck 1991),
nor the criteria to identify them is yet universally settled
and accepted (see Schubnel et al. 2020). This situation
resulted in the simultaneous use of different venation

recent use of 3D microtomography helps to reconsider
the question for these falsely-flat structures (Schubnel
et al. 2023). Microtomography gives access to the very
base of the wing, showing the basivenal structures from
which veins emerge. Using the basivenal origins of the
veins as criteria for vein homology and identification, and
combining them with vein polarity sensu Kukalova-Peck
(1991), Schubnel et al. (2020) studied the venation of a
large sample of Neoptera insects and proposed a general
pattern of venation with seven main veins, i.e., the costal

Copyright Jules Ferreira 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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(C), subcostal (Sc), radial (R), median (M), cubital (Cu),
postcubital (PCu) and anal (A) veins.

Orthoptera (grasshoppers, locusts, katydids, crickets,
and their allies) presents a venation pattern to which the
theoretical pattern of Schubnel et al. (2020) applies very
well. Previously, Béthoux and Nel (2001, 2002) proposed a
general venation pattern for the superorder Archaeorthoptera
(or total group of Orthoptera), identifying several putative
apomorphies of the Orthoptera. Schubnel et al. (2020) vali-
dated this pattern, modified by the identification of the PCu
vein, and confirmed orthopteran putative apomorphies.

Among Orthoptera, Ensifera has experienced high modi-
fications of wing venation in relation to particular uses of
the wings, mainly leaf mimicry (Tettigonioidea: Mugleston
et al. 2013, 2016; Garrouste et al. 2016), and acoustic
communication (Ensifera: Tettigoniidea and Gryllidea:
Desutter-Grandcolas et al. 2017). The rearrangement of the
veins in these particular functional and / or selective frames
may complicate their identification. This is particularly
true when considering fossils, as most adults are preserved

as imprints, except for some smaller species preserved in
amber (e.g., Gorochov 2010; Desutter-Grandcolas et al.
2021), with very often incomplete wings and difficulties
in following vein trajectories (Gorochov 1995). Josse et al.
(2023) analysed the pattern of venation of the cricket clade
(Ensifera, Gryllidea, Grylloidea and Gryllotalpoidea), well-
known for their production of acoustic signals. Sampling
both fossil and extant cricket families, and following
Schubnel et al. (2020), these authors studied not only the
structures responsible for sound production, but the whole
forewing venation; they finally proposed hypotheses of vein
and cell identities according to precise homology criteria.
The Cretaceous fossil TPicogryllus carentonensis
Josse and Desutter-Grandcolas, 2023 is the smallest
cricket with a full stridulatory apparatus ever described,
measuring 3.3 mm in body length. This specimen is
exceptionally well-preserved (Fig. 1), enabling a nearly
complete description of its body as for an extant species
(Desutter-Grandcolas et al. 2023). Its right forewing is
damaged, but thanks to the usual superposition of the

Figure 1. 3D reconstruction images of fPicogryllus carentonensis in dorsal view (from Desutter-Grandcolas et al. 2023). Scale

bars: 1 mm.
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right (above) and left (below) forewings in crickets, the
left forewing is almost fully complete (Fig. 2A, B).

In the present paper, we present the 3D reconstruction
of the left forewing venation of +P. carentonensis, which
is the first 3D reconstruction of the forewing venation in
an ancient fossil cricket. We discussed the application of
the venation pattern proposed by Béthoux and Nel (2001,
2002) for orthopteran fossils, Schubnel et al. (2020) for
neopteran insects, and Josse et al. (2023) for crickets,
identifying its putative synapomorphies with the cricket
clades and its putative particularities.

Material and methods

Studied material

tPicogryllus carentonensis was unearthed from a piece
of completely opaque amber retrieved in the Alsl-S
layer at the Font-de-Benon quarry in Charente-Maritime,
France (Desutter-Grandcolas et al. 2023, see figs 1, 2).
This amber piece dated back to the Late Albian to Early
Cenomanian period, approximately 100 million years
ago (Néraudeau et al. 2002; Dejax and Masure 2005;
Peyrot et al. 2005; Polette 2019). It has been described
in the Podoscirtinae subfamily of the Oecanthidae family
(Campos et al. 2022; Desutter-Grandcolas et al. 2023).
The amber piece containing TP. carentonensis is depos-
ited at the Institut de Géoscience de Rennes, Université
de Rennes, France (reference number IGR.ARC-421.1).

Fossil imaging and 3D reconstructions

The examination of TPicogryllus carentonensis involved
propagation phase-contrast X-ray synchrotron microto-
mography (PPC-SRuCT) at the European Synchrotron
Radiation Facility (ESFR) beamline ID19 in Grenoble,
France. This technique followed the established procedure
outlined by Lak et al. (2008). The scanning parameters
were set at 30 keV, a propagation distance of 900 mm, and
an isotropic voxel size of 20.24 um. A total of 2 500 projec-
tions were captured over a 180° range, with each projection
exposed for 0.2 seconds. For the initial analysis of the
tomographic data, VG StudioMax (Volume Graphics) was
employed, as detailed in the methodology provided by
Desutter-Grandcolas et al. (2023). The data used for recon-
structions in this study consisted of 2D microtomographic
scans in JPEG 2 000 format. These scans were taken in the
three spatial planes: X, Y, and Z, resulting in 1 256 scans
for X, 1 347 scans for Y, and 1 037 scans for Z.

The 3D reconstructions of the forewing of {P. caren-
tonensis were made using Avizo Lite 9.5.0 software from
Thermo Fisher Scientific. The “Surface view” function
within the software facilitated the visualization and study
of these reconstructions. Utilizing the insights from these
3D reconstructions, illustrations of the left forewing were
produced using Microsoft PowerPoint 2021.

Venation paradigm

We are using the venation pattern of Josse et al. (2023)
for crickets (Orthoptera, Gryllidea) and the paradigm
proposed by Béthoux and Nel (2001, 2002) modified by
Schubnel et al. (2020). Each of the recognized seven main
veins is identified along the whole wing length, from the
base (basivenal structures) to the tip. The wing is sepa-
rated into a lateral and a dorsal field, located respectively
along and above the body. We also follow the orientation
currently used to describe wing venation, separating ante-
rior vs posterior and proximal (= basal) vs distal margins

(Fig. 3).

Abbreviations

The following abbreviations and colours are listed below,
and follow Josse et al. (2023):

Main veins and their bifurcations:

A: anal (brown);

C: costa (yellow);

Cu: cubitus (orange);

M: media (blue);

PCu: postcubitus (green);

R: radius (pink);

Sc: subcosta (red);

“X”A: anterior branch of “X” vein (light colour);

“X”P: posterior branch of “X” vein (dark colour);

“X”A/P; a, b; a, B; 1, 2: successive dichotomies of main
branches of veins in Orthoptera.

Reinforced crossveins (black in figures):

d1: diagonal 1 (crossvein between CuPaa and CuPap);

d2: diagonal 2 (crossvein between CuPaf and PCuA);

pi: or pilar (crossvein between, or close to PCuA and the
point of contact of CuPaf with d2);

r-m: crossveins between R and M;

s1, s2: septum 1 and 2 (crossveins between CuPaca2 and
CuPap);

t1, t2: transverse | and 2 (distal crossveins between CuPaf3
and PCuA);

t3 to t5: transverse 3 to 5 (distal crossveins between PCu
branches and anal branches).

Forewing (FW) cells:

ac: anal cell;

cl,c2,c3:cell 1,2, 3;

ha: harp;

lc: lanceolate cell;

mi: mirror;

para-mi: para-mirror;

sub-c1, ¢2: sub-cell 1, 2, located distally to cells c1, c2;
sub-mi: sub-mirror.
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Figure 2. 3D reconstructions of venation of left forewing of TPicogryllus carentonensis. A. Dorsal view; B. Latero-dorsal view.
Scale bars: 1 mm.
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Results

3D reconstructions of the venation of the
forewing in TPicogryllus carentonensis

The left FW of fPicogryllus carentonensis has been
protected by the right FW. It is nearly complete, except
for the base of anal area and the antero-basal area of
the lateral field, which could not be completely recon-
structed. Also, the teeth of the stridulatory file, located on
the PCuA vein, could not be counted, because of the scan
precision and the size of the fossil.

Lateral field

Dorsal field

The general structure of the FW of TP. carentonensis is
similar to that of modern crickets, with a dorsal field and
a lateral field clearly separated by a median fold located
between CuPa and M+CuA. Distally to this fold, the
fan, i.e., a thinner part of the wing membrane, extends
between the two fields. The fossil has the lateral fields
of the forewings vertical along the insect body, nearly at
right angle with the dorsal field, which is flat over the
insect dorsum (Figs 1, 2).

Lateral field (Fig. 3): Wide; maximum width as large
as about 3/4" of dorsal field maximum width; length
about 4/5" of dorsal field length. Three main veins and

basal / proximal

Jousjue
Jousysod

apical / distal

Figure 3. Interpretive drawing of venation pattern of left forewing of tPicogryllus carentonensis, following terminology and co-
lours as in Josse et al. (2023). Fold separating lateral and dorsal field represented by a dashed-dotted line. Scale bar: 1 mm.
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their branches visible, i.e., Sc, R and M+CuA, emerging
from very close or maybe merged into bullae basivenal. C
not visible or absent. Sc long, reaching lateral field apex,
pectinate, with branches directed towards anterior edge
of wing and occupying most of lateral field, with at least
eight visible distinct oblique branches directed anteriorly.
R long, bifurcating into RA and RP very distally, at apical
end of lateral field. Sc and R parallel and very close on
3/4" of lateral field length. M+CuA long, bifurcated in M
and CuA at 2/3" of wing length. R and M+CuA are clearly
divergent from their bases becoming almost parallel from
2/4" of field length, both veins connected by at least seven
oblique, weak crossveins plus a reinforced r-m, limiting
basally lanceolate cell; r-m rather perpendicular to R
and M. Lanceolate cell long and narrow, located in fan
between R and M, approximately 4.5 times longer than
wide; with a very slight constriction between R and M at
its base at level of r-m. RA straight part directed towards
distal end of wing, in continuity of R; RP proximally
curved, joining M and merging with it, delimitating apical
end of lanceolate cell; distally RP separating again from
M and with a distal rectilinear vein in continuity of M.
M-+CuA bifurcating into M and CuA slightly distal to r-m;
M straight towards distal edge of wing and posteriorly
limiting lanceolate cell to join and merge with RP distally,
in fan. MA or MP not visible or absent. CuA very short,
crossing median fold and reaching CuPa posteriorly.
Dorsal field: Dorsal field slightly longer and about 1.5
times wider than lateral field. Three main veins and their
branches visible: Cu(P), PCu and A. CuP and PCu bases
visible, base of Anal veins not visible. CuP bifurcating in
CuPa and CuPb from its base. CuPa long, straight, parallel
to M+CuA and longitudinal axis of wing over half dorsal
field length, bifurcating in CuPao and CuPap at beginning
of dorsal field lower 1/3%; CuPao immediately dividing into
CuPaal and CuPao2; CuPaal immediately merging with
CuA as CuA+CuPaal, CuPao2 continuing distally to CuPa
with a trajectory parallel to CuA+CuPaal. CuPb reduced
to a short vein (about 1/6" of wing length) parallel to CuPa.
PCu bifurcating in PCuA and PCuP from its base, both
clearly divergent at their base, then curved at 90° before
running parallel to the wing posterior edge. Distal to inter-
rupted zone of PCuA and PCuP, both veins with curved and
convex anterior trajectories. Anal node and plectrum not
visible. Anal veins not preserved at their bases, but visible
more distally with trajectories closely following posterior
edge of wing. AA slightly curved and convex anteriorly, AP
rather straight. Harp longer than wide (Table 1), right-an-
gled and triangle shaped, maximal length greater than half
field length; at least five oblique crossveins connecting
CuPa to PCuA. ‘Diagonal’ vein (postero-distal limit of
harp) composite, made of a part of CuPaf}, proximally
curved, and d2, a reinforced crossvein joining ‘elbow’
of CuPaf} to PCuA at anal node. Mirror medium-sized
(Table 1), rather rounded distally, but with straighter edge
proximally, because of elbow shape of CuPaf}; crossed by
two proximally convex crossveins; distal edge flanked by
two long and thin cells, i.e., para-mirror and sub-mirror.
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Ant-mirror cell absent (d1 absent). Para-mirror longer than
wide (Table 1), slightly widening distally, extending along
a large part of mirror anterior edge; distally closed by a
zig-zag shaped CuPao, joining CuA+CuPaal at one point,
before resuming its trajectory towards posterior edge.
Sub-mirror longer than wide, longer than para-mirror,
gradually widening posteriorly, along distal edge of mirror
in continuity with para-mirror, separated from mirror by
a long sl. Distal edge of sub-mirror limited by a part of
CuPao2 and a short s2, which connects it with CuPaf;
s2 shorter than sl. Apical field occupied by CuA+CuPa
branches, stem vein of CuA+CuPa stronger and in the
continuity of CuPa. Posterior field well preserved, with
clear cl, ¢2, ¢3, sub-cl, sub-c2 and ac. Sub-c3 difficult to
see, very small or absent. Cell c1 long and wide, crossed by
pi (Table 1), limited distally by a long t1 (Table 1) aligned
in continuity with sl; sub-cl rather large (Table 1), t2
aligned in continuity of s2; c2 longer than wide, narrower
than cl, limited distally by t3; sub-c2 longer and narrower;
c3 smaller than c1 and c2; ac long and narrow.

Table 1. Measurements of veins and cells of left forewing in
TP. carentonensis.

Veins Length
(in mm)

Harp anterior edge 1.27
Harp posterior edge 0.77
Harp postero-distal edge 1.11
sl 0.66
s2 0.13

Cells Maximal Maximum  Ratio length

length (in mm) width (inmm)  /width

Mirror 0.89 0.65 1.36
Para-mirror 0.54 0.05 10.8
Sub-mirror 0.66 0.18 3.67
cl 0.89 0.22 4.04
Sub-cl 0.42 0.17 2.47
Discussion

3D reconstructions are increasingly used to examine the
venation in insects and propose putative homologies of
their veins (e.g., Schubnel et al. 2023). This method can be
applied to both extant and fossil taxa, which may facilitate
comparative approaches. For fossil crickets, most venation
descriptions were made from the observation of imprints.
Several well-preserved specimens have been recently
described in amber, for which wing venation could be
observed and the functional part of the stridulum fully
described when present (e.g., Rust et al. 1999; Xu et al.
2020, 2022; Yuan et al. 2022, see fig. 2). Even during the
revision process of this paper, Zheng et al. (2023) described
two new fossils of Oecanthidae found in Myanmar amber,
Cenomanian, upper Cretaceous, i.e., TCrassicorpus macu-
latus Zheng, Yuan & Gu, 2023 and tOrdicalcaratus
inconditus Zheng, Yuan & Gu, 2023, respectively clas-
sified in the Oecanthinae and in the Podoscirtinae, and
both twice as large as tP. carentonensis. These nicely
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preserved fossils are described by optic means, thanks to
their preservation in clear amber, and increase the number
of fossils that are now available to study the Oecanthidae
cricket clade. However, optic observations present limita-
tions in terms of resolution and anatomical details, which
make homology assessments tricky. Scanning Electronic
Microscope has occasionally allowed better observations of
wing structures, as demonstrated by the study of the stridu-
latory vein in a fossil katydid (Gu et al. 2012), the study of
the ultrastructure of the wing of an Odonata (Appel et al.
2015), and the study of the wing venation in a Hemiptera
(Franielczyk-Pietyra et al. 2023). 3D microtomography is a
real progress in the venation study, as shown by the number
of papers that use it (e.g., Desutter-Grandcolas et al. 2017;
Garwood and Sutton 2010; Walker et al. 2014; Jacquelin et
al. 2018; Schubnel et al. 2020, 2023). In the present paper,
microtomography allowed the reconstruction of the left
forewing of P. carentonensis, although located under the
right forewing, and revealed the very details of its vena-
tion, despite the precision of the scans not being optimal
due to the small size of the specimen. Here, the limitations
of microtomography for a specimen of such a small size
prevents the reconstruction of the stridulatory file, which in
turn could have been used to hypothesize the frequency of
the calling song of 1P. carentonensis. Employing nanoto-
mography for a more detailed scan may be a solution here.
However, it is important to note that despite the potential
for accessing finer details, the results may not necessarily
be better. It would certainly increase the resolution of the
reconstructed specimen and that of the interpreted area,
but given the apparent damage in these regions, it would
probably not help to reconstruct the missing structures. It is
anyhow the first time that an almost complete 3D venation
pattern is reconstructed in a fossil Orthoptera.

FW venation in TPicogryllus carentonensis

Applying Josse et al. (2023) wing venation patterns
for crickets to the reconstruction of the venation of
tPicogryllus carentonensis, the veins Sc, R, M, Cu, PCu,
and A can readily be identified. The base of the Sc is not
preserved, which impedes recovering the Costal vein and
separates the anterior and posterior branches of Sc. But Sc
is pectinate, as observed for ScP in many modern crickets
(Josse et al. 2023). TPicogryllus carentonensis presents
characters identified as synapomorphies of the Orthoptera
by Béthoux and Nel (2001, 2002), i.e., the fusion M+CuA
and the fusion CuA+CuPaal. Also, its two PCu veins
(PCuA, PCuP) have the usual shape of these veins, with
a strongly curved proximal part (Schubnel et al. 2020).
As in all acoustic crickets, tP. carentonensis has a
lanceolate cell delimited proximally by r-m and distally
by the zigzag-shaped RP; M and CuA separate at the
level of the anterior margin of the lanceolate cell; and
the two PCu veins run near the posterior margin of the
wing, making the so-called chord veins of crickets (Josse
et al. 2023). The harp and the cl cell are separated by

the crossvein d2 (commonly called the diagonal in cricket
wing), and the mirror is delimited by CuPaa2 (anterior
margin), CuPaf (proximal margins) and the crossvein sl.
Finally, an arculus is present, made of the crossvein r-m
and the vein CuA after its separation from M (Fig. 3).

As in many Grylloidea, CuP has a posterior branch;
when present, CuPb goes usually no further than the
most distal harp veins (as in Phalangopsidae crickets for
example: see Josse et al. 2023, fig. 3B); in P. carenton-
ensis, CuPb is short, not reaching the most proximal harp
veins, as frequently observed in crickets of the supertribe
Podoscirtidi (Campos et al. 2022). The mirror is bordered
by only two long and narrow cells, i.e., para-mi and sub-mi,
and not by the cell sub-c1, which is adjacent to the mirror
by one corner. The cell c1 includes the strong crossvein pi,
and the mirror is crossed by two parallel, strong crossveins.
Finally, the crossvein d1 and the cell ant-mi, sometimes
present near the anterior margin of the mirror, are lacking.

Forewing venation in crickets has not been analysed
on a firm basis of primary homology setting, although
several venation patterns have been hypothesized in the
last twenty years (Rasnitsyn and Quicke 2002; Robillard
and Desutter-Grandcolas 2004; Béthoux 2008). Josse et
al. (2023) proposed a general pattern of FW venation for
crickets with acoustic apparatus, which they also apply to
male crickets with incomplete apparatus, crickets lacking
acoustic structures, and females.

The reconstruction of the FW venation of +P. carenton-
ensis generates a pattern that is fully compatible with the
proposal of Josse et al. (2023). The homologies proposed
by Josse et al. (2023), validated by our own data, will have
now to be incorporated in phylogenetic studies of large
cricket clades, to test hypotheses of forewing evolution,
especially for the shape and limit of the mirror and nearby
cells (para-mi, ant-mi, sub-mi), that may delimit vibrating
areas. The interpretations of FW venation of tCrassicorpus
maculatus and TOrdicalcaratus inconditus are congruent
with our own reconstructions and interpretations of fP.
carentonensis; the cells around the mirror, not identified
individually by Zheng et al. (2023) because of cross-pub-
lishing of their work and that of Josse et al. (2023), seem
actually present in both fossils, but their identification, and
the identification of the veins delimiting and crossing the
mirror will have to be checked with more details.

Particularities in fPicogryllus carentonensis?

Although it exhibits a remarkable similarity in wing
venation to extant Oecanthidae, TPicogryllus carenton-
ensis also displays unique characteristics in its FWs, as
the presence of two crossveins in the mirror. Few crickets
present two crossveins, or more, in the mirror. The number
of crossveins in the cell homologous to the true mirror of
crickets varies among the fossils currently classified as
tBaissogryllidae, or as TProtogryllidae. This postero-dis-
tally cell is open, even enlarged in tBaissogryllidae (Josse
et al. 2023, fig. 6), but, it is not closed by a reinforced sl
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as in true crickets. Extant phalangopsid crickets, such as
Paragryllus Guérin-Méneville, 1844, Rumea Desutter,
1988, Paragryllodes Karny, 1909 and their relatives,
have up to six concentric crossveins in their mirror,
while winged Phaloriinae have usually two transverse
ones, as the Luzarinae Lerneca fuscipennis (Saussure,
1874) (Josse et al. 2023, fig. 3B). All these crickets
emit loud calls; they also have long, wide, flexible fore-
wings, except Paragryllodes, whose forewings do not
cover more than half of the abdomen and are somewhat
corneous. Some taxa of the Oecanthidi supertribe have
been reported with two crossveins in the mirror (Campos
et al. 2022), but applying the pattern defined by Josse et
al. (2023) to taxa of the genus Oecanthus Serville, 1831,
shows that the mirror of Oecanthidi has in fact only one
crossvein, and that the most proximal cell of the mirror
is actually a highly modified c1 cell. In many contempo-
rary crickets, the mirror is involved in sound propagation
(Dambach and Gras 1995; Mhatre et al. 2012). The pres-
ence of crossveins in the mirror could then be related
to wing vibration, as the large, flexible forewings may
actually need to be reinforced to resist to vibration. The
presence of an arculus revealed by Josse et al. (2023) in
singing crickets and mole crickets, but lacking in mute
crickets and females, goes in the same direction. Both
tCrassicorpus maculatus and fOrdicalcaratus incon-
ditus present only one vein across the mirror (see Zheng
etal. 2023, figs 3B and 4D), but the presence of an arculus
will have to be checked on the fossils.

Could this reinforcement hypothesis also apply to fP.
carentonensis? P. carentonensis is actually the smallest
cricket ever found with a stridulatory apparatus, in both
the extant and fossil species, measuring only 3.3 mm in
body length, and the smallest complete apparatus ever
documented. In extant crickets, the smallest species are
usually apterous, i.e., ant-loving crickets Myrmecophilidae
or some Nemobiinae (Trigonidiidae) crickets, and the
smallest singing crickets are much larger than {P. caren-
tonensis (Bennet-Clark 1999). As the frequency of the
calling song increases with the decrease of cricket size
(Bennet-Clark 1999), the crossveins of {P. carentonensis
may have allowed the call of this species to remain in rela-
tively low frequencies. Detailed studies of wing vibration
are now necessary to test the role of these veins as rein-
forcement structures, whatever the size of the forewings.

Can phylogeny bring information about the evolution
ofthese veins? The TBaissogryllidae, {Protogryllidae, and
Phalangopsidae are not closely related to the Oecanthidae
(Chintauan-Marquier et al. 2016; Campos et al. 2022), and
tPicogryllus is nested within the Oecanthidae phylogeny
(Ferreira 2023). When comparing the crossveins present
in the mirror region of P. carentonensis to those observed
in Lerneca fuscipennis for example (Phalangopsidae,
Luzarinae, see Josse et al. 2023, fig. 3B), it is clear
that in both specimens, the crossveins exhibit identical
connections: each crossvein is linked to CuPao2, with
one also connected to CuPaf, and the other connected to
sl crossveins. In the same way, the veins in the mirror
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of some ftBaissogryllidae and some fProtogryllidae
could be homologous to the veins of TP. carentonensis,
although oriented longitudinally (and not transver-
sally). Nevertheless, the venations of fbaissogryllid and
tprotogryllid differ from that of {P. carentonensis by
the presence of d1 and of an ant-mirror cell (Josse et al.
2023, fig. 6). These crossveins may support a hypothesis
of primary homology, but most probably are homoplastic
in the frame of cricket phylogeny.

Conclusion

The application of 3D microtomography is a real prog-
ress in the examination of wing venation in fossil insects.
The venation pattern observed in fPicogryllus caren-
tonensis is congruent with the pattern proposed by Josse
et al. (2023) for crickets, and the synapomorphies of
Orthoptera identified by Béthoux and Nel (2001, 2002)
for Archaeorthoptera. The reconstruction also highlights
unique features of the forewing, like the presence of two
crossveins in the mirror, a characteristic not commonly
observed in extant crickets, which could be linked to
functional properties of the forewing. These findings
will support further investigations into the evolution
of acoustic structures in crickets. The exquisite preser-
vation of the venation pattern of the fossil tPicogryllus
carentonensis also holds significant importance for
evolutionary biology. It will prove invaluable when
constructing a morphological matrix for tip dating (solely
reliant on morphological data), total-evidence (incorpo-
rating both molecular and morphological data for extant
taxa, alongside morphological data for extinct taxa), or
total-evidence dating studies (additionally considering
ages) (e.g., Ronquist et al. 2012; Jouault et al. 2021,
2022). Fossils lack molecular data, but precise morpho-
logical information are most valuable for accurate fossil
placements, which contribute to the renewal of morpho-
logical phylogenetic studies (e.g., Kealy and Beck 2017;
Beck et al. 2023; Coiro et al. 2023).

Data availability

Untreated CT-scans are available upon request to the
corresponding author, and for scientific work at: https://
doi.org/10.5281/zenodo.8270385.
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Abstract

The historic collection of the Geological Survey of Alabama includes several fossil shark specimens that were recovered from the lower
Paleocene Porters Creek Formation in southwestern Alabama, USA. Among these specimens are 17 teeth that we herein recognize
as a new species within the extinct Paleogene genus, Palaesohypotodus. Detailed examination of these individual teeth, coupled with
analyses of the dentitions of various extant lamniform sharks, allowed us to confirm monognathic and dignathic heterodonty within
Palaeohypotodus. We identified upper and lower anterior and lateral tooth files that can be differentiated from one another by minor
variations in morphology. Additionally, numerous isolated teeth from other Danian exposures in Alabama and Arkansas, USA, enhance
our understanding of the composition of the dentition and ontogenetic heterodonty of both the new species and the genus as a whole.
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Introduction

Palaeohypotodus Gliickman, 1964 is an extinct lamni-
form shark genus that has a purported temporal range
extending from the Late Cretaceous (Maastrichtian) to
the late Eocene (Priabonian), and isolated teeth have been
reported from widely disparate localities from around the
world (Cappetta 2012; Kriwet et al. 2016). Three species
are herein recognized within the genus, including the
Cretaceous Palaeohypotodus bronni (Agassiz, 1843),
and the Paleogene P. volgensis Zhelezko in Zhelezko &
Kozlov, 1999 and P. rutoti (Winkler, 1874). These species
are characterized by robust teeth having a combination of
erect to strongly distally hooked crown, smooth cutting
edges, one or more pairs of lateral cusplets, and distinctive
plications along the labial crown foot. Palaeohypotodus
is known primarily by isolated teeth, but at least one

partially associated skeleton has been reported (Casier
1942). Herein we describe several teeth belonging to
a new species of Palaeohypotodus that was recently
discovered in the historical collections of the Geological
Survey of Alabama (Tuscaloosa). These 17 teeth, cata-
loged under the number GSA-V447, were derived from
the lower Paleocene (Danian) Porters Creek Formation
of Wilcox County, Alabama, USA. The purpose of this
report is to describe and interpret the teeth and dentition
of this extinct shark through comparisons with extant
lamniform shark jaw sets. Further insights regarding
ontogenetic heterodonty and intraspecific variation
within the new species were drawn through an analysis of
isolated teeth that were recovered from contemporaneous
deposits in Alabama and Arkansas. We also comment on
the taxonomic history of the genus and the paleobiogeo-
graphic distribution of the new species.

Copyright Jun A. Ebersole 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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Geological setting

A search through the historical collections at the
Geological Survey of Alabama (GSA) in Tuscaloosa by
two of the authors (JAE and TLH) resulted in the discovery
of 17 teeth belonging to the extinct lamniform shark,
Palaeohypotodus. The original label associated with
these teeth (which were all cataloged together under the
number GSA—V447) stated that they were collected from
the lower Paleocene (Danian) Porters Creek Formation on
the McConnico Plantation near Prairie Creek in Wilcox
County, Alabama, USA (Fig. 1). Although the date
when the specimens were collected was not recorded,
the associated label is of a style used by the GSA during
the late 1800s to early 1900s. The exact location of the
McConnico Plantation, a historical collecting site located
north-northwest of the town of Oak Hill, was rediscovered
by examining a property map of Wilcox County that is
housed in the GSA archives (Fig. 2a). When this map was
overlain on a geologic map of Wilcox County (Fig. 2b),
the position of the McConnico Plantation shows that the
only area on the property underlain by the Porters Creek
Formation is in NW1/4, Sec. 32, TI2N, R10E (U.S. Public
Land Survey System). As several of the teeth exhibit
evidence of sun bleaching and root etching (indicating
a prolonged period of surface exposure), we believe that
the specimens were collected from an erosional gulley
in a field rather than a gravel bar in the nearby Prairie
Creek. This gulley, now evidently filled, exposed strata
of the Porters Creek Formation, a Paleocene (Danian/
Selandian) unit occurring between the subjacent Clayton
Formation and suprajacent Naheola Formation (Fig. 3).
In Alabama, the Porters Creek Formation is divided into
a lower unnamed member and the overlying Matthews
Landing Marl Member. Although we cannot ascer-
tain which member the specimens were derived from,
we believe they originated from the unnamed member
because 1) the geologic map indicates that the site lies
close to the contact with the Clayton Formation, and
2) the Matthews Landing Marl has not been mapped in
the immediate vicinity of the McConnico locality. The
Porters Creek Formation in Wilcox County, AL consists
of approximately 37 m (120 feet) of various fine-grained
siliciclastic facies, but a prominent limestone bed occurs
in the middle of the unit and carbonate content increases
to the east (Raymond et al. 1988). The siliciclastic facies
have been described as consisting of micaceous silty sand,
massive calcareous clay, and massive black clay, with
the Matthews Landing Marl comprised of fossiliferous
calcareous clay and glauconitic sandstone (LaMoreaux
and Toulmin 1959). Mancini and Tew (1993) reported
that the Porters Creek Formation of south-central
Alabama attained a thickness of 46 m (150 feet), and they
further subdivided the unnamed member into “lower,”
“middle,” and “upper” portions. The lower and middle
portions were described as consisting of marlstone, lime-
stone, and calcareous silty claystone, whereas the upper
portion consists of bioturbated siltstone and marlstone.
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The overlying Matthews Landing Marl Member includes
fossiliferous, glauconitic sandstone and marlstone
(Mancini and Tew 1993), and the unit attains a thickness
of 6 m (20 feet) in Wilcox County (Raymond et al. 1988).
The geologic formations in Wilcox County dip gently to
the south-southwest.

A rather diverse fossil mollusk assemblage from the
McConnico Plantation (GSA collection, Table 1) supports
an early-to-middle Paleocene age for the Porters Creek
Formation. This age is further corroborated biostratigraph-
ically, as the basal portion of the unit in Wilcox County
lies within the uppermost P1 (P1c) Subbotina triloculi-
noides (Plummer, 1927) planktonic foraminifera interval
zone (formerly Subbotina trinidadensis (Bolli, 1957) =
Praemurica inconstans (Subbotina, 1953) interval zone)
and the basal portion of the NP4 Ellipsolithus macellus
(Bramlette & Sullivan, 1961) nannoplankton zone
(Mancini 1984; Fluegeman et al. 1990; Mancini and Tew
1993). Zone NP4 was subsequently extended downward
into Zone P1 (see Ogg et al. 2016) after Mancini and
Tew’s (1993) publication.

Table 1. List of historically collected fossil invertebrate taxa in
the Geological Survey of Alabama collection that were derived
from the Porters Creek Formation at the McConnico Plantation
in Wilcox County, AL, USA.

Gastropods
Eoancilla mediavia (Harris, 1896)
Natica reversa Whitfield, 1865
Caricella leana Dall, 1890
Coronia mediavia (Harris, 1896)
Exilia pergracilis Conrad, 1860
Euspira perspecta (Whitfield, 1865)
Mesalia alabamiensis (Whitfield, 1865)
Mesalia allentonensis (Aldrich, 1894)
Orthosurcula longipersa (Harris, 1896)
Turritella alabamiensis Whitfield, 1865
Turritella humerosa Conrad, 1835
Turritella levicunea (Harris, 1896)
Volutocorbis rugatus (Conrad, 1860)
Bivalves
Crassatella aquiana Clark, 1895
Cucullaesa macrodonta Whitfield, 1865
Nucula mediavia Harris, 1896
Ostrea sp. indet. Linnaeus, 1758
\enericardia wilcoxensis Dall, 1903
Scaphopods
Dentalium mediaviense Harris, 1896

Material and methods

The 17 teeth that are the focus of this report are reposited
in the collection of the Geological Survey of Alabama
in Tuscaloosa and are curated under catalog number
GSA-V447. Of these 17 teeth, nine are complete, with
the remaining eight consisting of either the main cusp
lacking some or all of the root, or complete root with
partial main cusp. We herein note the possibility that all
17 teeth cataloged under the number GSA-V447 repre-
sent a single individual, in which case the specimens
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Figure 1. Geologic map of Wilcox County showing the approximate location of the McConnico Plantion (indicated by red star).

Scale bar applies to Wilcox County map.

represent an associated dentition. However, the lack of
unequivocal replacement teeth and associated vertebral
centra within the lot perhaps indicates that the 17 teeth
are not associated. The consistent preservation amongst
the teeth, combined with the relative paucity and low
density of vertebrate remains within the Porters Creek
Formation (JAE, pers. observation), suggests that these
teeth are associated (although this may also be an indi-
cation that this taxon is abundant within this particular
lithostratigraphic unit). Nevertheless, as GSA-V447 was
historically collected and no field notes are available that
indicate or contradict the direct association of these 17

teeth, we herein treat them as isolated finds and use the
specimens as an artificial tooth set. For the purposes of this
report, we herein retain all of the teeth within the original
catalog number GSA—V447 but refer to them individu-
ally by the use of sub-numbers (i.e., GSA-V447.1-.17).

The teeth of GSA-V447 are believed to represent
various tooth positions within the dentition of one taxon,
and a standard set of linear measurements (Fig. 4), ratios,
and morphological observations were recorded for each
tooth to assist with the reconstruction and interpretation
of the dentition of this shark. These measurements and
observations are as follows:
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Figure 2. Location of McConnico Plantation in Wilcox County, AL, USA; a. Portion of a historical property map of Wilcox Coun-
ty, AL (Crump 1870) showing the location of the McConnico Plantation (red polygon). b. Portion of a geologic map of Wilcox
County, AL (LaMoreaux and Toulmin 1959) showing the location of the McConnico Plantation (red polygon) and the area where
GSA-V447 was likely recovered (red star). Arrows indicate the location of Smith’s Bridge which is a landmark for orientation.
Qal = Quaternary alluvium, Tc = Clayton Formation, Tp = Porters Creek Formation.
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Figure 3. Stratigraphic column of early-to-middle Paleocene strata of Alabama. Red dot indicates the likely horizon of GSA-V447.
Column is based on Raymond et al. (1988) and modified with data from Gibson et al. (1982), Mancini et al. (1989), Mancini and

Tew (1993), and Ogg et al. (2016).

Total height (TH). On a complete tooth, this is the
maximum apico-basal height measured from the apex
of the main cusp to the base of the root lobes (with the
tooth positioned so the basal extent of the mesial and
distal root lobes are equal).

Root width (RW). With the tooth positioned so the basal
extent of the mesial and distal root lobes are equal, this
is the maximum mesio-distal width measured from the
mesial and distal-most extent of the root lobes.

Main cusp height (MCH). The maximum apico-basal
height of the main cusp measured on the labial face
from the medial portion of the crown base to the apex
of the main cusp.

Root height (RH). Calculated by subtracting the main
cusp height from the total height (i.e., TH - MCH).
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Main cusp width (MCW). Measured on the labial face,
the distance between the distal and mesial-most points
of the main cusp.

Main cusp thickness (MCT). Measured from the medial
portion of the lingual crown base to the corresponding
point at the labial crown base, inclusive of the neck
(aka chevron or dental band), if present.

Depth of the interlobe area (DIA). Measured from the
apical extent of the interlobe area to the base of the
root lobes, with the base of the lobes being equal.

Root thickness (RT). The labio-lingual thickness of the root
measured from the highest point on the lingual protuber-
ance to the corresponding labial face of the tooth.

Number of mesial cusplets (#MC). The total number of
mesial cusplets.
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Number of distal cusplets (#DC). The total number of
distal cusplets.

Labial ornamentation present? (LOP). A brief descrip-
tion of any ornamentation present along the labial
crown foot.

For the nine complete teeth associated with GSA-
V447, the standard measurements were used to calculate
the three following ratios:

Ratio of main cusp height to total tooth height
(%MCH). Calculated by dividing the main cusp
height by the total height (i.e., MCH + TH).

Ratio of root height to total tooth height (%oRH).
Calculated by dividing the root height by the total
height (i.e., MCH + TH).

Ratio of the depth of the interlobe area to total tooth
height (%DIA). Calculated by dividing the depth of
the interlobe area by the total height (i.e., DIA + TH).

An additional 17 isolated teeth of the new
Palaeohypotodus species were identified in the collec-
tions of McWane Science Center (MSC) in Birmingham,
AL, USA, and the Mississippi Museum of Natural
Science (MMNYS) in Jackson, USA (see Referred speci-
mens list below). These specimens were collected from
four counties in Alabama (Dallas, Butler, Lowndes, and
Wilcox) and one county in Arkansas, USA (Hot Spring
County). One of these specimens (MSC 49452) was
derived from the type stratum of GSA—V447 (Porters
Creek Formation), albeit from Butler County in Alabama.
The remaining 16 teeth were recovered from the lower
Paleocene (Danian) Clayton Formation (including the
Pine Barren Member), a lithostratigraphic unit that is
largely temporally equivalent to the lower unnamed
member of the Porters Creek Formation (see Fig. 3). Ten
of these teeth are complete and were incorporated into our
morphological dataset so they could be directly compared
with the teeth of GSA—V447. The remaining seven spec-
imens were excluded from our analyses because they are
incompletely preserved.

To assist with the dental reconstruction of the
Palaeohypotodus species, we directly examined the jaws
of numerous recent lamniform sharks in the collections of
MSC and the South Carolina State Museum in Columbia
(SC). These specimens included Alopias superciliosus
Lowe, 1841 (SC2020.53.12) and A. pelagicus Nakamura,
1935 (SC2020.53.19), two Carcharodon carcharias
(Linnaeus, 1758) (MSC 42596 and SC86.62.1), juve-
nile and adult Isurus oxyrinchus Rafinesque, 1810 (MSC
42606 and SC2020.53.15, respectively), juvenile and
adult |. paucus Guitart-Manday, 1966 (SC2020.53.22
and SC2020.53.27, respectively), and two Carcharias
taurus Rafinesque, 1810 (SC86.62.2 and SC2000.120.6).
Additionally, we examined a Lamna nasus (Bonnaterre,
1788) jaw set from the Gordon Hubbell collection
(unnumbered specimen) in Gainesville, FL, USA.
Finally, published images of the dentitions of A. vulpinus

(Bonnaterre, 1788), Odontaspis ferox (Risso, 1810),
O. noronhai (Maul, 1955), and Mitsukurina owstoni
Jordan, 1898 were utilized (i.e., Ebert and Dando
2021). The dentitions of the filter-feeding lamniforms,
Cetorhinus and Megachasma, were excluded from our
study due to their atypical dentitions.

The terminology used for identifying the jaw posi-
tion of isolated teeth of elasmobranch fishes has
varied greatly in the literature (see Leriche 1905;
Applegate 1965; Cappetta 1987, 2012; Cunningham
2000; Shimada 2001, 2002a, b, ¢, 2004), but herein we
follow a combination of Siverson (1999) and Cicimurri
et al. (2020) by utilizing the terms anterior, interme-
diate, lateral, and posterior to identify jaw position in
lamniform sharks. Herein, anterior teeth refer to those
that develop within the anterior dental hollow in the
Meckel’s cartilage or palatoquadrate, whereas lateral
teeth are those occurring within the upper or lower
lateral hollows. Teeth referred to as intermediate are
those that occur at the extreme distal end of the ante-
rior hollow or on a cartilage bar located between the
upper anterior and lateral dental hollows. These teeth
are conspicuously smaller than the preceding anterior
and succeeding lateral tooth and may also be strongly
distally hooked and/or inclined (more so than in lateral
files), which is reflective of the limited space available
for tooth development. Posterior teeth are those that
comprise files located at the far distal ends of the upper
and lower lateral dental hollows and are positioned
closest to the jaw commissure. These teeth are signifi-
cantly smaller and morphologically different from
lateral teeth, often mesiodistally as wide as tall (ratio of
1:1) and, in some cases, their width exceeds the overall
tooth height (see Cicimurri et al. 2020). The morpho-
logical changes across the upper and lower lateral tooth
rows are gradational within most lamniform shark
dentitions (see Ebert and Dando 2021), and herein
we utilize the terms anterolateral and posterolateral to
refer to lateral teeth that are located near the anterior or
posterior half, respectively, of the lateral dental hollow.

All of the teeth we illustrate were photographed with
a Nikon D80 camera and Tamron macro lens. To account
for depth of field, specimens were photographed from
several focal lengths and the resulting photographs
were merged in Adobe Photoshop v. 22.5.9 utilizing
the software’s auto-align and auto-blend functions. We
constructed the figures using the same software.

Institutional abbreviations

GIK: State Darwin Museum, Moscow, Russia. GSA:
Geological Survey of Alabama, Tuscaloosa, USA.
IRSNB: Royal Belgian Institute of Natural Sciences,
Brussels, Belgium. MMNS: Mississippi Museum of
Natural Science, Jackson, USA MSC: McWane Science
Center, Birmingham, Alabama, USA. SC: South Carolina
State Museum, Columbia, USA.

fr.pensoft.net



116

Jun A. Ebersole et al.: New species of Palaeohypotodus from Alabama, USA

Systematic Paleontology

Class Chondrichthyes Huxley, 1880
Subclass Euselachii Hay, 1902

Infraclass Elasmobranchii Bonaparte, 1838
Division Selachii Cope, 1871

Superorder Galeomorphi Compagno, 1973
Order Lamniformes Berg, 1958

Family Jaekelotodontidae Glickman, 1964

Genus Palaeohypotodus Gliickman, 1964

Type species. Otodus rutoti Winkler, 1874, Orp Member
of the Heers Formation, Orp-le-Grand (Maret), Belgium.

Emended generic diagnosis. Lamniform shark with
teeth consisting of a triangular main cusp and one to
three pairs of lateral cusplets. Enameloid plications occur
along the labial crown foot on unworn teeth, and these
may coalesce to form transversely oriented ridge-like
structures on posterior teeth. Cutting edges are complete
on all upper teeth but are incomplete on lower teeth.
Although the main cusp is tall and relatively narrow in
anterior files, it becomes progressively lower and broader
the closer a file is located with respect to the commissure.
Upper lateral teeth have a wide triangular and distally
hooked main cusp, whereas lower lateral teeth have a
narrower and more erect main cusp. Upper third anterior
teeth have a basally extended mesial root lobe, the distal
cutting edge is more convex than the mesial edge, and
the crown appears to be mesially recurved. Teeth have
a robust lingual root protuberance that bears a nutritive
groove. The root lobes are long and the interlobe area is
deep and U-shaped. Upper anterior teeth have shorter and
slightly more divergent root lobes compared to those in
the lower anterior files.

Palaeohypotodus bizzocoi sp. nov.
https://zoobank.org/9E5 1D855-B537-4088-95BE-8F20C549BF6F
Figs 4-7

Etymology. The species is named for the late Bruce D.
Bizzoco in honor of his dedicated volunteer service to
MSC and his lifelong commitments to education and the
preservation of local history in Alabama, USA.
Hypodigm. GSA-V447.1 (holotype), upper left ante-
rior tooth (Fig. 5a—d); GSA-V447.2 (paratype), upper
right lateral tooth (Fig. Sy—bb); GSA-V447.3 (paratype),
upper right lateral tooth (Fig. Scc—ff); GSA-V447.4
(paratype), lower right anterior tooth (Fig. 6a—d); GSA—
V447.5 (paratype), lower left lateral tooth (Fig. 6g-t).
Referred specimens. N =29: GSA-V447.6, upper left
anterior tooth, Porters Creek Formation, Wilcox County,
AL; GSA-V447.7, upper left anterior tooth, Porters Creek
Formation, Wilcox County, AL; GSA-V447.8, upper left
lateral tooth, Porters Creek Formation, Wilcox County,
AL; GSA-V447.9, upper right lateral tooth, Porters
Creek Formation, Wilcox County, AL; GSA-V447.10,
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upper left lateral tooth, Porters Creek Formation, Wilcox
County, AL; GSA—-V447.11, upper anterior tooth, Porters
Creek Formation, Wilcox County, AL; GSA-V447.12,
lower left anterior tooth, Porters Creek Formation,
Wilcox County, AL; GSA-V447.13, lower left anterior
tooth, Porters Creek Formation, Wilcox County, AL;
GSA-V447.14, lower right lateral tooth, Porters Creek
Formation, Wilcox County, AL; GSA-V447.15, lower left
lateral tooth, Porters Creek Formation, Wilcox County,
AL; GSA-V447.16, lower left lateral tooth, Porters
Creek Formation, Wilcox County, AL; GSA-V447.17,
lower left lateral tooth, Porters Creek Formation, Wilcox
County, AL; MMNS VP-7292.2, upper right lateral tooth,
Pine Barren Member of the Clayton Formation, Lowndes
County, AL; MMNS VP-7292.3, upper left lateral tooth,
Pine Barren Member of the Clayton Formation, Lowndes
County, AL; MMNS VP-7292.4, upper right lateral tooth,
Pine Barren Member of the Clayton Formation, Lowndes
County, AL; MMNS VP-7295.4, upper right posterior
tooth, Pine Barren Member of the Clayton Formation,
Lowndes County, AL; MMNS VP-7311, lower right
lateral tooth, Pine Barren Member of the Clayton
Formation, Lowndes County, AL; MMNS VP-8578,
upper right lateral tooth, basal Clayton Formation, Hot
Spring County, AR; MSC 3020, lower left anterior tooth,
lower Clayton Formation, Wilcox County, AL; MSC
42727, upper right lateral tooth, Pine Barren Member
of the Clayton Formation, Lowndes County, AL; MSC
42733, upper right lateral tooth, Pine Barren Member
of the Clayton Formation, Lowndes County, AL; MSC
42741.4, upper right lateral tooth, Pine Barren Member
of the Clayton Formation, Lowndes County, AL; MSC
42741.5, upper right lateral tooth, Pine Barren Member
of the Clayton Formation, Lowndes County, AL; MSC
42742.1, upper right lateral tooth, Pine Barren Member
of the Clayton Formation, Lowndes County, AL; MSC
42742.2, upper right lateral tooth, Pine Barren Member
of the Clayton Formation, Lowndes County, AL; MSC
42742 .3, upper right lateral tooth, Pine Barren Member
of the Clayton Formation, Lowndes County, AL; MSC
49451, upper left lateral tooth, lower Clayton Formation,
Wilcox County, AL; MSC 49452, upper left 3* anterior
tooth, Porters Creek Formation, Butler County, AL; MSC
49454, upper left lateral tooth, lower Clayton Formation,
Wilcox County, AL.

Type stratum and age. Basal unnamed member,
Porters Creek Formation, Paleocene, Danian Stage, zones
NP3—4 (Fig. 3).

Type locality. Historic McConnico Plantation near
Prairie Creek in Wilcox County, Alabama, USA, NW1/4,
Sec. 32, T12N, R10E (U.S. Public Land Survey System)
(Figs 1, 2).

Description. Specimen GSA-V447 consists of 17
teeth that are herein assigned to anterior and lateral files
of the upper and lower jaws. This assortment of teeth
includes nine from the palatoquadrate (upper jaw) and
eight from the Meckel’s cartilage (lower jaw). Teeth
from both the left and right sides of the upper and lower
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Figure 4. Standard tooth measurements. a—c. GSA—-V447.6, Palaeohypotodus bizzocoi sp. nov. upper anterior tooth; a. Labial view;
b. Mesial view; c. Lingual view; DIA — Depth of the interlobe area; MCH — Main cusp height; RH — Root height; RT — root thick-
ness; RW — Root width; TH — Total height; Scale bar: 1 cm.

jaws are represented, and it is possible that at least
two of the teeth were derived from the same tooth file.
Unfortunately, the limited number of teeth included with
specimen GSA-V447 did not allow us to determine
exactly how many anterior or lateral files were present
within the dentition of this taxon, or how many posterior
files occurred. However, based on the jaw sets of several
extant lamniform sharks like Carcharodon carcharias,
Isurus spp., Lamna nasus, and Odontaspis ferox (see
Materials and Methods), we believe that upper and lower
teeth are preserved, and both anterior and lateral tooth
files are represented. Tooth morphologies we identified in
GSA-V447 include:

Upper anterior teeth (GSA-V447.1, .6-.7, .11, Fig.
5a—p). We identified four teeth within this tooth group,
including three complete specimens and one with an
incomplete main cusp. Unlike the lateral teeth (see below),
the sequential position within the jaw of P. bizzocoi sp.
nov. is unknown because the total tooth height and root
width of the upper anterior teeth is extremely variable
within the extant lamniform jaws examined. The three
complete teeth have a total height (TH) ranging between
28.87 and 29.16 mm and a root width (TW) that ranges
from 18.84 to 19.99 mm. The height/width (H/W) ratios
vary from 1.44 to 1.55 (Table 2).

The three complete teeth (GSA-V447.1, .6-.7;
Fig. 5a—k) have a tall and triangular main cusp. In labial
view the main cusp is nearly symmetrical, but the mesial
edge is slightly more convex than the distal edge, and
this feature allows us to determine if they were derived
from the left or right palatoquadrate. The labial face of
the main cusp is slightly convex, whereas the lingual face
is strongly convex. The mesial and distal cutting edges
are complete and extend to the base of the main cusp. The
crown enameloid is smooth except for faint plications
occurring along the labial crown foot. The main cusp is
slightly sinuous in profile view. The teeth have a single

pair of diminutive lateral cusplets that are both medially
and lingually hooked. Both lateral cusplets have mesial
and distal cutting edges that do not connect to those on the
main cusp. The root is bilobate, with lobes being diver-
gent and of nearly equal length and width. The interlobe
area is deep, wide, and U-shaped. The teeth have a robust
lingual protuberance that is bisected by a deep nutritive
groove. The height of the root represents approximately
30% of the total tooth height. Specimen GSA-V447.11
(Fig. 5Sm—p), the tooth with broken main cusp, is assigned
to the upper anterior tooth group because it has a deeper
interlobe area (8.44 mm) than any of the upper lateral
teeth (see Table 2), the root lobes are shorter and more
divergent than those on the lower teeth, and the interlobe
area is wider and U-shaped compared to the lower ante-
rior teeth (see additional discussion below).

At least two upper anterior files are represented within
GSA-V447 based on the slightly different dimensions
and gross morphologies of teeth GSA-V447.6 and
GSA-V447.7 (see Table 2). Both teeth have a narrow,
triangular main cusp with cutting edges that are sub-par-
allel except near the apex, where they are biconvex. Tooth
GSA-V447.7 (Fig. 5i-1) has a slightly narrower main
cusp that is very slightly distally inclined compared to
GSA-V447.6 (Fig. 5a—d), and it also has slightly longer
root lobes. Teeth GSA-V447.1 and GSA-V447.6 have
nearly identical dimensions (see Table 2), suggesting
they belong to the same anterior file. Additionally, tooth
GSA-V447.11 has a nearly identical root width to that of
GSA-V447.7 (Fig. 5i-1), suggesting that these two teeth
also represent the same anterior file.

Upper lateral teeth (GSA-V447.2-.3, .8-.10, Fig.
5g-ii). Five upper lateral teeth are preserved with GSA—
V447, four of which are complete. The basal margins of
the root lobes of tooth GSA-V447.9 are not preserved.
The crowns of these teeth range in height from 17.64 to
11.4 mm, and the overall height of the complete teeth
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Figure 5. (a—ii) Palaeohypotodus bizzocoi sp. nov. upper teeth. a—d. GSA-V447.6, upper left anterior tooth; a. Labial view;
b. Lingual view; c. Mesial view; d. Basal view. e-h. GSA-V447.1 (holotype), upper left anterior tooth; e. Basal view; f. Labial
view; g. Lingual view; h. Mesial view. i-l. GSA-V447.7, upper right anterior tooth; i. Labial view; j. Lingual view; k. Mesial view;
|. Basal view. m—p. GSA—V447.11, upper anterior tooth; m. Basal view; n. Labial view; 0. Lingual view; p. Profile view. g—t. GSA—
V447.8, upper left intermediate or lateral tooth; g. Labial view; r. Lingual view; S. Mesial view; t. Basal view. u-x. GSA-V447.9,
upper right lateral tooth; u. Basal view; v. Labial view; w. Lingual view; X. Mesial view. y—bb. GSA-V447.2 (paratype), upper right
lateral tooth; y. Labial view; z. Lingual view; aa. Mesial view; bb. Basal view. ce—ff. GSA-V447.3 (paratype), upper right lateral
tooth; cc. Basal view; dd. Labial view; ee. Lingual view; ff. Mesial view. gg—ii. GSA-V447.10, upper left lateral tooth; gg. Labial
view; hh. Lingual view; ii. Mesial view. Scale bars: 1 cm.
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Table 2. Measurements, ratios, and observations on the Palaeohypotodus bizzocoi sp. nov. teeth associated with GSA-V447.
Abbreviations: #DC. Number of distal cusplets. DIA. Depth of the interlobe area. H/W Rat. Height/width ratio; LOP. La-
bial ornamentation present and the nature of the ornamentation; #MC. Number of mesial cusplets; MCH. Main cusp height;
%MCH. The percentage of the main cusp height in relation to the total tooth height; MCT. Main cusp thickness; MCW. Main
cusp width; RH. Root height; %RH. The percentage of the root height in relation to the total tooth height; RT. Maximum root
thickness; RW. Root width; TH. Total height. N/A. Measurement, ratio, or observation could not be taken due to the incomplete
preservation of the tooth.

Number Tooth Position  TH RW HW MCH %MCH RH %RH MCW MCT DIA RT #MC #DC LOP
Rat

GSA-V447.6  Upper anterior 29.16 18.84  1.55  20.39 69.9 8.77 30.1 1053 5.14 6.7 8.63 1 1  Faint across base
GSA-V447.1  Upper anterior 29.11  19.08 1.52 19.98 68.6 9.13 314 11.19 524 7.18 8.9 1 1 Faint across base
GSA-V447.7  Upper anterior 28.87 1997 1.44  19.63 67.9 9.24 32.1 11.18  5.28 6.28 8.12 1 1 Faint across base
GSA-V447.11 Upper anterior  N/A  19.99  N/A N/A N/A N/A N/A 1026 523 8.53 8.44 1 N/A Faintacross base
GSA-V447.8  Upper lateral ~ 20.09 14.54  1.01 14.6 72.6 5.49 27.4 7.34 3.95 5.02 6.1 2 2 Faint across base
GSA-V4479  Upper lateral N/A N/A N/A  17.64 N/A N/A N/A 1085 439 N/A 6.98 1 1  Faint across base
GSA-V447.2  Upper lateral  23.93  19.81 1.21 17.03 71.1 6.9 28.9 11.29  4.64 5.35 6.91 2 2 Faint across base
GSA-V4473  Upper lateral  19.51 1694  1.15 14.39 73.7 5.12 26.3 9.52 4.05 4.97 591 2 2 Faint across base
GSA-V447.10 Upper lateral ~ 15.59  13.33  1.17 11.4 73.1 4.19 26.9 8.6 3.58 3.78 4.88 1 1 Faint across base
GSA-V447.4  Loweranterior 32.63 17.28  1.89 19.9 60.9 12.73  39.1 9.51 548 1048 9.14 1 1  Faint across base
GSA-V447.12 Lower anterior ~ N/A N/A N/A  18.59 N/A N/A N/A 8.8 4.97 N/A 8.16 N/A N/A Faint across base
GSA-V447.13 Lower anterior ~ N/A N/A N/A  18.09 N/A N/A N/A 1009 479 N/A N/A N/A N/A Faint across base
GSA-V447.14 Lower lateral ~ N/A N/A N/A  17.53 N/A N/A N/A 8.24 4.7 N/A 7.67 1 2 Faint across base
GSA-V4475  Lower lateral ~ 27.06  15.53 1.74  17.23 63.6 9.83 36.4 8.51 4.59 7.2 7.28 1 1 Faint across base
GSA-V447.15 Lower lateral N/A N/A N/A  14.88 N/A N/A N/A 8.49 4.45 N/A 7.06 1 1 Faint across base
GSA-V447.16  Lower lateral N/A N/A N/A NA N/A N/A N/A 7.96 4.25 N/A N/A N/A 1 N/A
GSA-V447.17  Lower lateral N/A N/A N/A 8.74 N/A N/A N/A 4.06 234 N/A 313 N/A 1 Faint across base

ranges from 23.93 to 15.59 mm. The H/W ratios range
from 1.01 to 1.21 (Table 2). All the teeth have a triangular
main cusp that is distally inclined in the anterolateral
positions, but the cusp becomes shorter and more distally
hooked the closer a tooth is positioned to the commissure.
The labial and lingual faces of the main cusp are almost
equally convex. In mesial or distal views, the main cusp
is straight except for a slight labial bend at the apex. The
crown enameloid is smooth except for very faint plica-
tions (visible under magnification) along the labial crown
foot. There are one to two pairs of lateral cusplets, and
when two pairs are present the larger pair is always posi-
tioned medially, and the lateral pair is much reduced in
size. The larger pair of cusplets are distinctively hooked
both medially and lingually. The main cusp cutting edges
are complete and extend to the base of the main cusp. The
cutting edges extend across the apical half of the lateral
cusplets. A pair of minute mesial and distal denticulations
occur between the main cusp and lateral cusplets on spec-
imen GSA-V447.9 (Fig. S5u—x), but such denticles are
absent on all other teeth associated with GSA-V447. The
bilobate root has short and thin (labio-lingually) lobes that
are divergent and rounded at their extremities. The inter-
lobe area is wide and U-shaped. The pronounced lingual
protuberance is bisected by a deep nutritive groove.
Teeth GSA-V447.2 and GSA-V447.9 (Fig. 5u-bb)
differ somewhat with respect to the degree of distal
inclination of the main cusp, with GSA-V447.2 being
slightly more inclined. These lateral teeth could be from
succeeding lateral files, as for example GSA-V447.9
could be from the second lateral file and GSA-V447.2
the third lateral file. Tooth GSA-V447.3 (Fig. Scc—Y) is
slightly smaller in overall size and has a more distally

inclined and curved crown compared to the other teeth
assigned to this group, indicating that it is from a more
distally located lateral file. Based on its small size and
strongly distally hooked crown, tooth GSA-V447.10
(Fig. 5gg—ii) was likely part of a posterolateral file located
closer to the jaw commissure, where the dental hollow is
tapered and space for developing teeth is rather limited.

One tooth, GSA-V447.8 (Fig. 5q-t), is believed to
be from the upper dentition due to the distal inclination
of the crown, and the short length of the root lobes and
wide interlobe area. However, it exhibits an unusual
morphology as it is significantly smaller than the ante-
rior teeth and it is also conspicuously distally inclined.
Additionally, the tooth is smaller than and/or lacks the
distal crown curvature exhibited by the lateral teeth.
Furthermore, the crown is mesio-distally thinner than all
the other upper teeth. Specimen GSA—V447.8 conforms
to our observations of the intermediate teeth of the extant
lamniform shark dentitions we examined, although
we cannot definitively rule out the possibility that it
represents a lateral file.

Lower anterior teeth (GSA-V447.4, Fig. 6a-d).
GSA-V447.4 is the only definitive lower anterior
tooth associated with GSA—V447. This tooth measures
32.63 mm in total height and 17.28 mm in root width and
has a H/W ratio of 1.89 (Table 2). The main cusp is tall
and nearly symmetrical. Its labial face is slightly convex,
whereas the lingual face is strongly convex. The crown
enameloid is smooth save for faint plications occurring
at the labial crown foot. The crown is weakly sigmoidal
in mesial and distal views. There is a single pair of short
lateral cusplets that are slightly lingually inclined. The
mesial and distal cutting edges are incomplete and do
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Figure 6. a—gg. Palaeohypotodus bizzocoi sp. nov. lower teeth. a—d. GSA-V447.4 (paratype), lower right anterior tooth; a. Labial
view; b. Lingual view; c. Mesial view; d. Basal view. e-h. GSA-V447.12, lower right anterior tooth; e. Basal view; f. Labial view;

g. Lingual view; h. Mesial view. i-l. GSA-V447.13, lower right anterior tooth; i. Basal view; j. Labial view; k. Lingual view;
I. Mesial view. m—p. GSA-V447.14, lower right lateral tooth; m. Labial view; n. Lingual view; 0. Mesial view; p. Basal view.
g-t. GSA-V447.5 (paratype), lower left lateral tooth; g. Labial view; r. Lingual view; s. Mesial view; t. Basal view. u-x. GSA—
V447.15, lower left lateral tooth; u. Basal view; V. Labial view; w. Lingual view; X. Mesial view. y—bb. GSA-V447.16, lower left
lateral tooth; y. Labial view; z. Lingual view; aa. Mesial view; bb. Basal view. cc—gg. GSA-V447.17, lower right lateral tooth;
cc. Basal view; dd. Labial view; ee. Lingual view; ff. Mesial view; gg. Close-up of labial crown ornamentation. Scale bars: 1 cm.
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not extend to the base of the main cusp. Smooth cutting
edges extend across the lateral cusplets. The bilobate root
has elongated, thin, and rounded lobes that are slightly
divergent. The interlobe area is deep and U-shaped. The
pronounced lingual protuberance is bisected by a deep
nutritive groove. The crown height measures 19.9 mm,
and this portion of the tooth comprises approximately
61% of the total height (Table 2).

Two additional teeth associated with GSA-V447,
GSA-V447.12-.13 (Fig. 6e-1), consist only of the main
cusp and a portion of the root. These teeth are attributed
to the lower dentition because the main cusp is not as
sigmoidal as that of upper anterior teeth, the labial face
is less convex compared to upper lateral teeth, and they
have incomplete cutting edges. We believe these teeth
represent lower anterior files because they have a more
symmetrical main cusp compared to lower lateral teeth
included with GSA-V447 (see below). Additionally, the
main cusp height of these two teeth (18.59 and 18.09 mm,
respectively) is greater than that of any lower lateral tooth
(17.53 to 8.74 mm) (Table 2).

Lower lateralteeth (GSA-V447.5,14-17, Fig.6m—gg).
Although five lower lateral teeth are part of GSA-V447,
only one is complete (GSA-V447.5, Fig. 6q—t). The other
four teeth have a complete main cusp but are missing
one or both root lobes. These five teeth have a tall and
narrow main cusp that has a very slight distal inclina-
tion. The slight distal inclination is most evident on the
mesial side of the main cusp because the mesial edge
is more convex than the distal edge near the apex. This
morphology allowed us to determine if the tooth was from
the right or left Meckel’s cartilage. The labial face of the
main cusp is slightly convex, whereas the lingual face is
strongly convex. The crown enameloid is smooth except
for very faint plications (seen under magnification) along
the labial crown foot. In mesial and distal views, the main
cusp has a slight lingual inclination. The teeth generally
have a single pair of lateral cusplets, but GSA-V447.1
(Fig. 6m—p) has a second diminutive distal cusplet that
is united to the base of the much larger, more medially
located cusplet. The lateral cusplets have a slight medial
curve and are also lingually inclined. The mesial and
distal cutting edges of the main cusp are incomplete, and
the cutting edges that extend across the lateral cusplets do
not meet the base of the main cusp. The bilobate root has
lobes that are narrow, elongated, and slightly divergent.
The interlobe area is deep and U-shaped. A robust lingual
protuberance is bisected by a deep nutritive groove. The
H/W ratio of GSA-V447.2 (complete tooth) is 1.74
(Table 2), and main cusp height on the five teeth ranges
from 17.53 to 8.74 mm, indicating that overall tooth size
decreased towards the commissure. Tooth GSA-V447.17
(Fig. 6cc—gg) has the shortest main cusp height of any
tooth associated with GSA—V447 (Table 2), and this inter-
esting tooth is regarded as a lower posterolateral tooth due
to its small size but overall similarity to the other four
teeth attributed to the lower lateral tooth group.

Remarks. Our analysis of the 17 teeth included with
GSA-V447 indicates that monognathic and dignathic

heterodonty were developed within the dentition of
Palaeohypotodus bizzocoi sp. nov. Our examination of 17
isolated teeth from temporally equivalent strata also indi-
cate a degree of ontogenetic heterodonty within this taxon.

Monognathic heterodonty. Some of the variation
observed amongst the teeth within GSA-V447 reflects
the presence of anterior and lateral tooth files in the pala-
toquadrate and Meckel’s cartilage of P. bizzocoi sp. nov.
(Fig. 7). Upper anterior teeth differ from upper lateral
teeth by having a taller and mesiodistally narrower main
cusp, and the H/W ratios of anterior teeth range from
1.44—-1.55 but those of lateral teeth are much lower at
1.01-1.21 (Table 2). The main cusp of anterior teeth is
also more erect, more symmetrical, and labiolingually
thicker compared to the inclined to strongly distally
hooked crown of lateral teeth. Additionally, the anterior
teeth have longer and less divergent root lobes and a
deeper interlobe area than lateral teeth. The root height
is therefore lower on lateral teeth (between 26.3 to 28.9%
the height of the tooth) than on anterior teeth (between
30.1 and 32.1%) because of the shorter root lobes.
Furthermore, the lateral teeth can have up to two pairs of
lateral cusplets but there is only one pair on the anterior
teeth. Lastly, although the teeth of the Meckel’s cartilage
are similar to one another, the lateral teeth are charac-
terized by the slight distal inclination of the main cusp
(Fig. 6). Additionally, the root of GSA-V447.5 shows
that lobes are more widely separated compared to the
complete anterior tooth (GSA-V447.4).

Dignathic heterodonty. The teeth included with GSA—
V447 also demonstrate morphological variation between
the teeth of the palatoquadrate and Meckel’s cartilage of
P. bizzocoi sp. nov. (Figs 5, 6). Overall, the upper teeth
differ from the lower teeth by having a wider U-shaped
interlobe area, as the root lobes on the upper teeth are
shorter and more divergent. This is reflected in the H/W
ratios among the teeth, which are much higher for lower
teeth (1.74 to 1.89) than for the uppers (1.01 to 1.55)
(Table 2). In addition, the height of the root constitutes
between 26-32% of total tooth height of upper teeth and
between 36-39% of lower teeth.

Upper anterior teeth (i.e., GSA-V447.1,6-7, Fig. 5a—p)
are distinguished by their complete cutting edges,
whereas those of lower anterior teeth (i.e., GSA-V447.4,
Fig. 6a—d) do not reach the main cusp base. In profile
view, the upper anterior teeth have a more sigmoidal main
cusp compared to the lower anterior files. Additionally,
the lateral cusplets on upper anterior teeth are lingually
curved but those on the lower anterior teeth have a slight
distal inclination. With respect to the tooth root, that of
the upper anterior teeth has shorter and more divergent
lobes compared to lower anterior teeth, and the interlobe
area is resultantly more widely U-shaped on the upper
anterior teeth. Furthermore, the root comprises 30-32%
of the total height of upper anterior teeth but is close to
40% on the lower anterior tooth GSA—V447.4 (Table 2).

The lower lateral teeth are easily differentiated from
upper lateral teeth by their narrower and nearly vertical
main cusp with relatively flat labial face. In contrast, the
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Figure 7. Palaeohypotodus bizzocoi sp. nov. referred specimens. a—d. MSC 49451, upper left lateral tooth, lower Clayton Formation,
Wilcox County, AL; a. Labial view; b. Lingual view; c. Mesial view; d. Basal view. e-h. MMNS VP-8578, upper right lateral tooth, bas-
al Clayton Formation, Hot Spring County, AR; e. Basal view; f. Labial view; g. Lingual view; h. Mesial view. i-|. MMNS VP-7292 3,
upper right lateral tooth, Pine Barren Member of the Clayton Formation, Lowndes County, AL; i. Labial view; j. Lingual view; k. Mesial
view; |. Basal view. m—p. MSC 42733, upper left lateral tooth, Pine Barren Member of the Clayton Formation, Lowndes County, AL; m.
Basal view; n. Labial view; 0. Lingual view; p. Mesial view. g—t. MSC 3020, lower left anterior tooth, lower Clayton Formation, Wilcox
County, AL; q. Labial view; r. Lingual view; S. Mesial view; t. Basal view. u—y. MMNS VP-7295.3, upper right posterior tooth, Pine
Barren Member of the Clayton Formation, Lowndes County, AL; u. Close-up of labial crown ornamentation; v. Labial view; w. Lingual
view; X. Mesial view; y. Basal view. z—cc. MSC 49452, upper left 3" anterior tooth, Porters Creek Formation, Butler County, AL; z.

Basal view; aa. Labial view; bb. Lingual view; cc. Mesial view. Scale bars: 1 cm (a-h, g—t, z—cc); 5 mm (i—p, v-y).

upper lateral teeth are conspicuously distally inclined
to strongly distally hooked, and the labial crown face is
more convex. In addition, the mesial and distal cutting
edges of the main cusp on lower lateral teeth are incom-
plete, whereas they extend to the lateral cusplets on the
upper lateral teeth. The main cusp of lower lateral teeth
is also slightly curved lingually near the apex, whereas
upper lateral teeth have a straighter lingual crown face.
Furthermore, the lateral cusplets of lower lateral teeth
have a slight distal inclination, whereas those of the upper
teeth are distally curved. Moreover, the lateral teeth have
a deeper interlobe area due to more elongated but less
divergent root lobes compared to the upper lateral teeth.
Lastly, the root height of the only complete lower lateral
tooth in our sample (GSA—V447.5) constitutes 36.4% of
the total tooth height, which far exceeds that on any of the
upper lateral teeth (only 26.9% to 28.9%; see Table 2).
Ontogenetic heterodonty. The 17 teeth included
with GSA-V447 were derived from the Danian Porters
Creek Formation in Wilcox County, AL. No additional
P. bizzocoi sp. nov. specimens are known from the type
locality, but the collections at MSC and the MMNS
include 17 isolated teeth collected from Alabama and
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Arkansas, USA (see Referred specimens above) that
we associate with this new species. One of these teeth
(MSC 49452) was collected from the type stratum (albeit
from a different locality), whereas the other 16 teeth were
derived from lithostratigraphic units that are temporally
equivalent to the Porters Creek Formation. Two speci-
mens in particular, MSC 49451 and MMNS VP-8578,
are morphologically, qualitatively, and quantitatively
comparable to teeth within GSA—-V447. Specifically,
MSC 49451 (Fig. 7a—d) is an upper left lateral tooth that
is nearly indistinguishable from the P. bizzocoi sp. nov.
paratype tooth GSA-V447.3 (Fig. Scc—f) in terms of size
and gross morphology (see Tables 2, 3). In addition, spec-
imen MMNS VP-8578 (Fig. 7e—h), an upper right lateral
tooth, is nearly identical in all respects to P. bizzocoi
sp. nov. paratype tooth GSA-V447.2 (Fig. S5y-bb). The
morphological similarity of the 17 isolated teeth to those
included with GSA—V447 leads us to conclude that they
represent P. bizzocoi sp. nov. and that they reflect intra-
specific (ontogenetic) variation within the species.

Ten of the additional 17 isolated teeth referred to P.
bizzocoi sp. nov. are complete and could be described
in their entirety and measured, allowing us to directly
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Table 3. Measurements, ratios, and observations of Palaeohypotodus bizzocoi sp. nov. teeth. Teeth are organized by tooth group and
increasing TH. Column abbreviations: #DC. Number of distal cusplets. DIA. Depth of the interlobe area. H/W Rat. Height/width ratio;
LOP. Labial ornamentation present and the nature of the ornamentation; #MC. Number of mesial cusplets; MCH. Main cusp height;
%MCH. The percentage of the main cusp height in relation to the total tooth height; MCT. Main cusp thickness; MCW. Main cusp
width; RH. Root height; %0RH. The percentage of the root height in relation to the total tooth height; RT. Maximum root thickness; RW.
Root width; TH. Total height. N/A. Measurement, ratio, or observation could not be taken due to the incomplete preservation of the tooth.

TH TW H/WRat MCH %MCH RH 9%RH MCW MCT DIA RT #MC #DC LOP
Upper anterior teeth
MSC 49452 23.79 15.87 1.5 1829 769 55 23,1 834 457 491 554 2 2 Faint across base
MSC 42738 2455 1379 1.78 18.13 738 642 262 839 529 599 6.86 1 N/A Faintacross base
GSA-V447.7 28.87 19.97 144 19.63 679 924 32.1 11.18 528 628 812 1 1  Faint across base
GSA-V447.1 (holotype) 29.11 19.08 1.52 1998 68.6 9.13 314 11.19 524 7.18 89 1 1  Faint across base
GSA-V447.6 29.16 18.84 1.55 2039 699 877 30.1 1053 514 67 863 1 1  Faint across base
Upper lateral teeth
MMNS VP-7292.3 10.06 9.02 1.12 789 784 217 216 386 188 27 3.01 3 3 Faint across base
MMNS VP-7292.4 10.67 9.25 1.15 829 777 238 223 461 191 276 3.02 3 3 Faint across base
MSC 42733 12.75 11.21  1.13 1039 815 236 185 498 249 333 366 2 2 Faint across base
MMNS VP-7292.2 12.76 1042  1.22 9.43 739 333 261 478 249 406 378 3 3 Faint across base
GSA-V447.10 15.59 13.33  1.17 114 731 419 269 86 358 378 4838 1 1  Faint across base
GSA-V447.3 (paratype) 19.51 16.94 1.15 1439 737 512 263 952 405 497 591 2 2 Faint across base
MSC 49451 205 17.82  1.15 1538 75 512 25 977 432 557 599 2 2 Faint across base
GSA-V447.8 20.09 14.54  1.01 146 726 549 274 734 395 502 6.1 2 2 Faint across base
MMNS VP-8578 22.01 18.89 1.17 16.16 734 584 26.6 1023 4.01 624 7.09 2 2 Faint across base
GSA-V447.2 (paratype) 23.93 19.81  1.21 17.03  71.1 69 289 1129 4.64 535 691 2 2 Faint across base
Lower anterior teeth
GSA-V447 .4 (paratype) 32.63 17.28 1.89 1886 609 12.73 39.1 9.67 5.08 1048 8.65 1 1 N/A
MSC 3020 37.67 22.01 1.71 2474 657 1293 343 1192 729 11.16 1065 1 1  Faint across base
Lower lateral teeth
MMNS VP-7311 21.24 1453 146 1481 69.7 643 303 9.01 506 528 636 1 2 Faint across base
GSA-VP447.5 (paratype) 27.06 15.53  1.74 146 63.6 983 364 745 407 72 629 1 2 N/A

compare them to the teeth of GSA-V447. One of the
referred specimens was identified as a posterior tooth (see
below) and was excluded from our quantitative analysis
due to its atypical morphology.

Our quantitative evaluation of the total tooth sample
of P. bizzocoi sp. nov. revealed several morphological
trends that we interpret to represent ontogenetic hetero-
donty within the species. Table 3 lists all the complete
teeth according to tooth group (i.e., upper and lower
anterior and upper and lower lateral) and are presented
by ascending order of total tooth height (TH). Our data
shows that the teeth associated with GSA-V447 are
among the largest in our sample, indicating these spec-
imens likely represent adult individuals (or a single
adult individual). Interestingly, specimen MSC 3020
(Fig. 7g-t), a lower anterior tooth, has a TH over 5 mm
greater than the largest lower anterior tooth associated
with GSA-V447 (paratype tooth GSA-V447.4), indi-
cating that this species could achieve even larger sizes
than indicated by the type specimens.

One morphological trend that is evident in Table 3 is the
ontogenetic reduction in the number of lateral cusplets on
upper teeth. Of the upper anterior teeth in our sample, all
the specimens with a TH less than 24 mm have two pairs
of lateral cusplets, whereas those with a TH greater than
24 mm only have a single pair. Additionally, the number of
lateral cusplets on the upper lateral teeth ranges from one
to three pairs, but the occurrence of three pairs is limited
to teeth with a TH of 13 mm or less. In contrast, all upper

lateral teeth that exceed 15 mm in TH have a maximum of
two lateral cusplet pairs. Similarly, the number of lateral
cusplets on each side of the main cusp on lower anterior
and lateral teeth also does not exceed two, with most spec-
imens having a single pair regardless of tooth size. We
observed that the mesial and distal cusplets on teeth of both
the palatoquadrate and Meckel’s cartilage can be unequal
in number (Tables 2, 3), particularly on lateral teeth.

Our data shows a general trend across all tooth groups
of both the palatoquadrate and Meckel’s cartilage that,
as the TH of a tooth increases, the total width (TW),
main cusp height (MCH), main cusp width (MCW), root
height (RT), root thickness (RT), and depth of the inter-
lobe area (DIA) also increases (see Table 3). These trends
reflect ontogenetic change from small and gracile teeth in
juvenile stages to large and robust teeth into adulthood.
Interestingly, when the ratio of the root to overall tooth
height is calculated (%RH) and then compared to that of
the main cusp (%MCH), these values show an inverse
relationship through ontogeny. As the shark matures the
%RH increases and the %MCH decreases, which is a
result of an increase in the length of the mesial and distal
root lobes through ontogeny. This is also reflected in the
DIA (i.e., depth of the interlobe area), which increases
(deepens) as the root lobes become elongated (Table 3).
Although subtle changes are evident across ontogeny
based on the aforementioned values, the height/width
ratios (H/W) remain relatively constant. This indicates
that juvenile teeth, at least in terms of H/W ratios, are
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essentially smaller versions of the larger teeth, with any
differences in the values likely being a result of different
tooth files within a particular tooth group (for example, a
lower second versus lower third anterior).

Additional tooth files. In addition to elucidating onto-
genetic heterodonty, the sample of 17 isolated P. bizzocoi
sp. nov. teeth increases our understanding of monognathic
and dignathic heterodonty within the species. Included in
the sample are two tooth positions that are not represented
amongst the teeth associated with GSA—V447. One of these
teeth, MSC 49452 (Fig. 7z—cc), has a tall and triangular
main cusp, two pairs of lingually curved lateral cusplets,
complete mesial and distal cutting edges, plications along
the labial crown base, a pronounced lingual root protuber-
ance with nutritive groove, and a deep U-shaped interlobe
area, which are all characteristics of P. bizzocoi sp. nov.
anterior teeth. However, this tooth also has an elongated
and mesially extended mesial root lobe, and the distal edge
of the main cusp is more convex than the mesial edge,
giving the main cusp a slight mesial curve (as opposed
to distally inclined or hooked). Of the extant lamniform
dentitions we examined, these unique characteristics are
remarkably similar to those of the upper third anterior
teeth of Carcharias taurus and Mitsukurina owstoni.

Specimen MMNS VP-7295.4 is herein regarded as an
upper posterior tooth of P. bizzocoi sp. nov. (Fig. 7u-y).
This tooth is very small and measures 5.4 mmin TH and 6.4
mm in RW. The tooth has a short and distally hooked main
cusp and although the lateral cusplets are not preserved
on this tooth, it appears to have had at least one pair. The
mesial and distal cutting edges are complete and extend to
the base of the lateral cusplets. The root is robust and, in
lingual view, the height of the root (3.8 mm) is more than
twice the height of the crown (1.6 mm). The root lobes are
short, rounded, divergent, and form a wide and U-shaped
interlobe area. The lingual face of the root is bisected
by a deep nutritive groove. Perhaps the most conspic-
uous feature of this tooth is the extensive ornamentation
along the labial crown foot, where enameloid plications
coalesce into spine-like structures. Similar ornamentation
has been reported on posterolateral and posterior teeth of
Palaeohypotodus rutoti (see Herman 1972, pl. 2, figs 1-3,
5; Herman 1977, pl. 10, fig. 3e; Cappetta 2012, fig. 192h—
j), and this specific characteristic was noted by Leriche
(1902, 1906) and Herman (1972, 1977). This phenom-
enon indicates a degree of dental homology and stasis
between the temporally younger P. rutoti and the Danian
P. bizzocoi sp. nov.

Discussion

Generic assignment of GSA-V447

Palaeohypotodus was previously comprised of three valid
species, including Cretaceous P. bronni (Agassiz, 1843)
and Paleogene P. rutoti (Winkler, 1874) and P. volgensis
Zhelezko & Kozlov, 1999. Multiple other species have
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been named, like Palaeohypotodus houzeaui (Woodward,
1891) and P. lerichei Gliickman, 1964, but these (and some
other) taxa were subsequently synonymized with P. rutoti
(Cappetta & Nolf, 2005). Still other species, including
P. speyeri (Darteville & Casier, 1943) and P. striatula
(Dalinkevicius, 1935), have been referred to other genera
(see Cappetta 2012). Several morphological features
have been utilized to identify teeth of Palaeohypotodus,
including; the variable occurrence of one to three pairs of
lateral cusplets; upper lateral teeth having a strongly distally
inclined to hooked main cusp; upper and lower anterior
teeth with tall, triangular and generally symmetrical main
cusp; lower lateral teeth with a tall and relatively erect
main cusp; upper teeth with complete mesial and distal
cutting edges; lower teeth with incomplete cutting edges; a
pronounced lingual root protuberance with nutritive groove;
and a U-shaped interlobe area. Although many of these
features are present on teeth of other taxa, like Jaekelotodus
Gliickman, 1964 and Odontaspis winkleri Leriche, 1905,
all teeth assigned to Palaeohypotodus bear plications across
the labial crown foot (particularly on lateral and posterior
teeth). Additionally, upper and lower anterior teeth of
Jaekelotodus have complete cutting edges, and all those
of O. winkleri have incomplete edges. The teeth included
with GSA-V447 all exhibit these characteristics, and their
assignment to Palaeohypotodus is appropriate.

Of the recognized species, Palaeohypotodus rutoti
(Winkler, 1874) is the one most often reported in the
literature. This species would seem to have a rather long
temporal distribution, being variously reported from
Danian to Priabonian (late Eocene) strata, as well as an
extensive geographic distribution (see Cappetta 2012;
Kriwet et al. 2016). Although P. bronni (Agassiz, 1843)
is predominantly known from the Maastrichtian (Late
Cretaceous) of Europe, at least two reports suggest this
species may have survived the K/Pg extinction event into
the Paleocene (see Leriche 1906; Adolfssen and Ward
2015). To our knowledge, P. volgensis has not been iden-
tified beyond the type discussion (Zhelezko and Kozlov
1999). Many of the identifications to these species appear
to be tentative at best and we believe that these occur-
rences need further evaluation. Although such a thorough
reassessment of Palaeohypotodus is beyond the scope of
this paper, we present a limited discussion of the morpho-
logical criteria that have been used to identify these species
so they can be adequately compared to P. bizzocoi sp. nov.

Palaeohypotodus bronni (Agassiz, 1843)

This taxon was originally named by Agassiz (1843)
based on two teeth collected from Upper Cretaceous
(Maastrichtian) deposits in the Mount St. Peter area in
Maastricht, Netherlands (pl. 37, figs 8-9), and a third
tooth from an unspecified unit in Delaware, USA (fig. 10).
Only the outline of the Delaware specimen was provided,
and it is difficult to evaluate due to the lack of details.
Also, considering that the tooth was collected from a
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different continent and the age of the source stratum is
unknown, we suggest it be excluded from Agassiz’s
(1843) P. bronni type suite. Based on our interpretation
of the dentition of P. bizzocoi sp. nov., the two teeth from
Maastricht appear to be from the lower dentition, with
that shown in Agassiz’s (1843) figure 8 representing a
lower lateral tooth and the one in figure 9 likely being a
lower anterior tooth. Agassiz’s (1843) brief description
of these teeth stated that they have a symmetrical main
cusp, two pairs of lateral cusplets, and plications along
the labial crown foot. Unfortunately, these two teeth are
embedded in limestone and only the labial face is visible.

Fortunately, additional P. bronni specimens from the
vicinity of the type locality were subsequently reported by
Preim (1897, pl. 1, figs 11-14), Van de Geyn (1937, figs
117-123), Herman (1977, pl. 10, fig. 2a—f), and Cappetta
and Corral (1999, fig. 4). Additionally, we examined three
teeth from Maastrichtian deposits exposed at the ENCI
Quarry in Limburg, Netherlands (MMNS VP-9616,
MMNS VP-10577.1-2). This assortment of teeth allows
us to gain a better understanding of the dental variation
within this species, as it includes anterior and lateral tooth
groups from both the palatoquadrate and Meckel’s carti-
lage (see Table 4). Critical examination of these teeth
demonstrated that they are morphologically similar to
one another by their having a triangular main cusp that
is erect in the anterior and lower lateral files but distally
hooked in the upper lateral files, labial plications occur
along the crown foot, one to two pairs of lateral cusplets
(with the larger pair being positioned closer to the main
cusp), a robust root with a pronounced lingual protu-
berance and nutritive groove, and a relatively deep and
U-shaped interlobe area.

Table 4. Comparison of the DIA% between Palaeohypotodus bi-
2z0coi sp. nov., P. bronni, and P. rutoti. DIA%. Ratio of the depth
of the interlobe area in relation to the overall height of the tooth.

Palaeohypotodus bizzocoi sp. nov.

Source Tooth Position DIA%
MSC 49452 Upper 3" anterior tooth ~ 0.21
MSC 43738 Upper anterior tooth 0.24

MMNS VP-7311
MMNS VP-7292.3
MMNS VP-7292 .4

Lower right lateral tooth ~ 0.25
Upper left lateral tooth ~ 0.25
Upper right lateral tooth  0.26

MSC 42733 Upper right lateral tooth  0.26
MSC 49451 Upper left lateral tooth ~ 0.27
MMNS VP-8578 Upper right lateral tooth ~ 0.28
MSC 3020 Lower left anterior tooth 0.3

GSA-VP447.2 (paratype) Upper lateral tooth 0.31
GSA-VP447.7 Upper anterior tooth 0.32

MMNS VP-7292.2
GSA-VP447.10

Upper right lateral tooth ~ 0.32
Upper lateral tooth 0.33

Palaeohypotodus bronni

Source Tooth Position DIA%
MMNS VP-10557.1 Upper lateral tooth 0.16
Van de Geyn (1937) fig. 118 Upper 3" anterior tooth ~ 0.17
Van de Geyn (1937) fig. 121 Upper anterior tooth 0.17
Herman 1977, pl. 10, fig. 2a Upper anterior tooth 0.18
Van de Geyn (1937) fig. 120 Lower anterior tooth 0.18
Herman 1977, pl. 10, fig. 2d Upper lateral tooth 0.19
Agassiz 1843, pl. 37, fig. 8 Lower lateral tooth 0.19
Herman 1977, pl. 10, fig. 2f Lower lateral tooth 0.19
Preim 1897 pl. 1, fig. 13 Upper anterior tooth 0.19
Preim 1897 pl. 1, fig. 11 Upper lateral tooth 0.2
Agassiz 1843, pl. 37, fig. 9 Upper anterior tooth 0.21
Cappetta and Corral 1999, fig. 4 Upper anterior tooth 0.21
Preim 1897 pl. 1, fig. 14 Upper anterior tooth 0.21
Herman 1977, pl. 10, fig. 2¢ Upper anterior tooth 0.21
Van de Geyn (1937) fig. 123 Upper anterior tooth 0.21
MMNS VP-9616 Upper lateral tooth 0.22
Van de Geyn (1937) fig. 117 Lower anterior tooth 0.22
Van de Geyn (1937) fig. 119 Upper lateral tooth 0.23
Herman 1977, pl. 10, fig. 2b Lower anterior tooth 0.24
Herman 1977, pl. 10, fig. 2e Upper lateral tooth 0.27
Mean 0.2
Palaeohypotodus rutoti
Source Tooth Position DIA%
Casier 1942, pl. 1, fig. 6 Upper lateral tooth 0.14
Casier 1942, pl. 1, fig. 5 Upper lateral tooth 0.17
Leriche 1951, pl. 42, fig. 8 Upper anterior tooth 0.18
Leriche 1951, pl. 42, fig. 10 Lower anterior tooth 0.19
Leriche 1951, pl. 42, fig. 9 Lower 1% anterior? Tooth 0.2
Herman 1977 pl. 10, fig. 3a Upper anterior tooth 0.21
Herman 1977 pl. 10, fig. 3d Upper posterolateral tooth  0.21
Vincent 1876, pl. 6, fig. 1c Lower anterior tooth 0.21
Casier 1942, pl. 1, fig. 2 Upper 3" anterior tooth ~ 0.21
Casier 1942, pl. 1, fig. 1 Upper anterior tooth 0.24
Casier 1942, pl. 1, fig. 9 Lower anterior tooth 0.24
Herman 1972, pl. 2, fig. 5 Upper posterolateral 0.24
Herman 1977 pl. 10, fig. 3¢ Upper lateral tooth 0.25
Herman 1977 pl. 10, fig. 3e Upper posterolateral tooth  0.25
Casier 1942, pl. 1, fig. 11 Lower lateral tooth 0.25
Leriche 1951, pl. 42, fig. 11 Lower lateral tooth 0.26
Casier 1942, pl. 1, fig. 12 Lower lateral tooth 0.26
Leriche 1902, pl. 1, fig. 37 Upper anterior tooth 0.26
Leriche 1902, pl. 1, fig. 38 Lower anterior tooth 0.26
Cappetta 2012, fig. 192¢ Upper 3" anterior tooth ~ 0.26
Herman 1977 pl. 10, fig. 3b Lower anterior tooth 0.28
Vincent 1876, pl. 6, fig. 1d Upper anterior tooth 0.28
Casier 1942, pl. 1, fig. 10 Lower anterior tooth 0.28
Leriche 1902, pl. 1, fig. 39 Upper lateral tooth 0.28
Vincent 1876, pl. 6, fig. la Upper anterior tooth 0.29
Casier 1950, pl. 2, fig. 1 Lower anterior tooth 0.3
Vincent 1876, pl. 6, fig. 1b Upper anterolateral tooth  0.34
Mean 0.24

GSA-VP447.6 Upper anterior tooth 0.33
GSA-VP447.8 Upper lateral tooth 0.34
GSA-VP447.3 (paratype) Upper lateral tooth 0.35
GSA-VP447.1 (holotype) Upper anterior tooth 0.36
GSA-VP447.5 (paratype) Lower lateral tooth 0.42
GSA-VP447.4 (paratype) Lower anterior tooth 0.53

Mean 0.31

The historical descriptions of P. bronni teeth support
our observations. For example, Giebel (1848) reiterated
that the teeth had one or two pairs of lateral cusplets.
Sauvage (1898) also noted the presence of two lateral
cusplets on P. bronni teeth and he mentioned that
Cretaceous specimens from Portugal have conspic-
uous plications at the labial crown foot. Leriche (1902)
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described the teeth as having two pairs of lateral cusplets,
with the second pair smaller, and noted that labial folds
were small and obsolete on Paleocene specimens he
examined (suggesting these latter specimens need to be
reevaluated as they may not belong to this genus). From
these descriptions, it seems clear that Late Cretaceous
teeth from Europe assigned to P. bronni have two pairs of
lateral cusplets, with the second pair being smaller than
the first. Adolfssen and Ward (2015) tentatively reported
a Danian record of this taxon, but they specifically noted
that the material lacked labial ornamentation and only
had a single pair of lateral cusplets. These differences
indicate that Paleogene records of P. bronni need to be
reevaluated, as they may not belong to this genus.

The P. bronni teeth we examined are morphologically
very similar to those of P. bizzocoi sp. nov., but several
distinct features distinguish the two species. Adult teeth
of P. bronni generally have two pairs of rather wide lateral
cusplets, whereas P. bizzocoi sp. nov. teeth typically have
a single pair of relatively narrow cusplets. Overall, teeth
of P. bizzocoi sp. nov. have one to three pairs of cusplets
(adults generally with one pair and juveniles with one to
three pairs) that, compared to P. bronni, are much shorter,
narrower, more needle-like, and diminutive with respect
to the size of the main cusp. In addition, the secondary
cusplets (i.e., the more labial pair) on P. bronni teeth are
much larger than those that occur on any P. bizzocoi sp.
nov. teeth, where on the latter they are generally minute and
are largely united to the larger medial cusplet (while they
are more clearly separated on P. bronni). Furthermore, the
root lobes of P. bronni teeth are much more robust than
those of P. bizzocoi sp. nov. On the latter, the root lobes
are thin and have consistent width across their length,
whereas they widen towards the crown base on P. bronni
teeth. Lastly, the root lobes are significantly longer on P.
bizzocoi sp. nov. teeth, resulting in a much deeper inter-
lobe area. This is readily apparent in Table 4, which shows
the depth of the interlobe area of P. bizzocoi sp. nov. teeth
consistently constitutes roughly 25-50% (mean = 31%)
of the overall tooth height. This value rarely exceeds 23%
on P. bronni teeth (mean = 20%). Although we identi-
fied the depth of the interlobe area as a characteristic that
increases through ontogeny on P. bizzocoi sp. nov. teeth,
many of the P. bronni teeth figured in the literature appear
to approach and even exceed the size of the largest P.
bizzocoi sp. nov. teeth in our sample. This indicates that
the extremely elongated root lobes and deep interlobe area
are characteristic of P. bizzocoi sp. nov. teeth.

Interestingly, Van de Geyn (1937, fig. 118) illustrated a
distinct upper anterior tooth with an elongated mesial root
lobe and a main cusp that has a distal cutting edge that is
more convex than the mesial edge. This tooth is morpho-
logically very similar to the upper third anterior teeth
within extant lamniform taxa like Carcharias taurus and
Mitsukurina owstoni and is comparable to an upper third
anterior tooth of P. bizzocoi sp. nov. we identified in our
sample (MSC 49452, Fig. 7z—cc). A comparison of these
teeth clearly illustrates the morphological differences
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between these two species, as the P. bronni tooth figured
by Van de Geyn (1937, fig. 118) has root lobes that are
wider, the interlobe area is shallower and more V-shaped,
and the lateral cusplets are wider, more triangular, and
more divergent compared to P. bizzocoi sp. nov.

Palaeohypotodus rutoti (Winkler, 1874)

This taxon was named for two teeth (IRSNB P 123
and IRSNB P 124) derived from the Selandian (middle
Paleocene) Orp Member of the Heers Formation in
Orp-le-Grand (Maret), Belgium (Hovestadt and Steurbaut
2023). Winkler (1874, pl. 1, figs 3—4) illustrated only
the lingual view of these two teeth, but Hovestadt and
Steurbaut (2023, p. 51) provided high-resolution images
of these specimens in labial, lingual, and mesial views.
These images show that the type specimens have a
distally hooked main cusp, which is indicative of upper
lateral teeth. These teeth have two to three pairs of tall
and triangular lateral cusplets that are divergent and well
separated from one another and from the main cusp.
Faint plications occur along the labial crown base on both
teeth. Unfortunately, the roots on both type specimens are
incomplete, with only the distal lobe preserved on IRSNB
P 123 and both lobes are missing from IRSNB P 124.
Because the P. rutoti type specimens represent only the
upper lateral tooth morphology, we expanded our inves-
tigation into dental variation in this species by examining
published descriptions and illustrations of specimens
derived from, or close to, the type locality.

In his type description, Winkler (1874) noted that the
teeth have a distally curved main cusp, ‘creases’ along the
labial crown base, and two to three pairs of cusplets that
decrease in size laterally and are well-delineated from one
another. Leriche (1902) described Selandian P. rutoti (pl.
1, figs 37-40) teeth as having two or three pairs of slender,
sharply pointed lateral cusplets, with the first pair being
quite large, and the labial crown foot having numerous
short, very closely spaced vertical plications that produced
an unbroken line of sharp spines. Vincent (1876) provided
a similar description of teeth with a straight to distally
curved main cusp, at least one pair of lateral cusplets on
anterior teeth and additional pairs on lateral teeth, and
small enameloid folds along the base of the labial face.
Casier (1942) provided the most thorough description
of P. rutoti from the Selandian of Belgium based on an
associated skeleton consisting of 31 teeth, 58 vertebrae,
and three pieces of cartilage that were likely derived
from the Meckel’s cartilage or palatoquadrate. Casier
(1942) described the teeth as having a slender crown
with conspicuous labial folds at the crown base that were
“spiniform” apically. He also noted that the teeth had two
to three pairs of distinctly separated and lingually angled
lateral cusplets (with most having three pairs), and a robust
lingual protuberance. Casier’s (1942) associated spec-
imen included teeth from both the upper and lower jaws,
with those in the lower files being described as having a
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straighter main cusp. The similarity of these descriptions
indicates that Selandian P. rutoti from Belgium generally
includes: 1) anterior and lower teeth with an erect main
cusp; 2) upper lateral teeth with a distally hooked main
cusp; 3) teeth with two to three pairs of lateral cusplets; 4)
enameloid folds (and at times forming spinose ornamen-
tation) along the labial crown base.

When the previously figured Selandian P. rutoti teeth
from Belgium (i.e., Winkler 1874, pl. 6, figs 3—4; Vincent
1876, pl. 6, fig. 1; Leriche 1902, pl. 1, figs 37-44; Casier
1942, pl. 1, figs 1-12; Casier 1950, pl. 2, fig. 1; Leriche
1951, pl. 42, figs 8—11; Herman 1972, pl. 2, figs 1-5;
Herman 1977, pl. 10, fig. 3; Cappetta 2012, fig. 192¢; and
Hovestadt and Steurbaut 2023, pg. 51) are compared to
those of P. bizzocoi sp. nov., several distinct differences
become apparent. First, P. rutoti teeth generally have two to
three pairs of lateral cusplets, with most having three pairs,
and at least one figured specimen appears to have four pairs
(see Vincent 1876, pl. 6, fig. 1a). On P. bizzocoi sp. nov.
teeth, the number of pairs of lateral cusplets rarely exceeds
two (with three pairs occurring only on small, presum-
ably juvenile, upper lateral teeth), with most teeth having
only a single pair. Second, the more medial pair of lateral
cusplets on P. rutoti teeth, particularly those on the type
specimens (see Winkler 1974, pl. 6, figs 3—4, Hovestadt
and Steurbaut 2023, pg. 51), are more robust and taller in
relation to the height of the main cusp than they are on
P. bizzocoi sp. nov. teeth. The lateral cusplets on P. rutoti
teeth are also more widely separated from one another than
they are on P. bizzocoi sp. nov., with the secondary pair
of cusplets on the latter being more closely united to the
base of the larger, more medial pair of cusplets. Lastly, the
root lobes are generally longer on P. bizzocoi sp. nov. teeth,
resulting in a deeper interlobe area than on P. rutoti speci-
mens. Table 4 shows the ratio of interlobe depth to overall
tooth height for P. bizzocoi sp. nov., P. bronni, and P. rutoti
for teeth examined first-hand or published in the literature.
On P. bizzocoi sp. nov. teeth, the depth of the interlobe
area constitutes 25-50% (mean = 31%) the overall tooth
height, whereas this value rarely exceeds 23% on P. bronni
teeth (mean = 20%). Although the ratio for P. rutoti teeth
ranges between 14-34%, which overlaps the low end of
that measured on P. bizzocoi sp. nov. teeth, they have a
significantly lower mean (mean = 24%).

Interestingly, both Casier (1942, pl. 1, fig. 2) and
Cappetta (2012, fig. 192e—f) illustrated P. rutoti upper
third anterior teeth that can be directly compared to spec-
imen MSC 49452 (Fig. 7z—cc), which is herein referred to
P. bizzocoi sp. nov. Although this tooth position in both taxa
has two pairs of lateral cusplets, on P. rutoti the outer pair
of cusplets is larger and more separated from the medial
pair of cusplets than it is on MSC 49452. In contrast, the
outer pair of cusplets on MSC 49452 is minute and mostly
united to the larger medial pair of cusplets. In addition, in
mesial and distal views, the lingual root protuberance on P.
rutoti teeth is substantially more developed, although this
may indicate that specimen MSC 49452 was derived from
a replacement row (where the root may be incompletely

developed) or the root shows some signs of erosion.
Nevertheless, the labial ornamentation is extremely faint
and visible only under magnification on MSC 49452.
However, it is visible but inconspicuous on the tooth
illustrated in Casier (1942) and is very pronounced on the
specimen illustrated by Cappetta (2012).

Palaeohypotodus volgensis Zhelezko in
Zhelezko & Kozlov, 1999

Existence of this taxon appears to be limited to the type
description, and we are unaware of other published
occurrences of this species. The type specimens were
derived from the Selandian “lower Saratov beds” exposed
along the Volga River near the town of Kamyshin in the
Volgograd Oblast of Russia. The type suite consists of a
holotype (GIK No. 8057/87) and three paratypes (GIK
No. 8057/88-91) that are reposited at the State Darwin
Museum in Moscow, Russia. The holotype is an upper
left lateral tooth (GIK No. 8057/87; Zhelezko and Kozlov
1999, pl. 1, fig. 5), and the paratypes consist of two upper
anterior teeth (pl. 1, fig. 1, 4), an upper lateral tooth (pl. 1,
fig. 2), and a lower anterior tooth (pl. 1, fig. 3). Zhelezko
and Kozlov (1999) also mentioned the presence of 100
additional teeth belonging to this taxon that were collected
from the type locality, but unfortunately none of these
specimens were figured and it is unclear whether they also
reside within the State Darwin Museum collections.

In their brief description of P. volgensis, Zhelezko
and Kozlov (1999) stated that the teeth have one to two
pairs of conical lateral cusplets, a pronounced lingual
root protuberance, pointed root lobes, a deep lingual
nutritive groove, and a tall and triangular main cusp. An
examination of their figured type specimens corroborates
these remarks and also confirms that the P. volgensis
morphology lacks enameloid plications along the labial
crown foot. We considered the possibility that this
characteristic was overlooked by the authors or simply
not described or visible on the type specimens (pl. 1,
figs 1-5), but Zhelezko and Kozlov (1999) prominently
mentioned the occurrence of plications in their descrip-
tion of P. rutoti, and they are clearly visible on some
of the P. rutoti teeth that they illustrated (pl. 36, figs
3b, 8b) alongside their P. volgensis specimens (pl. 36,
figs 12—-16). This leads us to believe that labial crown
ornamentation is indeed absent on P. volgensis teeth,
as the authors were clearly aware of this characteristic.
Furthermore, the conical lateral cusplets of P. volgensis
teeth as described by Zhelezko and Kozlov (1999) are
a difficult characteristic to evaluate based on the figures
they provided. However, their description, in combina-
tion with the lack of labial ornamentation, suggests that
the specimens require further evaluation because they
might not represent Palaeohypotodus.

If we consider P. volgensis a valid taxon, the figured
type specimens are considerably different from teeth of
P. bizzocoi sp. nov. Not only do P. volgensis teeth appear
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to lack labial plications along the crown base, but the
main cusp on the upper lateral teeth has a much wider
base than any of the upper lateral teeth of P. bizzocoi sp.
nov. In addition, P. volgensis lateral teeth have wider and
more triangular root lobes, and the root lobes are more
pointed on the anterior teeth. In contrast, the root lobes
on P. bizzocoi sp. nov. teeth are more even in width across
their length, and they almost always have rounded basal
extremities. Zhelezko and Kozlov (1999) also noted that
the root lobes on P. volgensis teeth transition from rounded
to flattened, whereas they are broadly rounded on all teeth
of P. bizzocoi sp. nov. Furthermore, Zhelezko and Kozlov
(1999) described the lateral cusplets on P. volgensis
teeth as conical, which could mean that cutting edges are
absent. If true, this feature provides additional evidence
that P. volgensis and P. bizzocoi sp. nov. are not conspe-
cific. Lastly, Zhelezko and Kozlov (1999, pl. 36, fig. 16¢)
showed an interesting characteristic on P. volgensis teeth
where, in apical view, the crown exhibits conspicuous
mesial and distal constrictions between the main cusp and
lateral cusplets. This subtle characteristic is absent on all
P. bizzocoi sp. nov. teeth.

Stratigraphic and geographic distribution of
Palaeohypotodus bizzocoi sp. nov.

Although not exhaustive, our review of Palaeohypotodus
has provided us with a number of morphological char-
acteristics that can be used to differentiate the various
species, as well as the means to determine the strati-
graphic and paleogeographic range of P. bizzocoi sp. nov.
The 34 P. bizzocoi sp. nov. teeth in our sample (i.e., 17
associated with GSA—V447 and 17 isolated teeth) were
collected from four counties in Alabama (Butler, Dallas,
Lowndes, and Wilcox counties) and one in Arkansas
(Hot Spring County). To determine whether the range of
P. bizzocoi sp. nov. extends beyond what our sample can
elucidate, we examined the published literature for other
Paleocene occurrences of Palaeohypotodus in Alabama,
the Gulf Coastal Plain, and elsewhere in the USA.

Of Alabama occurrences, White (1956), who was
later referenced by Thurmond and Jones (1981), reported
a tooth identified as Odontaspis cf. rutoti from the
Bartonian Gosport Sand in Clarke County, Alabama.
White (1956, p. 148) described this tooth as resem-
bling a lower posterolateral tooth of Otodus rutoti
(=Palaeohypotodus rutoti), but his assignment to the
species was tentative because the tooth appeared atyp-
ical when compared to those figured by Winkler (1874).
Although White (1956) mentioned the presence of fine
“puckering” along the labial crown base, he unfortunately
did not figure his specimen and we therefore could not
confirm its identity. However, no Palaeohypotodus spec-
imens were identified by Ebersole et al. (2019) during
their extensive study of lower-to-middle Eocene fishes of
Alabama, which included the examination of more than
6,000 teeth derived from the Gosport Sand. This leads
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us to believe that the tooth reported by White (1956),
and Thurmond and Jones (1981) was misidentified, and
the only confirmed occurrence of Palaeohypotodus in
Alabama is that of P. bizzocoi sp. nov. reported herein.

Within the Gulf Coastal Plain of the USA, Maisch
et al. (2020, figs 8f~m, 12m) figured nine teeth as
“Palaeohypotodus rutori [sic]” that were derived from the
lower Clayton Formation in Hot Spring County, Arkansas.
Of these teeth, the morphology of the teeth illustrated in
figs 8h—i and 12m appear better aligned with Odontaspis
rather than Palaeohypotodus, and those figured in fig. 8f,
j—n are not well enough preserved to be properly evalu-
ated. Furthermore, the posterior teeth figured in fig. 8j—n
have wider and fewer cusplets than those illustrated for
P. rutoti (see Herman 1972, pl. 2, figs 1-3, 5; Herman
1977, pl. 10, fig. 3e; Cappetta 2012, fig. 192h—j), and the
main cusp on the anterior tooth figured in 8f is too narrow
and gracile compared to the wide and robust main cusp
of typical Palaeohypotodus teeth. It is likely these teeth
belong to a genus, or genera, other than Palaeohypotodus.
However, one tooth having a robust main cusp and two
pairs of lateral cusplets was figured by these authors (fig.
8g) and morphologically it falls within the range of P.
bizzocoi sp. nov. The small size of this tooth (1.5 cm),
coupled with the extended mesial root lobe and double
pair of cusplets, suggests it is an upper third anterior tooth
of a juvenile P. bizzocoi sp. nov. individual. This tooth,
along with specimen MMNS VP-8578, demonstrates the
occurrence of this taxon in the Danian of Arkansas. As far
as we are aware, the Alabama and Arkansas occurrences
of Palaeohypotodus represent the only verified accounts
of this genus within the entirety of the Gulf Coastal Plain
of the USA.

Within Paleocene deposits from elsewhere in the USA,
Ward and Wiest (1990) included P. rutoti in their list of
elasmobranch taxa occurring in Maryland and Virgina.
The authors did not figure these specimens and we could
not confirm their identity. Cvancara and Hoganson (1993)
reported 13 teeth derived from the Danian Cannonball
Formation in North Dakota that they referred to P. rutoti.
They noted the teeth approach nearly 3 cm in height, have
two (sometimes three) pairs of large lateral cusplets, and
labial plications occur at the crown foot. The cusplets
were described as being “conical” but complete cutting
edges were clearly visible. In their discussion of the
material, Cvancara and Hoganson (1993) expressed their
opinion that teeth of P. bronni and P. rutoti were indis-
tinguishable and they therefore referred the Cannonball
Formation teeth to the latter taxon. However, the tooth
they illustrated (fig. 3mm-nn) which appears to be an
upper lateral tooth, has large, triangular lateral cusplets
and shallow interlobe area (19% the height of the tooth)
that morphologically falls outside of P. bizzocoi sp. nov.,
P. rutoti, and P. volgensis. The Cannonball Formation
material should be reevaluated using the criteria high-
lighted herein because the teeth would represent the
first verified occurrence of Palaeohypotodus in North
America and potentially a new species.
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Case (1996) referred 24 teeth derived from the Danian
part of the Hornerstown Formation in Monmouth County,
New Jersey to P. rutoti. He illustrated six of these teeth
(Case 1996, pl. 2, figs 1-06), all of which have extremely
straight, narrow, conical, and needle-like lateral cusplets.
The cusplets on some of these teeth (i.e., figs 2, 5, 6) are
rather tall with respect to the height of the main cusp
when compared to the teeth of Palaeohypotodus spp., and
these particular specimens are similar to those of extant
Odontaspis and likely belong to a Paleocene represen-
tative of this latter genus. Lastly, Purdy (1998) reported
Odontaspis rutoti from a temporally mixed Paleocene
locality in Berkley County, South Carolina. Unfortunately,
the precise stratigraphic provenience of his material
cannot be ascertained, as the entirety of the Williamsburg
Formation (Danian to Thanetian) was exposed. However,
as his figured specimens (fig. 3) possess lateral cusplets
that are taller and more robust than those of P. bizzocoi sp.
nov. and the interlobe area is shallower, referral of these
teeth to P. rutoti appears to be appropriate.

The temporal and stratigraphic occurrences noted above
establish that P. bizzocoi sp. nov. had a paleogeographic
range that extended across the northern Gulf Coastal Plain
of the USA, at least between Alabama and Arkansas.
Future work may yield additional records of the taxon in
other northern Gulf states, like Mississippi, Louisiana,
and eastern Texas. The occurrence of P. bizzocoi sp. nov.
is at present confined to three lithostratigraphic units
that all date to the Danian Stage (zones NP2-4) of the
Paleocene, including the lower Clayton Formation, Pine
Barren Member of the Clayton Formation, and the Porters
Creek Formation. The occurrence of this taxon within the
lowermost Danian units in Alabama and Arkansas (the
Pine Barren Member of the Clayton Formation and the
equivalent lower beds of the Clayton Formation, respec-
tively) establishes that this taxon was present in the Gulf
Coastal Plain of the USA shortly after the K/Pg extinc-
tion event. Furthermore, the absence of the species from
any Maastrichtian deposits in the region (see Ikejiri et al.
2013) indicates a first occurrence within the lower-most
Paleocene. Additionally, the occurrence of P. bizzocoi sp.
nov. within the upper Danian Porters Creek Formation
demonstrates that this species persisted within this region
throughout the entirety of the stage. The earliest strati-
graphic occurrence of this taxon is well-defined, but its
vertical stratigraphic extent is presently unknown due
to the lack of systematic vertebrate paleontology work
in local Selandian and Thanetian units like the Naheola
Formation, Nanafalia Formation, and Tuscahoma Sand.

Familial placement of Palaeohypotodus

When P. bronni and P. rutoti were originally named by
Agassiz (1843) and Winkler (1874), respectively, both
were assigned to the genus Otodus. Vincent (1876) later
contended that the rutoti morphology was similar to
teeth of extant Odontaspis and utilized this generic name

for the species. Although Daimeries (1888) followed
Vincent (1876) in the use of Odontaspis rutoti, he also
noted differences between these teeth and other species
assigned to the genus at the time, namely the presence
of labial vertical ridges and the greater number of lateral
cusplets on the former. A review of the historical literature
indicates that both the bronni and rutoti morphologies
were consistently placed within Odontaspis, and by
extension, within the family Odontaspididae, until
Gliickman (1964) erected the name Palaeohypotodus to
include these species. Aside from the occasional usage of
Odontaspis for these teeth (i.e., Purdy 1998), the rutoti
and bronni morphologies were predominantly assigned
to Palaeohypotodus, prompting Zhelezko and Kozlov
(1999) to assign their volgensis morphology to this genus.

In addition to placing the rutoti and bronni morphol-
ogies within Palaeohypotodus, Gliickman (1964) erected
the family Jaekelotodontidae to accommodate this genus
as well as Hypotodus, Jaekelotodus, and Anotodus.
Gliickman (1964) argued that a new family was warranted
for these genera because they all had one to three pairs
of lateral cusplets, mesiodistally expanded cusps on
the upper lateral teeth, elongated root lobes, and they
lacked the elongated anterior tooth morphology typical
of other members of the Odontaspididae. However, due
to dental similarities and the lack of lateral cusplets on
Anotodus, this taxon was subsequently reassigned to
the Alopiidae (Herman 1979; Cappetta 2012). Zhelezko
(1994) later expanded the Jaekelodontidae to include
Mennerotodus, but reconstructions of the dentition of the
genus (Cicimurri et al. 2020) show that this taxon is more
appropriately referred to the Carchariidae.

Although Gliickman (1964) erected the family
Jaekelotodontidae to include Palaeohypotodus, many
subsequent authors continued to place the genus within
Odontaspididae (i.e., Cappetta 1987; Cappetta and Nolf
2005; Iserbyt and De Schutter 2012). However, assign-
ment of the genus to Odontaspididae has recently become
problematical because of the reintroduction of the family
Carchariidae by Shimada et al. (2015) and Stone and
Shimada (2019). The latter authors used skeletal data
to conduct a phylogenetic analysis of extant “sandtiger”
sharks that ultimately corroborated paraphyly within
Odontaspididae, which classically included Odontaspis
and Carcharias taurus. The use of Carchariidae
is supported to include extant C. taurus, whereas
Odontaspididae contains only the genus Odontaspis.
Unfortunately, the application of these family names to
fossil species was not addressed by Stone and Shimada
(2019), and determining the familial placement of an
extinct species is tentative without the aid of associated
skeletal material, which is largely lacking for extinct taxa.
For example, the Cretaceous tooth morphology amonensis
was variously assigned to Odontaspis (Cappetta & Case,
1975) and Carcharias (Cicimurri, 2001), but discovery
of a partial skeleton allowed researchers to assign the
species to a new genus and determine that it belonged to
a new family, Haimrichiidae Vullo et al., 2016.
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Although the familial placement of Palaeohypotodus
has heretofore remained unresolved, it may be elucidated
when the suite of teeth we herein assign to P. bizzocoi
sp. nov., along with other Palaeohypotodus teeth reported
elsewhere in the literature, are taken into account. For
example, Van de Geyn (1937, fig. 118) and Casier (1942,
pl. 1, fig. 2) figured upper third anterior teeth for P. bronni
and P. rutoti, respectively, that are very similar to a tooth
we assign herein to P. bizzocoi sp. nov. (MSC 49452,
Fig. 7z—cc). All of these teeth have a distinct combina-
tion of an elongated mesial root lobe and a distal cutting
edge that is more convex than the mesial edge, which
compares more favorably to some teeth in dentitions of
extant C. taurus rather than Odontaspis ferox, suggesting
Palaeohypotodus is more closely allied with Carchariidae
than to Odontaspididae. However, the occurrence of up to
three pairs of lateral cusplets on Palaeohypotodus teeth
is more consistent with teeth of extant Odontaspis ferox
teeth (which can have one to three pairs), as opposed to
C. taurus teeth that generally have only a single pair.

Our comparison of P. bizzocoi sp. nov., P. bronni,
and P. rutoti teeth to those of extant lamniform sharks
revealed similarities between the fossil taxa and both
C. taurus and O. ferox. However, these extant taxa lack
both the mesiodistally wide and laterally hooked upper
lateral tooth morphology and enameloid plications
along the labial crown base, features that have been
regarded as characteristic of Palaeohypotodus (Herman
1977: 299). Furthermore, the distinct upper lateral tooth
crown morphology of Palaeohypotodus is comparable
to the condition of Hypotodus and Jaekelotodus (as is
the dentition as a whole), suggesting that these taxa are
likely closely related (as was suggested by Gliickman
1964). The teeth of Palaeohypotodus, Hypotodus, and
Jaekelotodus appear to exhibit a combination of features
occurring in both Carchariidae and Odontaspididae, and
there is no unequivocal modern familial analogue to
assign these genera. The dentition of Palaeohypotodus
spp. also appears to have a condition not present in extant
lamniforms, where the upper teeth have complete cutting
edges, whereas those in the lower files are incomplete.
This characteristic, along with the evidence stated for
the other genera indicates that teeth of Palaeohypotodus,
Hypotodus, and Jaekelotodus represent an extinct type
of lamniform dentition, and we find it appropriate to
assign these genera to their own family and herein follow
Glickman (1964) by utilizing Jaekelodontidae.

Conclusions

Our analysis of 34 shark teeth derived from lower Paleo-
cene (Danian) deposits in Alabama and Arkansas, USA,
has led to the discovery of a new species, Palaeohypotodus
bizzocoi, sp. nov. Along with two other previously
described members of this genus, P. bronni and P. rutoti,
these species are united by the occurrence of teeth with
one to three pairs of lateral cusplets, enameloid plications
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along the labial crown base, triangular and distally
curved crowns on upper lateral teeth, distinct upper third
lateral teeth with elongated mesial root lobe, pronounced
lingual root protuberance with deep nutritive groove, and
U-shaped interlobe area. A fourth species, P. volgensis, is
known only by the type specimens. However, the lack of
labial plications and the purported conical lateral cusplets
on this taxon suggest that it may belong to a different
genus. The tooth crowns of Palaeohypotodus, Hypotodus,
and Jaekelotodus are similar, and their dental arrange-
ments are comparable to one other, but also dissimilar to
those of any extant lamniform sharks. Thus, we resurrect
the family Jaekelodontidae Gliickman 1964 to accommo-
date these extinct genera.

Our diagnosis of P. bizzocoi sp. nov. was largely based
on comparisons with extant lamniform jaw sets and fossil
Palaeohypotodus specimens derived from, or near to, the
type localities for P. bronni, P. rutoti, and P. volgensis.
However, our analysis was restricted to these particular
occurrences and specimens reported from outside of the
type strata/localities should be reevaluated. Our anal-
ysis has shed new light on the dental morphology of
Palaeohypotodus and the various types of heterodonty
occurring within the genus (i.e., monognathic, dignathic,
ontogenetic), and future reexamination of reported
specimens will allow for a better understanding of the
stratigraphic and paleobiogeographic ranges of each of
the species. For example, P. rutoti has been reported from
various globally disparate localities (see Cappetta 2012)
from deposits ranging in age from the lower Paleocene
(Purdy 1998) to upper Eocene (Otero and Soto-Acufia
2015). It would seem unlikely that all of these occurrences
represent P. rutoti, and our recognition of P. bizzocoi
sp. nov. indicates a likelihood that the genus was more
diverse during the Paleogene than is currently recognized.
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Abstract

A new Darwin wasp species, Lithoserix oublieri sp. nov. is described and illustrated from the early Oligocene limestone formation
Calcaires de Campagne-Calavon in the Luberon Region, France. It represents the third species of this extinct genus, which was first
described from the late Eocene Florissant Formation in Colorado, US and later found in Aix-en-Provence, France, from the late
Oligocene. The taxonomic placement of this genus in the context of tribal classification is analysed and discussed, based on geo-
metric morphometrics of the fore and hind wing venation of fossil and extant Pimplinae species. The results suggest that Lithoserix
does not belong to the same group as the extinct genus Crusopimpla, but rather represents a more basal genus within Pimplini or

belongs to an extinct separate tribe, closely related to Pimplini.

Key Words

Calcaires de Campagne-Calavon Formation, compression fossils, Darwin wasps, fossil record, geometric morphometrics

Introduction

Pimplinae is a species-rich subfamily of Darwin wasps
that began to diversify in the Cretaceous (Kopylov 2009;
Kopylov et al. 2010; Spasojevic et al. 2021). Currently,
Pimplinae is regarded as paraphyletic (Spasojevic et al.
2021) and consists of four tribes. Pimplini, the tribe that
branches off first, is much older than the other pimpline
tribes and most other subfamilies in the informal group
Pimpliformes (except Diplazontinae). The other three
tribes group together, with Ephialtini branching off first,
resulting in Delomeristini and the recently resurrected
Theroniini being sister groups (Klopfstein et al. 2018).
Notably, while no extinct tribes exist in Pimplinae, there are
some extinct genera, such as Crusopimpla, which was first
described from the Tadushi Formation in Russia (Eocene)
(Kopylov et al. 2018) and later found in the Fur Formation
in Denmark (Eocene) (Klopfstein 2022). Another extinct

pimpline genus is Lithoserix, which was first described
from the late Eocene Florissant Formation in Colorado
(Brown 1986). It was originally placed in Siricidae, but
later moved to Ichneumonidae (Kasparyan and Rasnitsyn
1992). The second species of Lithoserix, L. antiquus
(Saussure, 1852), was found in Aix-en-Provence in
France (late Oligocene) and only transferred to the genus
recently (Spasojevic et al. 2022). Within Darwin wasps,
Lithoserix was initially placed in Ephialtini by Kasparyan
and Rasnitsyn (1992); however, this placement was ques-
tioned due to its resemblances to some Delomeristini and
Theroniini, as well as to Xanthopimpla (Spasojevic et al.
2022). Moreover, many important body characters are
not preserved in the Lithoserix fossils, making their tribal
placement even more difficult (Spasojevic et al. 2022).

In contrastto body characters, which often exhibit varying
degrees of preservation in compression fossils, wings and
their venation are often consistently well-preserved, making
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them an important character system for identifying fossils.
Moreover, recent studies have demonstrated that fore wing
characteristics can be used to distinguish different subfam-
ilies of Darwin wasps (Li et al. 2020; Meier et al. 2022;
Viertler et al. 2022). Within Pimplinae, some tribes are
known to possess specific hind wing vein characteristics,
such as the interception of the nervellus, which is clearly
above the middle in Pimplini, while in Ephialtini, it is often
around or below the middle (Gauld et al. 2002). However,
it can also be clearly above in quite a few Ephialtini such as
Dolichomitus, Ephialtes etc.

The newly-described fossil species is from the Calcaires
de Campagne-Calavon Formation in the Luberon Region
of south-eastern France. This formation is around 31-30
million years old (early Oligocene) and includes numerous
fossiliferous localities (Ducreux et al. 1985; Duhamel and
Louchart 2020; Coster and Legal 2021). Its sedimentary
deposits consist mostly of laminated limestones (Coster
and Legal 2021) and its paleoenvironment is considered a
quiet, calm and shallow lacustrine setting (Duhamel and
Louchart 2020). The formation is known for its rich fossil
finds, ranging from birds to fish, insects and plant remains
(Duhamel and Louchart 2020; Coster and Legal 2021).
Most fossil insects are Coleoptera and Diptera (Skartveit
and Nel 2017; Nel et al. 2023), while descriptions of
Darwin wasps from this location are rather scarce. There
is one major publication by Nicolas Théobald (1937),
providing an overview of insects in Oligocene forma-
tions of France, including two described Darwin wasps
(Pimpla aquensis Théobald, 1937 and P. anomalensis
Théobald, 1937) found in Céreste, a locality of Calcaires
de Campagne-Calavon. However, P. anomalensis prob-
ably does not belong to Pimplinae since the areolet seems
pentagonal, a feature not found in Pimplinae. Additionally,
P. aquensis is difficult to assign, but it appears to have a
rather petiolate or strongly tapering first tergite, which
would be uncommon in Pimplinae.

In this study, I describe and illustrate the third species
of the extinct genus Lithoserix. Based on a geometric
morphometric analysis of wing venation, including
extant and fossil species of the four pimpline tribes and
the unplaced fossil genus Crusopimpla, I discuss the
taxonomic placement of Lithoserix.

Materials and methods

Fossil material

The fossil specimen (PNRL-SIG-216, Signoret collection
of the Parc naturel régional du Luberon (PNRL)) is from
the Calcaires de Campagne-Calavon Formation. The
exact provenance of the locality is unknown.

Photos were taken with a Keyence VHX 600 camera
system with a magnification of 50-200. Measurements
were then taken with ImageJ (Abramoff et al. 2004). Using
different photos of the specimen as templates, I made inter-
pretative drawings of the fossil in Adobe Photoshop (ver.
25.1.0). Uncertainties of fossil structures are indicated
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by dotted lines. Terminology mainly follows Broad et al.
(2018), with the exception of the wing venation, which
follows Spasojevic et al. (2018). Tergites are abbreviated
as “T1”, “T2” etc. For the comparison of the fossil with
other taxa, I used identification keys and diagnostic char-
acters from several taxonomic treatments (Townes 1969;
Kasparyan and Rasnitsyn 1992; Spasojevic et al. 2022).

The colours of fossils may change due to preserva-
tion, requiring consistent patterns for clear interpretation.
Colour and colour pattern preservation in ichneumonid
fossils were evaluated before and remarkable consis-
tency was found in various holotypes and its paratypes,
as well as in parts and counterparts (Klopfstein 2022).
Unfortunately, the fossil specimen in this study has no
counterpart and there were no paratypes, which compli-
cates confirming colour alterations. Nevertheless, if the
new fossil species displays consistent colouration on both
body sides (e.g. right and left hind femur), the interpre-
tation is noted in the species description, but should be
treated with caution.

Geometric morphometrics

The landmark dataset of the fore wing encompasses 62
Pimplinae taxa from Viertler et al. (2022), representing
all four tribes with 49 of the 79 known genera, plus 10
fossil species. I added the wing venation of the two previ-
ously described Lithoserix species (see Suppl. material 1
for taxon list), plus of the new species described herein.
For the fore wing, 20 fixed landmarks are included in this
analysis (Fig. 1A). Viertler et al. (2022) used 21 fixed
landmarks, but the location of the first landmark is not
certain in the new fossil species and is removed here.
The dataset covers all four pimpline tribes, as well as the
extinct genera Crusopimpla and Lithoserix, which are
both not placed within a pimpline tribe. Each tribe and
each extinct genus are treated as a pimpline “group” in
the wing analyses, of which there are six in total.

A

Figure 1. Landmark sets of fore- and hind wing. A. Schematic
representation of a fore wing with 20 landmarks (grey circles)
and B. hind wing with ten landmarks (grey circles) placed on
the respective intersections of the veins. The black lines indicate
the veins, which connect the landmarks.
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As previously done in Viertler et al. (2022) for the
fore wings, the illustrations of the hind wing from
Townes (1969) were used to place ten fixed landmarks
(Fig. 1B) with the software tpsDig2 (Rohlf 2008). Four
Crusopimpla species (C. collina Klopfstein, 2022,
C. elongata Klopfstein, 2022, C. minuta Klopfstein, 2022
& C. rettigi Klopfstein, 2022), Theronia? nigriscutum
Klopfstein, 2022 and Lithoserix antiquus were excluded
from the hind-wing dataset, because some landmarks
could not be placed due to incomplete hind-wing pres-
ervation. Additionally, three taxa, Zatypota percontator
(Miiller, 1776), Sinarachna pallipes (Holmgren, 1980)
and Eriostethus rufus (Uchida, 1932), belonging to
Ephialtini, were removed from the hind-wing dataset
since their nervellus is not intercepted and, therefore, LM
5 and LM 9 could not be placed.

Differences in wing venation shape between the groups
were evaluated and possible affiliations of Lithoserix and
Crusopimpla to the four pimpline tribes investigated.
First, a generalised Procrustes analysis was performed
to scale, translate and rotate the landmark configurations
using the function gpagen from geomorph (Adams et al.
2022) in R studio (ver. 4.0.2, RStudio Team 2020). To
test how size and group affiliation interact with the wing
shape, a Procrustes regression for the hind and fore wings
was performed with procD.Im. This output was then used
in the function plotAllometry, where first the standardised
shape scores are calculated from the regression of shape
on centroid size and plotted against centroid size. Then
the same output is used to plot the predicted values of the
first principal component against centroid size, showing
the allometric trend per group (package geomorph,
Adams et al. (2022)). Additionally, the Procrustes shape
coordinates were used to perform a between-group
Principal Component Analysis (bgPCA), where the vari-
ation of the groups (four pimpline tribes, Crusopimpla,
and Lithoserix) was examined in a leaving-one-out
crossvalidation (10,000 permutations) with the function
groupPCA from the R package Morpho (Schlager 2017).

Further, a Canonical Variate Analysis (CVA) was
conducted using the function CVA from Morpho (Schlager
2017) to gain additional information for evaluation of
shape patterns (Renaud et al. 2015; Mennecart et al.
2020). The CVA was applied to the fore and hind wing to
visualise the maximised amongst-group variance relative
to the within group variance and to evaluate the similarity
of the two extinct genera to the extant pimpline tribes.

All data in connection with the geometric morpho-
metric analyses are provided in the Supplementary
materials (Suppl. materials 2, 3).

Results

Systematic palaeontology

Order Hymenoptera Linnaeus, 1758
Family Ichneumonidae Latreille, 1802
Subfamily Pimplinae Wesmael, 1845

Genus Lithoserix Brown, 1986

Lithoserix oublierus Viertler, sp. nov.
https://zoobank.org/2E1851F7-0BBF-49DF-8F4A-63CA367ECC28
Fig. 2

Type material. Holotype (PNRL-SIG-216, female, part,
no counterpart available).

Etymology. Oublierus - from the French word
“oublier” (forgotten) because the fossil was in the collec-
tion for a long time under the label “wasp” and was
overseen, until André Nel and Corentin Jouault saw the
wing venation and identified it as a Darwin wasp. The
name is dedicated to the possibly numerous Darwin wasp
fossils that are overlooked in natural history collections.

Type locality. South-eastern France, Calcaires de
Campagne-Calavon Formation (Rupelian, 31-30 Ma).

Systematic placement. Many characteristics indicate
that the fossil belongs to Pimplinae: the stout and short
T1 with a lateromedian carina present, a quadratic areolet
in the fore wing, 2m-cu slightly bowed outwards and two
bullae and a long 2R1 cell. Other strong arguments for
this subfamily are found in the hind wing: a long 1Rs
relatively to its short rs-m vein, as well as a nervellus that
is intercepted clearly above the middle. While the ovipos-
itor of this fossil is only weakly discernible, it appears to
project posteriorly from the metasoma, providing further
support for its placement in Pimplinae.

The fossil also shows some character combinations
that are rare in Pimplinae, but that are found in the extinct
genus Lithoserix: its rather extensive propodeum carina-
tion, the fore wing with an almost triangular areolet, a
long 1Rs + M and a sinusoidal 4Rs vein, together with the
lateromedian carina on T1 reaching to the posterior end.

Diagnosis. There are currently two Lithoserix species
described, which are both preserved from the dorsal side,
while the new species is preserved more laterally. The new
fossil specimen differs from both Lithoserix by having
the vein lcu-a strongly postfurcal, with 1Cu about 3—4x
longer than its width, having 3Cu much longer with twice
the length of 2cu-a, 1Rs much longer than vein rs-m in
the hind wing and by its narrower hind femurs (Table 1).

Additionally, the new fossil specimen differs from
L. antiquus by having a nervellus that is intercepted very
high up, not having smooth transverse bands on the hind
margins of T2-T7 and its lateromedian carina on TI
reaching beyond the middle, maybe even until the poste-
rior end, but this is difficult to interpret. Furthermore,
L. antiquus has brightly-coloured legs (orange), whereas
the new species appears to have dark legs.

Finally, the new fossil species differs from L. williamsi
by having its antennal segments less stout, at least not in the
basal segments. Furthermore, L. williamsi is around twice
the body size and has strongly impressed notauli, whereas
they are only weakly preserved in the new species.

The fossil specimen exhibits shallow notauli and weak
pleural, lateral longitudinal and lateromedian carination
on the propodeum. The fore wing has a strongly postfurcal
nervulus, the nervellus in the hind wing is intercepted
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Figure 2. Holotype of Lithoserix oublierus sp. nov. (PNRL-SIG-216) A. Photograph of the holotype; B. Interpretative drawing,
where dotted lines indicate uncertain interpretations. Scale bars: 5 mm.
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in its anterior 0.2 and T1 features lateromedian carinae
which reach beyond the middle. The fossil specimen’s
colouration is interpreted without having a counterpart
or paratype, which would increase the certainty of the
observed colours. However, the specimen shows both
antennae and fore- and mid-coxae with a light colour, but
a dark-coloured head, body and femurs. It appears that
both hind tibiae have a bright base and a dark apex.

Table 1. Overview of differences between the three Lithoserix
species.

Species L. williamsi L. antiquus L. oublieri
Antennal Short, only ? 1.5-2.5% longer
segments, slightly longer than posteriorly
dimension than wide wide
Mesoscutum, Extending Exending to ~ Weak or absent
notauli past half of  basal third of

mesoscutum mesoscutum

Hind femur, 3.4x longer 3.5x longer 4.2x longer

dimension than wide than wide than wide

Fore wing, 1cu-a Interstitial Interstitial Strongly

meeting M+Cu postfurkal

Fore wing, 3Cu 1.3x 2cu-a 1x 2cu-a 2% 2cu-a

length

Forewing, 4Rs  Clearly bowed Little bowed at Distally arched

shape at base base and apex  and slightly
sinusoidal

Hind wing, At anterior 0.3 At anterior 0.4 At anterior 0.2

nervellus

Hind wing, 1Rs 1.5% rs-m 1.3x rs-m 2.6% rs-m

length

T1, lateromedian Beyond middle ~ Basal half Beyond middle

carina

Body length 22 mm 13.7 mm 12-13 mm

Description. Preservation. Holotype in dorso-lateral
view. Antenna, head and mesosoma well preserved, but some
details are missing or obscured by the very well-preserved
fore- and hind wings. Legs are partially preserved, including
all femora and fore- and hind tibiae, as well as fore- and
mid-trochanters. Propodeal carination visible. Metasoma
difficult to interpret since hind coxa and first tergite seem to
overlap and the metasoma is preserved rather compressed,
which is probably an artefact. Ovipositor partially visible at
base, but otherwise indiscernible or broken.

Body. 12—-13 mm. Fossil dark in colour, either black
or dark brown. Antennae seem bright, but scape appears
dark. All femurs dark, front tibiae appear bright. Hind
tibiae appear bright with lower 0.4 dark.

Head. Antenna 10.8 mm, 1.1x fore wing length;
without white band; dimensions of segments around
1.5-2.5x longer than posteriorly wide; number of antennal
segments unclear, but more than 20; antenna more or less
of even thickness throughout.

Mesosoma. Dimension unclear. Scutellum with shallow
and slightly converging notauli. Metapleuron appears as
long as wide, with juxtacoxal carina present. Propodeum
rounded posteriorly; about as long as high; with small
oval spiracle; traces of pleural carina, lateral longitudinal
and lateromedian carina present, at least anteriorly and

posteriorly; posterior transverse carina present. Fore legs
slender; hind femur 4.2x as long as wide.

Wings. Fore wing 9.7 mm. Areolet closed, slightly
petiolate almost triangular, 2-Rs same length as 2-rs-m,
4M 1.1x 2-Rs and 2+3M 0.6x 2-Rs. 2m-cu present,
slightly bowed to straight, with two bullae. 4Cu 2x 5Cu.
4Rs distally arched and slightly sinusoidal. 1Rs + M
present, longer than width of surrounding veins. 1cu-a
distal of IM+1Rs by more than vein width. Pterostigma
length 4.2x width, 0.6% vein 1R1. Cell 2R1 4.1x longer
as wide. 5SM vein tubular through entire length. 2Cu
0.8x IM+IRs, 1.17x r-rs. Im-cu&2Rs+M vein straight
or weakly arched or angled. 3Cu 1.8x 2cu-a. Hind wing
with 1Cu very short, 0.15x cu-a. Veins 2Rs and 2Cu
tubular through entire length. 2Rs 2.4x rs-m.

Metasoma. Dimension unclear, but stout in appear-
ance. T1 broad and short, parallel-sided with slightly
narrower base, with lateromedian carina more than half
length of tergite. Dimension of T2 unclear, but appears
transverse, as do T3—T6. Sternites strongly sclerotised, as
dark as tergites. Ovipositor length unknown, but seems to
reach past posterior end of metasoma.

Shape variation in Pimplinae explained by
group and size

The regression of shape on centroid size accounted for
30.0% of the fore-wing shape variation in Pimplinae
(p = 0.001) (Table 2). The remaining shape variation of
the fore wing can be explained to 16.7% by the pimpline
group affiliation (the four tribes and two extinct genera)
(p = 0.001); however, no interaction between the two
variables could be observed (p = 0.218). Hence, despite
significant common allometry within groups, differences
in shape amongst groups are still observed (Fig. 3A), but
are similar for Ephialtini, Delomeristini and Theroniini
and similar within Pimplini and Lithoserix.

In the hind wing, the shape is explained to 25.9% by
the centroid size (p =0.001) and 16.3% by the group affil-
iation (p =0.001) (Table 2). The shape changes correlated
with the interaction of centroid size and group affiliation
by 10.3% (p = 0.004). Here, an interaction between both
was observed (p = 0.004), indicating unique allometries
in the different groups, while still showing differences in
shape amongst tribes (Fig. 3B).

Pimpline group differences in fore wings

The bgPC1 of the fore wings explains 64.3% of the vein-
shape variance associated with the groups, while bgPC2
explains 19.7% of the shape variation (Fig. 4). In those
two bgPCA axes, the two extinct genera Crusopimpla
and Lithoserix group separately from the extant tribes
with low bgPC2 scores and also seem distinctly different
from each other on the bgPC1 axis. The mean shape of
Crusopimpla appears to have broader and shorter cells,
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Table 2. Statistical results of Procrustes ANOVA for fore and hind wing. Df (Degree of freedom), (SS) Standard deviations of ob-
served Sums of Squares, MS (mean squares), Rsq (R squares), F (F-value), Z (Z-score), Pr(>F) (p-value of F statistic).

Fore wing
Effect Df SS MS Rsq F Z Pr(>F)
Centroid size 1 0.16201 0.162014 0.30013 33.24 5.4689 0.001
Group 5 0.09048 0.018096 0.16762 3.713 5.5147 0.001
Centroid size: Group 5 0.02906 0.005813 0.05384 1.193 0.7919 0.218
Residuals 53 0.25825 0.004873 0.47841
Total 64 0.53981
Hind wing
Centroid size 1 0.19919 0.199191 0.25963 26.8507 4.9981 0.001
Group 5 0.12550 0.025100 0.16358 3.3834 3.8758 0.001
Centroid size: Group 5 0.07901 0.015803 0.10299 2.1302 2.5668 0.004
Residuals 49 0.36351 0.007418 0.47380
Total 60 0.75921
A L
=)
S
¥ o A
L J &
2 | » ®
P ®_-6
8
[ 5]
(7))
S 8. ®
w [=]
w
e
2
S
=
A Crusopimpla ® Theronini
2 A Lithoserix e« Delomeristiini
T" « Pimplini « Ephialtini
I T I I T T ]
4 6 8 10 12 14 16
B predictor
e » % %
& A & @
A .
: v ® A
9 ‘ @ &
S [ ]
&% .
> @
g o ®e ®op - s
0% = E = .
2 @
k=) e S o ®
7} L]
8 2 .
g .
x L3
o T e
e ® L
T ® ©
L
& &
7 oo
®
T T T 1
2 - 6 8
predictor

Figure 3. Regression of pimpline wings of shape on size (regression score) plotted against centroid size (predictor). Straight lines

show the fitted values of PC1 against centroid size, indicating the allometric trend per tribe in A. Fore wing and B. Hind wing.

as well as a broad pterostigma and an elongated areolet
with vein 3rs-m and 2+3M distinctly longer than 2Rs
and 4M. Overall, the fore-wing shape of Crusopimpla
differs highly significantly from most pimpline groups
(Table 3). Additionally, the Lithoserix taxa have high
bgPC1 scores and their mean shape is characterised by

fr.pensoft.net

an overall narrow wing with slender cells as seen in cells
2R1, IM+1Rs and 2Cu and the areolet not as elongate
and more located towards the distal margin of the wing.
In addition, although Lithoserix does appear to group
separately from the extant tribes (Fig. 4), it only shows
distinct differences to Ephialtini (Table 3).
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Table 3. P-values of pairwise group differences in pimpline wings. Based on permutation testing of the bgPCA of fore wings and

hind wings.

Fore wing Crusopimpla Delomeristini Ephialtini Lithoserix Pimplini
Delomeristini 0.0118

Ephialtini 0.0062 0.1425

Lithoserix 0.0004 0.3245 0.0026

Pimplini 0.0001 0.1025 0.0002 0.0932

Theroniini 0.0870 0.4262 0.2375 0.1002 0.0563
Hind wing

Delomeristini 0.1525

Ephialtini 0.1970 0.7616

Lithoserix 0.0358 0.409 0.0539

Pimplini 0.0054 0.1545 0.0003 0.8323

Theroniini 0.0505 0.3017 0.0469 0.3888 0.4231

All extant tribes do at least partially overlap in the first
two bgPCA axes of the fore-wing variation. Additionally,
while the fore wings shapes of Delomeristini and
Theroniini do not differ much from most groups, the two
larger extant tribes Pimplini and Ephialtini exhibit signif-
icant differences from each other (Table 3).

Pimpline group differences in hind wings

BgPC1 explains 79.3% of the overall shape varia-
tion, whereas bgPC2 explains 10.5% (Fig. 5). Here,
no pimpline group appears to be completely isolated
in the morphospace of the bgPCA. However, the two
Crusopimpla species are located in the higher values
of bgPC1 and lower values of bgPC2 and the opposite
is observed in Lithoserix. Thus, those extinct genera do
also distinctly differ from each other in their hind-wing

shape (Table 3). The mean shape of Crusopimpla is char-
acterised by their rather long 1M vein and their nervellus.
This nervellus is intercepted very low and veins 1Cu and
cu-a are rather straight, while this interception is much
more angled in the other groups. Those differences of the
hind-wing shape are significantly different from Pimplini
and Theroniini (Table 3) and the Crusopimpla hind-wing
shape seems more similar to Ephialtini.

Lithoserix are located on the extreme lower value
of bgPCl and are characterised by a relatively long
IRs compared to rs-m, a relative short 1M and their
nervellus intercepted very high up. This is also observed
in Pimplini and the mean shape of the two Lithoserix
species is similar to the mean shape of Pimplini. There
were also no significant differences observed in the pair-
wise comparison of the Procrustes distances of those two
groups (Table 3). However, Lithoserix hind wings differ
from species of Ephialtini (Table 3).
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Figure 5. BgPCA of the hind wing in all specimens of the four pimpline tribes plus Lithoserix and Crusopimpla. The mean shape
of each tribe/genus is shown in the respective colour. Triangles represent fossil species, whereas the blue triangle with black outline

represents Lithoserix oublieri sp. nov.

Delomeristini occupies the morphospace mostly
within Ephialtini and their hind wing mean shapes do
appear similar, with just a slightly upwards shifted
nervellus in Delomeristini. The Procrustes distances of
their hind wings are not distinctly different (Table 3). The
hind-wing shape of Theroniini is different from Ephialtini
(Table 3), which appears to be caused by the higher cells
M and 2Cu cells.

The CVA confirms the bgPCA results of fore and hind
wings and can be found in Suppl. material 4.

Discussion

The new fossil species is the third species of the extinct
pimpline genus Lithoserix, which lived from the late
Eocene to the late Oligocene. In this study, I described
the fossil species Lithoserix oublierus sp. nov. and eval-
uate the placement of Lithoserix within Pimplinae using
of geometric morphometrics of the fore- and hind wings
of extant and fossil pimpline taxa.

While the fore wing is useful to distinguish Pimplinae
from other subfamilies (Viertler et al. 2022), it does not
seem as straightforward between the tribes of extant
Pimplinae, which all partially overlap in the bgPCA anal-
yses. In the hind wings, however, some tribes exhibit
a rather specific venation in the analysis. This is in
agreement with previous suggestions that some groups
can be distinguished through hind-wing venation: in
Crusopimpla, the nervellus is broken below the middle
(Klopfstein 2022) and, in Pimplini, it is broken way above
the middle (Gauld et al. 2002). The fact that Pimplini
splits in both bgPCA analyses from most Ephialtini,
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Delomeristini and Theroniini might support the notion
that it is not closely related to the remaining Pimplinae
(Klopfstein et al. 2018).

Considering the species diversity of Crusopimpla
(Klopfstein 2022; Viertler et al. 2022; Manukyan 2023)
and its substantial dissimilarities of the wing venation
from extant tribes and Lithoserix (see results), it is plau-
sible that Crusopimpla may belong to an ancestral or
basal pimpline tribe.

For Lithoserix, important characteristics, such as the
clypeus shape or the tarsal claws, are missing to make
a confident tribal assignment, as was already discussed
with the two previously-described Lithoserix species
(Spasojevic etal. 2022). However, based on the wing anal-
yses conducted herein, Lithoserix should not be placed
in the same tribe as Crusopimpla and also an affiliation
to Ephialtini seems improbable. The wings of Lithoserix
species are most similar to Pimplini. Both groups change
shape similarly with increasing size and no significant
shape differences were obtained in either fore- or hind
wing. The hind wing with the nervellus intercepted high
up, as found in Lithoserix williamsi and Lithoserix oublieri
sp. nov., is often found in the tribe Pimplini, although it
is less pronounced in Lithoserix antiquus. An argument
against Pimplini is the ovipositor length of Lithoserix,
which is not completely preserved in this fossil, but very
long in Lithoserix williamsi and L. antiquus. This is rather
rare in Pimplini, but frequent in Ephialtini (Gauld et al.
2002). However, because Pimplinae probably originated
in the Cretaceous (Spasojevic et al. 2021), it would not be
surprising to find Lithoserix belonging to a stem-lineage
within Pimplini or even an extinct tribe, possibly close-
ly-related Pimplini.
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Conclusion

To confidently place Lithoserix in Pimplini or to propose
a new tribe, a more robust collection of fossils and
comprehensive morphological evidence is imperative.
The classification of Lithoserix presents challenges, as it
appears to be situated closest to Pimplini, when considering
wing venation, but not according to ovipositor length. To
gain information on the evolutionary path of Pimplinae or
Darwin wasps, in general, more fossils need to be evaluated.
However, this might be a difficult task. There is not only
a lack of researchers studying the astonishing diversity of
extant Darwin wasp, but even more so of people working
with their fossil taxa. It is probably not rare that undescribed
Darwin wasp fossils are labelled “wasp” or “Hymenoptera”
in natural history collections and we can only speculate
how many fossils in this group are currently overlooked.
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Abstract

Although there are problematic earliest Jurassic records, phytosaurs are thought to have become extinct during the Rhaetian. A new-
ly-discovered left paramedian phytosaur osteoderm from a clay pit in Bonenburg, Kreis Hoxter, North Rhine-Westphalia, Germany,
is the youngest, well-dated phytosaur record. This osteoderm was found in a bone bed (Bone Bed 2) in the Contorta Beds of the
Rhaetian Exter Formation. Palynology constrains the age of Bone Bed 2 to the late middle Rhaetian (ca. 203.5 million years ago).
The Bonenburg osteoderm cannot be assigned to any named species. It most closely resembles some osteoderms from the Rhaetian
of Halberstadt in Central Germany. Phytosaurs survived in Europe to at least the late middle Rhaetian, probably falling victim to the

end-Triassic extinction event about two million years later.
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Introduction

Phytosaurs are a distinctive clade of predominantly Late
Triassic basal archosauriforms with clear adaptations
to a semi-aquatic lifestyle (Stocker and Butler 2013).
Most phytosaurs remains are from fluvial deposits.
However, phytosaur habitats occasionally extended into
the marine realm as evidenced by phytosaur finds in
marine sediments from the Alps (Renesto and Paganoni
1998; Gozzi and Renesto 2003; Renesto 2008; Butler et
al. 2019). From the Carnian onwards, phytosaurs were
already widespread, being found in many Norian locali-
ties of the Triassic Northern Hemisphere (Brusatte et al.
2013; Lucas 2018; Brownstein et al. 2023). However,
there are many fewer phytosaur finds from the Triassic
Southern Hemisphere (Brusatte et al. 2013; Barrett et al.
2020; Datta and Roy 2023). Phytosaur systematics relies
heavily on the well-ossified skulls (Jones and Butler

2018) which are commonly found in isolation. In addi-
tion to skulls and skeletons, the phytosaur fossil record
consists of their characteristic osteoderms, the subject of
the current contribution.

Classical rock units for phytosaur discoveries are the
Middle and Upper Keuper sediments of the Germanic
Basin. The Keuper can be subdivided into the Lower
Keuper (also Lettenkeuper; roughly late Ladinian to
Carnian in age), the Middle Keuper (presumed to cover
the Norian) and the Upper Keuper (Rhaetian). After the
continental conditions of the Middle Keuper, the Upper
Keuper is mainly marine-deltaic (Barth et al. 2018),
recording the initial marine ingressions into the Germanic
Basin, followed by its complete inundation in the Early
Jurassic. In central and northern Germany, the deposits of
the Upper Keuper, traditionally also called Rhét as a litho-
stratigraphic term, are assigned to the Exter Formation
(Barth et al. 2018).

Copyright P. Martin Sander & Paul W. Wellnitz. 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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The locality of Bonenburg and its
lithostratigraphy

The Bonenburg clay pit (Fig. 1) is a relatively new fossil
locality that was put on the map by the unique discovery of
a Triassic plesiosaur skeleton (Sander et al. 2016; Wintrich
et al. 2017). However, most fossils from Bonenburg come
from several bone beds (condensation horizons rich in
teeth, fish scales and bones) (Sander et al. 2016).

The stratigraphy of the Bonenburg clay pit (Fig. 1B)
presents one of the best examples for the epicontinental
Triassic-Jurassic boundary in Europe (Sander et al. 2016;
Schobben et al. 2019; Gravendyck et al. 2020), with a
continuous section from the Norian to the Sinemurian (Fig.
1B). However, most of the section in the pit pertains to the
Rhaetian Exter Formation. The base of the Exter Formation
starts out with about 2 m of Postera Beds. No fossils are
found in this unit. Next come > 11 m of the Contorta Beds
(Sander et al. 2016; Gravendyck et al. 2020). These consist
of dark clay- and siltstones and, within them, at least four
bone beds are intercalated (Sander et al. 2016; Gravendyck
etal. 2020) (Fig. 1B). On top of the Contorta Beds, there are
about 16.5 m of the Triletes Beds of the Exter Formation,
overlain by marine carbonates and mudstones of Hettangian
age, pertaining to the Psilonotenton Formation.

Biostratigraphic dating of Bone Bed 2

The three best defined bone beds in the Contorta Beds
(Fig. 1B) are located 0 m, 7 m and 9 m above the base
of the Contorta Beds. Bone Bed 1 is about 1 cm thick,
containing mainly small fish and shark teeth (Sander et al.
2016). Bone Bed 2, the source of the osteoderm described
in this study, is divided into two parts: the lower Bone
Bed 2a and the upper Bone Bed 2b, separated by 8 cm
of claystone (Sander et al. 2016). Bone Bed 2 is the most
important overall due to its faunal contents. Bone Bed 3
hosts larger bones and is less continuous than Bone Bed
2. The material from Bone Bed 3 is often heavily abraded
and encased in phosphate concretions.

Bone Bed 2 contains a vertebrate fauna of Rhaetian
age (Sander et al. 2016; Wintrich et al. 2017) and,
together with the entire section, has been precisely dated,
based on palynomorphs (Fig. 1B). Dense sampling and
good palynomorph preservation allowed the subdivision
of the palynozones of the North German Basin (Barth
et al. 2018) into subzones in the Bonenburg section
(Gravendyck et al. 2020). Thus, Bone Bed 2 is situated
in the upper half of the RLb subzone of Gravendyck et
al. (2020). Subzone RLb is the middle subzone of the
Rhaetipollis-Limbosporites palynozone (Fig. 1B). The
high location of Bone Bed 2 in this subzone indicates that
the bone bed is late middle Rhaetian in age (Fig. 1B).

By age interpolation based on the Triassic chronostrati-
graphic chart of Ogg et al. (2020), Bone Bed 2 is about
203.5 million years old, two million years before the end
of the Triassic 201.4 million years ago. This palynolog-
ically determined age is consistent with the occurrence
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of the conchostracan Euestheria brodieana (Kozur and
Weems 2010) right below Bone Bed 2 (Schobben et al.
2019), which, according to Ogg et al. (2020, fig. 25.5),
occurs in the middle and late Rhaetian.

Bone Bed 2 faunal contents

The Contorta Beds containing the bone beds are of marine
origin (Sander et al. 2016). As the Contorta Beds are a trans-
gressive unit of marine-deltaic deposits (Barth et al. 2018),
the bone beds, including Bone Bed 2, were sourced from a
very wide range of habitats, from open marine to terrestrial
(Sander et al. 2016). In Bone Bed 2, teeth, scales and skull
fragments of Chondrichthyes and of Actinopterygii, as well
as tooth plates of Dipnoi (Sander et al. 2016) represent fully
aquatic, mainly marine habitats. Vertebrae and other remains
belonging to ichthyosaurs and plesiosaurs are common
(Sander et al. 2016) and represent open marine habitats.
Semi-aquatic and terrestrial habitats are represented by a
high diversity of tetrapods. Postcranial bones of the putative
choristoderan Pachystropheus are common and remains of
Temnospondyli are moderately common (Sander et al. 2016;
Konietzko-Meier et al. 2019). Much rarer finds belong to
Cynodontia, Rhynchocephalia, Phytosauria, Pterosauria and
Dinosauria (Sander et al. 2016; pers. obs. PMS).

Phytosaur osteoderms

From sufficiently articulated skeletons, it is known that
phytosaurs had a paramedian row of osteoderms running
down the neck (on either side of the sagittal plane, thus two
rows) and two dorsal paramedian rows of osteoderms (thus
four rows altogether), extending from the trunk to at least
the base of the tail (Stocker and Butler 2013). In addition,
phytosaurs had a gular shield of osteoderms, protecting
the neck region ventrally (Huene 1922; Stocker and Butler
2013). All types of osteoderms appear to have been partially
overlapping (Huene 1922). However, because the osteo-
derms are not connected to the skeleton in phytosaurs, they
are often found in isolation (e.g., Huene (1922)). Isolated
osteoderms can be assigned to either the paramedian or
gular series and to one side of the body, based on patterns
of asymmetry. Further information on phytosaur osteo-
derm morphology is found in Suppl. material 1.

Extinction - the last phytosaurs

Phytosaurs most likely became extinct some time before or
at the Triassic-Jurassic boundary. How far phytosaurs ulti-
mately survived into the Rhaetian or even the Jurassic is
still a subject of debate. In their review paper on phytosaurs,
Stocker and Butler (2013) somewhat apodictically note that
‘At present, the confirmed fossil record of the group extends
from late Carnian — latest Rhaetian’. Another view is that
very few phytosaurs managed to survive into the Rhaetian
in the first place (Lucas 2018). This, amongst other things,
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Figure 1. Locality and stratigraphy of Bonenburg clay pit #3 of Liicking Brick Company. A. Location of the clay pit in the eastern
part of the State of North Rhine-Westphalia, Germany; B. Simplified stratigraphy of the Norian to Hettangian section exposed at
the Bonenburg clay pit, with a special emphasis on the location of the four bone beds and the plesiosaur skeleton in the section. The
main part of the section is made up by the Exter Formation which is subdivided into the Postera Beds, Contorta Beds and Triletes
Beds, in ascending order. The thick dashed line on top of the Contorta Beds indicates truncation by a low-angle fault. Note that the
reddish mudstones above the dashed white line also belong to the Triletes Beds. Colours of the rock types in the main stratigraphic
column approximate colours in fresh outcrop. General abbreviations: Bb, bone bed; Cly, claystone; Fss, fine-grained sandstone;
Het., Hettangian; L. J., Lower Jurassic; Md, mudstone; Nor., Norian; PF, Psilonotenton Formation; Slt, siltstone. Abbreviations of
palynozones: CE, Classopollis-Enzonalasporites palynozone; RL, Rhaetipollis-Limbosporites palynozone; RP, Riccisporites-Poly-
podiisporites palynozone; PiK, Pinuspollenites-Kraeuselisporites palynozone. Subzones are labelled alphabetically. Modified from
Wintrich et al. (2017), palynostratigraphy is from Gravendyck et al. (2020).

led Lucas to conclude for terrestrial tetrapods that ‘There ~ United States (Hunt and Lucas 1993; Lucas 2018;
is no compelling evidence of tetrapod mass extinctions at ~ Brownstein 2023). It was first described from the
either the Carnian-Norian or the Triassic-Jurassic bound- Redonda Formation, the uppermost unit of the Dockum
aries’. These diverging statements invite a review of the ~ Group (Hunt and Lucas 1993). One specimen of
contender for the ‘last phytosaur’ status and, more gener- ~ Machaeroprosopus (UMNH VP22354), in particular,
ally, of the European record of latest Triassic and earliest =~ was noted to be the ‘last phytosaur’ (Lucas et al. 1997)
Jurassic (if any) phytosaurs (Table 1). because it was discovered within the Wingate Sandstone

of Lisbon Valley, southern Utah (Morales and Ash
Machaeroprosopus from the Wingate Sandstone of Utah ~ 1993). The Wingate Sandstone consists of fine-grained

eolian sandstones (Martz et al. 2014) and overlies the
The phytosaur genus Machaeroprosopus (Redonda-  Church Rock Member, which is the uppermost member
saurus) is known from the Late Triassic of the western  of the Chinle Formation (Morales and Ash 1993). It was
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Table 1. The global record of post-Norian (Rhaetian and Jurassic) phytosaurs, organised by age, youngest occurrences at the top.

Taxon Collection, Locality Age Formation Material Remarks Key references
Spec. #
Phytosauria indet. ? Hettange-Grande | Hettangian | Bonebed in Angulata Teeth May be reworked, may not be | Huene and Maubeuge
Zone phytosaur 1954; Buffetaut 1993
? Phytosauria Various Southern Germany | Norian to Rhaeto-Liassic Teeth Teeth named ‘Termatosaurus | Maisch and Kapitzke
indet. Hettangian Bonebed albertii,” may be 2010
sauropterygian.
“cf. SMNS St. Audries Bay, | Rhaetian to | Pre-planorbis Beds, |Rostrum fragment| May be thalattosuchian, not | Maisch and Kapitzke
Mystriosuchus™ Watchet, UK Hettangian Blue Lias phytosaur 2010
Machaeroprosopus UMNH Lisbon Valley, Rhaetian | Big Indian Rock beds, Partial skull - Martz et al. 2014
sp. VP22354 Utah, USA (not latest) | Wingate Sandstone impression
Phytosauria indet. WMNM Bonenburg, late middle Upper part of Isolated - This study
P98442 Germany Rhaetian |Contorta Beds, middle osteoderm
Exter Formation
Mystriosuchus sp. NMB, many Niederschonthal early to Lower bonebed, Isolated cranial Huene (1911a, b) called Huene 1911a, b, 1922;
(today Schénthal, middle Belchen Member of | and postcranial material Mystriosuchus Meyer and Wetzel
part of Fiillinsdorf) | Rhaetian | Klettgau Formation bones, teeth, ruetimeyeri, in Huene (1922) 2021
near Basel, osteoderms paradigm of Angistorhinops
Switzerland ruetimeyeri
Mystriosuchus sp. MIN Steinlah near early Lower part of Exter | Partial skeleton | Angistorhinops ruetimeyeri of | Schlonbach 1860;
MB.R. 2747 Salzgitter, Rhaetian Formation incl. osteoderms | Huene. Represents the only Huene 1922; Jones
Germany substantial Rhaetian phytosaur | and Butler 2018;
material from Europe (Jones | Butler et al. 2019; R.
and Butler 2018) Irmis pers. comm.
Phytosauria indet. MiN Halberstadt, early Exter Formation? Isolated Sculpture similar to Huene 1922
MB.R. 4224, Germany Rhaetian osteoderms Bonenburg osteoderm
4372.1 WMNM P98442
Phytosauria MIN, many Halberstadt, early Exter Formation? Isolated cranial Contains both “small Huene 1922
Germany Rhaetian and postcranial phytosaur” and
bones, teeth, four | Angistorhinops ruetimeyeri of
osteoderms Huene. Some may pertain to
Mystriosuchus sp. nov.
Phytosauria indet. Various UK early Rhaetic bone bed Teeth - Storrs 1994; Stocker
Rhaetian and Butler 2013;
Whiteside and Duffin
2021; Cawthorne et
al. 2024
Jupijkam Yale Peabody Nova Scotia, late Norian | Whitewater Mbr. of | Antorbital skull, | Illustration and description of |  Brownstein 2023
paleofluvialis Museum YPM Canada to early Blomidon Fm. single osteoderm osteoderm uninformative
VPPU 7920 Rhaetian
Phytosauria indet. | PIMUZ uncat. Hallau, late Norian | Klettgau Formation Teeth - Peyer 1944; Sander
Switzerland to early 1999; Whiteside et
Rhaetian al. 2017
Phytosauria indet. Institut royal | Saint-Nicolas-de- | late Norian | Gres Infraliasiques Teeth - Cuny 1995; Godefroit
des Sciences Port, France to early Formation and Cuny 1997
naturelles de Rhaetian
Belgique uncat.
Phytosauria indet. | Natural History Zimbabwe late Norian | Tashinga Formation Mandibular Osteoderms surface collected | Barrett et al. 2020
Museum of to early fragments, and poorly preserved
Zimbabwe Rhaetian osteoderms, teeth
Mystriosuchinae Indian India late Norian | lower Dharmaran Partial skull No details given on Datta and Ray 2023
indet. Statistical to Rhaetian Formation morphology and age
Institute
ISIR276
Phytosauria indet. | PIMUZ uncat. Grisons, late Norian | Kossen Formation | Dorsal and caudal - Furrer 1993, 2023,
Switzerland to Rhaetian vertebrae, ilium PMS pers. obs.

previously believed that the Wingate Sandstone was

completely Jurassic in age, but later studies suggest

that the Wingate encompasses the Triassic-Jurassic
boundary, although its exact location within the lower
part of the Wingate is not known (Martz et al. 2014).
This circumstance makes it difficult to determine the
exact age of the ‘last phytosaur’ find or any other fossil
from the basal Big Indian Rock beds of the Wingate.
Martz et al. (2014, p.436) conclude that the Big Indian
Rock beds are ‘probably Rhaetian (though not latest
Rhaetian)’ in age. Thus, this ‘last phytosaur’ is no
younger than late (but not latest) Rhaetian in age and

not Jurassic.
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cf. Mystriosuchus from the Blue Lias of England

Another contender for the ‘last phytosaur’ is a rostral frag-
ment assigned to cf. Mystriosuchus (SMNS 55194). This
fragment was discovered at St. Audries Bay near Watchet in
Somerset, England, in 1986 (Maisch and Kapitzke 2010). It
was described as being most comparable to Mystriosuchus
in morphology (Maisch and Kapitzke 2010). However,
because of the incompleteness of the specimen, the possi-
bility cannot be excluded that the fragment derives from
another longirostrine taxon of marine reptile, such as a
thalattosuchian crocodylomorph (Maisch and Kapitzke

2010). Arguing against this assignment until recently was
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that thalattosuchians were not known from the Hettangian.
However, a new Hettangian-Sinemurian teleosaurid (Benani
et al. 2023) and an early Pliensbachian stem thalattosuchian
(Wilberg et al. 2023) have changed this situation. In fact,
Wilberg et al. (2023) provide strong evidence for a Rhaetian
or even Norian origin of Thalattosuchia, and the rostral frag-
ment from St. Audries Bay thus could pertain to this clade.

The rostral fragment was discovered in-situ within the
so-called Pre-planorbis Beds, below the first occurrence
of Psiloceras planorbis (Maisch and Kapitzke 2010). The
Pre-planorbis Beds are located in the basal part of the Blue
Lias Formation (Maisch and Kapitzke 2010). The age esti-
mation was based on dating using ammonites of the genus
Neophyllites (Maisch and Kapitzke 2010), which seems to
indicate the rocks containing the find to be Hettangian in
age (Lindstrom et al. 2017). In other studies, the Triassic/
Jurassic boundary was placed within the Pre-planorbis
Beds (Martin et al. 2015). The debate on the age of the
rocks at St. Audries Bay is still ongoing and, thus, is the
debate on the age of this potential phytosaur specimen. In
fact, in the most recent study (Weedon et al. 2019), the
presence of the phytosaur specimen in the beds in question
has been used to argue for their Triassic age.

Aim of the study

The aim of our study is to present clear evidence for the
survival of phytosaurs into the late middle Rhaetian, at
least in Central Europe, within a million or two years of
the end of the Triassic. The evidence is the presence of an
unequivocal phytosaur osteoderm found in Bonenburg,
Germany. This find would appear to represent the
youngest known phytosaur remains, based on clear
stratigraphic and morphologic evidence (Table 1).

Institutional abbreviations

GPIT, Paldontologische Sammlungen der Universitit
Tiibingen, Tiibingen, Germany; MCSNB, Museo Civico di
Scienze Naturali di Bergamo, Bergamo, Italy; MfN, Museum
fiir Naturkunde, Berlin, Germany; NMB, Naturhistorisches
Museum  Basel, Basel, Switzerland; PIMUZ,
Paldontologisches Institut und Museum der Universitit
Ziirich, Zurich, Switzerland; UNMH, Utah Museum of
Natural History, Salt Lake City, USA; SMNS, Staatliches
Museum fiir Naturkunde Stuttgart, Stuttgart, Germany;
WMNM,LWL-Museum fiirNaturkunde, Miinster, Germany.

Materials and methods

Materials

The Bonenburg osteoderm WMNM P98442 was found
during the annual excavation campaign of the University
of Bonn in collaboration with the WMNM at the

Bonenburg clay pit in Bone Bed 2 in 2017. As is typical
for the fossils from Bone Bed 2, the osteoderm was found
on its own, without any other non-osteodermal bones or
similar osteoderms around it.

Methods

We took size measurements of the osteoderm using dial
callipers and documented the morphology of the bone with
photographs and interpretive drawings. For comparison,
we studied the other published Rhaetian phytosaur material
from Europe, in particular MfN MB.R. 2747 from Steinlah,
and the Niederschonthal and Halberstadt material (Table
2). In addition, we compared WMNM P98442 to phytosaur
osteoderms from the German Middle Keuper at the SMNS
and GPIT by personal observation, as well as in the rele-
vant literature. Since the classical genera Mystriosuchus
and Nicrosaurus are the two best known phytosaur genera
of the German Keuper (Hungerbiihler and Hunt 2000;
Hungerbiihler 2002; Jones and Butler 2018) and for which
osteoderms are well known, we also included those in our
research. These two genera are known from the Lowenstein
Formation of southern Germany and are middle and late
Norian in age (Hungerbiihler and Hunt 2000; Hungerbiihler
2002; Jones and Butler 2018). Specifically, they are from
the middle Stubensandstein, a subunit of the Lowenstein
Formation. For understanding the temporal significance of
the specimen, it was necessary to compile the stratigraphic
range of Rhaetian phytosaurs on a global scale (Table 1).

Results

Systematic paleontology

Archosauriformes Gauthier, Kluge & Rowe, 1988
Phytosauria Jaeger, 1828

Phytosauria indet.

Material. One single, slightly damaged left paramedian
osteoderm, WMNM P98442.

Locality and horizon. Clay pit #3 of Liicking Brick
Company, 1 km north of the village of Bonenburg, City of
Warburg, North Rhine-Westphalia, Germany (Fig. 1A).
The specimen derives from Bone Bed 2 in the dark marine
mudstones of the Contorta Beds of the Exter Formation, 7
m in the section above the base of the Contorta Beds and
17.5 m below the Triassic-Jurassic boundary exposed in
the pit (Fig. 1B).

Morphological description. The external side of
the Bonenburg osteoderm WMNM P98442 is exten-
sively sculptured, whereas the internal, or visceral, side
is smooth (Fig. 2). The external side is dominated by a
rounded ridge or keel, indicating the orientation of the
osteoderm relative to the body long axis (Fig. 2A, B).
This anteroposterior ridge is offset medially as can be

fr.pensoft.net



152

P. Martin Sander & Paul W. Wellnitz: Last phytosaur

damaged
area

radiating sculpture

Figure 2. Left paramedian phytosaur osteoderm WMNM P98442 from the late middle Rhaetian Bone Bed 2 of the Contorta Beds
of the Exter Formation of Bonenburg, North Rhine-Westphalia, Germany. A, B. Photograph and drawing of external view showing

the typical phytosaur radiating sculpture and the central longitudinal ridge of a paramedian osteoderm. Note that the anterior part
(left) is less sculptured and that the ridge does not extend to the anterior edge; C, D. Photograph and drawing of anterior view. Note
the thinness of the edge which was underlapping the preceding osteoderm; E, F. Photograph and drawing of internal view, showing

the flat and smooth surface. Abbreviations: a, anterior; m, medial.

seen on articulated phytosaur specimens, providing the
medial direction. One end of the ridge extends to the
margin of the osteoderm, whereas the other does not.
The latter asymmetry indicates anterior because the ridge
does not reach the anterior osteoderm margin in phyto-
saur osteoderms. Together with the asymmetry of the
location of the ridge, the location of the anterior margin
indicates that the osteoderm is from the left side of the
body. The thickness of the osteoderm decreases in ante-
rior and lateral directions (Fig. 2C, D). The osteoderm
shows two distinct indentations, one on the lateral and
one on the posterior margin (Fig. 2). The latter resulted
from damage sustained during discovery. The bone shows
no signs of abrasion.

In mediolateral direction, the osteoderm is 62 mm
wide and in anteroposterior direction, it is 64 mm long.
It shows a maximum thickness of about 13 mm at its
centre. Except for the thick ridge, the external sculpture
on the osteoderm is of relatively low relief (Fig. 2A, B).
Towards lateral, there are some indistinct pits, but there
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are no sharp crests or grooves. Only the region medial to
the main ridge shows a deep sulcus.

The lateral part of the external surface of the osteoderm,
that is not sculptured, shows a radial, fan-like structure on
the surface of the bone (Fig. 2A, B). This structure origi-
nates in the centre of the bone, right below the middle of
the anteroposterior ridge. The fan structure also affects the
silhouette of the lateral part of the bone. The internal surface
of the osteoderm is completely flat and shows no sculp-
turing. There are multiple small hole-like structures on the
medial part of the external surface of the bone (Fig. 2E, F).

The general morphology of the Bonenburg osteoderm
(Fig. 2) fits the description of phytosaur osteoderms in the
literature (Huene 1922; Gozzi and Renesto 2003; Scheyer
et al. 2014) (Fig. 3). A more detailed investigation of the
osteoderms of the Lombardian Mystriosuchus specimen
MCSNB 10087 (Gozzi and Renesto 2003) and other
articulated and osteoderm-bearing phytosaur skeletons
might help to further constrain the anatomical position of
the Bonenburg osteoderm.
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Figure 3. Comparison of selected Rhaetian and Norian phytosaur osteoderms in external view. A. WMNM P98442, left parame-
dian osteoderm from the Rhaetian Bone Bed 2, Exter Formation, Bonenburg, Germany. Note the resemblance of sculpture to C
and D; B. MfN MB.R. 2747, five articulated paramedian osteoderms of the left side in association with anterior dorsal vertebrae of
Mystriosuchus sp. (Butler et al. 2019), Exter Formation, Steinlah near Salzgitter, Germany. Note the resemblance of sculpture to F;
C. Isolated gular osteoderm MfN MB.R. 4224 from the Rhaetian of Halberstadt (Germany) figured by Huene (1922, fig. 112) and
assigned to ‘Angistorhinops ruetimeyeri’ by him. Note the resemblance of sculpture to A and D; D. Isolated left paramedian osteo-
derm MfN MB.R. 4372.1 from the Rhaetian of Halberstadt, Germany. Note the resemblance of sculpture to A and C; E. Isolated
left paramedian caudal osteoderm MfN MB.R. 4374.1 from the Rhaetian of Halberstadt (Germany) figured by Huene (1922, fig.
87) and assigned by him to a small indeterminate phytosaur; F. Right paramedian osteoderm NHMB N. B. 14 of ‘Angistorhinops
ruetimeyeri’ from the Rhaetian bone bed of Niederschonthal (northern Switzerland) figured by Huene (1911b, P1. VIII, fig. 2). Note
the resemblance of sculpture to B; G. Right paramedian osteoderm MfN MB.R. 4219 from the Rhaetian of Halberstadt (Germany)
figured by Huene (1922, fig. 113) and assigned to ‘Angistorhinops ruetimeyeri’ by him; H. Left paramedian osteoderm SMNS un-
catalogued of Mystriosuchus sp. from the middle Norian Stubensandstein of Aixheim, southwestern Germany; I. Right paramedian
osteoderm SMNS 4063/7 of Nicrosaurus kapffi from the middle Norian Stubensandstein of Heslach near Stuttgart, south-western
Germany. Abbreviations: a, anterior; m, medial; o, osteoderm; v, vertebra.
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Table 2. Rhaetian phytosaur osteoderms from Europe personally examined in this study, organised by age, youngest occurrences

at the top.
Taxon Collection, Locality Age Formation | Osteoderm Other Remarks Key references
Spec. # Material | Material
Phytosauria WMNM P98442 Bonenburg, late upper Contorta | Isolated - - This study
indet. Germany middle Beds, middle | osteoderm
Rhaetian | Exter Formation
Mystriosuchus | NMB N. B. 14, N. | Niederschonthal | early to | lower bonebed, Isolated Isolated | Huene (1911a, b) called material | Huene 1911a, b,
sp. B. 15,N. B. 31, N. | (today Schonthal, | middle |Belchen Member | osteoderms | cranial and | Mystriosuchus ruetimeyeri, in 1922; Meyer and
B. 644, N. B. uncat. part of Rhaetian of Klettgau postcranial Huene (1922), hypodigm of Wetzel 2021
excavation Striibin | Fillinsdorf) near Formation bones, teeth Angistorhinops ruetimeyeri
1901 Basel, Switzerland
Mystriosuchus MB.R. 2747 Steinlah near early lower Exter | Osteoderms Partial Angistorhinops ruetimeyeri of Schlonbach 1860;
sp. Salzgitter, Rhaetian Formation with ant. skeleton Huene. Represents the only Huene 1922; Jones
Germany dorsal substantial Rhaetian phytosaur and Butler 2018;
column material from Europe (Jones and | Butler et al. 2019; R.
Butler 2018) Irmis pers. comm.
Phytosauria | MfN MB.R. 4224, | Halberstadt, early Exter Isolated - Sculpture similar to Bonenburg Huene 1922
indet. 4372.1 Germany Rhaetian Formation? | osteoderms osteoderm WMNM P98442
Phytosauria MIN MB.R. 4219, Halberstadt, early Exter Isolated Isolated | Contains both “small phytosaur” Huene 1922
indet. 4369.1,4371.1, Germany Rhaetian | Formation? | osteoderms | cranial and | and Angistorhinops ruetimeyeri
4373.1,4374.1, postcranial | of Huene. Some may pertain to
4375.1,4376.1, bones, teeth Mystriosuchus sp. nov.
4377.1,4383.1-2,
4391.1-5
Discussion A potential second case of association consists of a

Comparisons with skeletally associated
phytosaur osteoderms from Europe

Rhaetian MfN MB.R. 2747, Mystriosuchus sp.

The only skeleton close in age to the Bonenburg find bearing
osteoderms is specimen MfN MB.R. 2747, assigned to
Mystriosuchus sp., from Steinlah near Salzgitter, northern
Germany (Tables 1, 2). See also the review of European
Rhaetian phytosaurs in Suppl. material 1.

The osteoderms of MfN MB.R. 2747 (Fig. 3B) are from
the dorsal region, with representation from all four para-
median rows, as already noted by von Huene (1922). The
preservation of the bone of MfN MB.R. 2747 with its black
colour and heavy diagenetic cracking makes discerning
sculpture somewhat difficult (Fig. 3B). Compared to the
Bonenburg osteoderm (Fig. 3A), the osteoderms of MfN
MB.R. 2747 are much larger and thicker and have a much
coarser sculpture than WMNM P98442 (Fig. 3B). They are
clearly not from the same phytosaur taxon.

Middle Keuper (Norian) phytosaurs from Germany

There is only one Middle Keuper phytosaur skeleton,
SMNS 10260, with associated osteoderms. SMNS 10260 is
the anterior half of a skeleton of Mystriosuchus planirostris,
currently on display at the SMNS. However, note that the
complete skull SMNS 13007 was used to replace the partial
skull of SMNS 10260 in the display. Osteoderms are still
attached to the throat region of the SMNS 10260. Numerous
isolated Mystriosuchus planirostris osteoderms are also
preserved in the SMNS collections (Fig. 3H). None of these
osteoderms resembles the Bonenburg osteoderm (Fig. 3A)
because their sculpture mainly consists of elongate, radially
arranged pits separated by thin ridges and a regularly crenel-
ated margin (Huene 1922, fig. 1; pers. obs. PMS).
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skull and a single osteoderm from the Stubensandstein of
Pfaffenhofen, Baden-Wiirttemberg, both bearing the acces-
sion number SMNS 12593. The skull is the holotype of
Nicrosaurus meyeri. However, Hungerbiihler (1998: 146)
notes that there are no postcrania with N. meyeri, contra-
dicting the label accompanying the osteoderm. The sediment
attached to the osteoderm vs. the skull in SMNS 12593
suggests that they came from two different horizons (Rainer
Schoch, pers. comm. 2023). Interestingly, though, the sculp-
ture of dermal skull bones of SMNS 12593 and that of the
osteoderm match. Similarly, the dermal skull bone sculpture
and osteoderm sculpture (Fig. 3I) match in fossils labelled
as Nicrosaurus kapffi in the SMNS collections. None of
the Middle Keuper osteoderms (Fig. 3H, I) resembles the
Bonenburg osteoderms (Fig. 3A) in shape and sculpture.

Alpine Norian phytosaurs

Records from the Alps are also older than the Bonenburg
specimen. Important phytosaur material with associ-
ated osteoderms comes from the marine successions of
the southern Alps, specifically from the middle Norian
Zorzino Limestone (Renesto and Paganoni 1998; Gozzi
and Renesto 2003) near Bergamo, northern Italy. The
articulated skeleton MCSNB 10087, assigned to the
Middle Keuper species Mystriosuchus planirostris (Gozzi
and Renesto 2003; but see Butler et al. (2019, p. 205)),
preserves at least 19 paramedian osteoderms in two
regions close to their original location. Gozzi and Renesto
(2003) describe two types of osteoderms which differ in
shape and sculpturing. The first type is from the medial
paramedian rows of the trunk and is oval. The sculpture
on its external surface radiates out from the ridge at the
centre of the bone. There is no great mediolateral asym-
metry (Gozzi and Renesto 2003, fig. 15A; pers. obs.
PMS). The second type of osteoderm has a sub-pentag-
onal to triangular outline and forms the lateral paramedian
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row which continues on to the proximal region of the tail,
whereas the medial row is restricted to the trunk (Gozzi
and Renesto 2003). The sculpturing of these osteoderms
is concentrated on the medial part, close to the medially
placed anteroposterior ridge (Gozzi and Renesto 2003,
fig. 15B; pers. obs. PMS). The asymmetry of this second
type of osteoderm is thus similar to WMNM P98442
(Fig. 2A, B). However, the sculpture of the osteoderms of
MCSNB 10087 agrees with that of the same species from
the Middle Keuper (Fig. 3H), as exemplified by SMNS
10260 and not with the Bonenburg osteoderm (Fig. 3A).
A mass accumulation of Mystriosuchus steinbergeri
Butler et al. 2019 from the middle Norian marine
Dachsteinkalk of the Austrian Alps also includes an osteo-
derm associated with one of the skulls (Butler et al. 2019).
This osteoderm is roughly triangular and shows little
sculpture on its outer surface (Butler et al. 2019, figs 15E,
F). The bone is roughly of the same size as the Bonenburg
osteoderm, but does not offer a good match in terms of
sculpture. However, it also appears to be poorly preserved.

Comparison with isolated Upper Keuper
(Rhaetian) osteoderms

Osteoderms from Niederschénthal, Switzerland

The osteoderms from the Rhaetian bone bed collection
from Niederschonthal at the NMB (Table 2) are large to
very large and their sculpture (Fig. 3F) does not match
with the Bonenburg osteoderm (Fig. 3A). Instead, the
size and sculpture of the Niederschonthal osteoderms
is rather similar to those of the Steinlah phytosaur MfN
MB.R. 2747. Although assignment to the same taxon is
hampered by the insufficient understanding of phytosaur
osteoderm morphology, the hypothesis of von Huene
(1922) of taxonomic identity MfN MB.R. 2747 and the
Niederschonthal osteoderms appears plausible from the
perspective of osteoderm morphology, but the Bonenburg
specimen clearly represents a different taxon.

Osteoderms from Halberstadt, Central Germany

Huene (1922) assigned skeletal (non-osteoderm) phyto-
saur material from Halberstadt to a large phytosaur (‘A.
ruetimeyeri’) and to a small, unnamed taxon (Table 2).
In addition, he assigned some isolated osteoderms from
the locality to either of these taxa, however, without
providing arguments for his assignment beyond size and
general resemblance (or lack thereof) to the Steinlah
phytosaur MfN MB.R. 2747.

We concur with Huene (1922) that the robust sculp-
ture of most Halberstadt osteoderms is similar to the large
osteoderms associated with MfN MB.R. 2747 and the
large isolated osteoderms from Niederschonthal. Huene
(1922) explicitly included two osteoderms, MfN MB.R.
4373.1 and MfN MB.R. 4374.1 (Fig. 3E), with the smaller
unnamed phytosaur. However, the Bonenburg osteoderm

(Fig. 3A) also differs in sculpture and size from those two
Halberstadt ones.

On the other hand, one small osteoderm (MfN
MB.R. 4224, Fig. 3C) from Halberstadt resembles the
Bonenburg one (Fig. 3A) despite being a gular osteoderm
and not a paramedian one. The two osteoderms share
a similar sculpture and a characteristic frayed margin
with bone spicules extending into the former soft skin.
Von Huene had already described this feature as ‘Rand
gezackt’ (jagged edge). Another Halberstadt osteoderm,
M1IN MB.R. 4372.1, also shows this feature and a similar
sculpture (Fig. 3D).

To sum it up, the Bonenburg osteoderm offers a poor
match with any named European phytosaur taxon and
differs clearly from most other Rhaetian European osteo-
derms (Fig. 3). Morphological diversity of Rhaetian
osteoderms, thus, is consistent with the existence of at
least two, if not three, phytosaur taxa during this time
period in Europe.

Comparison with non-European Rhaetian
osteoderms

Osteoderm of Jupijkam

There are two reports of probably Rhaetian phyto-
saur osteoderms from outside Europe. One is a single
paramedian osteoderm which is part of the hypodigm
of the newly-described mystriosuchine phytosaur
Jupijkam paleofluvialis (Brownstein 2023) from Nova
Scotia, Canada. The fossil is from the upper part of the
Whitewater Member of the Blomidon Formation, making
it most likely early Rhaetian in age (Brownstein 2023,
fig. 1). However, the external sculpture of this osteo-
derm appears relatively featureless and the illustration
(Brownstein 2023, fig. 6) does not allow for a meaningful
comparison with the European osteoderms.

Paleogeographically, the find is closest in paleolat-
itude to the Moroccan osteoderms, well south of the
European Keuper phytosaur occurrences and far south
of the Lithuanian and Greenland occurrences (Brusatte
et al. 2013). This fact makes the statement of Brownstein
(2013) that Jupijkam represents the northernmost occur-
rence of Phytosauria puzzling.

Indeterminate osteoderms from Zimbabwe

Barrett et al. (2020) describe various remains of taxo-
nomically indeterminate phytosaurs from the Tashinga
Formation of Zimbabwe. The upper part of this formation
is late Norian to early Rhaetian in age, based in part on a
radiometric date of 209.4 +- 4.5 Ma from a horizon 7.5 m
below a phytosaur-bearing horizon (Barrett et al. 2020,
fig. 9). The surface-collected phytosaur remains include
seven isolated osteoderm fragments (Barrett et al. 2020).
The preservation of these osteoderms, as illustrated by
Barrett et al. (2020, fig. 9), is insufficient for a meaningful
comparison with the European osteoderms (Fig. 3).
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The Bonenburg osteoderm and phytosaur
extinction

Possible reworking

The importance of the Bonenburg osteoderm for the
debate on phytosaur extinction hinges on the assump-
tion that the specimen is not reworked from older beds.
This is a natural concern in bone beds which certainly
are time-averaged. The possibility of reworking has
been raised for another specimen from Bone Bed 2 of
Bonenburg before (Konietzko-Meier et al. 2019), the
humerus of cf. Cyclotosaurus, a large temnospondyl
amphibian. As in the case of this humerus, the Bonenburg
osteoderm is well preserved and not abraded (Fig. 2) and
does not differ in appearance from the other bones in the
deposit. Although we currently cannot exclude the possi-
bility of reworking, there is no positive evidence for this
process, either.

Rarity of phytosaur remains in Bonenburg

The rarity of phytosaur remains (the single osteoderm)
compared to other vertebrates (Sander et al. 2016; see
above) in the Bonenburg bone bed is noteworthy. In partic-
ular, the complete lack of phytosaur teeth at Bonenburg is
striking, given that teeth are abundant in other Rhaetian
European bone beds (Table 1). Taken at face value, the
rarity could be interpreted as indicating a decline of
phytosaurs by the late middle Rhaetian. However, phyto-
saurs are not the only faunal element of extreme rarity at
Bonenburg and an environmental explanation is equally
likely (Suppl. material 1).

Conclusions

During the 2017 excavation campaign in the Rhaetian
bone beds at the Bonenburg clay pit in North Rhine-
Westphalia, Germany, a phytosaur osteoderm was found.
The host unit of the bone beds are the fine-grained dark
clastics of the Contorta Beds of the Exter Formation. The
bone bed from which the osteoderm derives, Bone Bed 2,
is dated palynologically with high precision (Gravendyck
et al. 2020) as late middle Rhaetian.

The osteoderm from Bonenburg is most definitely
phytosaurian in origin and pertains to the dorsal parame-
dian osteoderm rows. However, the osteoderm currently
cannot be assigned to a named taxon. This possibly
could be rectified by further comparative morphological
research, including quantitative approaches and machine-
learning, on phytosaur osteoderms aimed at refining the
current descriptive terminology, especially of the outer
sculpture or ornamentation.

The Bonenburg find indicates the survival of phyto-
saurs into the late middle Rhaetian, at most two million
years before the end of the Triassic. The osteoderm
currently is the youngest well-dated evidence for
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phytosaurs and, thus, currently lays claim to being ‘the
last phytosaur’. Of the other two contenders to this ‘title’,
one is not precisely dated and the other may not be a
phytosaur. However, that phytosaurs were still thriving
a few million years before the end of the Triassic is also
suggested by the large body size of the Steinlah phyto-
saur Mystriosuchus sp. (Jones and Butler 2018) and the
improved dating of the Rhaetian phytosaur finds from
Switzerland (Meyer and Wetzel 2021) and northern
Germany. It thus appears likely that phytosaurs fell
victim to the end-Triassic extinction event, inconsistent
with the view of Lucas (2018) of their gradual extinction
in the Late Triassic.
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Abstract

We studied at least part of Kuhn’s original material of lizards from the Paleocene (~MP 5) of the Walbeck locality in Germany. The
collection was considered to be lost but is consistently discussed in the literature due to its importance. We restudied the type mate-
rial of aff. Parasauromalus paleocenicus and aff. Glyptosaurus walbeckensis described by Kuhn in 1940. The former was originally
allocated to Iguania, the latter to Anguimorpha, though later on these identifications were questioned by several authors. We show
such a classification of both cannot be upheld. P. paleocenicus resembles the morphology of lacertids showing their presence in
Europe already around MP 5. We consider the name P. paleocenicus as a nomen dubium. The material of aff. G. walbeckensis was
later suggested to belong to Lacertidae and also considered as a potential amphisbaenian. Although it differs from modern amphis-
baenians, it shares features with one supposed polyodontobaenid — Camptognathosaurus parisiensis. The Walbeck form is identical
to this species. Since the Walbeck taxon was described in 1940, the principle of priority makes Camptognathosaurus parisiensis a
junior synonym of the species erected by Kuhn. We propose a new combined name for this form, Camptognathosaurus walbeck-
ensis comb. nov. The specimen figured by Kuhn is currently lost, thus we designate a neotype from Walbeck. However, this taxon
differs significantly from Polyodontobaena and new data doubt the attribution of Camptognathosaurus to Amphisbaenia. This taxon
is tentatively assigned here to Lacertidae, as further confirmed by phylogenetic analyses. Material of Scincoidea is also described.

Key Words

early Paleogene, Europe, Lacertidae, Scincoidea, Squamata

Introduction

Palaeoherpetofaunas of the Paleocene are extremely rare
in Europe and, thus, very little is known about squamates
from this epoch. We here redescribed and revised lizards
from the Paleocene of Walbeck fissure filling in Sachsen-
Anhalt in Germany (Fig. 1). The mammalian fauna
allowed to correlate the vertebrate assemblage likely to
the middle Selandian age and probably corresponding to
the European Paleogene mammalian reference interval
MP 5 (De Bast et al. 2013; De Bast and Smith 2016).
Walbeck is the only known Paleocene fossil site from

Germany and one of the few Paleocene localities known
from Europe as a whole. Thus, this locality represents one
of the unique and rare exceptions, serving as a window
into the late Paleocene world. The fossiliferous sediments
of Walbeck with Paleocene continental vertebrates were
reworked by a transgressing Oligocene sea and depos-
ited in protected fissures in Muschelkalk limestone (e.g.,
Storch 2008). Although a reworking of the sediments
and fossils of the karstic pocket is present, all studies
suggested that the continental vertebrates of Walbeck
should have Paleocene age (Russell 1964). The fissure
filling was excavated in 1939, and about fifteen tons

Copyright Andrej Cerriansky & Davit Vasilyan. 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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of sediment were processed (e.g., Weigelt 1939, 1940,
1942). As the pocket was fully excavated, it cannot be
recollected. Dehm (1961) discussed Walbeck and noted
how extensive it was: c. 15,000 specimens in a small
pocket. The vertebrate fauna was studied already in early
20" century (e.g., Kuhn 1940a, b; Russell 1966; Weigelt
1942). Recently mammals and birds have been restudied,
and their taxonomy has been revised (Mayr 2002, 2007;
Storch 2008; Rose et al. 2015).

Here, we study a part of the original Kuhn’s lizard
material. In fact, since Kuhn did not use collec-
tion numbers, poorly figured only a few specimens,
and provided limited descriptions, the recognition of
number and allocation of old specimens studied by him
is extremely limited. Besides lizards, Kuhn (1940a)
also documented the earliest Cenozoic occurrence of
Constrictores from Europe [this material is not included
here, but Georgalis et al. (2021a) remarked on the size of
these snakes]. In any case, the collection was considered
to be lost for many years (Estes 1983; Rage and Augé
1993) but mentioned and discussed in the literature for
decades due to its importance to our knowledge of the
Paleocene (e.g., Estes 1983; Rage and Augé 1993; Augé
2005; Cerfiansky and Augé 2013; Cerfiansky et al. 2020a;
Georgalis et al. 2021b). This material sheds new light on
the early evolution of some lizard taxa and demonstrates
the palaeodiversity of archaic members of lizard lineages
in the late Paleocene of Europe.

Among squamates, for particular reasons, one of the
groups one could expect in the Paleocene of Europe

are lacertids. They are the dominant reptilian group
in Europe, where the origin of the clade has been also
suggested (Arnold et al. 2007, and references therein).
This hypothesis has been also supported by the fossil
record (Borsuk-Bialynicka et al. 1999; Ceriiansky and
Augé 2013; Cernansky and Smith 2018). Descendants
of the basal-most divergence in crown Lacertidae,
between Gallotiinae and Lacertinae, are also docu-
mented from Europe (the Oligocene Pseudeumeces
and Dracaenosaurus and the Miocene Janosikia; see
Cerniansky et al. 2016a, 2017). Based on molecular
analyses, the Lacertidaec clade has been estimated to
diverge from its sister lineage before the Mesozoic-
Cenozoic boundary (Vidal and Hedges 2009). According
to Hipsley et al. (2009), modern lacertids arose shortly
after the Cretaceous-Paleogene (K/ P) transition. In a
recent study, crown ages were recovered for Lacertidae
in the Paleocene (Garcia-Porta et al. 2019). In any
case, their fossil record is unknown in the Mesozoic.
In the Paleocene, their fossils are extremely rare, some-
times even doubtful (Rage, 2013). A frontal tentatively
allocated to Lacertidae was described from the upper
Paleocene locality of Cernay (Ceriansky et al. 2020a;
reference locality of MP 6, BiochroM 1997).

In regard to Walbeck, Kuhn (1940a) described isolated
vertebra as Saniwa aff. ensidens and stated its similarity
to this American varanoid. He also described an isolated
dentary as “aff. Parasauromalus paleocenicus sp. nov.,
a new iguanian taxon. Kuhn also referred the species to
Iguanosaurus (see Kuhn 1944) and to lguanosauriscus

Figure 1. Location of Walbeck in Germany and other Paleocene localities of Northern France that yielded Camptognathosaurus.
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(see Kuhn 1958; see also Estes 1983). Later, it was
referred to Lacertidae by Estes (1983), who also tenta-
tively reclassified it into Plesiolacerta. However, because
the specimens were considered to be probably lost (see
Estes 1983), the systematic position of the taxon has
remained uncertain. Kuhn (1940a) also established the
species aff. Glyptosaurus walbeckensis. Kuhn in 1940b
better figured two specimens of this species (see Kuhn
1940b: tab II, fig. 4 and tab. III fig. 3). However, Estes
(1983) rejected its glyptosaurine affinities and suggested
that it was a lacertid as well and tentatively referred it
to Pseudeumeces. Later, Augé (2005) suggested that it
was a potential amphisbaenian and considered it a nomen
dubium. Indeed, the Amphisbaenia clade is documented
by a relatively rich fossil Paleocene record. Their fossils
are known from America (Sullivan 1985; Longrich et
al. 2015), Europe (Belgium and France, see Folie et al.
2013) and Africa (Augé and Rage 2006). These reptiles
originated most likely in North America (Longrich et al.
2015). Later, they radiated and dispersed in the Paleogene
following the Cretaceous-Paleogene (K-P) extinction.
It seems that these events were somehow connected to
the extinction, which has clearly an impact on squamate
faunas as well (see Longrich et al. 2012, 2015).

The study of Walbeck lizards will help to resolve
the allocation of the problematic Paleocene lizard taxa.
Moreover, it can help better understand the Paleocene -
the poorly known epoch which represents the beginning
of the Cenozoic.

Institutional abbreviations

CR, Cernay-lés-Reims, collections at the Natural
History Museum of Paris, France; MLU, the Institut
fiir Geologische Wissenschaften und Geiseltalmuseum,
Martin-Luther-Universitdt Halle-Wittenberg; NHMW,
the Natural History Museum Vienna, Austria; RIV PP,
Rivecourt-Petit Patis, collection houses at the Compic¢gne
Museum, France; SMF ME, Forschungsinstitut und
Naturmuseum Senckenberg, Frankfurt, Germany.

Materials and methods

Specimens examined, photography and
terminology

All studied specimens are housed at the Institut fiir
Geologische Wissenschaften und Geiseltalmuseum,
Martin-Luther-Universitdt Halle-Wittenberg (MLU). The
specimens were photographed using a Keyence VHX970
digital light microscope at the JURASSICA Museum
(Porrentruy, Switzerland). The image processing program
ImageJ (Schneider et al. 2012) was used for measure-
ments. The terminology for teeth follows Richter (1994)
and Kosma (2004). The terminology of the individual
structures of the vertebrae are primarily from Hoffstetter

and Gasc (1969) and Tschopp (2016). Taxonomy follows
Zheng and Wiens (2016) where the clade Lacertoidea
includes Lacertidae, Amphisbaenia, Teiidae and
Gymnophthalmidae (Laterata sensu Vidal & Hegdes,
2005; Burbrink et al. 2020) and, where Scincoidea
consists of Xantusiidae, Gerrhosauridae, Cordylidae
and Scincidae. However, others, such as Burbrink et al.
(2020), use a different concept of Scincoidea that does
not include cordyliforms. The authors unite the families
Cordylidae and Gerrhosauridae into a clade Cordyloidea,
which is a sister group to Xantusiidae.

The outline figure of the mandible of the holo-
type (SMF ME 2604) of Cryptolacerta hassiaca was
redrawn from figures published by Miiller et al. (2011:
fig. 1). The left dentary of C. hassiaca found in the gut
of Paranecrosaurus feisti was redrawn from figures
published by Smith and Habersetzer (2021: fig. 26C-E).
GE Phoenix nanotom VR 180 X-ray tomography nano-
CTVR system at the Slovak Academy of Sciences in
Bratislava was used (Fairfield, CT) for uCT scanning of
the holotype left dentary (NHMW 2019/0051/0001) of
Pseudeumeces kyrillomethodicus (previously published
and figured by Georgalis et al. 2021: figs 6, 7). The CT
data was analyzed using Avizo 8.1.

Phylogenetic analysis

To test the relationships of Camptognathosaurus within
Squamata, we added it to an updated version of the morpho-
logical dataset of Gauthier et al.1 (2012) that included K/
Pg-boundary species from the Western Interior of North
America assembled by Longrich et al. (2015) and recently
published codings for four species in Pan-Lacertidae,
three extinct (Eolacerta robusta, Stefanikia siderea,
Cryptolacerta hassiaca) and one extant (Gallotia galloti)
(see Longrich et al. 2015; Cerfiansky et al. 2017; Cerfiansky
and Smith 2018). This morphological data matrix (see
Suppl. material 1) was developed and modified using char-
acters taken primarily from Brownstein (2022), in which
several errors in the original Gauthier et al. (2012) matrix
identified by Simdes et al. (2015, 2017) were addressed.
In matrix of Brownstein (2022), some species were
deleted from this dataset for the purposes of their anal-
ysis, including fossorial species such as amphisabenians.
However, because Camptognathosaurus was proposed as
an amphisbanenian, we returned this group to the matrix.
The principal goal of this analysis is to understand the
relationship of the Paleocene taxon among Squamata. The
data matrix was analysed using maximum parsimony as
an optimality criterion in the program TNT and the NT
(New Technology) search (Goloboff et al. 2008; Goloboff
and Catalano 2016). Sphenodon punctatus was specified
as an outgroup. All characters were treated as unordered
and were equally weighted. Support was estimated through
Bremer support indices (Bremer 1994). Mesquite v.2.75
was used to visualize all trees (build 566; Maddison and
Maddison 2011).
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Data availability

All specimens from Walbeck are cataloged and
accessible in the fossil collection of the Institut fiir
Geologische Wissenschaften und Geiseltalmuseum,
Martin-Luther-Universitdt Halle-Wittenberg (MLU),
Germany. Digital surface model of the figured fossil
specimen of Pseudeumeces kyrillomethodicus is
available on Morphosource and Virtual Collections:
NHMW 2019/0051/0001: https://www.morphosource.
org/concern/media/000610005?1ocale=en.

Results

Systematic palaeontology

Squamata Oppel, 1811
Lacertoidea Oppel, 1811 (sensu Zheng & Wiens, 2016)
?Lacertidae Oppel, 1811

Camptognathosaurus Folie, Smith & Smith, 2013

Type species. Camptognathosaurus parisiensis Folie,
Smith & Smith, 2013.

Camptognathosaurus walbeckensis (Kuhn, 1940a),
comb. nov.
Figs 24

1940a (aff.) Glyptosaurus walbeckensis: Kuhn, p. 24, figs 4b, 5b.

1940b ,,Glyptosaurus walbeckensis: Kuhn, p. 482, tab. II fig. 4, tab.
111 fig. 3.

1983 Pseudeumeces? wahlbeckensis: Estes, p. 104.

2005 Amphisbaenia incertae sedis: Augé, p. 301

2013 Camptognathosaurus parisiensis: Folie, Smith & Smith, p. 229, fig. 3.

Neotype. MLU.GeoS.4045, almost complete left dentary.

Referred specimens. Germany (here): Two left
maxillae MLU.GeoS.4048-4049; one right maxilla
MLU.GeoS.4047; three left dentaries MLU.GeoS.4043—
4045, MLU.Geo0S.4055, MLU.GeoS.4038, 4039 and
4036; seven right dentaries MLU.GeoS.4051, 4040,
4053, 4037, 4041, 4042, and 4056.

France (see Folie et al. 2013): Two right dentaries RIV
PP 413, RIV PP 414; left dentary RTV PP 415, MNHN CR
17420 about fifteen dentaries and maxillae, MNHN CR
17421, right dentary and MNHN CR 17425 left dentary.

Localities and horizons. The type locality of
Camptognathosaurus walbeckensis (Kuhn 1940a), comb.
nov. is Walbeck (~MP 5; Germany). This taxon is also
known from France: Rivecourt-Petit Patis (MP 6b),
Cernay-l¢és-Reims (MP 6a; both France) and, potentially,
Montchenot (MP 6).

Taxonomic comment. The newly referred dentaries
show no evident differences relative to the type material
of (aff.) Glyptosaurus walbeckensis described from the

fr.pensoft.net

same locality (Kuhn 1940a: figs 4b, 5b): in tooth count,
tooth morphology, slightly arched ventral margin of
the dentary and prominent, dorsally elevated coronoid
process. This species has been considered a glyptosaurid
(Glyptosauridae sensu Ceriiansky et al. 2023a) by Kuhn
(1940a). This assignment is untenable given the speci-
mens studied here. Aff. Glyptosaurus walbeckensis lacks
the following derived characters of Anguioidea (Estes
et al. 1988; Gauthier et al. 2012): the splenial anterior
inferior alveolar foramen is located between the splenial
and the dentary (usually marked by the splenial spine)
and the Meckelian canal opens ventrally in the anterior
region (not medially for most of length). Moreover, the
sulcus dentalis is present, whereas in anguimorphs, the
dental crest is shallow and extends medioventrally. The
material of aff. G. walbeckensis was later suggested to
belong to Lacertidae (?Pseudeumeces; see Estes 1983).
Augé (2005) suggested that it is a potential amphisbae-
nian and considered it a nomen dubium. In contrast, the
new specimens share the following features of Paleocene
Camptognathosaurus parisiensis: a long dentary bearing
ten to twelve teeth, absence of an angle at the mandibular
symphysis and robust amblyodont teeth decreasing the
size towards the anterior end of the bone.

It should be noted that no holotype for aff. Glyptosaurus
walbeckensis was explicitly assigned by Kuhn (1940a).
He mentioned six dentaries as (aff.) G. walbeckensis, but
he figured only one and provided a brief description of
the dentary features of this taxon. Accordingly, following
ICZN (1999: Article 73.2 and Recommendation 73F), all
these six specimens mentioned by Kuhn (1940) (and not
only the one he figured) are by definition considered as
syntypes of the species. As such, the fact that these spec-
imens cannot be adequately identified because they were
not listed, figured, or described in detail does not affect
their status as syntypes; in fact, a similar situation has
been observed in other fossil Cenozoic reptiles as well,
such as the constrictor snake Palaeopython cadurcensis
(see Georgalis et al. 2021a: 22) and the testudinid turtle
Testudo marmorum (see Vlachos et al. 2020: 3—4). It is
difficult to identify the original syntype specimen figured
by Kuhn (1940a: fig. 4b, 5b). In the available material
studied here, no left dentary seems to be identical to the
figured Kuhn’s specimen. Unfortunately, the quality of the
figure from the original publication is not sufficient to relo-
cate the specimens. The overall shape and morphology of
the figured syntype are very similar to MLU.GeoS.4045
(Fig. 3A-D), but a more detailed comparison, especially
regarding the arrangement of preserved teeth, does not
support the assignment. In Kuhn’s (1940a) specimen,
there is a small posterior tooth with empty tooth loci ante-
rior to that and five teeth preserved in the row. In MLU.
GeoS.4045, six teeth could be counted if we virtually
complete the region between the first and last preserved
teeth. Another explanation is that the current preservation
of Kuhn’s specimen is much worse than in 1940. This
would make its identification challenging. In such a case,
the specimen MLU.GeoS.4039 (Fig. 4F-H) with five
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Figure 2. Camptognathosaurus walbeckensis comb. nov. from the Paleocene Walbeck locality. Two left maxillae MLU.GeoS.4048
(A-D) and MLU.Ge0S.4049 (E, F) and right maxilla MLU.Ge0S.4047 (G-J) in lateral (A, E, G); medial (B, E, H); dorsal (C, I);

and ventral (D, J) views.

preserved teeth (and a total of eleven tooth positions) in a
complete row would be a good candidate to represent the
original Kuhn’s (1940a) figured syntype specimen. In a
closer look, however, the anterior portion of this dentary
is not identical with the specimen of Kuhn (1940a) — the
anterior portion of MLU.Geo0S.40309 starts to rise dorsally
at the level of the anteriormost preserved tooth (rather
that in front of it), the dental crest is preserved in this
anterior elevated portion, and the relative mutual size of
teeth and their orientation do not match as well. For all
these reasons, we cannot confidently exclude an option

that the syntype specimen figured by Kuhn (1940a: fig.
4b, 5b) has been lost.

Furthermore, in the same year, Kuhn (1940b)
figured two additional specimens that he referred to
aff. Glyptosaurus walbeckensis, i.e., a dentary (Kuhn
1940b:pl. 11.4) and a maxilla (Kuhn 1940b: pl. 1IL.3),
which were both figured in much better quality than the
figured syntype specimen in his 1940a publication. The
same author further briefly described the maxilla (Kuhn
1940b: 482). However, Kuhn (1940b) did not mention
anything that would imply that these two newly figured
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specimens were part of the original type material of aff.
Glyptosaurus walbeckensis that was established in Kuhn
(1940a). The fact that Kuhn (1940a) did not mention
anything about the existence of a maxilla for this species,
renders us to safely regard that the maxilla is not a
syntype. As for the dentary, it is impossible to know if this
was a newly referred specimen or one of the six syntype
dentaries. The same author, in his subsequent compen-
dium of fossil lizards (Kuhn 1963), also did not specify
any type material in the respective entry of this taxon. In
the absence of any evidence, we have to treat it similarly
to the maxilla, i.e., as a referred specimen. In any case,
both these 1940b specimens should also be considered as
lost: we have three maxillae in our sample but no one is,
again, identical to his 1940b figured one, while the 1940b
dentary is similar to the right dentary MLU.GeoS. 4042
described and figured herein (Fig. 4A), but a detailed
comparison shows that this is not the same specimen.

Estes (1983: p.104) regarded the only figured spec-
imen in Kuhn (1940a: fig. 4b, 5b) as the only type
specimen. That action of Estes (1983) rendered him,
in fact, as the designator of the lectotype, according to
ICZN (1999: Article 74.5). By definition, the remaining
five, non-figured, dentaries mentioned in Kuhn (1940a)
represent paralectotypes of the species. As for two addi-
tional specimens figured by Kuhn (1940b), Estes (1983)
regarded them as the “referred specimens” and “topo-
typic specimens”.

Taking into consideration the poorly figured lecto-
type of the aff. Glyptosaurus walbeckensis in Kuhn
(1940a), coupled with the apparent loss of this mate-
rial and the original brief description, we consider that
it is most appropriate to designate a neotype that could
render the taxon diagnostic and allow its anatomical
features to be properly discerned. Camptognathosaurus
parisiensis is a junior synonym of the new combina-
tion Camptognathosaurus walbeckensis and is a type
species of the genus Camptognathosaurus (the type
species of a genus can be a junior synonym of a valid
species pertaining to the same genus, see ICZN 1999:
Article 67.1.2; e.g., the case with the snake genus Eryx
Daudin, 1803, but cannot be a non-diagnosable species,
which cannot be diagnosed as a member of the genus).
One option is to replace the lost one by the holotype
of Camptognathosaurus parisiensis (RIV PP 413) in
the new combination Camptognathosaurus walbeck-
ensis. However, we think it is less dangerous to choose
a neotype among the specimens from Walbeck (the
type locality), some of which are not significantly less
well-preserved than those from France. The reason
for this is that there are more chances that the neotype
we are choosing actually belongs to the same species
erected by Kuhn, than if we chose it among specimens
from a different region (with a slightly different age and
which could ultimately be shown to represent a different
species). Currently, only jaw elements are known and
caution is needed.
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Revised diagnosis. Small-sized lizard in regard to
skull length (an anteroposterior maximum length of
dentary around 10 mm). It differs from other members of
Lacertoidea based on a unique combination of features:
(1) pleurodont dentition (contra Trogonophis); (2) only
moderately shortened dentary (as Polyodontobaena,
Pseudeumeces, contra distinctly shortened in all
modern amphisbaenians, contra markedly short in
Dracaenosaurus, contra long in Lacerta and Gallotia);
(3) absence of an angle at the symphysis (as lacertids,
Cryptolacerta, contra Cuvieribaena and all modern
amphisbaenians except Amphisbaena ridleyi); (4)
rounded (arched) ventral margin of dentary (as lacer-
tids, Cryptolacerta, contra Polyodontobaena and modern
amphisbaenians); (5) higher number of labial foramina
- around five or six (as Lacerta, Pseudeumeces, contra
eight in Gallotia, contra four in Polyodontobaena,
three in Blanus and Rhineura, two in Cuvieribaena);
(6) opening of the alveolar canal beneath tooth row (as
Cryptolacerta, Polyodontobaena, contra all modern
amphisbaenians except Rhineura); (6) dentary tooth
number 1012 (as Pohl-Perner specimen of Cryptolacerta
and Polyodontobaena; 12-14 in Dracaena, 12-17 in
Pseudeumeces, contra higher tooth count in Tupinambis
and extant lacertids; contra smaller number - seven or
eight in Dracaenosaurus and in all modern amphis-
baenians); (7) heterodont dentition, teeth increase their
size posteriorly (the last tooth/teeth can be smaller) (as
Pseudeumeces, Janosikia, Polyodontobaena, contra
decreasing tooth size posteriorly in Cuvieribaena and
usually in modern amphisbaenians — note that in Blanus,
the third or fourth tooth is smaller); (8) teeth arranged
in a single line along the tooth row (contra Dracaena);
(9) robust, blunt teeth with constricted bases present in
the posterior half of the tooth row (as Dracaenosaurus,
Pseudeumeces, contra presence of robust and blunt
teeth without constriction in the anterior region of the
tooth row in Cuvieribaena); (10) absence of cementum
deposits (contra teiids); (11) moderately low dental crest,
teeth exceed the dental crest by more-or-less the half of
the tooth length [as Cryptolacerta, contra high dental
crest (most of the ventral tooth length laterally cover by
the crest) in Pseudeumeces, Dracaenosaurus, Janosikia
and Lacerta, contra low dental crest, shallowly pleu-
rodont (most of the tooth length exposed laterally) in
Polyodontobaena and most amphisbaenians]; (12) large,
dorsally distinctly elevated coronoid process of dentary,
which appears to cover, at least partly, the anterolateral
part of the coronoid (as Cryptolacerta and many amphis-
baenians, contra basal Rhineuridae); (13) open Meckelian
canal (contra Rhineura); (14) fossa for adductor muscu-
lature well developed, extensive, running well belong
the dentary tooth row (as Cryptolacerta, ?Cuvieribaena,
contra Polyodontobaena and extant amphisbae-
nians) and (15) posteroventral process of maxilla long
(as lacertids, Cryptolacerta, contra derived state in
modern amphisbaenians).
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Figure 3. Camptognathosaurus walbeckensis comb. nov. from the Paleocene Walbeck locality. The neotypic left dentary MLU.
GeoS.4045 in lateral (A), medial (B), dorsal (C) views; and tooth detail in medial (D) view. Right dentary MLU.GeoS.4051 in
lateral (E) and medial (F) views; and detail of the area around the alveolar foramen in ventromedial (G) view. Left dentary MLU.
GeoS.4055 in lateral (H), medial (1) and dorsal (J) views. Right dentary MLU.Geo0S.4037 in lateral (K) and medial (L) views; and
teeth in dorsal (M) view. Left dentary MLU.Geo0S.4043 in lateral (N) and medial (O) views; and detail of teeth in medial (P) view.
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Description. Maxilla. Three maxillae (two left, one
right) are available in the material (Fig. 2A—F). The
specimen MLU.GeoS.4048 is better preserved, whereas
4049 is represented only by a posterior fragment bearing
three teeth. MLU.Geo0S.4048 possesses six or seven tooth
positions (see remarks) with four teeth still attached. The
preserved portion of the maxilla appears to be antero-
posteriorly short rather than long. Note, however, that it
is incomplete and the true length of the element cannot
be determined (but see remarks for Kuhn 1940b). It
consists of two major portions: the dental portion bearing
the marginal dentition and the dorsally extending nasal
process (facial process sensu Evans 2008). In dorsal
view, the bone gradually widens posteriorly except for
the posteroventral process. A short process bearing a facet
for the palatine extends posteromedially. Further posteri-
orly, the bone continues into the posteroventral process.
The process is not pointed but forms a low perpendicular
wall. The external side of the maxilla is slightly concave.
In lateral view, the external surface of the bone is mostly
covered by adhering sediment. The partly exposed areas
are more-or-less smooth (the same is true for MLU.
GeoS.4049 which, however, represents only a ventral
portion of the maxilla, see below). The nasal process is
small (note that the anterior part of the process is broken
off) and slightly dorsally expanded. Its posterior portion
is well demarcated from the further posterior portion of
the maxilla by a recess.

Further posteriorly, the bone gradually decreases, but
note that the dorsal margin of this part is slightly concave.
The anterior region of the maxilla is damaged. In medial
view, the partly damaged supradental shelf is well-devel-
oped and moderately expanded medially. Its maximum
medial expansion, corresponding to the palatine process
of the maxilla, can be seen at the level of the last posterior
preserved tooth. The portion situated further posteriorly
appears to be damaged. However, it can be assumed that
the process did not protrude distinctly further posteriorly
(Fig. 2C). The large posterior opening of the superior
alveolar canal is located in the posterior region at the
level of the fifth tooth position (counted from anterior).

The specimen MLU.GeoS.4047 represents a partly
preserved right maxilla. It appears to be somewhat long
(relative to amphisbaenians), but its dorsal portion,
including the nasal process, is completely broken off. The
anterior portion is missing as well. The preserved external
surface of this specimen is smooth. Only a ventral half of
one supralabial foramen is preserved. The bone extends
posteriorly into the more-or-less long posteroventral
process. The process is slightly inclined laterally relative
to the anteriorly located portion of the maxilla (Fig. 2L, J;
the same condition can be seen in MLU.Ge0S.4049). The
preserved maxilla bears six tooth positions where four
teeth are still attached to the bone. The medial margin
of the supradental shelf is damaged, although its sharp
stepped end around the end of the tooth row is visible.
It forms the medially expanded portion. In this area, the
facet for the palatine is present. The posterior opening of
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the superior alveolar canal is located at the level of the
penultimate tooth position. The posteroventral process of
maxilla is long rather than short. In lateral and medial
views (Fig. 2G, H), its dorsal margin is concave and the
posteroventral process forms a low perpendicular wall.
The ventral margin of this wall reaches only slightly more
posteriorly than its dorsal margin. From the level of the
superior alveolar foramen, the posteroventral process
is also slightly rotated ventrolaterally. Thus, its lateral
surface is partly visible when the maxilla is observed in
ventral view (Fig. 2J). The posterior region of the maxilla
appears to bear a facet for jugal (Fig. 2H).

Remarks. All three maxillae, despite some small
differences, are allocated to the same species. They share
several features, such as robust teeth of which a robust-
ness increases posteriorly; the location of the palatine
process; and the presence of well-developed postero-
ventral process (in contrast to modern amphisbaenians).
Identical dentition in this type of element helps to recog-
nize that they most likely belong to the same taxon as
dentaries described below. Moreover, they are compa-
rable in size and come from the same locality. It seems
to be unlikely that maxillae belong to a form for which
dentaries have not been recorded in the locality. The small
differences among maxillae are considered individual
variability and/or may reflect ontogenetic differences (see
Discussion). Therefore, until the intraspecies variability
and ontogeny is better understood in this form, we prefer
to provisionally refer the new maxillae to the species
Camptognathosaurus walbeckensis comb. nov.

The tooth number in the tooth row is difficult to esti-
mate because the region of the last posterior tooth in
MLU.GeoS.4048 is damaged. It seems that there could
be a place for one additional tooth. But in such case, this
tooth, if present, would be much smaller than the last
preserved (potentially penultimate) tooth. Actually, this
would not be unusual and cannot be excluded (although
nothing indicates such a condition in MLU.GeoS.4049).
In such a case, the maxillary tooth number in a preserved
(not complete) tooth row of this specimen is seven.

Besides these three specimens, there is an addi-
tional right maxilla figured by Kuhn (1940b: tab II fig.
4). This Kuhn’s specimen is much more complete, but
is not present in the material available to us (according
to Estes 1983, it is lost). There are similarities with our
material, such as an amblyodont dentition and a long
posteroventral process with a concave dorsal margin,
although it is difficult to be absolutely sure without
proper study that this specimen represents the same taxon
(Camptognathosaurus). Only its lateral aspect is figured
and according to Kuhn (1940b), it has 11 mm in length
(it is moderately long rather than short) and possesses
seven teeth (the tooth count of a complete tooth row was
ten). Its external surface (including the nasal process) is
pierced by numerous small foramina. The posteriormost
supralabial foramen is located at the level of the fourth
tooth position. The nasal process is anteroposteriorly long
but dorsally low. Its dorsal margin is rounded, whereas
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Figure 4. Camptognathosaurus walbeckensis comb. nov. from the Paleocene Walbeck locality. Right dentary MLU.GeoS. 4042 in
lateral (A) and medial (B) views. Left dentary MLU.GeoS.4038 in lateral (C), medial (D) and dorsal (E) views. Left dentary MLU.
GeoS. 4039 in lateral (F), dorsal (G) and medial (H) views and with detail of teeth (H1). Right dentary MLU.GeoS. 4056 in lateral
(1) and medial (J) views. Right dentary MLU.GeoS. 4041 in lateral (K), medial (L), and dorsal (M) views.

its posterior portion slightly protrudes posteriorly. This
portion is triangular, pointed and posteriorly directed.
Estes (1983) stated that there is a weak sculpture reflecting
osteodermal attachment on the nasal process.

Dentary. Several dentaries are preserved. Most of them
are, however, only fragmentary (Figs 3, 4). The complete
tooth row is preserved in the dentaries MLU.GeoS. 4045
(neotype) and 4051 (Fig. 3A—-G). The specimens bear

twelve tooth positions (two teeth are still attached to the
bone in 4051, see Fig. 3E, F; whereas four are preserved
in 4045, see Fig. 3A-C). Some smaller dentaries bear
eleven or perhaps ten tooth positions — this estimation
is based on MLU.GeoS.4038, where only the anterior-
most portion is broken off, but nine tooth positions are
preserved (seven more-or-less complete teeth and half of
two anteriormost ones are preserved in this specimen).

fr.pensoft.net



168

Andrej Cernansky & Davit Vasilyan: Lizards from the Palaeocene of Walbeck

The otherwise smooth lateral surface is pierced by a
single row of five (in MLU.Geo0S.4051) to six (in 4045)
labial foramina (in some cases four, e.g., MLU.GeoS.
4042 — note, however, that these specimens are incom-
plete; Fig. 4A). The foramina are located in the mid-line
of the bone and gradually increase in size posteriorly.
The posteriormost foramen is located at the level of the
fifth tooth position (counted from posterior) in MLU.
Geo0S.4051, but at the third in 4045 (note, however, that
this is not a result of a different placement for the foramen
in the dentary, but of the closely packed posteriormost
teeth in 4051). In the posterior region of the dentary, there
is a well-developed, wedge-shaped fossa for the adductor
musculature. This structure is extensive, running well
below the tooth row.

In medial view, the Meckelian canal is fully open,
although narrow in the anterior region — the canal grad-
ually widens posteriorly. The intramandibular septum,
which separates the Meckelian canal from the alveolar
canal, extends posteriorly almost to the end of the tooth
row, but does not surpass it. The septum reaches the
level of the third tooth position (counted from posterior)
in MLU.GeoS.4051, whereas it reaches the level of the
last tooth position in 4045 (this is likely related to the
two additional posterior teeth in 4051, not a true shift in
the structure position). The ventral margin of the septum
forms a small and narrow crest (Fig. 3B). This crest is
not free but is ventrolaterally fused to the bone (thus,
this is not identical to a free posteroventral margin of the
intramandibular septum sensu Gauthier 1982). Dorsally,
the opening of the alveolar canal (i.e., alveolar foramen)
is located. A subdental shelf roofs the Meckelian canal.
Dorsally, the subdental shelf bears the sulcus dentalis
(the sulcus becomes shallower posteriorly). The shelf is
robust in the anterior section (Fig. 3B), but it distinctly
narrows posteriorly due to the presence of the facets
for the splenial and large facet for the coronoid on its
ventromedial surface. The splenial facet is medially
exposed and visible at the level of the third tooth posi-
tion (counted from posterior; this condition is present
in all specimens in which this feature can be observed).
Then, it turns more ventrally and reaches far anteriorly,
extending to the level of the sixth tooth position counted
from posterior or the seventh tooth position if counted
from anterior. The symphyseal region is preserved in
MLU.GeoS.4045. It is slightly dorsally elevated rela-
tive to the mid-section of the shelf (the subdental shelf
is slightly dorsally concave). The symphysis is small and
rectangular in shape. The facet for the splenial is also
present on the ventral margin, but the margin itself is
weathered, worn or corroded in the specimens so it is
difficult to estimate its anterior termination. The ventral
margin of the bone is slightly arched. The posterior
region of the bone (posterior to the end of the tooth row)
distinctly rises dorsally to form a dorsally elevated and
prominent coronoid process. It appears that it covered,
at least partly, the anterolateral part of the coronoid. The
coronoid itself is not preserved, so this cannot be fully
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confirmed. The coronoid process of the dentary is fairly
preserved in MLU.GeoS.4045. Only its dorsal portion
is slightly damaged. The process reaches clearly higher
than the level of the tooth apices of the largest teeth. The
ventral posterior ends of all dentaries are damaged. At
least a short angular process can be identified in MLU.
GeoS.4045 (Fig. 3A, B). However, this appears to be
only the base of the process, so its real length is unclear.
The same is true for MLU.GeoS.4036, a left dentary
without teeth.

Dentition. The tooth implantation is pleurodont. Teeth
are tall (relative to the overall size of the jaw), overar-
ching the moderately low dental crest by more-or-less
the half of the tooth length. Tooth size (robustness) in
both maxilla and dentary gradually increases posteriorly.
Note, however, that the last and/or penultimate tooth can
be somewhat smaller again relative to the next anteriorly
located tooth. The teeth are straight (not recurved) and
slightly inclined anteriorly. In general, they are robust
with blunt apices. The large teeth in the posterior region
are extremely blunt, amblyodont and have rounded apical
portions forming robust cylinders. Some specimens bear
well-preserved fine radial striations of the crowns (Fig.
3M, O). The teeth are slightly constricted at their bases.
Here, large circular resorption pits are located.

Although teeth are robust in some specimens, they have
a slightly pointed appearance rather than being rounded
and distinctly blunt. In some of these specimens, tooth
crowns (however not all of them) have rounded mesial
and slightly concave distal margins (Fig. 4H; note that
this is also present in the penultimate preserved tooth of
MLU.GeoS.4045, although in lesser form; see Fig. 3D).
This feature (weak pointedness), however, can somehow
vary among individuals and even in a single tooth row.
Moreover, the conditions in the MLU.GeoS.4047 maxilla
and 4042 dentary rather reflect an intermediate stage
(Figs 2H, 4B; see remarks and Discussion).

Remarks. The material described here shares morpho-
logical features with the material of Camptognathosaurus
parisiensis described by Folie et al. (2013: fig. 3) from
France (MP 6b, Rivecourt-Petit Patis; MP 6a, Cernay-
lés-Reims). The dentary RIV PP 413 (the holotype in
Folie et al. 2013) is markedly similar to the specimen
MLU.GeoS.4045 we describe here (Fig. 3A-D). All
specimens from Germany and France (all localities are
geographically relatively close to each other, see Fig. 1)
share the following combination of features: (1) slightly
rounded (arched) ventral margin of dentary; (2) number
of labial foramina; (3) position of the alveolar foramen;
(4) heterodont dentition in regard to size; (5) robust,
blunt teeth with slightly constricted bases present in the
posterior half of the tooth row (the last tooth/teeth can be
smaller); (6) large, dorsally distinctly elevated coronoid
process; and (7) similar tooth number — the specimen
RIV PP 413, which is represented by a nearly complete
right dentary from Rivecourt-Petit Patis, bears eleven
tooth positions. Both paratypes CR 17420 and CR 17425
are, however, incomplete.
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It should be noted that some dentaries described here
show several small differences (or variation) among
them: (1) size; (2) blunt tooth crown vs. slightly more
pointed (although still robust); (3) slightly lower tooth
number (twelve vs. eleven or ? ten tooth positions); and
(4) potentially also the shape of the coronoid process. If
the coronoid process is robust, dorsally rising in those
dentaries with the well-preserved posterior portion
(Fig. 3), the shape of this process is difficult to demon-
strate clearly in some other dentaries. Namely, it is
not markedly dorsally elevated in MLU.GeoS.4042
(Fig. 4A, B) and 4038 (Fig. 4C, D). It is clearly unre-
lated to the early ontogeny because the dorsally distinctly
protruding process is observed in a small specimen MLU.
GeoS.4041 (Fig. 4K, L). However, the left dentary MLU.
GeoS.4038 is eroded. The relatively lower process in
these two mentioned specimens seems to reflect only an
artefact of preservation. All other differences seem to fall
into the normal individual (and/or ontogenetic) variation;
thus, all specimens studied here represent most likely a
single taxon (see Discussion).

Lacertidae indet.
Figs 5, 6

1940a aff. Parasauromalus paleocenicus: Kuhn, p. 24, figs 4a, 5a
nomen dubium.

1944 aff. Iguanosaurus paleocenicus: Kuhn, tab. 20, fig. 7 nomen
dubium.

1958 lguanosauriscus paleocenicus: Kuhn, p. 382 nomen dubium.

1983 Plesiolacerta? paleocenica new comb.: Estes, p 104 nomen
dubium.

Material. One left dentary MLU.Geo0S.4059; seven
isolated dorsal vertebrae MLU.GeoS.4067, 4066, 4061—
40064, 4068.

Description. Dentary. The specimen MLU.
GeoS.4059 represents a left dentary (Fig. 5). It is in
fair condition. Only the anterior region is missing. The
smooth lateral surface of the bone is pierced by a line
of labial foramina, four of which are preserved (Fig.
5A). In the anterior region, these foramina are located
at mid-height on the dentary, but as the dentary deepens
posteriorly, the last two foramina are located more-or-
less in the dorsal one-third of the bone. The posteriormost
foramen is located at the level of the eleventh tooth posi-
tion (counted from posterior). The alveolar shelf supports
21 tooth positions. Seven complete teeth are still attached
to the bone and eight teeth have partly preserved tooth
bases. However, since its anterior region is missing, the
total number of teeth is unknown, but it certainly would
have been slightly higher. The Meckelian canal is fully
open and exposed medially (Fig. 5B). It is narrow in the
anterior region and widens slightly posteriorly. In the
posterior region, it is only moderately broad. The alve-
olar canal (Fig. 5D) opens at the level of the seventh tooth
position (counted from posterior). The intramandibular

septum forms the ventromedial wall, separating this
canal from the Meckelian canal. The ventral margin of
the bone is nearly straight. Note, however, that its poste-
rior portion is damaged. The subdental shelf roofs the
Meckelian canal (sensu Rage and Augé 2010), which is
only slightly concave in medial view — the shelf is more-
or-less straight in the anterior section, whereas it rises
slightly dorsally from the ninth tooth position (counted
from posterior). It gradually becomes thinner posteriorly
due to the presence of the facet for the splenial on its
ventromedial surface. This facet is present on the ventral
margin as well. Unfortunately, the posterior section of
the shelf is damaged. The sulcus dentalis is developed,
mainly in the anterior region of the dorsal surface of the
shelf. Posterior to the tooth row, the bone tapers into the
narrow and pointed coronoid process, which rises slightly
dorsally. On the dorsolateral surface of the posterior end,
the articulation for the coronoid is preserved, showing
that the coronoid overlapped the dentary dorsally.

Dentition. The tooth implantation is pleurodont. The
teeth are tall and heterodont, ranging from monocuspid
in the anterior region of the dentary to bicuspid with a
dominant, triangular (pointed) and slightly recurved main
cusp and an additional smaller, well-separated mesial
cusp (Fig. SD-F). The bicuspidity starts around the 14%
tooth position (counted from posterior). Note, however,
that only one tooth (14%) is preserved in this region,
possessing an incipient mesial cusp. The tooth crowns are
lingually slightly concave. Weak, delicate radial striations
(converge at the tip of the main cusp) are present on the
lingual side of, at least, some of the tooth crowns (well
seen especially in the teeth located in the mid-portion of
the dentary; see Fig. 5F). In some cases, two dominant
striae form a slightly developed lingual cusp. The tooth
neck is slightly swollen lingually. Small circular resorp-
tion pits are present on the lingual aspects of tooth bases in
some teeth. The narrow inter-dental gaps of the preserved
teeth indicate that the teeth were closely spaced.

Remarks. The specimen MLU.Geo0S.4059 is identical
to the left dentary on which Kuhn (1940a: figs 4a, 5a)
established the new species aff. Parasauromalus paleo-
cenicus, although one anterior tooth subsequently broke
off. The specimen is undoubtedly the same one described
by Kuhn. It was also figured by Kuhn in 1944 (see Kuhn
1944: tab. 20, fig. 7).

The specimen MLU.GeoS.4059 represents a lacertid
since it exhibits the synapomorphies of the family
(Estes et al. 1988; Gauthier et al. 2012), such as sulcus
dentalis and lateral overlap of the posterodorsal margin
of the dentary by the coronoid. The tooth morphology
also indicates a lacertid rather than other groups: pres-
ence of bicuspid teeth, weak striations and sometimes
a weakly-developed lingual cusp is common among
members of Lacertidae, including Lacerta (see Kosma
2004; Ceriiansky and Syromyatnikova 2019). Among
scincoids, the lingual cusp is usually well separated. In
scincids, the lingual cusp is usually framed by broadly
mesially and distally running cristae lingualis anterior
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Figure 5. Lacertidae indet. from the Paleocene Walbeck locality. (A—F) Left dentary MLU.Geo0S.4059 in lateral (A), medial (B) and
dorsal (C) views. Detailed photographs of the area around the alveolar foramen in ventromedial (D) and detail of teeth in medial

(E, F) views.

and posterior rather than more-or-less vertical striae
dominans anterior and posterior (e.g., Caputo 2004;
Kosma 2004; Cerfiansky et al. 2020b; Cerfiansky and
Syromyatnikova 2021). Moreover, bicuspid teeth among
scincoids are rare but present only in some cordyli-
formes (Estes, 1983) - bicuspid teeth are present in,
e.g., Gerrhosaurus flavigularis and Zonosaurus quadri-
lineatus, tricuspid teeth with dominant central cusp are
present in, e.g., Tracheloptychus, and even multicuspid
teeth are present in a herbivorous gerrhosaurid - the
posterior teeth of Gerrhosaurus (Angolosaurus) skoogi
possess up to seven cusps Kosma 2004; Nance 2007).
The presence of bicuspid and faintly tricuspid teeth is
reported in a potential cordyliform Deccansaurus from
the Deccan intertrappean strata (uppermost Cretaceous —
lowermost Paleocene; Yadav et al. 2023). However, this
taxon differs from the Walbeck lacertid by many aspects,
e.g., the Meckelian canal is distinctly narrow (shallow)
and exposed ventrally rather than medially, and a sple-
nial is short. In teiids, the tricuspid teeth have extensive
cementum depositions on tooth bases (Estes 1983).
Vertebrae. Seven vertebrae are available in the material
(three of them are figured, see Fig. 6). The neural spine is
moderately high (MLU.GeoS.4067; the short vertebrae
with tall neural spines tend to be cervicals and thoracics)
or rather low (MLU.GeoS.6066, 4061 and 4063) (Fig.
6) and slightly inclined posteriorly. It originates on the
anterior border of the neural arch, forming a median
ridge here (prespinal lamina sensu Tschopp 2016). It
rises progressively posteriorly, and its top is slightly
rounded. This part is wider and drop-shaped in dorsal
view. The neural canal is large and pentagonal in outline.
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The well-developed prezygapophyses are distinctly
inclined dorsally, having well-defined, roughly elliptical
articulation surfaces at the level of which the vertebra
reaches its greater width. The postzygapophyses are oval
in shape. Both pre- and postzygapophyses are slightly
elongated and oriented obliquely but more anteroposteri-
orly than mediolaterally. The vertebrae are only slightly
constricted between the pre- and postzygapophyses and
consequently, they are relatively broad in dorsal view. In
lateral view, the interzygapophyseal ridge (postzygopre-
zygapophyseal lamina sensu Tschopp 2016) is visible as
a sharp ridge, connecting both pre-and postzygapophyses
laterally. The synapophyses are well-developed, being
located in the anterior region. The centrum gradually
narrows posteriorly. In ventral view, it has a triangular
shape. Its relative length varies among vertebrae, being
short in MLU.Geo0S.4067 and 4068, but rather long in
MLU.GeoS.4066 and 4061. The ventral margin of the
centrum is concave in lateral view. In ventral view, the
centrum is pierced by two small foramina in its ante-
rior third. The cotyle and condyle are mainly preserved
in MLU.GeoS.4067 and 4066. They are moderately
large, being rounded in MLU.GeoS.4067, but slightly
depressed in 4066. The condyle is well demarcated from
the centrum - the condyle (especially where the cartilage
has been stripped from it) is narrower than the centrum.
Note, however, that the true precondylar constriction
seen in varanids (the width of the condyle is greater than
the width of the centrum immediately anterior to it, e.g.,
Rieppel 1980; Estes 1983; Smith et al. 2008; Holmes et
al. 2010; Certiansky et al. 2022a) is absent in the herein
described material.
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Remarks. Kuhn (1940a) originally described an
isolated dorsal vertebra as Saniwa aff. ensidens, although
stated that the specimen is by two-thirds smaller than
a vertebra of this American varanoid. The vertebra
described and figured by Kuhn (1940a: fig. 3) is identical
to the material we describe here, although one cannot be
sure if one of the vertebrae represents the same specimen
Kuhn described. Thus, the oldest occurrence of Saniwa
in Europe should be considered to be younger, namely
from the earliest Eocene age locality Dormaal (Augé et
al. 2022). For the identification of the vertebrae described
here, see Discussion.

Scincoidea Oppel, 1811 (sensu Zheng & Wiens, 2016)
Fig. 7

? Scincoidea indet.

Material. One right maxilla MLU.Geo0S.4057, one left
maxilla MLU.GeoS.4058.

Description. Maxilla. Two maxillac are preserved.
The specimen MLU.GeoS.4057 is larger and represents
a fragment of the right maxilla around the superior alve-
olar foramen (Fig. 7A, B). The anterior and posterior
portions are broken off. The specimen possesses nine-
and-a-half tooth positions (eight teeth are still attached).
The lateral surface is eroded, but it can be estimated that
the preserved portion was smooth. It is pierced by three
supralabial foramina. The nasal process of the maxilla
forms an almost perpendicular wall, although note that it
is only partly preserved. It expands almost to the posterior
end of the preserved portion of the bone. This posterior
margin appears not to be stepped but gradually decreases
posteriorly. In medial view, the supradental shelfis almost
straight, only slightly expanded medially — however, it is
heavily damaged. The superior alveolar opening is at the
level of the sixth tooth position (counted from posterior).
However, the exact number of teeth is unknown in this
specimen due to the missing portions. Posterior to the
opening, the bony dorsolateral wall is damaged, and thus,
the area ventral to it, is exposed.

The specimen MLU.GeoS.4058 is smaller and slightly
in overall better condition than 4057. It represents the
left maxilla (Fig. 7C—H) around the region of the supe-
rior alveolar foramen, but here, the posterior region is
preserved. The lateral surface is smooth. It is pierced by
three supralabial foramina: the first anterior is located at
the level of the seventh tooth position; the second is at
the level of the sixth tooth position and the last poste-
rior one lies at the level of the third tooth position (all
counted from posterior). The first two are moderately
large, whereas the posterior one is smaller. The dental
crest is well-developed, reaching more-or-less the half
the tooth height. Nine tooth positions are preserved (six
teeth are still attached). The supradental shelf is only
partly preserved, especially in the posterior section of
the bone. The opening of the superior alveolar canal is
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located at the level of the sixth tooth position (counted
from posterior). However, the anterodorsal margin of
the bone, which demarcates the opening, appears to
be partially damaged. Due to this, the original opening
might be slightly more posteriorly located, approximately
at the level between the fifth and sixth tooth positions.
The further posterior region is well-excavated, forming
a longitudinal depression. The nasal process is partly
preserved. Only its ventral portion remained intact. Its
posterior margin appears to be stepped, but this region
is partly broken off. Thus, an actual outline is unknown.
The posterior portion protrudes into a short and narrow
posteroventral process. It is bluntly ended.

Dentition. The tooth implantation is pleurodont.
The teeth are tall, although the posterior last ones are
slightly smaller (the last and penultimate teeth in MLU.
Ge0S.4058). The teeth are robust; the robustness increases
posteriorly. They are slightly inclined posteriorly, being
closely spaced with small interdental gaps. The apices are
more-or-less rounded and blunt rather than having a sharp
and pointed appearance (although it should be noted that
the sixth tooth in MLU.Geo0S.4058 has a roughly trian-
gular appearance). The tooth crowns in MLU.GeoS.4057
are eroded, and some preservational artefact makes
crowns look more rounded (plausibly because of diges-
tion). The tooth crowns in MLU.GeoS.4058 are fairly
preserved. In this specimen, the lingual surface of the
crown in these teeth is concave, being curved inwards,
whereas the labial one is distinctly convex. The lingual
aspect of the crown is bordered by the culmen lateris ante-
rior and culmen lateris posterior. No apicobasal crown
striation can be recognized. The tooth crowns possess
labial and lingual cusps, being transversally bicuspid.
Note that this morphology is less noticeable, possibly
due to preservation (the enamel appears to be slightly
eroded — as occurs, for example, when teeth pass through
stomach acid). However, further structures on enamel,
such as striae, would be also affected (see Smith et al.
2021). The labial cusps form a somewhat rounded labial
edge. For this reason, the overall appearance of these
teeth is blunt. These labial cusps are slightly bent inwards
— lingually, which is well-visible mainly in the tooth at
the sixth tooth position (counted from posterior). Most
tooth crowns show some longitudinal asymmetry (the
mesial portion is longer than the distal one). The lingual
cusps are small and hardly recognizable. They appear to
be framed by short, mesially and distally running cristae
lingualis dominans anterior and posterior. The tooth
bases are well-expanded medially relative to the rest of
the tooth shafts. The bases are pierced by oval resorption
pits. A few teeth have huge pits, reaching almost over the
half of their length. This feature is probably related to an
artefact of preservation.

Remarks. The material resembles mostly scincid,
where the lingual cusp is usually framed by the broadly
mesially and distally running cristae lingualis anterior
and posterior rather than more-or-less vertical striae
dominans anterior and posterior (e.g., Kosma 2004) — the
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Figure 7. ?Scincoidea indet. from the Paleocene Walbeck locality. Right maxilla MLU.Geo0S.4057 (A, B) and left maxilla MLU.
GeoS.4058 (C—H) in lateral (A, C), medial (B, D), dorsal (E) and ventral (F) views. Detail of teeth of MLU.Geo0S.4058 in medial

(G) and ventromedial (H) views.

presence of the lingual, well-separated cusp is more
common among the cordylids than the scincids (Folie et
al. 2005). Transversely bicuspid teeth can be present in
some gekkotans, e.g., eublepharids (Sumida and Murphy
1987). In contrast to the robust Walbeck specimens,
gekkotans have lightly built skeletons, which reflects
their rarity in the fossil record (Evans 2003, 2008).
Transversely bicuspid teeth can be also present in teiids
(in members of this group; in contrast to the Walbeck
material, the teeth have extensive cementum depositions

at tooth bases, see Estes 1983) and polyglyphanodontids,
but the lingual cusp is much better developed in these
taxa than the small cusp of the Walbeck material and scin-
coideans (see Nydam 1999). In lacertids, the lingual cusp,
if present, is only weakly developed. Moreover, crown
lacertids usually have bi- and tricuspid tooth crowns
(Cerniansky and Syromyatnikova 2019).

We cannot be certain whether both Walbeck spec-
imens belong to the same taxon (because true crown
morphology is only known for the well-preserved one
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—MLU.Geo0S.4058). In fact, some features do not support
an allocation to a single taxon (the supralabial foramina
appear to be much larger in the poorly preserved spec-
imen MLU.GeoS.4057, teeth look a little bit more robust).
However, these differences can be related to the level of
preservation, ontogenetic and/or individual variability.
In any case, we provisionally allocated both specimens
together as ? Scincoidea indet.

Phylogenetic analysis of Camptognathosaurus
walbeckensis

The phylogenetic tree presented here is based on limited
fossil material — the jaws, and thus more complete fossil
specimens of this taxon are needed to draw more robust
conclusions. The results of the phylogenetic showed that
Camptognathosaurus was consistently recovered as a
lacertid lizard. A New Technology (NT) search in TNT
produced two equally parsimonious trees (for a consensus
tree, see Fig. 8). Camptognathosaurus walbeckensis was
placed as sister to Gallotia atlantica (Bremer value 1, rela-
tive Bremer 25; see Suppl. material 2). The sister group
relationship between C. walbeckensis and G. atlantica
was supported by 4 characters (present unambiguously
in all trees, namely: characters 356, 417, 419, and 420).
They together are sister to the clade [[Cryptolacerta
hassiaca + Lacerta viridis] + Takydromus ocellatus],
forming all together the clade Lacertidae (Bremer value
1, relative Bremer 33). Eolacertidae are recovered as
being sister to Lacertidae. Interestingly, Cryptolacerta
is recovered as sister to Lacerta (Bremer value 1, rela-
tive Bremer 25); in contrast to results of Brownstein et
al. (2022), where Cryptolacerta was placed as sister to
Gallotia [the phylogenies of Brownstein et al. 2022: figs
S9—11 differ somewhat in the topology of Lacertidae (fig.
S9-10 a polytomy, but S11 with Gallotia and Takydromus
as sister-taxa, which contravenes the assumption that
Gallotiinae and Lacertinae are the basal divergence].

Overall, although this may be true or not, the support
for the clade is very low and thus, the interpretation of
the Camptognathosaurus relationship among Lacertidae
needs to be met with caution (Camptognathosaurus
is represented by a very limited fossil material). In the
event that future studies based on more complete mate-
rial of Camptognathosaurus would support its closer
relationship to members of Gallotiinae, this would show
the presence of this lineage already in the Paleocene. In
our analysis, in any case, this Paleocene taxon was never
recovered as an amphisbaenian. According to morpholog-
ical data, many studies show them grouping with snakes
and other limbless squamates (e.g., Rage 1982; Estes et
al. 1988; Conrad 2008; Gauthier et al. 2012). However,
recent molecular analyses using DNA sequencing suggest
that amphisbaenians is the sister group to Lacertidae (e.g.,
Townsend et al. 2004; Vidal and Hedges 2005; Pyron et
al. 2013; Reeder et al. 2015; Zheng and Wiens 2016;
Burbrink et al. 2020).
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Discussion

Although Walbeck fossil lizards are represented only
by isolated elements (this is the case of most Paleogene
assemblages in Europe, except of, e.g., Messel), they
form an important dataset on the evolution of terres-
trial herpetofauna in Europe during the late Paleocene.
The paleodiversity of squamates from this locality is
low. Regarding the number of specimens, this seems to
be not a result of sampling or taphonomic bias. Lizards
are represented only by small forms with some unusual
features (Camptognathosaurus, for its revision, see
chapter below), and some, in contrast, have very modern
appearances (MLU.GeoS.4059 — Lacertidae indet).

The fauna is different in many aspects (diversity, types,
etc.) relative to the faunas described from slightly younger,
earliest Eocene localities, such as Dormaal in Belgium
(Augé 1990, 1992; Augé and Smith 1997, 2002; Sullivan
et al. 2012; Folie et al. 2013; Cerﬁansk}'/ et al. 2022b,
2023b; Augé et al. 2022), Cos in France (Certiansky et al.
2023a, c) and localities in Spain (Bolet 2017).

Overall, this is consistent with the previous statement of
Rage (2013) that squamates were rare and poorly diverse
during the Paleocene. This is true at least according to
the few known localities. However, our knowledge about
this geological epoch is limited. It is worth considering
a possibility that there is a bias towards selected groups,
and that other faunas that were present are not recorded.
However, records are still too sketchy to allow much
speculation regarding the reasons for the missing groups.
The Walbeck fossils provide us with the rare opportu-
nity to observe, although only partly, the composition of
herpetofaunas during this crucial interval in Europe.

In any case, a few taxa can be identified in Walbeck —
Lacertidae, Camptognathosaurus (a lacertoid that forms
the dominant group of lizards in regard to the number
of elements), and (provisionally) Scincoidea. However,
immigrants that occurred later in Europe are absent. This
is in sharp contradiction with an original statement of
Kuhn (1940a) that the Walbeck lizards show very close
relationships with North American faunas. Although
this herpetofauna of Walbeck is limited, it forms one
of the few initial discoveries for our understanding of
the Paleocene and the roots of the European Cenozoic
ecosystems. Nevertheless, many aspects can be resolved
only by future systematic research on new localities
and studies of further new material from this part of the
Earth history.

Camptognathosaurus
Although  Lacertoidea  (the clade Lacertoidea
includes Lacertidae, Amphisbaenia, Teiidae and

Gymnophthalmidae, see Zheng and Wiens 2016; Laterata
sensu Vidal & Hedges, 2005; Burbrink et al. 2020) have
a well-documented Eocene record in Europe (e.g., Augé
2005, 2012; Folie et al. 2013; Cerﬁansky et al. 2015b;
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Rage and Augé 2015; Ceriansky and Smith 2018),
they have only rarely been reported from Paleocene
deposits (Augé 2005; Folie et al. 2013; Ceriiansky et al.
2020a). In regards to quantity, as previously mentioned,
Camptognathosaurus forms a dominant component of
the late Paleocene lizard fossils in Walbeck assemblage.
However, in contrast to that, species diversity appears to
be low — only one taxon is identified. A huge amount of
individuals in the record might point to a very successful
population (considering that this is not caused simply by
the fact that the jaws of this taxon are more robust than
those of other lizards and, therefore, more resistant to
destructive processes related to fossilization processes, as
also reflected in their resistance to destruction by digestion
of predators). Low diversity of fauna might eventu-
ally cause less competition for a species in regard of its
particular lifestyle. In any case, this potentially shows
that lacertids (pan-lacertids sensu Certiansky and Smith
2018), not amphisbaenians (see below), formed likely a
dominant group of the Paleocene lizard fauna in Europe.

Revision of Camptognathosaurus
In regard to aff. Glyptosaurus walbeckensis described

by Kuhn (1940a), Estes (1983) rejected its glypto-
saurid affinities and suggested that it was a lacertid and

tentatively referred it to Pseudeumeces. Later, Augé
(2005) suggested it was a potential amphisbaenian and
considered it a nomen dubium. Indeed, it could appear to
be a polyodontobanenid based on the combination of the
following features (see diagnosis in Folie et al. 2013:227):
(1) the tooth number (10-12); (2) an absence of an angle
at the symphysis (the presence of this feature is related
to fossoriality, see Gans 1974); and (3) teeth increase in
size posteriorly. Thus, the posterior teeth are robust and
massively built. The first is, however, a plesiomorphy.
The second is also a plesiomorphy that is not shared
with Polyodontobaena — one of the important features
included by Longrich et al. (2015) in their study was the
“kink” in the ventral margin of the dentary associated
with the expansion of the symphysis below the Meckelian
canal. Such a morphology is seen in Polyodontobaena,
but not in Camptognathosaurus. The third is important
but hardly determinative, as such dentition has arisen
numerous times in Squamata. It evolved independently
in various lineages such as Lacertidae, Amphisbaenia,
Iguanidae, Teiidae, Scincidae, Xantusiidae, Anguidae,
Varanidae and Mosasauridae (Estes and Williams 1984).
Polyodontobaenidae deserves a comment here. Although
Folieetal. (2013) mentioned the presumed archaic features
of polyodontobaenids (,,primitive amphisbaenians®), the
fact is that in the most extensive phylogenetic analysis of

fr.pensoft.net



176

Andrej Cernansky & Davit Vasilyan: Lizards from the Palaeocene of Walbeck

amphisbaenians (Longrich et al. 2015) Polyodontobaena
is sister to the clade Blanidae, more derived than rhineu-
rids. Thus, “a primitive morphology” in Polyodontobaena
can be seen only in regard to crown members of Blanidae.

The stratigraphically older species Polyodontobaena
belgica from the early Paleocene of Belgium (MP
1-5, Hainin) is, however, very different from
Camptognathosaurus by the following features:
(1) pointed tooth crowns are present (Folie et al. 2013);
(2) the dentition is shallowly pleurodont (most of the
tooth length is exposed from the lateral side as well — the
condition seen in amphisbaenians); (3) the dentary of the
Belgian taxon is slender and its ventral dentary margin is
straight (except for the kink); (4) the Meckelian canal is
narrow; (5) the intramandibular septum reaches the level
of the last tooth position posteriorly; (6) the fossa for the
adductor musculature is located behind the tooth row;
(7) lower number of labial foramina.

The dentaries of Camptognathosaurus clearly
possess several interesting features that are in contrast
to members of Amphisbaenia: (1) absence of an angle
at the symphysis (an angle is present at the symphysis
of the dentary in most amphisbaenians, e.g., Gans 1974;
Gans and Montero 2008); (2) high number of teeth
(the presence of ten or fewer teeth is synapomorphic
of Amphisbaenia, see Smith 2009; although not unique
to them among squamates. The amphisbaenian skull
is short and robustly built, and the reduced dentary of
modern forms bears five to nine teeth, see Kearney 2003);
(3) moderately low dental crest [teeth exceed the dental
crest by more-or-less the half of their length in contrast
to amphisbaenians, in which the tooth implantation is
shallowly pleurodont (acrodont in Trogonophiidae) - the
dental crest is markedly low]; (4) sulcus dentalis is well
developed (in amphisbaenians, it is usually only slightly
developed; see, e.g., Bolet et al. 2014); (5) splenial
reaches the anterior section of the dentary (among
amphisbaenians, the presence of a splenial is restricted to
members of Blanidae — the splenial in the extant Blanus
is a tiny splint of bone, partly covering the Meckelian
canal medially and barely leaves an imprint on the medial
side of the subdental shelf, see Gans and Montero 2008;
Bolet et al. 2014; Villa et al. 2019; although note that the
splenial is relatively large in the Eocene Cuvieribaena,
see Cernansky et al. 2015b); (6) intramandibular septum
does not reach the end of the tooth row posteriorly (the
intramandibular septum extends along the entire tooth
row in amphisbaenians, expect of Rhineura, see Smith
2009; Ceriiansky 2019); (7) wedge-shaped fossa for the
adductor musculature is extensive, running well belong
the tooth row (although this can be simply connected to
a stronger bite force connected to amblyodont teeth; in
Polyodontobaena and extant Amphisbaenia, it is usually
behind the tooth row); (8) high number of labial foramina
(five or six instead of usually three in amphisbaenians,
see Gans and Montero 2008; Cerﬁansky 2019; Villa et al.
2019) and (9) the largest amblyodont teeth in Walbeck
specimens are present in the posterior section of the
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jawbone. This is in sharp contrast to stratigraphically
younger amphisbaenians with amblyodont dentition,
in which the largest teeth are in the anterior region (see
Cerniansky et al. 2015b; Cerfiansky 2023). Thus, by
having robust teeth in the posterior rather than anterior
region of the tooth row, these Paleocene forms resemble
members of the clade Lacertidae (see, e.g., Cerfiansky
et al. 2016a,b, 2017). If Camptognathosaurus would
be an amphisbaenian, then this would be a plesiomor-
phic condition for Amphisbaenia. The position of the
largest teeth in a tooth row is not random but reflects the
lever mechanism of the mandible to be more effective.
The postdentary position of the articulation area of the
mandible with the quadrate is directly determined by the
length and the orientation of the posterior region of the
mandible, which influences the tooth row and mandib-
ular geometry and mechanics. The lever mechanism
in a typical amphisbaenian mandible is more effective
when the larger teeth are in the anterior region rather
than posteriorly (Ceriansky et al. 2015b; note that the
condition in amphisbaenians represents rather a novel
adaptation among lacertoids). Overall, it seems likely that
the mandibular mechanism of Camptognathosaurus was
more similar to lacertids rather than to amphisbaenians
(in regard, see Cuvieribaena from the Eocene of France
described by Certiansky et al. 2015b). Note, however,
that the largest teeth in the posterior section of the tooth
row are also present in the extant Amphisbaena ridleyi
(see Pregill 1984: fig. 1A). The mandible of this species is
rather atypical for amphisbaenians. The whole mandible
of A. ridleyi is concave dorsally, and the typical feature of
most amphisbaenian dentaries - an angle at the symphysis
(e.g., Gans 1974; Gans and Montero 2008; Longrich et al.
2015), is absent. In fact, however, the condition in lacer-
tids such as Pseudeumeces cadurcensis, Dracaenosaurus
croizeti, Janosikia ulmensis, Maioricalacerta rafelin-
ensis, is also common in other lizards — amblyodont
teeth in most durophagous lizards are in the posterior or
mid-posterior region of the dentary, as in, e.g., Dracaena
guianensis, Tiliqua scincoides, Eumeces schnei-
deri, Paraplacosauriops quercyi, Pseudopus apodus,
and Varanus niloticus (Dalrymple 1979; Rieppel and
Labhardt 1979; Pregill 1984; Augé 2005; Bailon et al.
2014; Klembara et al. 2014; Cerﬁansky et al. 2016a, b,
2017; Cerfiansky and Syromyatnikova 2021; Georgalis et
al. 2021Db).

Both maxillae MLU.Geo0S.4047 and 4048 possess
some very interesting features. In all modern amphis-
baenians (including Miocene forms), the posteroventral
process is reduced, whereas the posterior section is formed
by the posteriorly distinctly protruded ectopterygoid
process (sensu Bolet et al. 2014) of the maxilla (see
Gans and Montero 2008; Bolet et al. 2014; Cerﬁansky
2019; Villa et al. 2019). This is an opposite condition to
the Walbeck maxillae. Moreover, the delicate, well-de-
veloped, pre-terminal palatine process is not known in
any crown amphisbaenian, and the flaring of the maxilla
posteriorly is also unknown (except in Trogonophis). One
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feature deserves a comment: the posterior region of the
maxilla implies the presence of a jugal. If this is correct, a
jugal is present in known crown amphisbaenians only in
Rhineuridae (Gans and Montero 2008). Moreover, Estes
(1983) stated that there is a weak sculpture reflecting
osteodermal attachment on the nasal process of the spec-
imen figured by Kuhn (1940b: tab. II fig. 4), although this
specimen cannot be allocated to Camptognathosaurus
without doubts, since it is figured only in lateral view.
Thus, while this seemed possible based on the holo-
type dentary from France, the detailed study of the
Walbeck dentary and especially maxillae reveals a
stunningly primitive morphology for anything but a
hypothetically basal-most stem amphisbaenian. Although
Polyodontobaena appears to belong to Amphisbaenia,
possibly representing a stem blanid (it is recovered
as the sister taxon to Blanidae, see Longrich et al.
2015), there are serious doubts that the same is true for
Camptognathosaurus. Indeed, the latter one resembles
more, in some features, the Eocene Cryptolacerta from
the classic Messel locality in Germany. Cryptolacerta
was considered as being closest to the amphisbaenian
ancestor (Miiller et al. 2011), but this was put in doubt
in several studies and the phylogenetic analyses placed
it with Lacertidae (Longrich et al. 2015; Tatanda 2016;
Brownstein et al. 2022). Camptognathosaurus shares the
following features with Cryptolacerta (see Miiller et al.
2011; Smith and Habersetzer 2021; Fig. 9A—C here): (1)
the large coronoid process that, at least partly, might cover
the anterolateral part of the coronoid; (2) the slightly
arched ventral margin; (3) the rounded subdental shelf; (4)
the absence of an angle at the mandibular symphysis; (5)
the Meckelian canal is fully open and exposed medially,
being narrow in the anterior region and widens slightly
posteriorly; (6) the position of the alveolar foramen rela-
tive to the tooth row; (7) the around five labial foramina;
(8) the well-developed, wedge-shaped fossa for the
adductor musculature; (9) the moderately low dental
crest; (10) the heterodont dentition; (11) the short tooth
row (fourteen tooth positions are present in the holo-
type, but only eleven in the second specimen; Miiller et
al. 2011; Smith and Habersetzer 2021); (12) the enlarged
posterior teeth; (13) the posteroventral process of maxilla
long rather than short; (14) the maxillary tooth row does
not reach the posterior end of the bone but leaves a small
posterior toothless portion; and (15) the presence of jugal.
There are, however, important differences as well, such as
the presence of bicuspid tooth crowns in Cryptolacerta.
In fact, most of these character states suggest lacertid
affinities in general or, among them, of durophagous
lacertids (most of them are widespread among lacertids,
particularly amblyodont lacertids like Dracaenosaurus
and Pseudeumeces). Interestingly, however, the first
character state (the large coronoid process that, at least
partly, might cover the anterolateral part of the coronoid)
is absent in crown lacertids, in which a lateral overlap
of the posterodorsal margin of the dentary by the coro-
noid is present. The condition in Cryptolacerta and

Camptognathosaurus is rather typical of amphisbaenians
(not in Rhineura, see Gans and Montero 2008; Cerfiansky
2019). However, this feature is not restricted to them and
is also present in, e.g., dibamids (Cerfiansky 2019) and in
skinks, such as Acontias, Ophiomorus, Heremites, Tiliqua
and Eumeces (Cernansky 2019; Ceriansky et al. 2020b;
Certiansky and Syromyatnikova 2021). The last two taxa
also have amblyodont dentition, although Tiliqua has
a closed Meckelian canal. In fact, the tendency toward
closure of the Meckelian canal is a characteristic of many
scincid lizards (Greer 1970, 1974; Rieppel 1981; Estes
1983; Evans 2008; Augé and Smith 2009; Hutchinson
and Scanlon 2009; Gauthier et al. 2012; Cerﬁansky
et al. 2020b; Cerfiansky and Syromyatnikova 2021).
Although members of Eumeces have an open Meckelian
canal in dentary and amblyodont teeth, they differ from
Camptognathosaurus in many aspects (see Cerfiansky et
al. 2020b), e.g., (1) higher tooth number (around 18); (2)
higher dental crest relative to the tooth size; (3) although
splenial is well developed, its dorsal portion attached to
the subdental shelf reaches only to the half of the tooth
row; and (4) the maxillary tooth row reaches almost
the posterior end of maxilla. So the conclusion is that
although Camptognathosaurus has amblyodont teeth, it
does not seem to have any characteristics that would indi-
cate its allocation to skinks.

Thus, in general, all the new data bring serious
concerns about the attribution of Camptognathosaurus
to Amphisbaenia. It seems much reasonable to suggest
its relationship being closer to lacertids, e.g., to forms
such as Pseudeumeces or Cryptolacerta. Unfortunately,
Cryptolacerta requires a detailed revision of its anatomy
and phylogenetic relationship. As mentioned above, its
current status is considered to be a lacertid (Longrich et
al. 2015; Tatanda 2016; Brownstein et al. 2022). It may
be a specialized lacertid with burrowing adaptations (see,
e.g., Tatanda 2016). Based on current data, we can suggest
the hypothetical possibility that Camptognathosaurus
is related to Cryptolacerta rather than to Blanus, and
that both these early Paleogene taxa might be lacer-
tids (at least pan-lacertids). Camptognathosaurus is too
incomplete, but can be assigned to clade Lacertoidea
without doubt. Based on the overall bone morphology,
Camptognathosaurus is provisionally assigned here to
the total clade Lacertidae. It shares the following combi-
nation of features with Lacertidae (see Estes et al. 1988;
Certiansky and Syromyatnikova 2019; Villa and Delfino
2019): (1) well-developed sulcus dentalis; (2) subdental
shelf of the dentary (without splenial spine) is well
protruded medially; (3) wide medially open Meckelian
canal (restricted in eolacertids, see Cerfiansky and Smith
2018, 2019); (4) an arched dentary, with concave tooth
row, subdental shelf, and ventral edge; (5) pleurodont
implantation and replacement areas located at the center
of the tooth bases; (6) dentary tooth number 10-12; the
number spans well among the number of the amblyo-
dont lacertids such as the Paleogene Pseudeumeces and
Dracaenosaurus; (7) well-developed and continuous
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Figure 9. Paleogene lacertoids — the Eocene Cryptolacerta hassiaca (A—C) from Messel and the Oligocene Pseudeumeces kyrillo-
methodicus from Quercy (D, E). Left mandible of the holotype SMF ME 2604 in lateral (A) view (modified from Miiller et al. 2011);
left dentary of the specimen found in the gut of Paranecrosaurus feisti in lateral (B) and ventral (C) views (modified from Smith
and Habersetzer 2021). Virtual 3D models of the holotype left dentary NHMW 2019/0051/0001 in lateral (D) and medial (E) views.

splenial facet on the medioventral edge of the subdental
shelf; (8) splenial is large and long, reaching the anterior
region of dentary; (9) the maxillary tooth row does not
reach the posterior end of the bone but leaves a small poste-
rior toothless portion (contra, e.g., teiids and skinks) and,
(10) potentially, assumed presence of osteoderms fused to
the lateral side of the facial process of maxilla (suggested
by Estes 1983). The presence of all these features indi-
cates lacertid lizards rather than members of other groups.
Note, however, that there are some differences between
this Paleocene form and crown lacertids such as a large
coronoid process of the dentary mentioned above. On
the other hand, although this condition is not the same,
a large and slightly dorsally elevated coronoid process is
also present in crown lacertids with amblyodont dentition
such as Pseudeumeces (Fig. 9D, E), Dracaenosaurus and
Janosikia (all members of Gallotiinae; see Cerfiansky et
al. 2016a, b, 2017; Georgalis et al. 2021b). Thus, in fact,
this might be potentially related to the amblyodont denti-
tion, rather than being a character suggesting this form is
out of the crown. In any case, this hypothesis about the
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relationship of Camptognathosaurus to lacertids needs to
be met with caution and should be tested by future studies
of new, more complete fossil record of this taxon.

In general, our hypothesis would support the model
proposed by Cerfiansky and Smith (2018) about the
origin and early history of Lacertidae that the Paleogene
of Europe, rather than being dominated by archaic forms
only distantly related to Lacertidae (e.g., Mayer and Benyr
1994; Miiller et al. 2011), in fact, hosted large radiation
of pan-lacertids - the total clade including Lacertidae
[Pan-Lacertidae sensu Cerfiansky and Smith 2018, the
stem-based clade. Note that this name was originally used
in Cerfiansky and Smith (2018), later in Cerfiansky et al.
(2020a) and Brownstein et al. (2022), however, has never
been officially erected. It should include extant Lacertidae
and all extinct taxa descended from its last common
ancestor, as well as stem lacertids that diverged prior to
the origin of the crown. Camptognathosaurus walbeck-
ensis is only questionably referred here to lacertids based
on its morphology (as further confirmed by phyloge-
netic analyses) and also overall similarity to forms such
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as Pseudeumeces and Cryptolacerta, following studies
of the latter taxon (Longrich et al. 2015; Talanda 2016;
Brownstein et al. 2022), in which, Cryptolacerta is a
crown lacertid]. In other words, the Paleogene of Europe
does not only contain members of the stem, but a mixture
of members of the stem (Eolacerta, Stefanikia), and crown
groups (see Certiansky and Augé 2013; Ceriansky et
al. 2016a, 2017; Cerﬁansky and Smith 2018). Note that
the position of Cryptolacerta and Camptognathosaurus
is uncertain. They could, hypothetically, represent stem
members (more closely related to the crown than to eolacer-
tids), but as mentioned above, in regard to Cryptolacerta,
the Brownstein et al. (2022) reference phylogenies all
find it as a sister-taxon to Gallotia atlantica, i.e., in
crown Lacertidae. Longrich et al. (2015) do not neces-
sarily contradict this assignment, because they did not
include any extant member of Gallotiinae. In our analysis,
Cryptolacertais sister to Lacerta and Camptognathosaurus
is sister to Gallotia (Fig. 8). So as far as the current refer-
ence phylogenies are concerned, both Cryptolacerta and
Camptognathosaurus appear to be crown Lacertidae. But
again, this Messel taxon requires a detailed revision to
resolve its exact phylogenetic position and more complete
fossil specimens of Camptognathosaurus are needed to
draw more robust conclusions.

Kuhn’s ,,Glyptosaurus walbeckensis* vs.
,,Camptognathosaurus parisiensis‘

Kuhn (1940a) diagnosed ,,(aff.) Glyptosaurus walbeck-
ensis“ as:

1. having a maximum of ten tooth positions. Although
it is possible since some dentaries from Walbeck
could possess ten tooth positions, we can doubt it
based on Kuhn’s figures. It seems to be more likely
(based on comparison with herein studied speci-
mens) that his specimen has eleven tooth positions
(the teeth in the anterior region are much smaller).
Based on the figures of Kuhn (1940a, b), Estes
(1983) also regarded the number of teeth as 10-12.

2. the amblyodont dentition, the last teeth gradually
decrease in size.

3. the strongly elevated “coronoid” (Kuhn used the
term coronoid, but because the coronoid bone is
not preserved in the material, we suggest that he
probably thought the coronoid process of dentary),
i.g., the same as the form described here as
Camptognathosaurus.

The specimen figured by Kuhn (1940a: fig. 4b, 5b)
is very similar to the specimen RIV PP 413 selected
by Folie et al. (2013: fig. 3A) as the holotype of
Camptognathosaurus parisiensis from the French
localities. Moreover, the dentary RIV PP 413 shares
the same features with the Walbeck specimen MLU.
GeoS.4045 described here (Fig. 3A-D; see remarks

above). The principle of priority regarding the scien-
tific name of the International Code of Zoological
Nomenclature ICZN (1999) makes Camptognathosaurus
parisiensis a junior synonym of the species described by
Kuhn (1940a). Thus, this taxon gets a combined name,
Camptognathosaurus walbeckensis comb. nov., because
Kuhn used Glyptosaurus as a generic name. It does not
matter if the older type species is a junior synonym — it is
clear in ICZN (Article 67.1.2: “The name of a type species
remains unchanged even when it is a junior synonym or
homonym, or a suppressed name”).

Problem of morphotypes in Walbeck

Paleocene lizards from Europe are described based only
on the isolated jaws, whereas more complete specimens,
which would shed more light on their morphology and
taxonomy, are currently unknown. Potentially, one
could suggest that two morphotypes can be identified in
Walbeck. They can be distinguished by a slightly different
tooth count and tooth crown morphology. Regarding the
second character, we prefer not to describe two forms
based on minor differences (see argumentations below).
We suggest two hypothetical explanations:

1. the jaws with slightly more pointed teeth represent
different taxon.

2. more probably — the Walbeck material with
slightly more pointed teeth represents younger,
juvenile ontogenetic stages (at least some of
them, e.g., MLU.GeoS.4041; see Fig. 4K-M) of
Camptognathosaurus walbeckensis comb. nov.
(e.g., Fig. 3A-D). Some minor differences can be
also caused by individual variability and tapho-
nomic alteration. In any case, all differences in
tooth crown morphology can be explained. It is
important to note that specimens with intermediate
conditions are present in the material, and no strict
border clearly separating two morphotypes could
be found:

a. pointedness: this feature varies among individuals
and even in a single tooth row. There are many
intermediate stages, for example, the robust teeth
in MLU.GeoS.4042 (Fig. 4A, B). Moreover,
the concave distal margin of the tooth crown is
also present in the penultimate preserved tooth
of MLU.GeoS.4045, although less pronounced
(see Fig. 3D). The same condition can be seen in
the type material of Camptognathosaurus pari-
siensis described by Folie et al. (2013: fig. 3).
The change in tooth crown morphology during
ontogeny is well documented for many lizards,
even in a much higher degree. For example,
dental complexity decreases during ontogeny
in Ctenosaura (C. pectinata and C. similis),
which is generally insectivorous as a juvenile
and herbivorous as an adult (Christensen and
Melstrom 2021). Among anguines, the apices

fr.pensoft.net



180

Andrej Cernansky & Davit Vasilyan: Lizards from the Palaeocene of Walbeck

of teeth are more-or-less pointed in juveniles of
Pseudopus (both extant P. apodus, see Klembara
et al. 2014 and fossil P. pannonicus, see Loréal
et al. 2023), whereas adults have robust ambly-
odont teeth. In extant lacertids, an ontogenetic
change in the tooth morphology is sometimes
observed, as in Gallotia stehlini, where the
juvenile tricuspid teeth are replaced by multi-
cuspid teeth in the adult (Barahona et al. 2000).
Among fossil lacertids, this was observed in the
Early Miocene Janosikia — although amblyodont
dentition is present in the juvenile specimen (as
in adults), vestiges of mesial cusps are present
on some anterior maxillary teeth (see Cerfiansky
etal. 2016a).

b. tooth count: note that the original holotype of
Camptognathosaurus parisiensis, RIV PP 413,
has eleven tooth positions (Folie et al. 2013).
This observation falls within the variability
range of the Walbeck specimens. Moreover, the
number of teeth and labial foramina in all lizards
is variable and in general size-related, so these
numbers should not be regarded as absolute
differentiation.

In any case, all differences are too small to be consid-
ered as distinguishing features.

For all these reasons, we regard them to be intraspecific
and/or ontogenetic variations, some of them are caused
by poor preservation and, thus, should represent the same
taxon. It should be noted, however, that the biological
(not just taxonomic) conspecificity of two populations —
based on fragmentary dentaries — is not 100% secure.

Paleoecology

Nowadays, true feeding specialists among lizards are rare.
The problem is also that although squamates seem to be
ideal subjects for investigating relationships between diet
and dental patterns, studies exploring patterns between
tooth shape and diet are remarkably rare for squamates
(Christensen and Melstrom 2021). The dentition of
Camptognathosaurus indicates durophagous specialist.
Although it may have preferred to eat hard-shelled inver-
tebrates, as is generally the case in amblyodont lizards
(Dalrymple 1979; Rieppel and Labhardt 1979; Estes and
Willams 1984), the presence of amblyodont teeth does
not demonstrate that Camptognathosaurus fed solely on
shelled invertebrates, because durophagy is not restricted
to such prey. Most fossil taxa with amblyodont denti-
tion (except of, e.g., Dracaenosaurus with its extremely
durophagous specialization, see Cerfiansky et al. 2017)
were probably faunivorous (or even more likely omniv-
orous, as it is seen in the extant scincid Tiliqua, see,
e.g., Christian et al. 2003; Shea 2006). In fact, only a
few durophagous specialists exist worldwide nowadays.
Among Tupinambinae, for example, only Dracaena
is a truly durophagous form, whereas other teiids with
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amblylodont teeth are omnivorous (Mercolli and Yanosky
1994; Kiefer and Sazima 2002).

Interestingly, snails are highly unusual in the diets of
modern amphisbaenian species and have been reported as
the main prey for only two species: Amphisbaena ridleyi
(Pregill 1984), which has robust, but still somewhat
pointed teeth and Trogonophis wiegmanni (Gans 1960;
Martin et al. 2013), which has robust, blunt teeth, with
acrodont implantation. Teeth indicative of durophagy
have been observed in the Eocene amphisbaenians
Cuvieribaena from France (Cerfiansky et al. 2015b) and
the North American Oligodontosaurus wyomingensis
(Estes 1975; although in this latter species the teeth are
somewhat pointed). On the other hand, amblyodont teeth
repeatedly occur among lacertid members during different
periods of the European Cenozoic (Augé 2005; Bailon et
al. 2014; Cernansky et al. 2016a, b, 2017). Amblyodonty
is certainly adaptive and can respond to several envi-
ronmental cues and climate change might be one of
them. Paleogene terrestrial ecosystems faced significant
changes and reorganisations. If Camptognathosaurus is
a lacertid, then this type of ecology shows a tendency
in members of the clade already in the Paleocene. This
is interesting because present-day lacertids are more
uniform (no lacertid species with amblyodont dentition is
known to exist today). The interpretation of Cryptolacerta
as a member of the total clade of Lacertidae (Longrich et
al. 2015; Tatanda 2016; Brownstein et al. 2022) suggests
that members of the clade was also able to evolve
modifications such as partially reduced both fore- and
hindlimbs (Tatanda 2016). It seems that lacertids were
able to respond to changes by evolving different types
of adaptations which allowed them to occupy different
ecological niches (much broader than seen in present-day
members of this lineage). As already stated by Cerfiansky
and Smith (2018), the ecological breadth of pan-lacertids
is amply demonstrated by the differences in size and body
form (e.g. small semifossorial forms like Cryptolacerta,
mid-sized and large terrestrial forms like Stefanikia and
Eolacerta). Some of these (Succinilacerta, Plesiolacerta)
were more closely related to crown Lacertidae than
others, and even crown representatives may have been
present (Borsuk-Bialynicka et al. 1999; Certiansky and
Augé 2013; Cernansky et al. 2016a). Most of these
lineages became extinct until only members of the crown
remained. Meanwhile, one lineage (Lacertinae) radiated
magnificently in the Neogene, uplifting Lacertidae as
the dominating group of reptiles in present day Europe
(Certiansky and Smith 2018).

“aff. Parasauromalus paleocenicus” as
Lacertidae

As mentioned in the Introduction, Kuhn (1940a) estab-
lished the species “aff. Parasauromalus paleocenicus”
based on an isolated left dentary. This dentary has been
identified among the material studied herein (Fig. 5).
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However, the left dentary MLU.Geo0S.4059 clearly does
not correspond to an iguanian (for Parasauromalus see
Smith and Gauthier 2013: fig. 8C). The same is true for
isolated vertebrae, which do not belong to either an igua-
nian or a varanoid. Indeed, as Estes (1983) suggested,
the dentary can be allocated to Lacertidae. However, its
reclassification to Plesiolacerta, questionably suggested
by Estes (1983), cannot be supported. That Eocene taxon is
characterized (see Cerfiansky and Augé 2013; Ceriansky
and Syromyatnikova 2019) by: (1) heterodont dentition,
including mono-, bi- and tricuspid teeth; (2) dentary with
an overall prominently arched shape; and (3) widely open
and large Meckelian groove. If lacertid vertebrae (at least
some of them) belong to the same taxon as the dentary,
then their morphology could be a further argument against
its allocation to Plesiolacerta, in which the vertebrae are
characterized by a strongly-developed zygosphene and
zygantrum (Ceriansky and Augé 2013). The dentary
morphology resembles the one present in typical crown
insectivorous lacertids (see, e.g., Cerfansky et al. 2015a:
fig. 3a,b; Cerfiansky and Syromyatnikova 2019, although
it cannot be fully excluded that this dentary belonged to
a taxon which is on the stem of Lacertidae, just closer
than other forms described so far from the Paleocene).
Therefore, the name ,,aff. Parasauromalus paleocenicus
should be considered as a nomen dubium. In any case, this
record forms an important evidence because it strongly
supports the presence of Lacertidae in Europe already in
~MP 5. This is consistent with recent molecular analyses
in which the crown ages were recovered for Lacertidae in
the Paleocene or around the Cretaceous-Tertiary (K/ T)
transition (Vidal and Hedges 2009; Hipsley et al. 2009;
Garcia-Porta et al. 2019).

All vertebrae described here are allocated to Lacertidae,
because their morphology resembles the one present in
lacertids (see, e.g., Cerfiansky et al. 2015a: fig. 41-M for a
fossil one, Tschopp 2016 for extant ones), but more precise
allocation is impossible. It should be noted, however, that
the vertebral morphology of Camptognathosaurus is
currently unknown. In fact, it cannot be fully excluded
that some specimens, like MLU.GeoS. 4066, might
belong to Camptognathosaurus. Two reasons might
support it: (1) this taxon is the most numerous in regard to
preserved elements in Walbeck, and (2) the presence of a
low neural spine is reported for Cryptolacerta too (Miiller
et al. 2011), which is similar to Camptognathosaurus in
many aspects (see comparison above).

One question arises regarding the original attribution
of Camptognathosaurus to amphisbaenians by Folie et
al. (2013). Vertebrae of modern amphisbaenians can be
easily recognized in the fossil record (although an alloca-
tion at the family level is very difficult) by the following
combinations of features (see Estes 1983): (1) depressed
centrum with a flat ventral surface; (2) roughly parallel
lateral margins in ventral aspect; (3) massive synapoph-
yses; (4) absence of zygosphene; and (5) and a sinusoidal
neural arch lacking a neural spine. No vertebra from
Walbeck possesses a combination of these features. One

can argue that according to Folie etal. (2013), the members
of polyodontobaenids (if Camptognathosaurus belonged
to this clade) exhibit many plesiomorphic features in
jaws. Thus, this could also be expected from elements
from other body parts. Some specimens, such as MLU.
GeoS. 4066 are interesting. It possesses roughly parallel
lateral margins in ventral view and quite large subcentral
foramina (Fig. 6G). Other morphological character states
(i.e., the presence of the neural spine), however, do not
support an allocation of any vertebrae currently known
from Walbeck to Amphisbania but rather show affinity to
lacertids. For this reason, in this study, we prefer to assign
tentatively all herein-described vertebrae as Lacertidae.
Moreover, if Camptognathosaurus belongs not to crown
Lacertidae, but, at least, to the total clade, such an allo-
cation would not be entirely inconsistent even if some of
these vertebrae would prove to belong to this taxon.

Scincoidea

The allocation of the right (MLU.Geo0S.4057) and left
(MLU.Geo0S.4058) maxillae to Scincoidea (the clade
includes Scincidae, Cordyliformes and Xantusiidae,
see Zheng and Wiens 2016) is supported (see remarks
above). Previously, Folie et al. (2005) described material
from the middle Paleocene of Belgium as Scincoideus
haininensis. Although the crown tips of this taxon do not
possess striae similar to the Walbeck material, and the
tooth apices also have a rather blunt appearance, some
differences still can be observed. For example, the last
posterior supralabial foramen is located at the level of the
eighth tooth position (counted from posterior), whereas
in the maxilla from Walbeck it is located at the level of
the third tooth position (in MLU.GeoS.4058). However,
the Belgian material requires a detailed revision because
there are doubts about its allocation to Scincoidea. This
taxon is rather considered to be a member of Lacertoidea
(see Smith and Gauthier 2013; Cernansky et al. 2020a).
More complete Walbeck specimens are needed for a
proper comparison.

Palaeogeographic note for the Paleocene

Besides Walbeck in Germany and Rivecourt-Petit Patis
(MP 6b) and Cernay-les-Reims (MP 6a) both France,
the material of “cf. Camptognathosaurus parisiensis” is
also described from the locality Montchenot (Paris Basin,
MP 6; Augé et al. 2021). This locality is geographically
close to Cernay. Based on the occurrence of the same
taxon, it might seem likely that the whole area, including
the French localities and the German Walbeck locality,
might have formed one palacogeographical unit (e.g.,
an island or part of the continent above the sea level)
in the Paleocene. Note, however, that a dispersion over
sea cannot be fully excluded as this is not uncommon
for lizards (e.g., Losos 2009; Ceriiansky et al. 2020c),
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in which even fossorial forms such as amphisbaenians
are found on islands. Although palaeodistribution of
Camptognathosaurus is important, it is difficult to make
the strong argument that today’s northern France and
Germany were really united by a land connection on this
basis. Future research of new localities and various types
of organisms might shed light on the paleogeography of
Europe during the Paleocene.
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Abstract

Numerous surveys and three excavation and surface collection field seasons resulted in the discovery of numerous megafaunal
remains and that of a medium-sized felid in a new site located on the coastal plain of the Gulf of Venezuela, in Western Falcon
State. The faunal assemblage is represented by South American natives such as megatheres (cf. Eremotherium laurillardi), an
indeterminate mylodontid and a glyptodont (probably related to Glyptotherium) and Nearctic representatives such as gomphotheres
(Notiomastodon platensis), equids (Equus sp.) and a feline (Felidae cf. Leopardus pardalis), providing novel information for the
distribution of some of these mammals. Radiocarbon indicates that this deposit is at least 40,000 years old. Lithic artefacts of a kind
reported for other Pleistocene sites in the region document the presence of humans in Cauca, but as these cultural remains were
found on the surface, their association with the fauna is uncertain.
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Introduction

The north-western region of Venezuela (specifically the
Falcon State; Figs 1, 2) is characterised by a semi-arid
landscape in which multiple sites preserve rich fossil
deposits. The Urumaco sedimentary sequence (ca. 23—1
Ma) preserves the largest succession of strata with verte-
brate remains that exemplify the faunal changes of the
last 23 Ma (Aguilera 2004; Linares 2004; Sanchez-
Villagra et al. 2010; Carrillo-Bricefio et al. 2021). In the
same region, numerous sites of archaeological signif-
icance preserve megafaunal (taxa with a body mass
greater than or equal to 44 kg) and cultural remains of
the Late Pleistocene and the Early Holocene (e.g. Royo y
Gomez (1959, 1960); Bryan et al. (1978); Ochsenius and
Gruhn (1979); Aguilera (2006); Carrillo-Bricefio (2015);
Carlini et al. (2022); amongst others). Compared to other
parts of Venezuela, the northwest region has a great
Pleistocene fossiliferous record with abundant remains of
reptiles, birds and especially mammals (Royo y Gémez
1960; Bocquentin-Villanueva 1979, 1982; Ochsenius
1980; Aguilera 2006; Prevosti and Rincén 2007; Rincon
and White 2007; Carlini et al. 2008; Carrillo-Briceno
et al. 2008a; Carlini and Zurita 2010; Chavez-Aponte
and Carrillo-Bricefio 2012; Ruiz-Ramoni et al. 2013,
2022; Carrillo-Bricefio 2015; Rincén et al. 2021; Reyes-
Céspedes et al. 2023; amongst others; see Fig. 2).

In the Falcon State, various types of evidence indi-
cate the co-existence of early South American humans
with now-extinct fauna and inferred interactions between
humans and megaherbivores documented at the Muaco,
Taima-Taima and Cucuruchu sites (Cruxent 1970;
Bryan et al. 1978; Ochsenius and Gruhn 1979; Oliver
and Alexander 2003; Carrillo-Bricefio 2015; Carlini et
al. 2022). In the excavations carried out at these sites,
projectiles and other artefacts produced with bone and
lithic materials were reported, in some cases proposed in
direct association with the remains of megafauna (Rouse
and Cruxent 1963; Cruxent 1967, 1979; Ochsenius and
Gruhn 1979). Since the last excavations carried out
at the Taima-Taima site in the 1990s (Aguilera 2006;
Carrillo-Bricefio 2015), no other systematic excavations
at Pleistocene sites in the Falcon State have been carried
out. In the present contribution, we provide palaeonto-
logical evidence from a new site assigned by its content
and radiocarbon dating to the Late Pleistocene, which
we have named “Cauca”. This new locality presents an
association of extinct mammals and evidence of lithic
artefacts near the excavations is also reported (e.g. Jaimes
et al. (2024a)).

Geographic and geological context

The site, Cauca (11°18'51"N, 70°17'41"W), was so named
because of its proximity to the homonymous fishing
village, in the coastal area of the Gulf of Venezuela. It
is located approximately 14.6 km northwest of the Town
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of Urumaco, Urumaco Municipality, following the dirt
road that connects Urumaco with the hamlets of Cauca
and Rio Seco (Fig. 1). The site is on the western coastal
plain about 2.3 km south of the coastal zone and approx-
imately 12 metres above sea level. Currently, this plain is
influenced by the trade winds (“vientos alisios”), whose
incidence generates a semi-arid or arid, seasonal climate
with prolonged periods of water deficit, with rainfall
that ranges between 200 and 600 mm annually, average
temperatures of 30 °C and a predominantly xerophytic
vegetation (Matteucci et al. 1999).

The area is affected by an intermittent runoff system,
generating laminar erosion of the sediments. The geology
is represented by a not formally defined sedimentary
unit, characterised mainly by facies of unconsolidated
fine to coarse sands of light brown to ochre colour, with
underlying coastal palacodunes. The level of oxidation
of the sand and clay layers carrying the bone assem-
blages suggests that Cauca was probably deposited in a
low-energy more humid environment, contrasting with
the environmental conditions currently present in the
area. For now, there is no precise evidence of whether
this deposition environment was a permanent or inter-
mittent body of water. The coastal plains of Falcén State
were subject to a negative water balance during the Late
Pleistocene (Ochsenius 1980) and the Cauca site could
have offered attractive water resources for animals with
swamp patch areas. An example of archaeological sites,
such as Muaco, Taima-Taima and Cucuruchd, which
were deposited in sedimentary environments influenced
by the action of resurgent springs, offer an oasis that may
have attracted animals during dry periods (Cruxent 1970;
Ochsenius and Gruhn 1979; Ochsenius 1980).

Excavations at the Cauca site

The fossiliferous site covers an area of approximately
1600 m?, where eight groupings of bone remains have been
identified emerging on the surface (Figs 1B, 3). The first
reports from this locality were made by one of the authors
(R.S.) from the Palacontology Department of the Alcaldia
Bolivariana del Municipio Urumaco, in January 2004.
During a survey of the site on 16 November 2019, several
of the authors (J.D.C.B., A.J. and R.S.) collected from
surface partial lithic projectiles and other preformatted
artefacts in the vicinity of the Cauca site (see Jaimes et al.
(2024a)). Thanks to the support and legal authorisation
from the Alcaldia Bolivariana del Municipio Urumaco
and the Instituto del Patrimonio Cultural de Venezuela
(permits N° 00019-01/31/2020, 00110-04/09/2021,
00178-07/14/2021 and 00522-08/18/2022) the first
systematic excavations were planned at the Cauca site.
To date, three excavation field seasons have been
carried out between 2021 and 2022, totalling five work
areas. These excavations were under the direction of
A.J. and R.S., excavating only the outcropping bone
groupings defined as 1, 3-5 and 8 (see Fig. 1B). The five
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Figure 1. Geographic location of the Cauca site (A) and the excavation area (B). The different bone groupings are referred to as “S”
and the excavations as “A—E”. The M2 isolated from a juvenile Notiomastodon platensis (AMU-CURS-1045) is referred to with a
triangle and *. Lithic artefacts referred to here are illustrated in Fig. 9.

excavations include: 1) Cauca “A”, carried out between
3 and 4 August 2021, with a 4 x 4 m grid (Fig. 4B); 2)
Cauca “B”, carried out between 4 and 26 October 2021,
with a 4 x 4 m grid (Fig. 4B), and 3) Cauca “C”, “D” and
“E” carried out between 3 and 20 November 2022, and all
with 2 x 2 m grids (Figs 1B, 4B).

The depth of all excavations did not exceed 40 cm
because that is the thickness of the bearing layer (e.g.
Fig. 4B, C). There is no evidence of fossil under/below
this layer. The stratigraphy of the site, based on the five
excavations and from the top or surface to the exca-
vated base, is characterised by at least three well-defined

layers. The first is the surface layer, about 5 cm thick
and composed of unconsolidated sediments that include
pellets and other small clasts that are transported by rain
runoff and wind action that occurs from east to west. The
second layer varies between 20 and 35 cm thick, composed
of fine silt-clayey sands, heterogeneous, compact, and
well-defined with colours between light brown and ochre,
with evidence of oxidation. In Cauca “D”, specifically
grid “C”, the sediments showed a greater clay compo-
sition, which could be related to its accumulation in the
lowest deposition area in the northern section of the site.
The deposit of this second layer may have occurred in
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Figure 2. Map of Quaternary fossil mammal sites in Venezuela. Falcon State; 1) Cauca; 2) Coro; 3) La Ciénega, Pueblo Nuevo;
4) Cueva del Cerro La Chapa; 5) Muaco; 6) Taima-Taima; 7) Quebrada Cucuruchu; 8) Cueva el Zumbador; 9) Cueva del Miedo.
Zulia State; 10) Minas de Guasare-Socuy; 11) El Mene de Inciarte; 12) Cerro Pintado; 13) Cueva de los Huesos; 14) Sierra de
Perija. Mérida State; 15) Llano el Anis. Trujillo State; 16) Agua Viva; 17) Los Guamos. Lara State; 18) La Hundicion; 19) El Vano;
20) Carora; 21) Quebrada de Guadalupe; 22) La Cruz, Guardagallos, La Represa, Quebrada del Totumo, Las Faldas, Las Veras, La
Ruezga; 23) Campo Alegre, Urama; 24) San Miguel; 25) Quibor; 26) Barbacoas. Cojedes State; 27) Zanja de Lira. Guarico State;
28) Camaguan; 29) San Juan de los Morros; Carabobo State; 30) Rio Las Tunitas, Rio Los Guayos y Rio Guacara. Miranda State;
31) Cueva de Iglesitas. Sucre State; 32) Cueva de los Escorpiones; 33) Caiguire Abajo, Cumanacoa. Monagas State; 34) Mundo
Nuevo; 35) El Breal de Orocual (ORS 16 and ORS 20); 36) Maturin; 37) Cueva del Guacharo. Bolivar State; 38) Minas de Guani-

amo. Amazonas State; 39) Sierra de Maigualida (*D.R.R., pers. obs.).

a water-saturated, or intermittent, very low-energy envi-
ronment, favoured by the low inclination of the terrain (~
10°). This second layer is the carrier of the bone remains
and it could have had a greater thickness, which was
likely eroded by laminar erosion, explaining the large
amount of fossil bones exposed on the surface. The third
layer, or the basal part, is characterised by an ancient
relief of slightly more consolidated dark and oxidised
sands, in which no remains of vertebrates or other micro/
macrofossil organisms have been found.

Most of the bone and dental remains identified on the
surface in different surveys (pre-excavation) were prac-
tically disintegrated or in a state of fragmentation that
did not allow any type of surface rescue (Fig. 3A—C).
Possibly, this was because of its exposure to environ-
mental factors for decades before the first survey at the
site. In pre-excavation activities, only the relatively
complete crown of an M2 molar from a gomphothere and
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fragments of equid teeth were recovered on the surface by
the authors (J.D.C.B., R.S.) in 2013.

Referred materials and methods

A total of 41 cranial and postcranial elements of fossil
mammals were collected in the Cauca site and deposited
in the palaeontological collection of Alcaldia Bolivariana
del Municipio Urumaco (AMU-CURS). All fossils
outcropping on the surface and in the excavations were
treated in situ with consolidation of the Paraloid B72 type
diluted to 10% in thinner solvent. Given the high degree
of deterioration of the fossil elements, only the remains
in the best state of preservation were recovered and trans-
ported in plaster jackets (e.g. Fig. 4D). The restoration
and preparation of the fossil specimens was carried out
in the palacontology laboratory of the Urumaco Museum.
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Figure 3. Remains of fossil vertebrates emerging on the surface at the Cauca site. Skull (A), pelvis (B) and appendicular elements
(C) of megatheriid Eremotherium. A, C. correspond to unexcavated S2 (see Fig. 1B). Upper molars (D) of gomphoteriid Notio-
mastodon platensis, with the root completely eroded, associated with the mandible AMU-CURS-1269 from Cauca “A” (Fig. 1B).

The taxonomic identification involved an extensive
bibliographic review and comparisons with fossil and
extant specimens housed in: Argentina [Centro Regional
de Investigaciones y Transferencia Tecnoldgica de La
Rioja (CRILAR); Museo Argentino de Ciencias Naturales
“Bernardino Rivadavia” (MACN); Museo de La Plata
(MP)], France [Muséum national d’Histoire naturelle, Paris
(MNHN)], México [Instituto Nacional de Antropologia e
Historia (INAH)], Switzerland [Natural History Museum
of Basel (NMB); Palacontological Institute of the
University of Zurich (PIMUZ)] and Venezuela [Centro
de Investigaciones Antropologicas, Arqueoldgicas y
Paleontologicas (CIAAP) de la Universidad Experimental
Francisco de Miranda (UNEFM), Falcon; Museo de
Ciencias de Caracas (MCNC); Museo Geologico Royo y
Gomez de la Universidad Central de Venezuela (UCV);
Fundacion La Salle de Ciencias Naturales, San Carlos,
Cojedes State]. Additionally, the material was compared
with images shared by collaborators and available on the
web (e.g. www.boneid.net).

Most of the fossiliferous localities presented on the
map in Fig. 2 are based on the following references:
Schaub (1935); Nectario Maria (1937, 1941); Simpson
(1939); Von der Osten (1947); Royo y Gomez (1960);
Bocquentin-Villanueva (1979, 1982); Ochsenius
(1980); Linares (1983); Linares and Bruni (1993);
Odreman (1997); Aguilera (2006); Rincoén et al. (20006,
2021); Prevosti and Rincon (2007); Rincon and White
(2007); Carrillo-Briceio et al. (2008a, 2016); Chavez-
Aponte et al. (2008a, 2008b); Chavez-Aponte and
Carrillo-Bricefio (2012); Ruiz-Ramoni et al. (2013,
2022); Carrillo-Bricefio (2015); Soldrzano et al. (2015);
Steadman et al. (2015); Ruiz-Ramoni (2016); Meneses
and Gordones (2021); Chavez-Aponte (2022); Jaimes et
al. (2024b) and references therein. Names of localities
referred to with (*) in Fig. 2 are mentioned here for the
first time.

Anatomical and measurement abbreviations. (mf)
lower molariforms, (Mf) upper molariforms, (m) lower
molar, (M), upper molar, (TI) total length.
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Figure 4. Excavations at the Cauca site. Cauca “A” (A), Cauca “B” (B), and Cauca “E” (C), showing the defence of Notiomastodon
platensis (AMU-CURS-1359) in situ. Mandible of N. platensis in plaster jacket in Cauca “A” (D). Cauca “D” with remains (tibia
and ribs) of cf. Eremotherium laurillardi (E).

Radiocarbon dating of the Cauca site

Two dental fossil samples were selected for radiocarbon
dating (Table 1). The dated material comes from a
Notiomastodon platensis mandible (AMU-CURS-1269)
found in excavation Cauca “A” and an isolated tooth
of Equus sp. (AMU-CURS-1365), found in the vicinity
of the latter (Fig. 1B). Both specimens correspond
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stratigraphically to the most superficial or exposed part of
what we recognise here as the second layer.

In the absence of bone collagen, tooth enamel was
selected from these two fossils. The enamel surface was
cleaned and the dentine was removed with a dremel to
isolate the enamel from the rest of the dental tissue. The
enamel (approx. 2 g) was then ground using a steel mortar
and pestle, followed by grinding in an agate mortar to a
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Table 1. Measured and calibrated 14C ages of the fossil samples from Cauca.

Sample id species 14C age Error Target_ID Cal BP (95.4% proba)
Cauca 3-23-2 Notiomastodon platensis 33750 350 5545.1.1 39584 37540
AMU-CURS-1269

Cauca 4-21 Equus sp. 37050 500 5547.1.1 42310 41175

AMU-CURS-1365

particle size of < 100 microns. The powder was then further
ground using a McCrone Microniser Retsch following the
methodology described in Wood et al. (2016). Briefly, this
approach enables better separation of crystallite clusters
and increases the efficiency of the acetic acid pre-treat-
ment aimed at removing diagenetic carbonates. To achieve
this, the powder was ground three times for 10 min, with
a 5 min pause between each stage to avoid heating. For
some samples, part of the hand-milled fraction (< 100
microns) was retained for comparison with the conven-
tional pre-treatment approach. The resulting powder was
pre-treated under light vacuum for 20 h with a solution of 1
N acetic acid (1 ml acetic acid for approx. 50 mg powder).
The extraction yields were comprised between 70-80%.
The pre-treated powder was then rinsed with milliQ water
and dried at 50 °C in an oven. About 250 mg of powder was
then reacted under vacuum with orthophosphoric acid at
70 °C for around 20 min. The CO, released was then sepa-
rated cryogenically from the water produced and chemically
purified, thanks to several passages through a trap filled
with a copper-silver wool mixture. The CO, gas was then
reduced in the presence of hydrogen and iron to produce
graphite. Samples were then pressed into targets and *C
ages were measured on the compact AMS ECHoMicadas
(Archéozoologie, Archéobotanique, Sociétés, Pratiques et
Environnements, Equipe SAPOA, France).

Results
Faunistic assemblage

Five mammal taxa are reported here, including three
xenarthrans, one proboscidean, an equid and a felid. Other
fragmentary and no diagnostic elements are referred to
here as indeterminate mammals.

Xenarthra Cope, 1889
Phyllophaga Owen, 1842
tMegatheriidae Gray, 1821
tEremotherium Spillmann, 1948

tcf. Eremotherium laurillardi (Lund, 1842)
Fig. 5

Referred material. Remains of Eremotherium cf.
E. laurillardi have been recovered at the Cauca site in
bone groupings 2—6, with only groupings 3—5 being exca-
vated (Fig. 1B). Fourteen cranial and postcranial remains
that include a right hemi-mandible (with mf 1 to 4), skull
(with right Mf 1 to 5 and left Mf 2 to 4), right clavicle,
right radius, presumably left navicular, cuneiform, IV left

metatarsal, a worn element that we presume corresponds
to a scaphoid, fragment of pelvis with acetabulum and part
of the pubic ramus and five incomplete vertebrae, from
excavation Cauca “B” (Fig. 4B) and assigned to cata-
logue number AMU-CURS-1268. A probable right tibia
(AMU-CURS-sn) and seven rib fragments were found in
Cauca “D”. The other cranial and postcranial elements
identified in Cauca “C” and unexcavated groupings 2 and
6 were not collected due to their poor state of preserva-
tion, being in some cases disintegrated (Fig. 3A—-C).
Descriptions. The 14 disarticulated cranial and postcra-
nial elements recovered in Cauca “B” most probably belong
to the same individual (AMU-CURS-1268). The cranial
material is composed of only the skull (AMU-CURS-
1268a) (Fig. 5A1-A4) and the right hemi-mandible
(AMU-CURS-1268b) (Fig. 5B1, B2). The skull has a Tl
of 580 mm and preserves only the palatal section, since
part of the cranial vault, nasal bones and part of the maxilla
bones were destroyed by erosive processes. The palatal
section is relatively well preserved, with both the right
M{f1-Mf5 and the left series Mf2—4 and the alveolus of left
Mf1 and Mf5. The hemi-mandible has a T1 of 450 mm,
preserving the four molariforms mfl-mf4 (Fig. 5B2). This
hemi-mandible has a convex ventral margin and proj-
ects downwards at the level of the first molars, forming
a moderate mandibular protuberance. The molariforms
preserved in the skull and hemi-mandible are of quadran-
gular section with crowns characterised by two transverse
and parallel ridges, separated by a “V”-shaped valley.
Measurements of the molariforms are presented in Table 2.
Associated with these cranial remains were recovered the
right clavicle with a TI of 240 mm (AMU-CURS-1268c;
Fig. 5D1, D2), complete right radius with a TI of 700 mm
(AMU-CURS-1268d; Fig. 5C1-C3), presumably left
navicular (AMU-CURS-1268e), cuneiform (AMU-CURS-
1268f), IV left metatarsal (AMU-CURS-1268g; Fig. 5G),
a worn element that we presume corresponds to a scaphoid
(AMU-CURS-1268h), fragment of pelvis with the acetab-
ulum and part of the pubic ramus (AMU-CURS-1268i)
and five incomplete vertebrac (AMU-CURS-1268j—n;
Fig. SE1-F). Other small, fragmented and indeterminate
bone elements were observed during the excavation and
presumably could be associated with the same individual.
In Cauca “C”, only a few remains of postcranial elements
of an Eremotherium, were found emerging on the surface.
These were identified as vertebrae, ribs, pelvis fragments
and other small indeterminate fragments. However, the
poor state of preservation and disintegration in some
cases, did not allow their recovery. Due to the proximity
of these materials to the individual collected in Cauca “B”,
a possible association amongst them is not ruled out here.
In Cauca “D”, an association of seven fragments of ribs
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alv. Mf5

A4

Figure 5. Megatheres (A1-G) and mylodontids (H1, H2) from the Cauca site. A1-A4. Skull of cf. Eremotherium laurillardi (AMU-
CURS-1268a) in right lateral, ventral, posterior and anteroventral view; B1, B2. Right hemi-mandible (AMU-CURS-1268b) in
right lateral view; C1-C3. Right radius (AMU-CURS-1268d) in proximal, dorsal and distal view; D1, D2. Right clavicle (AMU-
CURS-1268c); E1, E2. Thoracic vertebra (AMU-CURS-1268j) in anterior and left lateral view; F. Thoracic or lumbar vertebral
centrum (AMU-CURS-1268k) in anterior view; G. Left IV metatarsal (AMU-CURS-1268g); H1, H2. cf. Mylodontidae, proximal
and dorsal right radius (AMU-CURS-1363). Abbreviations: (alv.) alveolus, (fm) foramen magnum, (mf) lower molariform, (Mf)
upper molariform, (oc) occipital condyle.
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Table 2. Dental measurements of cf. Eremotherium laurillardi (AMU-CURS-1269a, b) collected at the Cauca site. Abbreviations:
upper molariform (Mf), lower molariform (mf), right (d), left (i). (*): incomplete or missing pieces. Measures in millimeters.

Mfrl Mfr2 Mfr3 Mfrd  Mfr5*  MAfil Mfi2 Mfi3 Mfi4  MfI5* mfrl mfr2 mfr3 mfréd
Long 25 35 35 35 20 25 35 37 20 40 40 40 30
Width 36 50 47 40 25 35 47 40 15 44 45 42 40
Height 40 32 22 10 5 10 27 20 - 40 30 10 10

and a right tibia were recovered, also in a poor state of
preservation (Fig. 4E). This bone accumulation is located
about 8 m north of the Cauca “B” individual, so a possible
association with the latter would not be unlikely.

Bone grouping 2 (Fig. 1B) was not excavated due to
the partial or total disintegration in very little scraps of
bones of the outcropping materials. However, a skull in a
state of fragmentation (Fig. 3A) still offers evidence that
allows us to identify this association as a second specimen
of Eremotherium. In bone grouping 6 (not excavated) to
the northwest of Cauca “D”, a humerus of Eremotherium
was also identified, but its poor state of preservation
prevented collection or conservation in situ.

Remarks. The ground sloth Eremotherium laurillardi
distributed from south-eastern USA to Brazil, is the only
species of the genus known from the Late Pleistocene
in the Americas (Cartelle and De Tuliis 1995). The taxo-
nomic validity of Eremotherium rusconi Schaub, 1935,
another species from the Late Pleistocene of South
America, is questionable (Cartelle and De Iuliis 1995;
Faure et al. 2014; Cartelle et al. 2015).

Remains referable to Eremotherium are common
and widely referred to in the Pleistocene fossil record of
Venezuela (e.g. Schaub (1935); Simpson (1939); Nectario
Maria (1941); Aguilera (2006); Carrillo-Bricefio (2015);
Carrillo-Bricefio et al. (2016); Chavez-Aponte (2022) and
references therein); specific taxonomic assignments of many
of these specimens are still uncertain and should be clarified.

Remains assigned to cf. Eremotherium laurillardi have
been reported in Venezuelan territory in palacontological
and archaeological sites ranging from sea level (e.g. Muaco,
Taima-Taima and Cucurucht; see Aguilera (2006); Carrillo-
Bricefio (2015); J.D.C.B pers. obs. (2022)), to mountain
areas above 1200 m (e.g. El Vano; Jaimes et al. (2024b)).

The cranial and postcranial materials of Eremotherium
collected from Caucalikely belong to an adultindividual. The
assignment of these specimens to the genus Eremotherium
is based on the Hypsodontic index (HI) known for ground
sloths. According to Bargo et al. (2006), HI is an element
that is quantified by using the depth of the mandible (DM)
(below the third molariform tooth) divided by the length of
the molariform tooth row (LTR). In the right hemi-man-
dible collected in Cauca “B” (AMU-CURS-1268b), the
DM is 140 mm and the LTR is 180 mm, with a resulting
IH equal to 0.77, a value that coincides with Eremotherium
whose range oscillates between 0.73 and 0.83 (De Iuliis
1996; Bargo et al. 2006). Based on the taxonomic validity
of the Late Pleistocene Eremotherium species suggested by
Cartelle and De Iuliis (1995) and Cartelle et al. (2015), we
tentatively suggest assigning the specimens collected at the
Cauca site as cf. Eremotherium laurillardi.

tMylodontidae Gill, 1872

cf. Mylodontidae
Fig. 5

Referred material. The right radius (AMU-CURS-1363)
collected in Cauca “B” (Fig. 4B).

Descriptions. The AMU-CURS-1363 radius is incom-
plete in its distal part and has a Tl of 430 mm (Fig. SHI,
H2). This specimen differs in dimensions and morphology
with reference to the left radius of cf. Eremotherium
laurillardi (AMU-CURS-1268d; Fig. 5C1-C3) found in
the same excavation. AMU-CURS-1363 is proportion-
ally thicker and shorter compared to Megatheriidae and
Megalonichydae (e.g. McAfee (2007)), being narrow
at the proximal end and laterally expanded at the distal
end, which is fragmented and deteriorated. The proximal
articular head is concave, narrow, and semicircular with
a maximum diameter of 40 mm. The axes are relatively
straight, and a prominent laterally expanded pronator
ridge is not observed, as occurs in Scelidotherinae and
some Lestodontinae. These characteristics lead us to
consider AMU-CURS-1363 as belonging likely to a
mylodontid (Mylodontinae) indet.

Remarks. The incompleteness and state of preservation
of AMU-CURS-1363 does not allow for a more precise
taxonomic determination. Mylodontid remains reported
for the Late Pleistocene of Falcon State come from the
Muaco and Taima-Taima sites and some of these have been
referred to as Glossotherium tropicorum Hoffstetter, 1952,
by Bocquentin-Villanueva (1979), Aguilera (2006) and
Carrillo-Bricefio (2015); although De Iuliis et al. (2017)
noted that those specimens from Falcon appear to be distinct
from the G. tropicorum material known from Ecuador and
Peru. A taxonomic re-evaluation of the Glossotherium
materials found in Falcon, as well as in other regions of
Venezuela (Carrillo-Bricefio 2015; Chavez-Aponte 2022),
would be relevant for new clues about the stratigraphic
range and geographic distribution of the three valid species
of Glossotherium recognised for the Pleistocene of South
America (see Cartelle et al. (2019)).

Cingulata Illiger, 1811
TGlyptodontidae Gray, 1869

tGlyptodontidae indet.
Fig. 6

Referred material. Two isolated osteoderms
(AMU-CURS-1047 and -1360) were collected on the
surface at the Cauca site (Fig. 1B).
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Figure 6. Indeterminate Glyptodontidae osteoderms from Cauca site. Al, A2. AMU-CURS-1047; B1, B2. AMU-CURS-1360; both

in external and transversal view.

Descriptions. Both isolated osteoderms are from
the shell. AMU-CURS-1047 has a Tl of 47 mm and is
eroded on both the internal and external faces, which
does not allow the identification of the ornamentation
pattern (Fig. 6Al, A2). AMU-CURS-1360 possibly
corresponds to an osteoderm from the anterior lateral
region of the shell and this has a Tl of 31 mm,; it is also
eroded on the inner face, and partially preserving the
ornamentation of the outer face with a central figure of
irregular polygonal shape, preserving some foramina
that could belong to hair follicles and surrounded by a
groove (Fig. 6B1, B2).

Remarks. The state of preservation of these two
osteoderms does not allow a more precise taxonomic
determination than Glyptodontidae, Glyptodontinae.
However, these osteoderms could belong to the genus
Glyptotherium, widely known in the Late Pleistocene
of the Falcon State, especially at the sites of Muaco and
Taima-Taima (Carlini et al. 2008, 2022). A recent report
suggests that these Glyptotherium-related armadillos had
a broader distribution in what is now Venezuela during
the Late Pleistocene, with reports including mountain
areas above 1200 m altitude (see Jaimes et al. (2024D)).

Proboscidea Illiger, 1811
tGomphotheriidae Hay, 1922
tNotiomastodon Cabrera, 1929

tNotiomastodon platensis (Ameghino, 1888)
Fig. 7

Referred material. A mandible (Fig. 7A1), the prox-
imal part of a humerus and the distal end of the radius
with what appears to be parts of very deteriorated carpals
and metacarpals, all assigned as AMU-CURS-1269 and
collected from Cauca “A” (Fig. 4A). An isolated M2
(AMU-CURS-1045) collected about 5 m northwest of
Cauca “C” (Fig. 1B) and a complete and isolated tusk
(AMU-CURS-1359) (Fig. 7C) from Cauca “E” (Fig. 4C).
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Other dental and postcranial fragments (see below) in a
very poor state of preservation could not be collected.

Descriptions. The mandible AMU-CURS-1269
(Fig. 7A1) preserves the complete right m2 (Fig. 7A1-
A3, AS) and erupted m3 (Fig. 7A1, A4) and erupted left
m2 and m3 in a fragmentary state (Fig. 7A1, AS). Part
of the mandibular ramus and condylar processes are not
preserved. The right m2 is a bunodont and trilophodont
molar with a well-defined heel and cingulum (Fig. 7A2,
A3); it is 150 mm in TIL. This molar presents a wear state
of “3” (following Moth¢ et al. (2010)), which suggests
that it could correspond to a subadult/adult individual.
Abundant fragments referring to upper molars M2-M3
of the same individual were recovered on the mandib-
ular remains (Fig. 3D). A small portion of a tusk was also
found a few centimetres from the specimen, which was
not collected due to the high degree of disintegration. Of
the postcranial remains associated with the lower jaw, the
proximal part of a right humerus is only preserved in the
posterior section and what appears to be the distal end of
the radius with carpal and metacarpal fragments are in a
very poor state of preservation.

The isolated tusk AMU-CURS-1359 (Fig. 7C), whose
position on the skull is undetermined, measures about
1700 mm long and could belong to an adult. It is curved,
although it shows no apparent natural twist and lacks an
enamel band. The tusk lies about 14 m north of the Cauca
“A” site and its association with the jaw and the other
elements is uncertain. Near the collection site of this tusk
and on the surface, some fragmented and indeterminate
postcranial bones were observed.

A few metres northeast of the Cauca “D” and “E”
excavations, a tusk and bone fragments were found
emerging on the surface. However, these were not
collected due to the poor state of preservation (grouping
7; Fig. 1B). In addition, small fragments of gomphotherid
molars were scattered on the surface of the site, possibly
because of transport by runoff. A possible upper left M2
(AMU-CURS-1045) not worn and with ~ 96 mm in TI
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A1

Figure 7. Notiomastodon platensis remains from Cauca site. Al, A5. Dorsal and anterodorsal views of the mandible (AMU-
CURS-1269); A2, A3. Occlusal and labial views of preserved right m2 and (A4), occlusal view of m3; B1, B2. Occlusal and lateral
view of M2 (AMU-CURS-1045). C. lateral view of tusk (AMU-CURS-1359).

(Fig. 7B1, B2), was collected a few metres northeast
of excavation “C”, suggesting the probable presence of
a juvenile individual at the site. On the other hand, we
do not have any evidence that allows us to associate the
cranial and dental remains found in Cauca “A”, with the
other gomphothere elements reported herein, resulting
in an uncertain number of adult individuals present at
the site.

Remarks. In recent times, consensus has emerged
suggesting the validity of only two genera of gomphothere
in the southern continent, Cuvieronius hyodon Fischer,
1814 and Notiomastodon platensis (= Stegomastodon
platensis) (e.g. Mothé et al. (2012, 2013, 2017a); Alberdi
and Prado (2022)). The stratigraphic and geographic
distribution, as well as the diagnostic features that have
been used to differentiate both genera, which are based
on the skull and mandibular symphysis morphology and
upper tusk and molars, are discussed in detail by Mothé
etal. (2016,2017a,2017b), Alberdi and Prado (2022) and
Carrillo-Bricefio et al. (2023).

Based on the taxonomic differences mentioned above
and used to differentiate both genera of gomphotheres
in South America, we assigned the better-preserved
specimens referred to in this section to N. platensis.
This assignment is supported by: 1) the double to

single clover wear pattern present in the right m2 of
the AMU-CURS-1269 (Fig. 7A2), which resembles
the pattern present in molars with advanced wear state
in N. platensis (e.g. Mothé et al. (2012, 2013, 2017a)
and references therein); 2) the robustness, curved
shape and lack of twist and enamel bands in the tusk
AMU-CURS-1359 (Fig. 7C), which contrast with the
shape and morphology of the C. hyodon tusk (Mothé et
al. 2012, 2013; Mothé and Avilla 2015); and 3) a jaw with
no trace of lower tusks; meanwhile, C. hyodon presents
a pair of lower incisors or its corresponding vestigial
alveoli (Moth¢ and Avilla 2015). By analogy, we believe
the other remains of gomphotheres found at the Cauca site
(e.g. tooth fragments and probably postcranial elements),
and with a poor state of preservation (for example these
from grouping 7) could also belong to N. platensis.
Abundant specimens of gomphotheres have been
reported for several locations in the Falcon State and
other sites in Venezuela (Carrillo-Bricefio et al. 2008a,
2008b; Chavez-Aponte et al. 2008; Carrillo-Bricefio
2012,2015); however, their taxonomic assignment should
be re-evaluated. The gomphothere remains collected
from the palaecontological/archaeological sites of Muaco,
Taima-Taima and Cucuruchu in Falcon State, should be
assigned to N. platensis (e.g. J.D.C.B., pers. obs. (2022)).
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Perissodactyla Owen, 1848
Equidae Gray, 1821
Equus Linnaeus, 1758

Equus sp. and Equidae indet.
Fig. 8

Referred material. The equid material corresponds to
isolated dental elements collected on the surface of the
second layer (Fig. 1B) and is represented by a complete
m3 (AMU-CURS-1365) and another five molar frag-
ments (AMU-CURS-523: n = 2, and AMU-CURS-1046:
n=73).

Descriptions. The left m3 AMU-CURS-1365 is
almost complete, only missing part of the mesial
surface (Fig. 8Al). The occlusal surface of the m3 is
relatively well preserved with a length of 28 mm and
it is characterised by a subtriangular protoconid, an
oval hypoconid, a metaconid and metastylid forming
a more rounded double knot, an oval postflexid and
the presence of a well-defined pli caballinid fold. The
rest of the five fragments could belong to both upper
and lower molars; however, the poor state of preser-
vation of these prevents a more detailed taxonomic
identification.

Remarks. The occlusal pattern, present in the m3 with
a subtriangular protoconid, an oval hypoconid and the
presence of a pli caballinid fold, can likely be associated
more with Equus than Hippidion Owen, 1869 (see Prado
and Alberdi (2017); Carrillo-Bricefo et al. (2023) and
references therein). The poor state of preservation of the
other dental elements does not allow them to be assigned
beyond Equidae for now.

For the Pleistocene of Falcon State, equid remains
assigned to Equus neogeus Lund, 1840 and Equus
santaeelenae Spillmann, 1938, have been reported for the
sites of Muaco, Taima-Taima, Cucuruchti and Quebrada
Ocando (Royo and Gémez 1960; Aguilera 2006; Rincon
et al. 2006). Other reports of fossil equids from Venezuela
have also been referred to by Rincén et al. (2006) and
Carrillo-Bricefio (2015).

Prado and Alberdi (2017), based on an extensive
review of the morphological and morphometric
characters of cranial and postcranial elements of
fossil horses from South America, recognise only
three species as valid (e.g. E. andium, E. insulatus and
E. neogeous). Machado and Avilla (2019) questioned
the diagnoses and taxonomic validity of the three
valid species proposed by Alberdi and Prado (2017),
suggesting the possibility of a single Equus species
of South America which should be recognised as
E. neogeous. In the case of our specimens, only the
m3 AMU-CURS-1365 is likely associated here with
Equus; despite this, until now, as there is no consensus
on the taxonomy of the valid Equus species of South
America and the lack of more diagnostic characters in
our specimen, it is appropriate to keep this assignment
tentatively as Equus sp.
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Carnivora Bowdich, 1821
Felidae Fischer, 1817
Felinae Fischer, 1817

cf. Leopardus pardalis (Linnaeus, 1758)
Fig. 8

Referred material. A right astragalus (AMU-CU-
RS-1361; Fig. 8B1-B3). This specimen was collected,
exposed on the surface about six metres south of the
Cauca “A” excavation (Fig. 1B) and we believe that it
also comes from the upper part of the second layer that
has been affected by laminar erosion. The preservation
of the astragalus is good, except for partial erosion of the
fibular facet and the distal end of the lateral lip of the
trochlea that is broken.

Description. AMU-CURS-1361 has a maximum length
of 23.23 mm and a maximum width at the trochlea of
12.59 mm, which corresponds to a medium-sized mammal.
The astragalus head is projected distally, but its media border
is more displaced medially than the trochlea. The head is
wide and, in the distal view, it has an elliptical shape that is
slightly inclined medially. The trochlea is well-marked, with
a sharp medial lip and a laterally inclined lateral lip. It differs
from that of canids in that the trochlea is less excavated, the
head is less inclined and not subtriangular in shape in the
distal view. Canids have a bony shelf distal to the trochlea
that connects with the neck of the head, which is not present
in the AMU-CURS-1361, in felids and other carnivorans.
Other carnivorans, like procyonids and mustelids, have a
different astragalus shape, with a flatter trochlea and a wider
and rounded head that is more medially directed. Although
we did not observe diagnostic features at the genus level
in the context of medium-sized felines in the astragalus,
AMU-CURS-1361 exhibits a morphology resembling
Leopardus pardalis and Lynx rufus Schreber, 1777.

Remarks. We note some differences between
AMU-CURS-1361 and Lynx rufus. In the revised speci-
mens of the bobcat (INAH 7776; NMB 6111; and one at
BonelD.net), the head of the astragalus is proportionally
shorter and the distal border of the sustentacular facet
is interrupted by a sharp incision. These features were
also observed in some individuals of Leopardus pardalis
(e.g. MACN-Ma 30866), while in other Le. pardalis, this
facet contacts the navicular facet (e.g. MACN-Ma 27888,
30695 and 30698). Thus, based on the size and shape of
the astragalus, AMU-CURS-1361 has a greater morpho-
logical affinity with Le. pardalis than with Ly. rufus, but
given the small size of the comparison sample, it is not
possible to make a more precise taxonomic conclusion.

Mammalia indet.
Fig. 8

Note. A bone of the foot of an indeterminate mammal
(Fig. 8C) with a Tl of 30 mm (AMU-CURS-1362) was
collected on the surface about three metres north of
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Figure 8. Equids, felids, and indeterminate mammals from Cauca site. Al, A2. Left m3 of Equus sp. (AMU-CURS-1365) in oc-
clusal and labial view; B1-B3. Right astragalus of cf. Leopardus pardalis (AMU-CURS-1361) in dorsal, plantar and lateral view;
C. Abone of the foot of an indeterminate mammal (AMU-CURS-1362). Abbreviations: (hypc) hypoconid, (mtcd) metaconid, (mty)
metastylid, (plc) pli caballini fold, (prtc) protoconid.

Cauca “A”. The state of preservation of the specimen is
poor and it lacks diagnostic elements that do not allow a
more precise taxonomic determination.

Dating of the Cauca Site

Radiocarbon age of 33750 £ 350 and 37050 + 500
BP were obtained from teeth of Notiomastodon plat-
ensis and Equus sp., respectively. Results were then
calibrated using OxCal 4.4 (Bronk Ramsey 2009) and
indicate that the Notiomastodon is 37.5-39.5 ka cal. BP
and that the Equus is 41.3—42.3 ka cal. BP. These dates
are amongst the oldest dates ever produced on bioapa-
tite (see Cherkinsky (2009)) and are close to the limit of
the radiocarbon dating technique. It is important to note
here that these are minimum ages because diagenesis
makes bioapatite samples look younger due to carbon
isotope exchange between soil dissolved carbonates
and bone carbonate (Zazzo and Saliege 2011; Zazzo
2014). It is, thus, very likely that these samples are
older than 40 ka.

Lithic artefacts and early human evidence in
the area

Preformatted lithic artefacts, on the surface and without
evidence of discrete accumulations, were in the adjacent
areas of the Cauca “B-D” excavations (Fig. 1B). None of
these artefacts was recovered in direct association with
the bone materials in the fossil-bearing stratum or layer.
These artefacts are represented by a chopper (AMU-12-1;
Fig. 9A-B2), a planoconvex scraper (AMU-12; Fig. 9C—
D3) and three flakes or lithic debris (AMU-12-2; Fig. 9E).

Between 100 and 150 m northeast of the Cauca exca-
vation site, we have found a relatively flat area with the
presence of abundant preformatted lithic artefacts on the
surface. The carrier layer corresponds to unconsolidated
fine to coarse sand facies of light brown and ochre colour
that underlie palacodunes. This area and its surroundings
have been prospected by members of our team since 2019
and, in it, we have collected at least three different typol-
ogies of lithic projectiles that include El Jobo, Clovis
and Fish Tail technologies, amongst other lithic artefacts
(Jaimes et al. 2024a). However, so far, we do not have
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Figure 9. Lithic artefacts found in the vicinity of the excavations at the Cauca site (see Fig. 1B). A, C. in situ artefacts. Chopper
(AMU-12-1; B1, B2), planoconvex scraper (AMU-12; D1-D3) and flake (AMU-12-2; E).

precise evidence that allows us to put this diversity of
lithic technologies around the Cauca site in a chronolog-
ical and stratigraphic context or in any relationship with
the megafauna reported for the place.

According to Jaimes et al. (2024a), the contemporaneity
of these three projectile typologies in the surroundings of
Cauca in such a small area remains an uncertainty and their
presence there could probably be due to erosion/laminar
washing of the most overlying layers which may have
generated decanting and mixing of artefacts corresponding
to different antiquities. There is no doubt that the site of
Cauca and its surroundings have been subjected to these
processes of laminar erosion and this could be inferred by
the flat characteristics of the terrain and the almost null
evidence of transportation shown by both the fossils and
the lithic artefacts (Jaimes et al. 2024a).

Discussion
Prospecting and excavations in Cauca have resulted in a
varied association of fossil mammals represented by South

American natives, such as megatheres (cf. Eremotherium
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laurillardi), an indeterminate mylodontid and a glypt-
odont (probably related to Glyptotherium) and Nearctic
representatives, such as gomphotheres (Notiomastodon
platensis), equids (Equus sp.) and a feline (Felidae cf.
Leopardus pardalis), expanding the geographic distribu-
tion of some taxa.

Megaherbivores reported for the Cauca site such as
megatheres, glyptodontids, gomphotheres and equids,
have also been widely referred to in the Pleistocene fossil
record of Venezuela, with distributions that cover a large
part of the national territory, from sea level to almost 2000
m above sea level and even south of the Orinoco River
(see Linares and Bruni (1993); Carrillo-Bricefio et al.
(2008a, 2008b); Carrillo-Bricefio (2015); Chavez-Aponte
(2022); see Fig. 2). The sympatry amongst megaherbi-
vores in Cauca (i.e. Notiomastodon and Eremotherium)
also characterises other sites in Venezuela, including
some in the Cordillera de Mérida (Simpson 1939), the
basin of Lake Valencia (Del Valle and Salazar 2009)
and the sites of Taima-Taima, Muaco and Cucuruchu
in Falcon State (Royo y Gomez 1959, 1960; Ochsenius
and Gruhn 1979; Bocquentin-Villanueva 1982; Aguilera
2006; Carrillo-Bricefio 2015).
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The only medium-sized predator recovered so far at
the locality corresponds to a material classified as Felidae
cf. Leopardus pardalis. Records are scarce for medi-
um-sized felids in the northern neotropics, which is why
the report of cf. Leopardus pardalis in Cauca is notable,
as this taxon was previously undocumented in north-
western Venezuela. Royo y Gémez (1960) mentioned
the presence of “Felis (Lynx) cf. rufus?” in the locality
of Muaco and acknowledged that, despite this lineage not
having been recognised in South America, the collected
material (N°. 24 on the author’s published list) exhibits
similarities. Later, the identification presented by Royo y
Gomez was questioned by Marshall et al. (1984) because
the author did not present figures or descriptions of the
studied fossil felid. Unfortunately, the current location
of this material is unknown (D.R.R., pers. obs.), so this
record cannot be confirmed and likely does not corre-
spond to the Lynx genus. A left P3 and a lumbar vertebra
from the Late Pleistocene El Mene de Inciarte locality
in Eastern Venezuela were referred to cf. Leopardus
sp. (Ruiz-Ramoni 2016). The P3 could correspond to a
deciduous tooth of an undetermined feline and the study
of the vertebra’s morphology further questioned this allo-
cation to Leopardus (D.R.R., pers. obs.). Finally, Linares
(1998) mentioned “remains” of Le. pardalis in archaeo-
logical sites (Pre-Columbian Age) on Margarita Island,
the Eastern Cordillera and the Central Cordillera, but this
taxonomic assignation was not justified and the specimens
were not figured (see Prevosti and Forasiepi (2018)).

Currently, the medium-sized felines in the north of
South America region are Le. pardalis, Le. tigrinus,
Le. wiedii and Herpailurus yagouaroundi (Linares 1998;
Sanchez and Lew 2012; Boher et al. 2023; Ruiz-Garcia
et al. 2023). The ocelot, or cunaguaro, Le. pardalis has
a large distribution during the present (see Paviolo et al.
(2015)) and during the Late Pleistocene (see Werdelin
(1985); Seymour (1999); Prevosti and Forasiepi (2018);
Prevosti et al. (2021); Manzuetti et al. (2023)) which is
congruent with its presence in Venezuela deposition of
Cauca sediments. On the other hand, the current distribu-
tion of Ly. rufus is limited to the northern half of México
to Canada (Lariviére and Walton 1997) and there are no
fossils or living records of this genus in South America.

On the other hand, the sedimentary characteristics
of some Late Pleistocene archaeological sites, such as
Muaco and Taima-Taima (Ochsenius and Gruhn 1979;
Carlini et al. 2022) and El Vano, in the Andean region
of Venezuela (Jaimes 2003, 2005; Jaimes et al. 2024b),
suggest that these sites were deposited in environments
characterised by bodies of water that attracted animals.
Specifically, Muaco and Taima-Taima have been referred
to as resurgent springs, offering an oasis during dry periods
(Ochsenius and Gruhn 1979; Ochsenius 1980). At the
Cauca site, the bone remains are concentrated in a defined
area (Fig. 1B) and the sedimentary conditions allow us
to infer that the site was deposited in a humid, probably
low-energy environment. However, the high degree of
alteration and degradation of the site due to its exposure
to extant (epidiagenetic) weathering is a limitation that

prevents us from inferring more precise evidence about
possible extension and permeance/seasonality of the
body of water. During the Late Pleistocene, the coastal
plains of the Falcon State were subject to a negative water
balance (Ochsenius 1980) and the ancient body of water
in Cauca could have offered attractive water resources for
the fauna that roamed in the area. The extension of these
coastal plains in the region was greater than at present
because of the glaciations and the consequent variations
in sea level that occurred along the coastal zone. These
now submerged plains extended from western Falcon
to the Guajira Peninsula (see fig. 8 in Carrillo-Bricefio
(2015)), offering natural corridors that facilitated faunal
and human movements along the Caribbean coast.

Age of the Cauca site

The bioapatite dating of two fossil remains from Cauca
provided an age of at least 40,000 cal. BP. In contrast,
a biochronological approach of the site using identified
fossil taxa does not offer a more precise age due to a wide
chronological record for these taxa. For example: 1) Late
Pleistocene for Eremotherium laurillardi (Cartelle and
De luliis 1995), 2) Pliocene (~ 3.8 Ma, only for North
America)-Late Pleistocene (for South America) for
Glyptotherium (Carlini and Zurita 2010; Gillette et al.
2016; Zurita et al. 2018), 3) Early Pleistocene (1.2-0.4
Ma)-Late Pleistocene (~ 11,770 years BP) for N. plat-
ensis (Alberdi and Prado 2022) and 4) Middle Pleistocene
(~ 2 Ma)-Early Holocene (~ 8,000 years BP) for Equus
(MacFadden 2013; Prado and Alberdi 2017; Villavicencio
et al. 2019).

Taphonomic aspects and potential human-
megafauna interactions at the Cauca site

Fossil bone elements emerging on the surface at the
Cauca site were categorised within conservation stage
“5” on the scale of Behrensmeyer (1978) (i.e. as the bone
is fragile and breaks easily, it may lose the original shape
of the bone). These materials could not be collected or
identified in most cases due to their degree of fragmen-
tation or total or partial disintegration (e.g. Fig. 3A-C).
In contrast, the elements of the excavated groupings (not
exposed) present a conservation stage of “3 to 4”, on the
scale of Behrensmeyer (1978). These specimens have
a thick fibrous surface, rough texture, large and small
splinters that tend to break off when the bone is moved.
Weathering has penetrated the internal cavities. The
cracks are open and chipped with rounded edges and, in
some cases, there is an incursion of sediment and biolog-
ical activity (plant roots). These taphonomic preservation
conditions limit the identification of micro modifications
of animal or anthropogenic origin on the bone surface.
Some specimens recovered from excavations are frac-
tured or incomplete, where the missing part was exposed
on the surface and eroded.

fr.pensoft.net



202 Jorge Domingo Carrillo-Bricefo et al.: Pleistocene site from northwest Venezuela

The factors that influenced the arrangement, alteration
and disarticulation of the bones could be related to natural
processes (meteoric and animal action) or human action
(Fernandez-Jalvo and Andrews 2016). At the Cauca site,
indirect evidence of disarticulation was observed. An
example is the postcranial remains of a probable adult
individual assigned as cf. E. laurillardi and identified in
excavation groupings 3 (Cauca “B”), 4 (Cauca “C”) and 5
(Cauca “D”) (Fig. 1B). In Cauca “B”, only the skull, right
hemi-mandible, and a few other postcranial elements of
the individual (see the faunal assemblage section) were
identified. Other remains that probably belong to the
same individual from Cauca “B” are found scattered
between Cauca “C” and “D”. In Cauca “C”, a badly dete-
riorated fragment of the pelvis and other fragments of ribs
and vertebrae were identified less than six metres west
of Cauca “B”. In Cauca “D”, about 12 m north of Cauca
“B”, a grouping of fragments of disarticulated ribs and a
right tibia were recovered (Fig. 4E). These ribs show high
fragmentation, with an arrangement pattern where some
are on top of others and very close to the tibia.

At the Cauca site, large, compact and dense post-
cranial elements such as humeri and femurs of large
megaherbivores (e.g. Eremotherium or mylodontids,
Notiomastodon), both on the surface and in excavated
groupings 1-5 (Cauca “A-D”), are scarce. Some exam-
ples are the tibia reported in Cauca “C”, the humerus in
very poor condition observed in grouping 6 and what
appear to be fragments of large bones destroyed amongst
the remains of the Eremotherium identified in unexcavated
grouping 2 (Fig. 3C). Gravitational dispersion models of
large mammal carcasses in deposition environments with
inclinations greater than 20° and subjected to hydraulic
forces of 152 cm/s, considered a high rate (Voorhies
1969), are easier to disperse, starting with phalanges, ribs,
teeth and jaw, while the last to be transferred from the
place of death would be the skull. Although gravitational
dispersion can organise and select bones for transport,
others tend to anchor especially in clay environments with
a lower inclination and subject to lower rates of hydraulic
currents (Fernandez-Jalvo and Andrews 2016). However,
the spatial arrangement of the bone elements of the prob-
able same individual from the cf. Eremotherium laurillardi
in Cauca “B-D” breaks with the natural anatomical
pattern that could be expected in high-energy deposi-
tion environments. The same could be inferred from the
remains of Notiomastodon platensis from Cauca “A” and
the tusk found in Cauca “E” if there is a possible relation-
ship between them. Despite this, we do not rule out the
possibility that most of the large bones and other cranial
and postcranial elements have been eroded and destroyed
before or after the biostratinomic and fossil-diagenetic
processes. As mentioned above, many fossils that remain
on the surface have suffered fragmentation and disinte-
gration due to the direct action of meteoric processes (e.g.
very dry environment with concentrated rain) once they
were exposed due to the erosion of the carrier layer and a
clear example is the unexcavated grouping 2 (Fig. 3A, C).
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The greatest disadvantage present when identifying
potential evidence of direct action by animals (preda-
tors and scavengers) or humans in the skeletal remains
of the Cauca site, as well as in their distribution pattern,
includes: 1) the poor state of preservation of the remains,
which limits the identification of micro modifications
of anthropogenic origin on the surface of the bones, 2)
absence of direct association of lithic artefacts and the
remains of fossil fauna and 3) the high degree of exposure
of the site to the external agents (e.g. laminar erosion)
that, for years or decades, has eroded and degraded its
sedimentary context. This last limitation prevents us from
putting into stratigraphic context the few preformatted
lithic instruments found in the vicinity of excavations
B-D (Fig. 9). The origin of the pruning layer of these
artefacts is uncertain and its association with the site’s
megafauna is speculative and cannot be ratified, espe-
cially if the radiocarbon ages obtained for the site (40,000
cal. BP.) are taken into consideration. The latter would
contrast with new cultural evidence for the American
continent with ranges within the Last Glacial Maximum
(LMG) (e.g. Pansani et al. (2023)).

The presence of lithic artefacts in adjacent areas of
the excavations and surroundings of the Cauca site, with
different lithic typologies, such as El Jobo, Clovis and Fish
Tail (Jaimes et al. 2024a), undoubtedly sheds new light on
technologies and distribution of the artefacts used by the
megafauna hunters who roamed the region at the end of the
Pleistocene. However, the lack of a chronological and strati-
graphic context of the layers carrying the lithic also prevents
a secure association with the megafauna of the Cauca site.
The only known sites with an association of megafauna
and humans from the Late Pleistocene of Venezuela (with
dating), are Muaco, Cucuruchu, Taima-Taima and El
Vano (see Cruxent (1970); Bryan (1973); Carrillo-Bricefio
(2015); Carlini et al. (2022)). In Taima-Taima (Bryan et
al. 1978; Haynes 2023) and El Vano (Jaimes 1998, 1999,
2003, 2005; Jaimes et al. 2024b), there is evidence of
hunting/butchering of gomphotherids (Notiomastodon
platensis) and megatheres (cf. Eremotherium laurillardi),
respectively, are evident. At both sites, lithic points associ-
ated with the Jobo typology were found in association with
the bone remains (Cruxent 1967, 1970, 1979; Bryan et al.
1978; Jaimes 1998, 2003, 2005). Meneses and Gordones
(2021) recently suggested the existence of early human
presence alongside megafauna (Notiomastodon sp.) at the
El Llano del Anis site in Mérida State (Fig. 2). However, the
absence of precise dating, comprehensive palaecontological
examinations of the site’s fossil material and substantial
evidence of human involvement in the bone remains pose
limitations in interpreting the site.

Conclusions
Despite thorough investigations into the Pleistocene

mammals of South America, significant knowledge gaps
persist, particularly in the northern region of the continent.
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In this contribution, we report the first fossil records of
mammals from the new coastal locality called Cauca in
Falcon State, with the objective of revaluing this region
in the context of the evolution of fauna in the continent.
The fossil assemblage from the Cauca site is character-
ised by at least five megaherbivores that includes the
terrestrial sloths cf. Eremotherium laurillardi, an inde-
terminate mylodontid, a glyptodont probably related to
Glyptotherium, the proboscidean Notiomastodon plat-
ensis and the equid Equus sp. The only medium-sized
taxon corresponds to a predator, identified here as Felidae
cf. Leopardus pardalis and its report is notable due to
the undocumented fossil record of this taxon in north-
western Venezuela and the region. The bioapatite dating
of two fossil remains from Cauca provided an age of at
least 40,000 years old.

Lithic artefacts of a kind reported in the vicinity of the
Cauca excavation and in other adjacent Pleistocene sites
(Jaimes et al. 2024a), document the presence of humans in
the region, but as these cultural remains were found on the
surface, their association with the fossil fauna is uncertain.

Cauca is part of the Coro coastal plain that has been
interpreted as one of the natural corridors that allowed
the expansion of territories by different species during the
Pleistocene, associated with the Great American Biotic
Interchange (Webb 1978, 1991). Cauca, like sites such
as Muaco, Taima-Taima, Cucuruchtl and El Vano, has
records of the existence of faunas subsequently extinct
following environmental transformation in which prob-
ably both climate change and humans played a synergistic
role (see Barnosky et al. (2016); Metcalf et al. (2016);
MacPhee (2018)).
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Abstract

Flying squirrels are important forest environment indicators. There have been many reports on them from fossil localities of the
Late Cenozoic in southwest China, but relatively few detailed studies have been carried out on them. Numerous flying squirrel
fossils of the Mid-Late Pleistocene were unearthed from the Yumidong Cave in Wushan County, Chongqing Municipality, China,
providing excellent materials for morphological comparison and further research on this group. Four species have been recognised
from this locality, including Pteromys volans, Trogopterus xanthipes, Belomys pearsonii and Aeretes melanopterus. P. volans and
A. melanopterus are Palearctic species, which adapted to the cold environment and had been completely extinct in the study area
since the Holocene Megathermal period. Based on the analyses of paleozoogeography and paleoecology of these four species, it
could be concluded that the Yumidong Cave area was dominated by subalpine evergreen coniferous forest or coniferous and broad-
leaved mixed forest during MIS 2 and MIS 4 periods, which were colder and had more coniferous forest than now, while the vege-

tation landscape of MIS 3 and MIS 5 periods were similar to that of nowadays.

Key Words

Mid-Late Pleistocene, paleoenvironment, Petauristinae, Yumidong Cave

Introduction

The subfamily Petauristinae is also known as flying
squirrels for they can use their membrane between the
fore- and hind-legs to glide. They are strictly arboreal
animals. According to fossil records, flying squirrels
firstly appeared in Sihong, Jiangsu Province in the Early
Miocene (Qiu 2015) and then gradually radiated to other
areas in China. Nowadays there are 7-9 genera and
17-20 species of flying squirrels living in China, mostly
in east and southwest China (Huang et al. 1995; Jiang et
al. 2015a, b; Li Q et al. 2019b, 2021). Zheng (1993) made
a systematic description on the flying squirrel fossils from
cave and fissure deposits of the Pleistocene in southwest
China. However, in later studies, researchers usually just

listed them in the fauna or only made limited descrip-
tions — even so, there were still many misidentifications.
Therefore, it is very meaningful to conduct a detailed
morphological research on this category. Furthermore,
flying squirrels can be used as indicators for the forest
paleoenvironment due to their typical arboreal habits.
The Miaoyu Basin in Wushan County, Chongqing
Municipality, China is located at the northern foot of
the Wushan Mountains, having a subtropical monsoon
climate now. The zoogeographical zone is of the Sino-
India Subrealm of the Oriental Realm. Topographically,
the Miaoyu Basin and its surrounding area are domi-
nated by low-medium mountains and the terrain is high
in the south and low in the north with altitudes between
200 m and 2046 m. The Wushan Mountains are in the

Copyright Li-bo Pang 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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transition zone from the second step to the third step of
Chinese topography. During the neotectonic movement,
three stages of karst planation were formed here: the Exi
planation surface, the Shanyuan planation surface and the
Yunmeng planation surface (Xie 1990). Many ancient
hominin and mammalian fossil localities, represented by
the Longgupo Cave, the Longgudong Cave, the Baotansi
Cave and the Yumidong Cave, make the Miaoyu Basin
and its surrounding area one of the most important areas
for the study of Quaternary paleontology in China (Huang
and Fang 1991; Zheng 2004; Chen et al. 2017).

The Yumidong Cave (Fig. 1) is developed in a lime-
stone hill named Dongbao in the southern part of the
Miaoyu Basin (30°50'44.39"N, 109°38'09.22"E), about
4 km away from the Longgupo Cave and the Baotansi
Cave. It is a horizontal karst cave with an elevation about
1100 m at the entrance. The background and lithostrati-
graphic sections of this locality were described by Wei et
al. (2017), Chen et al. (2017) and the Chongqing China
Three Gorges Museum (2018). Dating results and faunal
comparisons showed an age of Mid-Late Pleistocene for
the sections. The interbeds of sandy clay and limstone
breccia of the sections represented four warm periods
(layers (2)-1, 3), (5), (7)) and four cool periods (layers
(2)-2, (@), (6), (8) and below), which could be correlated
to MIS 8 ~,1 respectively (Chen et al. 2017; Wei et al.
2017; Shao et al. 2022). A great number of mammalian
fossils were collected from this cave (Chen et al. 2017,

110°N__120°N__ 130°N

Chonggqing China Three Gorges Museum 2018), amongst
which flying squirrel is one of the groups with the most
abundant species and specimens in the fauna, providing
excellent materials for the study of this group.

The fossils mentioned in the article (Suppl. material 1:
table S1) were excavated from the layer (2)-2 and below
in the Yumidong Cave and are all stored in the Chonggqing
China Three Gorges Museum.

The dental terminologies follow Zheng (1993) and Li
CK et al. (2019a). Abbreviations used in this paper: ac,
anterocone; acd, anteroconid; alf, anterolingual flexus;
anl, anteroloph; anld, anterolophid; ap, angular process;
asd, anterobuccal sinusid; av, anterior valley; bv, buccal
valley; cdp, condylar process; crp, coronoid process; cv,
central valley; ds, diastema; ecld, ectolophid; end, ento-
conid; enld, entolophid; hy, hypocone; hyd, hypoconid;
hycud, hypoconulid; hyld, hypolophid; mdf, mandib-
ular foramen; me, metacone; mecu, metaconule; med,
metaconid; mel, metaloph; meld, metalophid; mestd,
mesostylid; mmf, masseter muscle fossa; mmr, masseter
muscle ridge; mn, mandibular notch; msd, mesoconid;
msld, mesolophid; msst, mesostyle; msstd, mesostylid;
mtf, mental foramen; pa, paracone; past, parastyle; peld,
extra posterolophid; plf, posterolingual flexus; pmf,
pterygoid muscle fossa; pol, posteroloph; pold, posterol-
ophid; pr, protocone; prcu, protoconule; prd, protoconid;
prl, protoloph; prlpl, protolophule; prlpld, protolophulid;
prst, protostyle; pv, posterior valley; vn, vascular notch.
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Figure 1. Geographical location (A), excavation units (B), stratigraphic sequence of T6 and their age (C) of the Yumidong Cave.

The age is based on Shao et al. (2022).
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Systematic paleontology

Order Rodentia Bowdich, 1821

Family Sciuridae Fischer von Waldheim, 1817
Subfamily Petauristinae Brandt, 1855

Genus Pteromys Cuvier, 1800

Pteromys volans (Linnaeus, 1758)
Fig. 2; Suppl. material 1: table S2

Materials. As in Suppl. material 1: table S1, there are four
maxillary bones, 27 mandibular bones and one isolated
tooth from the layer (2)-2 and 23 maxillary bones, 21
mandibular bones and 10 isolated teeth from the layer (4).

Description. The mandible is very short and its length
is close to the height. The incisor is relatively narrow and
curves towards the labial side. Its tip is slightly lower than
the worn surface of the cheek teeth. Its posterior end lies
under the mandibular foramen. The diastema is deep and
short. A single large and round mental foramen locates at
the buccal side of the lowest part of the diastema, closer
to p4 than the incisor. Both the upper and lower masseter
muscle ridges are obvious with the anterior angle at the
level of the middle part of p4. The masseter muscle fossa
is very wide and relatively deep. The angular process is
particularly marked and wider than the ascending ramus.
Its upper part is curved to the buccal side, while the infe-
rior margin is curved to the lingual side. The lower and
posterior edges are ridge-like. The pterygoid muscle
fossa at the lingual side is very deep; its anterior end is
at the level of the middle part of m3. The mandibular
foramen is relatively large, oval in shape and positioned
more dorsally than the worn surface of the cheek teeth.
The ascending ramus is very thin. The condylar process
and coronoid process are rarely preserved.

P3 is small, single-rooted and cylinder-shaped. Its
crown surface is oval, with a central main cusp at the
buccal side and one or two small accessory cusps at the
lingual side. Viewing from the buccal side, P3 cannot be
covered by P4 completely.

P4 is molariformed. Its crown surface is close to trap-
ezoid: the buccal side is longer than the lingual side and
the antero-lingual corner is shrunk. In occlusal view, the
tooth is mainly composed of four transverse ridges (anter-
oloph, protoloph, metaloph and posteroloph) and two
cusps at the lingual side (protocone and hypocone). The
parastyle is large and the anteroloph is very low and short.
The protoloph starts at the tip of the paracone and ends at
the base of the protocone. The protoconule is not obvious.
The metaloph is somewhat short and ends at the developed
metaconule. A crista stretches out from the metaconule
to the posteroloph. The posteroloph is low and there is a
V-shaped groove between it and the hypocone. The hypo-
cone is the smallest amongst the main cusps, isolated when
unworn, but connected with the postprotocrista after being
worn. The protocone is well developed, occupying 3/4 of
the length of the lingual side. The anterior valley and the
central valley are both V-shaped and much wider and deeper
than the posterior valley. The extra anteroloph is absent,

while a weak protolophule is permanent. The cingulum is
well developed at the lingual side, but cannot be checked at
other sides.

The main structure of M1 is the same as that of P4, but
the anteroloph is more developed, making the occlusal
outline almost quadrate. The parastyle is quite degenerate
and merges with the anteroloph. The protoloph is high,
starting at the tip of the paracone and ending at the prepro-
tocrista. The protoconule is tiny, but clear. The metaloph
is short and low, ending at the middle of the metaconule.
The metaconule is well developed and its posterior edge
connects with the posteroloph. The posteroloph is very
low. The protocone is like a longitudinal ridge, occupying
4/5 or more of the length of the lingual side. The hypo-
cone is small and only occupies the posterolingual corner
of the tooth. The extra anteroloph and the protolophule
are present in most of the specimens.

M2 is very similar to M1 in size and shape.

The occlusal outline of M3 is close to a rounded
triangle. The anterior lobe is very similar to that of M1/2,
but the posterior lobe is much degenerate and shrunk.
The metacone is almost isolated and there is no obvious
metaloph and metaconule. The posteroloph is very short
and low and connects with the posterior base of the
metacone. The hypocone is tiny and locates at the middle
of the posterior side of the tooth.

The occlusal outline of dp4 is an irregular quadrilateral
with a narrow anterior lobe and a wide posterior lobe. A
single anteroconid is obvious and the anterolophid is very
weak. The protoconid is near to the metaconid, but some-
what larger. The mesoconid is small and locates behind
the protoconid. There is no trace of the metalophid and
the mesolophid is very short. The hypoconid is almost
the same as the protoconid in size. The posterolophid is
curved and connects the entoconid with a small hypoco-
nulid between them. The morphological structure of p4
is similar to dp4, except its slightly wider anterior lobe.

The occlusal outline of ml is close to an oblique
rhomboid. The metaconid and the hypoconid are stronger
than the protoconid and the entoconid. The mesoconid
is permanent, while the mesostylid is relatively weak.
Amongst the four transverse ridges on the occlusal
surface, the anterolophid is continuous and highest. The
posterolophid is also continuous, but lower than the
anterolophid. The metalophid is variable. It may be very
short on some specimens, while it may reach to the base
of the metaconid on the others. The mesolophid is not
well developed. The trigonid basin is much narrower than
the talonid basin and not closed. The anterobuccal sinusid
is very shallow. The buccal valley is wide.

The occlusal structure of m2 is similar to that of m1,
except the anterior lobe of m1 is narrower than that of m2.

m3 is the longest check tooth and its anterior lobe is
almost the same as m2. On the posterior lobe, a prom-
inent hypolophid connects the hypoconid and the
entoconid. The posterolophid is well developed and
convex backwards.

Comparison. The size (in Suppl. material 1: table S2)
and occlusal structure show these specimens belong to
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M2/ M1
pripl hy
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Figure 2. Pteromys volans from the Yumidong Cave. A. 12YMDT4(2)35.18, right P3-M3, occlusal view; B. 12YMDT4(2)35.286,
left p4-m3, occlusal view; C. 12YMDT4(2)4.1, right mandible with dp4-m3, occlusal (1), labial (2) and lingual (3) view. Scale bar:

2 mm (A, B, C1); 4 mm (C2, C3).

a species of small flying squirrel. Until now, two genera
and three species of Pleistocene small flying squirrels
have been known in south China, these being Hylopetes
electilis, Pteromys huananensis and P. volans.

Hylopetes electilis is an extant species and its fossils
were only reported from the Middle Pleistocene deposits
of the Wazhuwan Cave and the Tianmen Cave in Tongzi,
Guizhou Province (Zheng 1993). The most typical char-
acter for this species is the pitted enamel of its cheek
teeth. In addition, this species has weaker entoconid
and more developed mesoconid and mesostylid than
Pteromys volans.

Pteromys huananensis was only known from the Early
Pleistocene Longgupo Cave in Wushan, Chongqing
Municipality (Huang and Fang 1991). The validity of this
species is yet to be discussed. Its M3 has clear metacone,
protoconule, mesostyle and metaloph, which is different
from the specimens described here.

The fossils of Pteromys volans were excavated
from the Longgupo Cave of the Early Pleistocene, the
Xinglong Cave, the Puding Cave, the Yanhui Cave, the
Tianmen Cave and the Upper Pingba Cave of the Middle
Pleistocene and the Xitaiping Cave of the Late Pleistocene
(Zheng 1993; Huang et al. 2002; Tong et al. 2008). The
dental diagnosis of this species includes (modified from
Li CK et al. (2019a)): cheek teeth brachyodont; P3 small,
but with differentiated cusps; P4 molarised; hypocone and
metaconule of P4-M2 well developed; the extra anter-
oloph and the protolophule present; M3 without metaloph
and metaconule; the mesoconid and the entoconid of
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lower cheek teeth permanent; the trigonid basin not
closed; m3 elongated obviously. Morphologically, the
specimens described herein resemble P. volans and
should be assigned to this species.

Genus Trogopterus Heude, 1898

Trogopterus xanthipes (Milne-Edwards, 1867)
Fig. 3A-C; Suppl. material 1: table S3

Materials. As in Suppl. material 1: table S1, there are two
maxillary bones, 12 mandibular bones and three isolated
teeth from the layer (2)-2, one maxillary bone and three
isolated teeth from the layer (4) and one mandibular bone
from the layer (6).

Description. The mandible is high and strong. The tip
of the incisor is slightly lower than or as high as the worn
surface of the cheek teeth. The transversal section of incisor
is close to a triangle. The diastema is deep and short. A
single mental foramen, small and open forwards, locates at
the buccal side of the lowest part of the diastema. The lower
masseter muscle ridge is weak and the upper masseter
muscle ridge is almost undetectable. The masseter muscle
fossa is relatively shallow. The inferior margin of the hori-
zontal ramus is straight. The vascular notch is extensive.
The angular process is usually badly preserved. Based on
the preserved part, this process should extend downwards
significantly. The pterygoid muscle fossa at the lingual side
is very deep and wide with its anterior end terminates at the
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Figure 3. Trogopterus xanthipes (A-D) and Belomys pearsonii (E, F) from the Yumidong Cave. A. 12YMDT4(2)30.2, left mandi-
ble with lower incisor and p4-m3, occlusal (1), labial (2) and lingual (3) view; B. 12YMDT4(2)35.1, right dp4-m3, occlusal view;
C. 12YMDT4@35.7, left P4-M2, occlusal view; D. 12YMDT4@60.3, right M1-M3, occlusal view; E. 12YMDT4@35.9, left
P3-M3, occlusal view; F. 12YMDT4(2)35.8, right mandible with lower incisor and p4-m3, occlusal (1), labial (2) and lingual (3)

view. Scale bar: 5 mm (Al, B-E, F1); 10 mm (A2, A3, F2, F3).

level of the middle part of m3. The mandibular foramen is
low, relatively small, round in shape and open backwards.
The ascending ramus is moderately strong and starts near
the m2/m3 boundary. The coronoid process is not preserved
on any of the specimens of this species, but should be
higher than the condylar process. The condylar process is
a transverse axis and its neck is somewhat obvious. The
mandibular notch is an obtuse angle.

P3 is tiny, single-rooted and very near to the antero-
lingual corner of P4. P4 is three-rooted and larger than
other cheek teeth. Its occlusal outline is a trapezoid with a
narrow anterior lobe and a wide posterior lobe. The anter-
oloph is formed by four independent cusps which are
separated by three small grooves and the anterocone is
the highest amongst them. The parastyle is located at the
anterobuccal side of the paracone and is the buccal end of
the anteroloph. The paracone and the metacone are similar

in size. The mesostyle is well developed and connects
with the paracone and the metacone. The protocone is
very strong, with a small protostyle at its anterolingual
side. The hypocone is relatively slender, located at the
posterolingual corner of the teeth. The protocone and
the hypocone are separated by a shallow groove at the
lingual side. The protoconule and the metaconule are
both obvious, but the metaconule is more enlarged and
prominent. The protoloph is continuous, starting from
the paracone to the protocone via the protoconule. The
metaloph becomes vestigial for the enlarged metaconule.
The posteroloph is continuous and low. There are many
cristae in the anterior and the posterior valleys, dividing
them into several enamel loops.

The anteroloph of M1 is low, straight and smooth and
the protostyle is absent, which are different from P4.
Other than these, the posterior part of M1 is very similar
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with that of P4. M2 is very similar to M1 in size and
shape. The anterior part of M3 is very similar to M1/2,
but its posterior part is somewhat shrunk. The hypo-
cone is reduced, but still permanent, connecting with the
metaconule by a straight metaloph. The posteroloph is
absent and the metacone transfers to the back of the tooth.

The occlusal outline of p4 is close to a trapezoid, narrow
in the anterior part and wide in the posterior part. p4 is the
largest in lower check teeth. Its anteroconid is transversely
oval-shaped, connected to the preprotocristid and separated
from the metaconid by a narrow groove. The metaconid
and the protoconid are higher than the hypoconid and the
entoconid. A narrow ridge extends from the posterolingual
side of the protoconid to the prehypocristid, forming the
ectolophid. The mesoconid is prominent and three short
ridges extend from it: the anterior one (the premesocristid)
connects with the postprotocristid; the posterior one (the
postmesocristid) connects with the posthypocristid; the
buccal one (the ectomesolophid) connects with the ectol-
ophid at the tip of the prehypocristid. The mesostylid is
somewhat developed and parallel to the teeth row, but does
not connect with the entoconid, making the talonid basin
open. The transverse section of entoconid is almost round.
The entolophid is thin and there are three cristae on it. The
hypoconid is L-shaped, located at the posterobuccal corner
of the tooth. There are two cusps on the posterolophid: the
small one is at the buccal side and is separated from the
hypoconid by a shallow groove; the large one is the hypo-
conulid, which is almost as large as the entoconid and is
separated from the entoconid by a very deep groove. dp4
is similar to p4 in morphology, except there is no obvious
anteroconid. The size of dp4 does not exceed m1.

The occlusal outline of lower molars is oblique quad-
rilateral. The main structure is similar to p4, except the
anteroconid is fused with the anterolophid. At the unworn
stage, the posterolophid and the ectolophid are separated
by a groove. With moderate wear, the anterolophid, the
posterolophid, the ectolophid and a lingual lophid are
connected via the mesostylid and the entolophid, forming
a complete occlusal outline of the tooth. The antero-
buccal corner of the tooth is curved and smooth. There
is no trace of the anterobuccal cingulum and sinusid.
One or two metalophids and several folds are developed
in the talonid basin, making the occlusal surface more
complex than p4. The mesostylid is not well developed
and stretches forward obliquely. m3 is not shrunk. Its
posterolophid somewhat curves and the hypoconulid is
weaker than that of m1/2.

Comparison. The size (in Suppl. material 1: table S3),
complex occlusal surface and developed enamel folds
show these specimens belong to a species of medium-
large-sized flying squirrel. In the Quaternary of south
China, four genera of medium-large-sized flying squirrels
have been known so far, which are Petaurista, Aeretes,
Belomys and Trogopterus.

The cheek teeth of Petaurista and Aeretes are obviously
different from the described specimens. Their occlusal
surfaces are relatively simple. There are no mesostyles,
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but well-developed hypoconules on the upper cheek teeth
and the transverse ridges are more notable. In addition,
M1/2 of Petaurista has no hypocone (Li CK et al. 2019a),
while it is always present on the Yumidong specimens.
The hypocone on P4-M2 of Aeretes is present, but always
very near to the protocone (Zheng 1993; Tong 2007; Tong
etal. 2008; Li CK et al. 2019a).

Belomys resembles Trogopterusion in occlusal struc-
tures more than other flying squirrels (Zheng 1993; Tong
2007). One of the most obvious differences between them
is the significantly larger size of Trogopterus. The speci-
mens described here are relatively similar to Trogopterus
morphologically and their size matches Trogopterus
better than Belomys. Only one species of Trogopterus has
been known until now, the extant T. xanthipes. Therefore,
the specimens could be identified as T. xanthipes.

Genus Belomys Thomas, 1908

Belomys pearsonii (Gray, 1842)
Fig. 3D, E; Suppl. material 1: table S4

Materials. As in Suppl. material 1: table S1, there are
one maxillary bone and 11 mandibular bones from the
layer (2)-2, one mandibular bone from the layer (3), two
mandibular bones from the layer (4), two mandibular
bones from the layer (5), one mandibular bone from the
layer (6) and one mandibular bone from the layer (10).

Description and comparison. The mandible and teeth of
Belomys pearsonii are very similar to Trogopterus xanthipes,
but there are still some differences. The most obvious is their
size: T. xanthipes is much larger than B. pearsonii and there
is almost no overlap of the measurements of their cheek
teeth (Suppl. material 1: tables S3, S4). Additionally, there
are discernible differences of cheek tooth characteristics
between these two species: 1) B. pearsonii is more lower-
crowned than T. xanthipes; 2) P3 of B. pearsonii is closer to
the protocone of P4 than that of T. xanthipes; 3) compared
with B. pearsonii, P4/p4 of T. xanthipes is much larger than
upper/lower molars; 4) the protocone of P4-M2 of B. pear-
sonii is more developed than that of T. xanthipes, but the
hypocone is somewhat weaker; 5) the hypocone of M3 of
T. xanthipes is permanent and connects with the metaconule
by a straight metaloph, but the hypocone and the metaloph
of M3 of B. pearsonii are absent.

There are three species in the genus Belomys, B.
pearsonii, B. parapearsoni and B. thamkaewi. B. para-
pearsoni is only known from the Early Pleistocene. It is
smaller than B. pearsonii, with lower tooth crown, less
developed mesostyle, less developed mesostylid and
more developed hypoconid. B. thamkaewi was unearthed
from cave deposits of the Late Pleistocene in Thailand
and its validity is yet to be discussed. Chaimanee and
Jaeger (2000) thought it was very similar to B. pearsonii,
except the somewhat larger size. However, their measure-
ments seem doubtful, but even so, the data do not exceed
the data range of fossil B. pearsonii from China.
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Genus Aeretes Allen, 1940

Aeretes melanopterus (Milne-Edwards, 1867)
Fig. 4; Suppl. material 1: table S5

Materials. As in Suppl. material 1: table S1, there are one
isolated tooth from the layer (2)-2 and three maxillary
bones and two mandibular bones from the layer (4).

Description. The mandible is robust and the diastemal
portion is short. The tip of the incisor is slightly higher
than the worn surface of the cheek teeth. Its posterior end
lies under the posterior root of m3. The diastema is short
and a medium-sized mental foramen is located at the
middle part of the buccal side of the diastema. The infe-
rior margin of the horizontal ramus is smoothly curved. A
vascular notch is obvious and under the masseter muscle
fossa. The masseter muscle fossa is relatively shallow
with a weak ridge. Its anterior angle is at the level of
the anterior root of ml. The pterygoid muscle fossa at
the lingual side is very wide and deep. Its anterior end
is at the level of the posterior part of m3. The mandib-
ular foramen is large, oval-shaped and positioned more
ventrally than the worn surface of the cheek teeth. The
angular process is broken, but the preserved part shows
it should be almost as wide as the ascending ramus. The
upper part of the ascending ramus is badly preserved, but
it seems not very high. The condylar process is a short
transverse axis and its neck is long. The coronoid process
is thin and higher than the condylar process.

DP4 is smaller than P4 and M1. Its occlusal outline
is triangular. The parastyle is fused with the anteroloph,
forming a high and isolated anterolingual corner. Besides
the parastyle, the paracone, the metacone and the protocone
are all well developed on the crown surface. The protostyle
is invisible. The hypocone is very weak, close behind the
protocone. The protoloph is short and straight. No obvious
protoconule. The metaloph bends back at the metaconule.
The enlarged metaconule is connected with the poster-
oloph by a short ridge, forming a small hypoconule on the
posteroloph and dividing the posterior valley into two. The
posteroloph is low. The posterolingual flexus is narrow and
closed after being moderately worn. The anterior valley
and the central valley are short and the anterior one is wider
than the central one. There are one large root at the lingual
side and two small ones at the buccal side.

P3 is not preserved. On the basis of the alveolar, it
should be single-rooted, not particularly small and visible
from the buccal side.

P4 is molariformed. Its lingual side is much shorter than
the buccal side, making its occlusal outline triangular. The
lingual wall is wrinkled and higher than the buccal wall.
The protocone is small and separated from the developed
hypocone by a vertical groove (the anterolingual flexus)
which extends to the base of the tooth crown. The anterolin-
gual flexus is shallow, visible after being moderately worn.
The posterolingual flexus is quite deep and narrow. There
are four transverse ridges on the crown surface (the anter-
oloph, the protoloph, the metaloph and the posteroloph).

The anteroloph is well developed and the parastyle is fused
with it. The anteroloph is connected with the protocone at
the slightly worn stage, but separated after being moder-
ately worn by the anterolingual flexus. The protoloph is
relatively straight. There are two ridges extending from
the protoconule, the smaller one backwards and the larger
one forwards. The metaconule is marked and the metaloph
bends back at the metaconule. There are three small ridges
extending backwards from the metaloph and two of them
are connected with the posteroloph. The posteroloph is
continuous and is connected with the hypocone only after
being very deeply worn. Three roots, one larger at the
lingual side and two smaller at the buccal side.

The occlusal outline of M1 is close to a square. The
occlusal structure is mainly composed of four cusps (the
paracone, the metacone, the protocone and the hypocone)
and four transverse ridges (the anteroloph, the protoloph,
the metaloph and the posteroloph). The anteroloph and
the posteroloph are lower than the protoloph and the
metaloph. The protocone is not completely separated
from the hypocone and both of them are ridge-shaped.
The anteroloph and the protoloph converge with the
protocone. The metaloph is connected with the hypocone.
The paraconule and the metaconule are small. The main
structure of the posterior lobe is similar to that of DP4.

The occlusal outline of p4 is a trapezoid with a narrow
anterior lobe and a wide posterior lobe. The anteroconid
is small, located at the anterobuccal side of the metaconid.
The metaconid is the highest amongst all cusps of the
tooth. The metastylid is barely visible and is separated
from the well-developed mesostylid by a deep groove.
The protoconid is weaker than the metaconid, but larger
than other cusps. The anterobuccal sinusid is shallow and
V-shaped. The buccal valley is wide. The mesoconid is
obvious. The mesolophid divides the talonid basin into
two. The protolophulid is tiny and the extra posterolophid
is short. The posterolophid is curved. Two roots.

The lower molars have similar occlusal structure with
p4. The anterolophid is developed and connected with
the anteroconid and the metaconid. The anterobuccal
sinusid is much deeper than that of p4. The mesoconid is
connected with the protoconid. The metalophid is more
developed than that of p4. The posterior lobe of m3 tapers
obviously with a weak entoconid. Four roots.

Comparison. Based on the dental dimensions (in
Suppl. material 1: table S5), the described fossils should
be a large species of flying squirrel, which is most likely
to belong to either Aeretes or Petaurista.

In Petaurista, M1/2 lacks the hypocone and the lower
cheek teeth have marked anterobuccal sinusid, which can
be used for generic diagnosis and are obviously different
from the features of the described fossils.

Thediagnosis ofthe genus Aeretesincludes (summarised
by Li CK et al. (2019a)): P3 small, P4 larger than molars,
the hypocone of P4-M2 weak and located close behind the
protocone, the protoconule and the metaconule weak, the
hypoconule well developed, the posterolingual flexus very
deep, the entoconid of lower molars small, the mesostylid
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Figure4. Aeretesmelanopterus fromthe Yumidong Cave. A. 12YMDT4(4)60.54, right DP4-M1, occlusal view; B. 12YMDT4(2)35.81,
right P4, occlusal view; C. 12YMDT4@60.1, left mandible, labial view; D. 12YMDT4@60.2, right p4-m3, occlusal view. Scale

bar: 5 mm (A, B, D); 10 mm (C).

developed and separated from the metastylid and ento-
conid by deep grooves and the mesoconid small. The
described fossils resemble Aeretes.

There are three species in the genus Aeretes,
A. premelanopterus, A. grandidens and A. melanopterus.
The primitive A. premelanopterus has weak protoconule,
but strong metaconule; A. grandidens has stronger
protoconule and metaconule than A. premelanopterus.
The protoconule and metaconule of A. melanopterus
from different regions varies in morphology: specimens
from Chongqing and Guizhou have a very weak proto-
conule and developed metaconule (Zheng 1993), while
specimens from Beijing have a marked protoconule
and metaconule (Tong 2007). The Yumidong speci-
mens are most similar to A. melanopterus from Beijng.
Furthermore, comparing the Yumidong specimens with
A. melanopterus from the Baotansi Cave in Chongqing,
there is another obvious dental morphological difference:
the lingual vertical groove of P4 is clear on the Yumidong
specimens, but unclear on the Baotansi specimens.

Compared with the Aeretes melanopterus from the
Tianyuan Cave and extant specimens (based on Tong
(2007)), the morphological structure of the described
specimens falls within their variable range. Based on
dimensions, the described specimens are much smaller
than the Tianyuan Cave specimens and fall within the
variable range of the living species. It is reasonable to
attribute these fossils to A. melanopterus. Tong (2007)
mentioned the diagnosis of this species, including: cheek
teeth subhypsodont, enamel slightly rugose, the lingual
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wall of upper cheek teeth higher than the buccal wall, the
posterolingual flexus very narrow and deep.

Discussion

Paleoenvironmental analysis

The evergreen forest covers the area around the Yumidong
Cave and the character of vertical zonality of this area is
clear nowadays. In areas below 700 m above sea level, the
vegetation type is dominated by evergreen broad-leaved
and deciduous broad-leaved mixed forest. With increasing
elevation, the proportion of coniferous and broad-leaved
mixed forest increases. In areas above 2000 m, with only
a limited range of peaks in the Wushan Mountains higher
than this altitude, the coniferous and broad-leaved mixed
forest becomes dominant. It was thought that the drastic
climate changes during the Late Pleistocene intensely
affected the distribution patterns of flora and fauna
(Zhang 2011a, b). What was the paleoenvironment like
in the Late Pleistocene in this area? Fossil flying squirrels
from the Yumidong Cave provide a clue for this question.
The environmental changes in the Pleistocene undoubt-
edly impacted the paleozoogeographic process of flying
squirrels (Lu et al. 2013). Two species of flying squirrel,
Petaurista alborufus and Trogopterus xanthipes, are still
surviving in this area and the latter is on the list of fossil
flying squirrels excavated from the Yumidong Cave. The
other three species of fossil flying squirrels excavated
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from the Yumidong Cave have completely disappeared
in this area now (Fig. 5), which could reflect a different
environment in the Late Pleistocene in this area.

Pteromys volans is a Palaearctic cold-adapted species,
widely distributed in forest zones from northeast Europe to
the Korean Peninsula, even to the Hokkaido Island of Japan
nowadays (Nowak 1991; Huang et al. 1995). In China, it is
mainly distributed in the north of Xinjiang, north and north-
east China and lives in the temperate and cold-temperate
alpine coniferous forest or coniferous and broad-leaved
mixed forest. A small group of this species was listed in the
subalpine coniferous forest of the north-eastern margin of
the Qinghai-Tibet Plateau (Hu and Wang 1984; Huang et
al. 1995), but it has not been confirmed. It was also listed in
the Nanling Mountains of Hunan (Liu and Yuan 1981), but
Fu (1987) removed it from the list when he summed up the
report of the Nanling mammal expedition. Fossils of this
species were described from deposits of several caves in
Guizhou, Chongqing and Beijing, ranging from the Early to
the Late Pleistocene (Zheng 1993; Huang et al. 2002; Tong
etal. 2008). However, inexplicably, fossils of P. volans have
never been reported in northeast China, which is one of its
current distribution areas, while in other areas of the world,
except in southwest China, its fossil records are not earlier
than the late Middle Pleistocene (Yalkovskaya et al. 2015).
Specimens of P. volans are abundant in the Yumidong
Cave, making up 9% of small mammalian fossils in layer
(2)-2 and 46% in layer (4). This phenomenon indicates the
existence of temperate and cold-temperate alpine conif-
erous forest or coniferous and broad-leaved mixed forest
during MIS 2 and MIS 4 in the researched area.

Trogopterus xanthipes is an endemic species in China,
living from temperate subalpine coniferous forest to
subtropical broad-leaved forest at an altitude of 1360
m-2750 m (Hu and Wang 1984). This species is still
living in the researched area at the present time. As a fossil
species, it was only known from Guizhou, Chongqing
and Beijing (Zheng 1993; Tong et al. 2008).

The extant Belomys pearsonii is widely distributed in
south China, north-eastern South Asia and Southeast Asia
(Molur 2016), but it has completely disappeared from the
researched area. However, the subfossils of this species
have been reported from the Neolithic Dahekou site in
Chongqing (Wang et al. 2021). As a fossil species, it is
one of the most common flying squirrel species in south-
west China (Zheng 1993; Wu 2006).

The extant Aeretes melanopterus is mainly distributed
in the north-eastern Qinghai-Tibet Plateau, the Hengduan
Mountains and the Qinling Mountains and a small popu-
lation is also known in Beijing. This species inhabits the
coniferous and broad-leaved mixed forest at altitudes of
2500 m—3000 m and prefers to nest on high trees (Allen
1940; Hu and Wang 1984; Chen et al. 2002; Zheng and
Song 2010).

Throughout the current habitats of extant species of
fossil Petauristinae from the Yumidong Cave, all the four
species can adapt to coniferous and broad-leaved mixed
forest and alpine coniferous forest. Pteromys volans and
Aeretes melanopterus have completely disappeared from

the researched area and its vicinity. Now they live in
temperate and cold-temperate zones at higher latitudes
or inhabit areas of middle to high altitudes at latitudes
similar to the Yumidong Cave (Fig. 5). All the species
of flying squirrel described here were mainly excavated
from the layer (2)-2 and the layer (4) of the Yumidong
Cave. They may indicate a paleoenvironment of subalpine
evergreen coniferous forest or coniferous and broad-
leaved mixed forest during MIS 2 and MIS 4, which was
colder and of more coniferous forest than nowadays in
this area. It is similar to the vegetation landscape on the
peaks of the Wushan Mountains over 2000 m above sea
level now. However, the regional extinct species P. volans
and A. melanopterus were not found from the layer (3)
and the layer (5) of the Yumidong Cave, probably repre-
senting a vegetation landscape similar to nowadays.

Extinction of cold-adapted Petauristinae in the
Three Gorges area

The species combination of the flying squirrels from the
Baotansi Cave 4 km away is consistent with the Yumidong
Cave. It was thought that the age of the Baotansi deposits
was the Middle Pleistocene on the basis of an ambiguous
specimen of ?Allocricetus sp. (Zheng 1993), but we believe
that its main deposits are from about the latest Pleistocene
by our survey at the locality. Another latest Pleistocene
fossil locality nearby is the Migong Cave (Pang et al. 2017).
Small mammal fossils from this locality also supported
a cool paleoenvironment, but the forest would have been
relatively sparse because there was no trace of flying
squirrel fossils at all (Pang et al. 2017). These two localities
are near the Yumidong Cave and their strata were formed at
the same period with the layer (2)-2 of the Yumidong Cave.
The main reason for their different paleoenvironments is
the difference in altitudes. The Yumidong Cave is about
1100 m in altitude; the Baotansi Cave is about 820 m; the
Midong Cave is about 160 m—200 m. It is concluded that
the different habitats in mountains and valleys caused by
the vertical zonality resulted in the fauna divergence during
the latest Pleistocene in the Three Gorges area.

The distribution pattern of Petauristinae fossils in
the strata of the Yumidong Cave might indicate that the
cold-adapted flying squirrels spread southwards during
the glacial periods and disappeared in this area during
the interglacial periods. It is speculated that cold-adapted
flying squirrels lived at the middle zone of the Wushan
Mountains during the latest Pleistocene or the Last Glacial
Maximum. When the Holocene Megathermal period
came, their habitats might have contracted to higher peaks,
which were very limited ecological spaces and could not
support their survival in the following period. As a result,
these cold-adapted flying squirrels died out in this area.

Specimens of flying squirrels were also reported from
the Holocene Dahekou Site in Fuling District of Chongqing
(Wang et al. 2021). However, the specimens originally
identified as Trogopterus xanthipes should be Belomys
pearsonii. The specimens of Petaurista petaurista and
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Figure 5. Distribution patterns of the living forms of Petauristinae from the Yumidong Cave.

Aeretes melanopteurs seem to be an undetermined species
of the genus Petauristas. The specimens of Hylopetes
alboniger should belong to Sciurinae and resemble
Tamiops swinhoei. That is to say, current evidence cannot
prove the cold-adapted flying squirrels, such as Pteromys
volans, Trogopterus xanthipes and Aeretes melanopteurs,
survived through the Last Glacial to the Holocene in the
Three Gorges area.

Conclusion

Numerous flying squirrel fossils of the Mid-Late
Pleistocene were unearthed from the Yumidong Cave
in Wushan County, Chongqing Municipality, China.
According to the morphological characteristics, these
specimens can be identified as Pteromys volans,
Trogopterus xanthipes, Belomys pearsonii and Aeretes
melanopterus, four species of four genera in total, making
the Yumidong Cave one of the richest flying squirrel
localities of the Quaternary in China. Throughout the
current habitats of extant species of fossil Petauristinae
from the Yumidong Cave, all the four species could adapt
to coniferous and broad-leaved mixed forest and alpine
coniferous forest. Their distribution in the strata indicates
that the landscapes around the Yumidong Cave during
MIS 2 and MIS 4 were dominated by subalpine ever-
green coniferous forest or coniferous and broad-leaved
mixed forest, similar to the environment of the peaks of
the Wushan Mountains above 2000 m nowadays, while
the landscapes during MIS 3 and MIS 5 were similar to
the environment around the Yumidong Cave at present.
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Abstract

The biostratigraphy of the Tonasa Formation in the Jeneponto Regency of South Sulawesi, Indonesia, is still poorly known, and
there are barren ages, such as much of the Oligocene to Early Miocene. The Tonasa Formation is well exposed along the coast of the
Jeneponto Regency, in which the Karama area consists of the most important outcrops of this formation which in this area consists
of interbedded marl and limestone. Our study focuses on the biostratigraphy of the Karama area section A based on nannofossil.
Samples were collected by measured stratigraphy methods and then subjected to investigation using smear slides. The assemblag-
es of species were determined by semiquantitative analysis. Data analysis obtained three nannofossil datums (boundaries): The
First Occurrence (FO) of Sphenolithus pseudoradians NP19/NP20), the First Occurrence of Sphenolithus distentus (CP.16/CP.17),
and the Last Occurrence (LO) Sphenolithus predistentus (NP.23/NP.24. The zonal boundary was determined based on calcareous
nannoplankton; the Late Eocene to Middle Oligocene boundary of the Tonasa Formation was found in this section. Interestingly,
throughout this period, the marker species in this section is Sphenolithus. In addition, the presence of Sphenolithus, Discoaster, and
Zygrhablithus bijugatus indicated that the basin was in warm water condition.

Key Words

Calcareous nannoplankton, Carbonate platform, Nannofossil datum, Tonasa Formation, Warm water

Introduction The stratigraphic sequence of the southern arm of

Sulawesi is from the Late Cretaceous to the present (Van

Indonesia is located between three major plates: the
Pacific Plate from the east, the Indo-Australia Plate
moving to the north, and the Eurasia Plate, which is
relatively passive. They have been actively moving,
have caused complex geological conditions, and they
have strongly influenced the geological history. One
of the results of the collision of the three plates is the
formation of Sulawesi Island with its unique K-shaped
outline. The consequences of this geological condition
are reflected in the stratigraphic setting that is found on
Sulawesi Island.

Leeuwen 1981; Sukamto 1982). One of the widely studied
formations is the Tonasa Formation that developed during
the Cenozoic era. This formation has significant benefits
and is one of the most beautiful karst topography in the
world. However, its stratigraphic succession has not been
recorded in some area. For example, the Oligocene to
Early Miocene strata are poorly exposed in the Jeneponto
area (Wilson and Bosence 1997), although the carbonate
succession in this area ranges from the Late Eocene to
the Middle Miocene (Sukamto and Supriatna 1982). and
from the Middle Eocene to the Early Miocene based

Copyright Meutia Farida 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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on nannofossil assemblages in the Barru area (Farida
et al. 2022a). A stratigraphic correlation of the Tonasa
Formation was obtained between the Pangkajene and
Jeneponto areas.

The age of the Tonasa Formation in Karama area is
latest Eocene (P17) based on planktonic foraminifera
(Supardi and Barianto 2017). Preliminary studies docu-
mented the abundance and diversity of nannofossils
in the Karama Traverse (B) area (Farida et al. 2022b).
Other sites of the Tonasa Formation have a good strati-
graphic succession record. Therefore, we were interested
in examining the Eocene/Oligocene boundary based on
calcareous nannofossil assemblages in the Jeneponto area.
High-resolution biostratigraphy with nannofossils can
provide the ages of rocks with higher precision and is one
of the most powerful biostratigraphical tools in carbonate
sediments (Agnini et al. 2017). This applies also to the
investigation of the paleoenvironment, paleoclimate,
paleoceanography, and other aspects (Perch-Nielsen
1985; Persico and Villa 2004; De Vargas et al. 2007;
Villa et al. 2008; Ali 2009; Sato and Chiyonobu 2009).
The biozonation of calcareous nannofossils during the
Paleogene has been proposed by some authors. For this
study area, we used calcareous nannofossils zonation
as proposed by Martini (1971), and Okada and Bukry
(1980). The Tonasa Formation consists of interbedded
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limestone and Globigerina marl (Sukamto and Supriatna
1982). It is well-exposed in the Karama area, which we
call the Karama A and Karama B sections. The study area
in Karama A section (Fig. 1) mainly consists of inter-
bedded limestone and marl.

One of the most important components of carbonate
rock is nannofossils, which were primary producers. They
are useful as a tool for determining the biostratigraphy,
paleoceanography, and paleoclimate of marine sediments
(Perch-Nielsen 1985; De Vargas et al. 2007; Sato and
Chiyonobu 2009). The distribution patterns of nanno-
plankton are strongly related to surface water temperature
and nutrients (Imai et al. 2015; Kanungo et al. 2017). The
Cenozoic climate development is characterized by the
transition between Greenhouse and Icehouse conditions,
particularly at the Eocene/Oligocene boundary (Zachos et
al. 2001; Fornaciari et al. 2010). Climatic changes in the
Cenozoic are accompanied by tectonic and biotic events.
The most obvious change is the temperature decrease
during the Eocene — Oligocene, which caused a decrease
in biodiversity (Berggren and Phrotero 1992; Zachos et
al. 2001). A major deterioration in global climate occurred
through the Eocene and Oligocene, which was character-
ized by long-term cooling in both terrestrial and marine
environments (Villa et al. 2008). In addition, the presence
of certain species indicated a specific water condition.
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Figure 1. A. Map of South Sulawesi-Indonesia. B. Map showing the location of the study area, Karama A section (from Bakosurtal
1991). C. Outcrop of the Tonasa Formation composed of interbedded between limestone and marl.
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For example, Discoaster was considered an indicator
of warm oligotrophic waters, being a lower photic zone
species (Bukry 1973; Aubry 1992; Farida et al. 2012;
Imai et al. 2015).

Geology of the study area

Carbonate rocks are widely distributed in the southern
arm of Sulawesi (Fig. 2), thereby indicating that this
area was under marine conditions. The carbonate plat-
form was dominated by foraminifera and a ramp-type
southern margin, and subsidence was the dominant
control ofaccommodation space on the Tonasa Carbonate
Platform (Wilson and Bosence 1997). The Tonasa
Formation is one of the most widely distributed and has
a thickness of 1750-3000 m (Sukamto 1982; Sukamto
and Supriatna 1982).

Regionally, the Tonasa Formation is composed of
partly layered and massive limestone, coral bioclastic, and

calcarenite with Globigerina marl intercalation (Sukamto
and Supriatna 1982). This formation discordantly over-
lies the older volcanic sediments of the Camba Formation
(Sukamto 1982; Sukamto and Supriatna 1982). Carbonate
platforms in the north and south of South Sulawesi are
separated by the Camba Formation.

Stratigraphically, the southern part of Sulawesi is
composed of rock formations from the Mesozoic to the
Cenozoic. Tertiary-aged rocks are most widely distrib-
uted in this area. The Tertiary stratigraphy of the western
part of South Sulawesi is divided into (1) the Tonasa
Formation that was deposited interfingering with the Early
Eocene Malawa Formation, and (2) the Camba Formation
that was deposited above the Tonasa Formation during
the Middle to Late Miocene. Carbonate development
was terminated by the influx of volcaniclastic mate-
rials. In the eastern part of South Sulawesi, the Tonasa
Formation interfingered with the middle part of the Salo
Kalupang Formation around the Middle Eocene, and an
unconformity was found at the upper part of the Tonasa
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Figure 2. Geological map of the south arm of Sulawesi (modified from Wilson and Bosence 1996).
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Formation with respect to the younger rock formations
(Sukamto 1982; Sukamto and Supriatna 1982; Wilson
and Bosence 1996) (Fig. 3). The study area is situated

in the southernmost part of the Tonasa Formation and is
included in western of South Sulawesi, where spot-like
outcrops are found in the Jeneponto area.
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Figure 3. Stratigraphic comparison between western South Sulawesi and eastern South Sulawesi. The Tonasa Formation was depos-
ited from the Middle Eocene to Early Miocene in western South Sulawesi. Modified from Wilson and Bosence (1996).
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Samples and methods

A systematic calcareous nannofossil analysis was
conducted starting from field data collection, sample
preparation, and determination of the different species
composing the assemblage. Samples were collected at
each layer of the Karama A section by using measured
stratigraphy methods at interbedded limestone and marl.
A total of 23 layers were sampled and prepared using
the smear slide method with a cover glass of 24 mm x
24 mm in size. Observation under a polarized microscope
with 1000x magnification was carried out to recognize
the species present in the assemblage (Bown 1999;
Farida at al. 2019). The age was determined based on
the First Occurrence (FO) and the Last Occurrence (LO)
of marker species, following the standard zonation by
Martini (1971), Okada and Bukry (1980), and also datum
by Perch-Nielsen (1985). The paleotemperature could
be analyzed based on the presence of species known to
flourish under a specific climate. The semi-quantitative
method was used to obtain the nannofossil abundance

based on Kapid and Suprijanto (1996), using the four
categories scheme: Abundant (> 15%), Common (10%
<n<15%), Few (1%<n<10%), and Rare (<1%).

Result

As a result of investigating the calcareous nannofossil
content of the Tonasa Formation, 20 species were identi-
fied. These are Braarudosphaera bigelowii, Coccolithus
pelagicus, Coccolithus sp., Cyclicargolithus abisectus,
Cyclicargolithus floridanus, Dyctiococcites bisecta,
Dyctiococcites scrippsae, Cyclicargolithus luminis,
Reticulofenestra sp., Reticulofenestra hillae,
Reticulofenestra spp., Discoaster deflandrei, Discoaster
tanii, Discoaster sp., Sphenolithus moriformis,
Sphenolithus  distentus, Sphenolithus predistentus,
Sphenolithus pseudoradians, Sphenolithus tribulosus,
Zygrhablithus bijugatus. Fig. 4 shows the photomi-
crograph of nannofossils, and Fig. 5A, B show the
distribution through the section, respectively. The

Figure 4. Photomicrograph of nannofossils of the Karama A section with 1000x magnification: A. Braarudosphaera bigelowii.
B, C. Coccolithus pelagicus. D. Coccolithus sp. E. Cyclicargolithus abisectus. F. Cyclicargolithus floridanus. G. Reticulofenestra
bisecta. H. Dyctiococcites scrippsae. 1. Cyclicargolithus luminis. J. Reticulofenestra sp. K. Reticulofenestra hillae. L. Reticulofe-
nestra spp. M. Discoaster deflandrei. N, O. Discoaster tanii. P-R. Discoaster sp. S, T. Sphenolithus moriformis. U. Sphenolithus
pseudoradians. V. Sphenolithus distentus. W. Sphenolithus predistentus. X. Sphenolithus tribulosus. Y. Zygrhablithus bijugatus.
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biostratigraphy based on analysis of FO and LO and
paleotemperature identification is discussed in the
following paragraph.

Biostratigraphy

Biozonation schemes were used to determine biostratig-
raphy of the Tonasa Formation in the Karama A section
on the basis of calcareous nannofossils from the NP zona-
tion of Martini (1971), the CP Zonation of Okada-Bukry
(1980), and the age correlation of Perch-Nielsen (1985)
to examine the age of calcareous nannofossils (datums).
The results of the biostratigraphy of the study area are
(Fig. 6) as follows:

Zonal boundary NP.19/NP.20

This zone is characterized by the FO of Sphenolithus
pseudoradians (Martini 1971), which is present for the
first appearance in layer 3. The nannofossil assemblages
from layer 1 to 3 consist of 16 species: Braarudosphaera
bigelowii, Coccolithus pelagicus, Coccolithus sp.,
Cyclicargolithus floridanus, C. luminis, Dictyococcites
scrippsae, Reticulofenestra bisecta, Reticulofenestra sp.,
Reticulofenestra spp., Discoaster deflandrei, D. tanii,
Discoaster sp. Sphenolithus moriformis, S. predistentus,
S. pseudoradians, Zygrhablithus bijugatus, The dominant
species of these layers are Cyclicargolithus floridanus,
and Sphenolithus moriformis (appearing from layers
1-3), and Discoaster (present in almost all these layers).

Zonal boundary CP.16/CP.17

The next zonal boundary is CP16/CP17, which is marked
by the FO of Sphenolithus distentus (Okada and Bukry
1980) or equivalent to NP22/NP23 by Martini (1971).
This boundary is traceable in layer 12. A total of 19
species from layer 4 to layer 12 are present. These are
Braarudosphaera bigelowii, Coccolithus pelagicus,
Coccolithus sp., Cyclicargolithus floridanus, C. luminis,
Reticulofenestra bisecta, R. hillae, Reticulofenestra
sp., Reticulofenestra spp., Dictyococcites scrippsae,
Discoaster  deflandrei, D. tanii, Discoaster sp,
Sphenolithus moriformis, S. distentus, S. predistentus,
S. pseudoradians, S. tribulosus, and Zygrhablithus biju-
gatus. As explained in the previous zonal boundary, from
layers 4 to 12, the species diversity and the number of
specimens Discoaster and Sphenolithus decreased.

Zonal boundary NP23/NP24

This zonal boundary is based on the LO of Sphenolithus
predistentus (Perch-Nielsen 1985). This species was the
top appearance in layer 18, and the first appearance of
C. abisectus also occurred in this layer. The following
calcareous nannofossils were identified from layers 13 to
18 (18 species): Braarudosphaera bigelowii, Coccolithus
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pelagicus, Coccolithus sp., Cyclicargolithus abisectus, C.

floridanus, Dictyococcites scrippsae, Discoaster deflan-

drei, D. tanii, Discoaster sp., Reticulofenestra bisecta,
R. hillae, Reticulofenestra sp., Reticulofenestra spp.,
Sphenolithus moriformis, S. predistentus, S. pseudoradians,
S. tribulosus, and Zygrhablithus bijugatus. Some species
such as Cyclicargolithus floridanus and Reticulofenestra
bisecta are still abundant (> 15%) and increasing at the end
of the section. However, Discoaster tanii was decreasing
and disappearing until layer 18, while the number of
Discoaster deflandrei and Discoaster sp. were increased.

Paleoclimatic Indication

Calcareous nannofossils are known as a good tool to
reconstruct paleoclimate, paleoenvironment, pale-
oceanography, or paleoecology. The presence of
calcareous nannofossils that live in a typical climate
indicates the climatic conditions when these rocks were
deposited. For instance, Discoaster, Sphenolithus, and
Zygrhablithus bijugatus, typically lived in warm water
conditions. These species are present and almost abun-
dant from the bottom to the top of the Karama A section,
although their diversity declined and some species
decreased in abundance.

As mentioned above, Discoaster is one of the typical
species that lived in warm water. In the study area,
Discoaster is observed almost all throughout the Karama
A section, even though they are not abundant, and the
numbers tended to decrease and finally disappeared
(Fig. 5A). However, the presence of these species indi-
cates that the basin was under warm water conditions and
associated with the lower photic zone. Besides that, a few
to rare Coccolithus pelagicus are also present throughout
this section, and the low abundance of this species indi-
cated warm water conditions.

Discussion

A previous study investigated the biostratigraphy of the
Tonasa Formation in the Karama area using planktonic
foraminifera and identified a Late Eocene (Supardi and
Barianto 2017). The determination of the calcareous
nannofossil datum may use different approaches. The
present study refers to the zonation proposed by Martini
(1971) and Okada and Bukry (1980) and also refers to
the age correlation proposed by Perch-Nielsen (1985).
Therefore, the age of the Tonasa Formation in the Karama
area (section A) from the calcareous nannofossils is Late
Eocene - Middle Oligocene.

Wilson and Bosence (1997) reported that Oligocene
strata of the Tonasa Formation in the Jeneponto area
were not known. Beside that, the age determination of the
Tonasa Formation using nannofossils has already been
conducted in Barru area, and yielded a Middle Eocene
to Early Miocene age (Farida et al. 2022a). From the
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Figure 5. A. Distribution of nannofossils from bottom to the top of the section, some species became extinct and others appeared.
B. Distribution of calcareous nanofossils from bottom to top of the section, some species disappearing and others appearing during

the Oligocene.

results of this study, we will develop our understanding,
knowledge, and research experience, especially in placing
bioevent datums into the framework of the stratigraphic
sequence in this area. Therefore, the Tonasa Formation in
this area is located approximately in the middle part of the
Tonasa Formation in the regional stratigraphic framework.

The calcareous nannoplankton shows a clear latitu-
dinal distribution, related to the specified tolerance at
different temperatures (Malfino and Mclntyre 1990;
Melinte 2004). As previously mentioned, previous
researchers found that global climate cooling occurred
through the Eocene and Oligocene. These events
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Figure 6. Biostratigraphic column of the Karama A section showing calcareous nannofossil datums from the Late Eocene to the

Middle Oligocene. Scale bar: 10 um.

occurred globally and affected marine organisms’ life
when the Tonasa Formation was deposited. Although
the changes of nannofossil assemblages in the study
area did not show a sharp collapse, the trend of assem-
blages shown in the number of species and specimens
tended to decrease in Oligocene compared to the Eocene
(Fig. 5A, B).
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Some Discoaster and Sphenolithus are poorly
preserved, which is why determining the species is diffi-
cult. Therefore, preservation has an effect on species
quantification. Additionally, diagenetic processes such
as overgrowth also make the identification of species
impossible. The existence of Discoaster as a typical
warm water species is important for the reconstruction
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of seawater temperature. However, it is not found in all
layers and is not abundant. Therefore, we assume that
the conditions of the studied area experienced a decrease
in temperature, thus reducing the number of Discoaster
individuals. Coccolithus pelagicus as typical cold-water
species (Floresh et al. 2005) became rare to absent in
low-latitude regions (Sato et al. 2004), the distribution of
this species shown in Fig. 5A. Sphenolithus are generally
found common to abundant in low to middle latitudes
(Fornaciari et al. 2010). Sphenolithus and Zygrhablithus
are Oligotrophic taxa, present under warm-water condi-
tions (Aubry 1998; Agnini et al. 2007; Villa et al. 2008).
In addition, Zygrhablithus bijugatus, Sphenolithus, and
Discoaster show warm water affinity, and they became
less abundant during the Oligocene. However, they
increased again in the upper part of the Middle Oligocene
(Fig. 5A, B). This event shows that despite the warm
carbonate environment, the temperature decreased, which
caused a decrease in the number of species, both in the
diversity and in the number of specimens. Therefore, we
concluded that water cooling occurred.

Conclusion

In this study, we identify three calcareous nannofossil
datums, which are the FO of Sphenolithus pseudoradians
(NP.19/NP.20), FO of Sphenolithus distentus (CP.16/CP.17),
and LO Sphenolithus predistentus (NP.23/NP.24). The age
of the Tonasa Formation in the Karama area (section A)
is Late Eocene to Middle Oligocene. The diversity and
number of specimens tend to decrease from the Eocene to
the Oligocene but some increased again in the upper part
of the Middle Oligocene, i.e. Discoaster, Sphenolitus, and
Zygrhablithus, and the presence of these species indicate that
the climate was under warm water to water cooling condi-
tions through the Late Eocene to the Middle Oligocene.
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Coccolithus pelagicus (Wallich) Schiller, 1930,
Layer: 2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14,
15,16,17, 18, 19, 20, 21, 22, 23.

Coccolithus sp., Layer 3, 4, 5, 6, 7, 8,9, 10, 11,
19, 20, 21, 22.

Order DISCOASTERALES Hay, 1977
Family DISCOASTERACEAE Tan, 1927
Genus Discoaster Tan, 1927
Discoaster deflandrei Bramlette & Riedel, 1954,
Layer: 1,2, 3,4,9, 10, 11, 12, 14, 15, 16, 18,
19, 20, 21, 22, 23.
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Discoaster sp. Layer: 3, 4, 9, 11, 12, 13, 14, 15,
18, 19, 20, 21, 22.

Discoaster tanii Bramlette & Riedel, 1954,
Layer: 3,6, 7, 12, 14, 15.

Family SPHENOLITHACEAE Deflandre, 1952
Genus Sphenolithus Deflandre, 1952

Sphenolithus moriformis Bramlette & Wilcoxon,
Layer: 1,2,3,4,5,6,7,8,9,10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 21, 22, 23.

Sphenolithus distentus (Martini, 1965) Bramlette
& Wilcoxon, 1967, Layer: 12, 14, 16, 18, 21.

Sphenolithus  predistentus  Bramlette &
Wilcoxon, 1967, Layer: 1,2,3,4,5,6,7,8,9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20.

Sphenolithus  pseudoradians Bramlette &
Wilcoxon, 1967, Layer: 3, 4, 14, 15.

Sphenolithus tribulosus Roth, 1970, Layer: 10,
11,12, 13, 14, 15, 16, 17, 18, 19, 20.

Order ISOCHRYSIDALES Pascher, 1910
Family NOELAERHABDACEAE Jerkovic,
emend. Young & Bown, 1997
Genus Reticulofenestra Hay, Mohler & Wade, 1966
Cyclicargolithus abisectus Wise, 1973, Layer:18,
19, 20, 21, 22, 23.

1970

Cyclicargolithus floridanus Bukry, Layer: 1, 2,
3,4,5,6,7,8,9,10,11, 12, 13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23.

Cyclicargolithus luminis Bukry, Layer: 2, 3, 5,
6,7,8,10,11.

Reticulofenestra hillae Bukry & Percival, 1971,
Layer: 4, 5, 6,7, 10, 12, 13, 14,

Reticulofenestra sp. Layer: 2, 3, 4, 5,6, 7, 8,9,
10, 11, 13, 14, 15, 16, 17, 19, 20, 21, 22, 23.

Reticulofenestra spp. Layer: 1, 2, 3,4, 5,6, 8,9,
10, 11, 13, 14, 15, 16, 17, 19, 20, 21, 22, 23.

Reticulofenestra bisecta (Hay, Mohler & Wade,
1966) Roth, 1970, Layer: 1,2, 3,4, 5, 6, 8,9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22,23.

Order COCCOLITHOPHYCEAE ORDO INCERTAE
SEDIS Baky, 1988.
Genus Dictyococcites Black, 1967
Dictyococcites scrippsae Bukry & Percival,
1971, Layer: 2, 3,4, 5,6, 8,9, 10, 11, 12, 13,
14, 15,16, 17, 18, 19, 20, 21, 22, 23.
Holococcoliths sensu Young et al., 2003
Genus Zygrhablithus Deflandre, 1959
Zygrhablithus bijugatus Deflandre, 1959, Layer:
1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15,
16,17, 18, 19, 20, 21, 22, 23
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Abstract

Brachyopoids represent a diverse and late surviving temnospondyl group, lasting until the Early Cretaceous. Here, we report on
brachyopoid material previously assigned to Hadrokkosaurus bradyi that represents a distinct brachyopoid taxon, characterised
by a smaller number of large, robust mandibular teeth, a feature rarely observed in other temnospondyls. We also revisit an
angular previously referred to Hadrokkosaurus potentially belonging to other temnospondyl taxa present in the Middle Triassic
of North America. In light of the abundance of material of possible taxa distinct from Hadrokkosaurus, we express the need to
re-examine previously collected specimens as new information changes the landscape of palaeontology. Parsimony analyses us-
ing exclusively mandibular characters recover the new brachyopoid taxon from the locality in a polytomy with Hadrokkosaurus
and Vanastega at the base of Brachyopoidea, adding to a diversity of mandibular morphology of temnospondyls in the Middle

Triassic of North America.
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Introduction

The Triassic Period (ca. 252 to 201 Ma) is a critical stage
of vertebrate recovery, evolution and survival for several
major clades between two mass extinctions (Dal Corso
et al. 2020). This period records the first occurrences of
several major temnospondyl amphibian clades, including
Brachyopidae, Chigutisauridae and lissamphibians
(Piveteau 1936; Rage and Rocek 1989; Ruta and Benton
2008). The general consensus considers lissamphibians
to be modern day surviving temnospondyls (Bolt 1969;
Pardo et al. 2017; Schoch et al. 2020; Kligman et al. 2023;
but see Marjanovi¢ and Laurin (2007); Ruta and Coates
(2007); Anderson et al. (2008) for other hypotheses for
lissamphibian origins), which emphasises the importance

of temnospondyl research in contextualising the evolu-
tion and origin of modern amphibians.

Following the Permo-Triassic extinction, brachyopid
and chigutisaurid temnospondyls appeared and diversi-
fied across the globe, spreading across both Northern
and Southern Hemispheres. Their presence would last
until the Early Cretaceous, represented by Koolasuchus
cleelandi (Warren et al. 1997). The brachyopoids of
what would become North America in northern Pangea
during the Triassic are Hadrokkosaurus bradyi and
Vigilius wellesi. Originally, Hadrokkosaurus bradyi
was assigned the generic name Taphrognathus (a name
occupied by a conodont; Welles (1947); Welles (1957)).
Hadrokkosaurus once referred to a large set of speci-
mens from two different quarries (V3922 and V4207)

Copyright Calvin So & Arjan Mann. 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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approximately 160 kilometres apart in Arizona from
the Holbrook Member of the Moenkopi Formation
(Welles and Estes 1969; Warren and Marsicano
2000). V3922 produced the holotype mandible of
Hadrokkosaurus (UCMP 36199) and several disartic-
ulated skeletal elements referred to Hadrokkosaurus.
In V4207, a brachyopoid skull (UCMP 38165) was
excavated and referred to Hadrokkosaurus by Welles
(1957) and Welles and Estes (1969), but eventually
placed in its own genus, Vigilius wellesi, by Warren and
Marsicano (2000). However, in establishing Vigilius,
they also assigned several mandibular, cranial and post-
cranial elements from V3922 to Vigilius (Warren and
Marsicano 2000).

Here, we present a detailed description of the material
from V3922 and uncover new temnospondyl diversity.
Some of the material outside of the holotype cursorily
addressed in previous publications suggests the presence
of a third brachyopoid taxon in the Holbrook member
of the Moenkopi Formation. The previously unknown
brachyopoid taxon is recognised from several mandibular
elements, including an incomplete right mandible that is
preserved from the symphysis to the suture between the
first and second coronoid. It is characterised by notice-
ably wider and rounder teeth that are fewer in number
compared to Hadrokkosaurus. Phylogenetic analyses
place this new taxon within Brachyopoidea.

Methods

The specimens were studied in person at the University
of California Museum of Paleontology and the Field
Museum of Natural History. Images of the specimens
were photographed using a Canon EOS 7D with a Canon
Zoom Lens EF 24-105 mm F/4L IS USM.

Terminology

The definition of Brachyopoidea and its relationship
with Plagiosauridae is relevant to this study. Warren and
Hutchinson (1983) found a monophyletic Brachyopoidea
consisting of Brachyopidae and Chigutisauridae.
Yates and Warren (2000) recovered Brachyopoidea
as a paraphyletic grade towards Plagiosauridae and
Laidleria (Plagiosauroidea). The majority of studies
that included temnospondyl systematics in the past
decade used the dataset of Schoch (2013) as the base,
which also recovered Brachyopoidea forming a grade
towards Plagiosauridae and Laidleria. Most recently,
Witzmann and Schoch (2024) recovered a monophyletic
Brachyopoidea sister to a monophyletic Plagiosauroidea,
though they used Plagiosauroidea both including and
excluding Laidleria. In this study, we follow the most
recent results Witzmann and Schoch (2024) and operate
on the definition of Brachyopoidea as the clade formed
by Brachyopidae and Chigutisauridae.

fr.pensoft.net

Institutional abbreviations

UCMP, University of California Museum of
Paleontology, Berkeley, California, USA; MCNAM-PV,
Museo de Ciencias Naturales y Antropologicas Juan
Cornelio Moyano paleovertebrados collection, Mendoza,
Argentina; QM F, Queensland Museum, Brisbane,
Queensland, Australia

Anatomical abbreviations

a, angular; af, adductor fossa; aMf, anterior Meckelian
fenestra; cd, coronoid dentition; c¢l1, first coronoid;
c2, second coronoid; €3, third coronoid; d, dentary;
dt, marginal dentition; pMf, posterior Meckelian
fenestra; psy, postsymphyseal foramen; pra, pre-artic-
ular; pos, postsplenial; prs, presplenial; sa, surangular;
sf, symphyseal fang; sym, mandibular symphysis.

Results

Systematic Paleontology

Temnospondyli Zittel, 1888
Stereospondyli Zittel, 1888
Brachyopoidea Lydekker, 1885
Hadrokkosaurus Welles, 1957

Hadrokkosaurus bradyi Welles & Estes, 1969

Holotype. UCMP 31699 (right mandible lacking only the
articular).

Horizon and locality. Uppermost channel sand-
stone of Holbrook Member, Moenkopi Formation; early
Anisian, lowermost Middle Triassic. V3922, Geronimo
(Holbrook) fossil vertebrate quarry near Holbrook,
Coconino County, north-eastern Arizona.

Referred material. UCMP 36200, anterior right
dentary; UCMP 36201, partial right dentary; UCMP
36203, partial left dentary; UCMP 36205, partial left
pre-articular; UCMP 36836, left pre-articular; UCMP
36837, left pre-articular; UCMP 36838, right surangular.

Revised diagnosis (modified from Ruta and Bolt
(2008)). A brachyopid temnospondyl with the following
unique combination of features: total length of angular
ventrolateral margin greater than or equal to half of total
lateral mandible length; angular posteriormost margin
straight in lateral aspect; greatest depth of angular lateral
surface less than or equal to greatest depth of dentary
lateral surface; ventral margin of posterior Meckelian
fenestra formed only by angular; anterior Meckelian
fenestra in middle third of postsplenial mesial lamina.

Description. The holotype right mandible possesses
several features that maintain its status as a brachyopoid,
such as the long postglenoid area and the curvature of
the mandible that can be extrapolated to fit a broad and
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Figure 1. UCMP 36199 holotype right mandible of Hadrokkosaurus bradyi photographed and illustrated in: labial view (A, C);
lingual view (B, D); ventral view (E, G); and dorsal view (F, H).

short-snouted temnospondyl (Fig. 1). It maintains the full
plesiomorphic complement of ten bones found with most
temnospondyls. The postglenoid area is substantially
long, as present in other brachyopoid mandibles (Warren
and Marsicano 2000). Several partial and fragmentary
dentaries besides the holotype have been referred to
Hadrokkosaurus.

The dentary of Hadrokkosaurus is thin (Fig. 1). The
dorsal surface of the dentary (i.e. the dental shelf) is
narrow, contributing to the gracile and narrow appearance
of the mandible, but towards the symphysis, the shelf
broadens to accommodate the larger symphyseal tusk. The
dentition of the dentary is represented by small, lingually
recurving teeth, with wider than long bases. There is a
count of 32 tooth positions. Towards the tips, the dentary
teeth are labiolingually compressed and carinated. UCMP
36200, UCMP 36201, UCMP 36203, UCMP 75434 and
UCMP 152391 (Suppl. material 1: fig. S1) are partially
preserved dentaries; they are likely also Hadrokkosaurus,
based on the narrowness of the dental shelf and tooth
sockets that would be implanted with small teeth.

The dentary forms a wide parabolic shape that curves
towards the symphysis (Fig. 1). The straight linear
measurement from the anteriormost tip of the symphysis
to the posteriormost extent of the dentary measures
approximately 21 cm. From the anteriormost tip of the
mandibular symphysis to the anteriormost sutural contact
between the first and second coronoid, it measures
9.5 cm. At the mandibular symphysis, the dentary is
vertically short, but, as it continues posteriorly, it deepens
considerably. The dentary sutures to the presplenial and
postsplenial ventrally. The symphysis is formed entirely
by the dentary. Lingually, the large postsymphyseal
foramen is bounded by the dentary dorsally, the first
coronoid posteriorly and the presplenial ventrally. The

foramen exits into an open Meckelian canal that opens
on the dentary beginning on the lingual surface and
ends on the ventral surface as it continues towards the
symphysis (Fig. 1B, D, E, G). The size of the postsym-
physeal foramen is large and comparable to the condition
in Bathignathus poikilops (Damiani and Jeannot 2002).
The symphyseal tusk is angled posterodorsally on the
symphyseal plate (Fig. 1). The dental row is framed
lingually and labially by ridges. In the transverse aspect
of the dentary, the ridges are formed by the dental shelf
on the lingual side, while the labial ridge is formed by a
thin lamina running along the length of the dentary. The
dentary teeth are implanted within individual sockets.

While the dental shelf is narrow, the teeth are even
narrower, resulting in the dorsal exposure of the dental
shelfalong the length of the dentary (Fig. 1F, H). The labial
lamina of the dentary is shortest at the symphysis, but
becomes taller towards the posterior. The lingual side of
the dental shelf possesses a lamina that projects ventrally,
contributing to the lingual surface of the mandible. The
lingual lamina primarily projects ventrally for most of the
dentary, but, towards the posterior extent of the element,
the lamina possesses a 90-degree torsion before suturing
to the third coronoid. It overlies and sutures to the first
and second coronoids dorsally. The lamina ends where
the dentary sutures to the third coronoid posteriorly,
leaving the dental shelf occupied by the last few teeth
on the dentary without a lingual lamina. The surface of
the dentary lingual lamina is smooth until the portion just
before the suture to the third coronoid, where the texture of
the surface changes drastically. It is marked with antero-
posteriorly orientated striations. This roughness may have
been the attachment site for musculature. The labial side
of the dentary is deep and forms the majority of the ante-
rior labial surface of the mandible (Fig. 1A, C).

fr.pensoft.net



236 Calvin So & Arjan Mann: A diversity of temnospondyls from the Moenkopi Formation

A deep trench runs along the labial side of the dentary
(Fig. 1A, C). Ruta and Bolt (2008) discuss this trench;
they note that this groove is present and homologous in
the dentaries from V3922 and in other brachyopoids
(Damiani and Kitching 2003), but they do not consider it
to be the oral sulcus. They suggest that an external mandib-
ular artery may have been set within the lateral groove
(Morales and Shishkin 2002) and question its identity as an
oral sulcus. Lydekkerinids have been described to have an
oral sulcus that extends from the posterior mandible on to
the dentary and towards the mandibular symphysis (Jupp
and Warren 1986; Jeannot et al. 2006), which is the case in
Hadrokkosaurus. The mandible of Brachyops allos (Warren
1981) possesses a “groove” in the same topological posi-
tion, but it is identified as an oral sulcus. Similar grooves
can be observed across other trematosaurians (e.g. Sulej
(2007); Schoch (2019)) and capitosaurians (e.g. Morales
and Shishkin (2002); Eltink et al. (2016)), suggesting the
feature to be broadly distributed across stereospondyls.
The groove on the labial surface of the dentary has been
widely discussed amongst other descriptions of stereo-
spondyls. Given the aquatic nature of stereospondyls, it is
likely that the groove is a lateral line sulcus.

Three coronoid bones are present as in other temno-
spondyls (Fig. 1B, D, F, H). The first coronoid is a long,
splint-like element on the lingual surface of the mandible,
wedged between the dentary dorsally and the presple-
nial ventrally. Posteriorly, the first coronoid is sutured
to the second coronoid. The first coronoid frames the
posteriormost tip of the Meckelian canal forming the
postsymphyseal foramen. The second coronoid forms an
interdigitating suture with the first coronoid anteriorly. It
is foreshortened as it compensates for a lengthened first
coronoid. Ventrally, the second coronoid is sutured to the
postsplenial. Posteriorly, it is sutured to the third coronoid.

The third coronoid is tooth-bearing (Fig. 1B, D, F, H).
It is positioned more dorsally compared to the other
coronoids, almost reaching the tips of the crowns of the
marginal dentition. The third coronoid sutures to the
second coronoid anteriorly. Ventrally, it is sutured to the
pre-articular. The body of the third coronoid is lingually
expanded to form the anterior margin of the adductor
chamber (Fig. 1F, H). A process of the third coronoid
extends posteriorly, lingual to the posterior process of
the dentary to form the anterior half of the labial margin
of the adductor chamber. The posterior process is well
exposed in labial view and forms an interdigitating suture
with the surangular. The third coronoid also possesses a
lamina that descends from its body and contributes to the
lingual surface of the mandible. The third coronoid teeth
are smaller than the marginal teeth, but they are similar in
shape. There are eight tooth positions forming a row on
the third coronoid. The coronoid process is formed by the
third coronoid without contribution by the dentary.

The presplenial is short and trough-shaped, positioned
near the symphysis on the ventral surface of the mandible
(Fig. 1B, D, E, G). The presplenial forms the ventral
margin of the canal into which the postsymphyseal
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foramen exits. It sutures to the dentary dorsally within
the canal and to the postsplenial posteriorly. The suture
between the presplenial and postsplenial is interdigitating.
The presplenial also forms a suture with the first coro-
noid lingually towards its posterior. The suture between
the presplenial and the postsplenial is interdigitating and
visible on the lingual surface of the mandible. The suture
continues around the ventral mandibular mandible, where
it is obscured by plaster. In labial view, the presplenial is
barely visible as a narrow splint, where it also sutures to
the labial component of the dentary. It does not partici-
pate in the mandibular symphysis.

The postsplenial is longer than the presplenial
(Fig. 1B, D, E, G). Anteriorly, it is similarly trough-
shaped, but towards the posterior, it twists and becomes
flat and primarily exposed lingually. It forms interdigi-
tating sutures with the presplenial anteriorly, with the
angular posteroventrally and with the pre-articular poste-
riorly. On the lingual surface, the postsplenial sutures to
the first, second and third coronoid dorsally. On the labial
surface, the postsplenial sutures to the dentary dorsally.

The angular is poorly ornamented and forms the
majority of the floor of the adductor chamber (Fig. 1).
It is trough-shaped, contributing to the ventral labial
and lingual surfaces of the mandible. The angular has
a low exposure on the labial surface of the mandible,
reaching only the mid-point of the height of the dentary
(Fig. 1A, C). As the angular curves lingually around the
ventral mandible to form the adductor chamber floor,
it contributes to a narrow ventral portion of the lingual
surface. The angular extends posteriorly to contribute
to the ventral surface of the postglenoid area, along the
length of which it sutures to the surangular dorsally on the
labial surface. The anterior angular on the labial surface
sutures to the dentary dorsally. It forms a straight suture
with the pre-articular on the lingual surface. Anteriorly, the
angular forms an interdigitating suture to the postsplenial.

The surangular of Hadrokkosaurus is a large element
on the labial surface of the mandible (Fig. 1A, C). It
forms the posterior labial margin of the adductor chamber
(Fig. 1F, H), where it forms an interdigitating suture with
the third coronoid anteriorly and stepped suture to the
angular ventrally on the labial side. The surangular forms
a straight simple suture with the angular on the ventral
postglenoid area. The surangular would underlie the
articular, which is not preserved. It forms the labial half
of the postglenoid area, where it forms a simple straight
suture with the retro-articular process of the pre-artic-
ular on the dorsal surface of the postglenoid area. The
surangular forms a low preglenoid process, only slightly
taller than the prearticular wall of the adductor chamber
(Fig. 1A, C).

The pre-articular is tall and forms the majority
of the posterior lingual surface of the mandible
(Fig. 1B, D). It forms the lingual wall of the adductor
chamber (Fig. 1F, H). UCMP 36836, UCMP 36837 and
UCMP 36838 are referred to as partial pre-articulars
that share with the holotype a dorsal process that curls
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lingually (Suppl. material 1: fig. S1E, F). UCMP 36839
could be the postglenoid process of the pre-articular or the
surangular, but there is not enough information preserved
to discern its identity (Suppl. material 1: fig. SIH). The
pre-articular forms a simple suture with the third coronoid
anterodorsally and to the angular ventrally. It shares with
the angular an interdigitating suture with the postsplenial.
The pre-articular forms the lingual half of the postglenoid
area, where it forms a simple suture with the surangular
labially on the dorsal postglenoid area.

The articular is not preserved in the mandible. It may
have been poorly ossified or it could have been disarticu-
lated during the preservation of the mandible. However,
the surangular and pre-articular preserve the facet upon
which the articular would sit.

Temnospondyli Zittel, 1888
Stereospondyli Zittel, 1888
Brachyopoidea Lydekker, 1885

Brachyopoidea indet.

Horizon and locality. Uppermost channel sandstone of
Holbrook Member, Moenkopi Formation; early Anisian,
lowermost Middle Triassic. V3922, Geronimo (Holbrook)
fossil vertebrate quarry near Holbrook, Coconino County,
north-eastern Arizona.

Referred material. UCMP 36202, partial poste-
rior left dentary; UCMP 36833, partial anterior right
mandible; UCMP 36834, near complete right dentary;
UCMP 36385, partial right dentary; UCMP 152390, right
dentary fragment.

Description. UCMP 36833 is a well-preserved anterior
right mandible that demonstrates different morphology
from Hadrokkosaurus (Figs 2, 3). Welles (1947) previ-
ously noted that some of the dentaries referred to
Hadrokkosaurus had different tooth morphology than
the type. These additional specimens share the same
features as UCMP 36833. While these specimens provide
significant morphological detail, they exhibit the same
preservation quality as Hadrokkosaurus. UCMP 36202
is a disarticulated posterior left dentary, with partial
dentition preserved (Suppl. material 1: fig. S2). It is
noticeably laterally compressed in preservation. The
teeth are large and robust, as in UCMP 36833 and unlike
in Hadrokkosaurus. UCMP 36834 is a well-preserved
right dentary, retaining most if not all of the morphology
(Fig. 3). It preserves the same tooth morphology as in
UCMP 36833. UCMP 152390 is a mid-section frag-
ment of a right dentary; it also exhibits the same tooth
morphology as in UCMP 36833.

UCMP 36833 preserves the dentary, the first coronoid,
the presplenial, the anterior second coronoid and the ante-
rior postsplenial (Fig. 2). The mandibular symphysis of
UCMP 36833 is partially reconstructed in plaster. Based

Figure 2. UCMP 36833, an incompletely preserved right mandible of the novel brachyopoid photographed and illustrated in: ventral
view (A, C), dorsal view (B, D), lingual view (E, G) and labial view (F, H).
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Figure 3. UCMP 36834, a complete right dentary of the novel brachyopoid photographed in: lingual view (A), ventral view (B) and
dorsal view (C).

on UCMP 36834, consisting of a nearly complete dentary,
the curvature of the mandible suggests it would have
accompanied a very wide and parabolic skull (Figs 2, 3).
The ornamentation that is typically present on the temno-
spondyl mandible is significantly eroded, though there are
hints of its distribution present. It appears the ornamen-
tation may have been more polygonal on UCMP 36833
in the symphyseal area and more represented by elongate
grooves and ridges towards the posterior. Otherwise, the
other specimens belonging to this new brachyopoid taxon
do not preserve ornamentation. The dentition consists of
tooth bases that are anteroposteriorly compressed ovals
in the cross section of the base. The teeth are slightly
lingually recurved. They also possess a slight labiolingual
narrowing at the crown, but are far less labiolingually
compressed than the teeth in Hadrokkosaurus. Although
slightly eroded, the consistent shape across all teeth in all
specimens of the unidentified brachyopoid shows that the
lack of carinae is not a result of taphonomic processes.
Generally, the tooth morphology can be broadly extrap-
olated to be larger at the base, rounder overall and fewer
in number to accommodate the limited space of the
dentary. Amongst brachyopoids, this tooth morphology
is found only in Koolasuchus cleelandi from the Early
Cretaceous of Australia (Warren et al. 1997) and an
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incomplete mandible from the Late Triassic of Argentina
(Marsicano 2005). The straight linear measurement from
the anteriormost tip of the mandibular symphysis to the
anteriormost sutural contact between the first and second
coronoid of UCMP 36833 measures 10.7 cm. Measured
from the anteriormost tip of the symphysis to the poste-
riormost extent of the mandible, UCMP 36834 measures
approximately 14 cm. In total, there are approximately 21
tooth positions present on UCMP 36834, far fewer than
the count of 32 on the Hadrokkosaurus mandible and the
count of 40 on the Koolasuchus mandible.

The dentary is more robust compared to the dentary of
Hadrokkosaurus (Figs 2, 3). The dental shelf is notably
wider. The dentary forms most of the labial surface of the
anterior mandible, similar to the condition of the ante-
rior mandible of Koolasuchus (Warren et al. 1997). It
is low anteriorly towards the symphysis and deepens to
become a tall and robust element towards the posterior.
The width of the dentition is wide enough to span the
width of dorsal facing surface of the dentary on which
the dentition sits. This differs from Hadrokkosaurus, in
which the teeth are smaller, leaving a partially exposed
dorsal-facing surface of the dentary. The entire width
of the dental shelf is occupied entirely by the width of
the dentition, resulting in a dorsally unexposed dental
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shelf unlike in Hadrokkosaurus. The dentary is markedly
exposed on the lingual surface of the mandible, extending
ventrally from the dentary shelf. The lingual lamina of
the dentary curves horizontally and then posteriorly from
the shelf. It forms straight sutures ventrally with the first
and second coronoid. It sutures to the presplenial and
postsplenial labially and ventrally. On the labial surface,
there is a shallow groove that is likely homologous
with the “horizontal groove” noted by Welles (1947) in
Hadrokkosaurus and by Damiani and Kitching (2003) in
Vanastega (Fig. 2F, H). As mentioned before, this feature
is found broadly across stereospondyls.

The mandibular symphysis is poorly preserved in
UCMP 36833 and reconstructed in plaster; however, based
on the anterior extent of the presplenial, the symphysis is
formed by the dentary alone (Fig. 2B, D, E, G). Although
the symphysis is not preserved in its entirety in UCMP
36833, it is well-preserved in UCMP 36834, where the
reduction in the height of the dentary can be seen at the
mandibular symphysis. The symphysis widens posteri-
orly and accommodates a pair of symphyseal fangs in
both UCMP 36833 and 36834. The first coronoid is a long
element that begins at the posterior extent of the symph-
yseal shelf. The first coronoid composes the lingual wall
and margin of the postsymphyseal foramen. It extends
posteriorly, where it forms a double scarf suture with
the second coronoid. The first coronoid forms a straight
suture to the dentary dorsally and to the presplenial
ventrally. It is a relatively shorter element compared to
the first coronoid in Hadrokkosaurus.

A postsymphyseal foramen is present in UCMP 36833
(Fig. 2A, C, E, G). The foramen exits into a distally
widening Meckelian canal positioned on the ventral
aspect of the mandible. The foramen and canal are
entirely exposed on the mandible ventrally, compared
to UCMP 36199, in which the postsymphyseal foramen
and canal initially appear on the lingual surface of the
mandible before the canal curves ventrally. When viewed
at the symphyseal surface, the canal forms a ventrally
opening concavity. The presplenial contributes to the
ventral margin and the first coronoid forms the lingual
margin. Other temnospondyl taxa possess a postsymphy-
seal groove that lies lingually or sometimes ventrally on

A

1cm
Figure 4. UCMP 36210, a right angular in dorsal view (A) and oblique view (B). The arrow points to the boss-like process.

the mandible and participate in the mandibular symphysis
(Damiani 2001; Jeannot et al. 2006).

Temnospondyli Jaekel, 1909
Temnospondyli indet.

Horizon and locality. Uppermost channel sandstone of
Holbrook Member, Moenkopi Formation; early Anisian,
lowermost Middle Triassic. V3922, Geronimo (Holbrook)
fossil vertebrate quarry near Holbrook, Coconino County,
north-eastern Arizona.

Referred material. UCMP 36210, partial ventral
angular.

Description. UCMP 36210 is a partial right angular
that would have floored the adductor chamber of the
right mandible (Fig. 4). It was noted by Ruta and Bolt
(2008) to belong to a different temnospondyl than
Hadrokkosaurus due to a “boss-like process” upon the
floor that is absent in Hadrokkosaurus (Fig. 1F, H; Fig.
4). The pit-and-ridge ornamentation is slightly worn, but
noticeable on the ventral side, unlike in Hadrokkosaurus.
In light of the presence of another temnospondyl taxon
in this locality, the process may have belonged to a
temnospondyl with a strong adductor muscle inserted to
produce a stronger bite or hold the prey of the animal.
A similar process has been reported in the contempo-
raries Plagiosternum and Gerrothorax (Schoch and
Witzmann 2011), but noted by Ruta and Bolt (2008)
to also be present in Aphaneramma (Nilsson 1943),
Dvinosaurus (Shishkin 1973), Archegosaurus (Gubin
1997), Acroplous and Trimerorhachis.

Phylogenetic analysis

The matrix is derived from the dataset of Ruta and Bolt
(2008) (Suppl. material 1: data S3). We made addi-
tions to the taxon sampling in the dataset. Our additions
include UCMP 36833 as an operational taxonomic unit
(OTU), Keratobrachyops australis (Warren, 1981b) and
Plagiosuchus pustuliferus (Damiani et al. 2009). The

1cm
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matrix is available for download under project 5265
on  Morphobank.org  (http://morphobank.org/perma-
link/?P5265). Three additional characters were added
regarding the postsymphyseal foramen, as follows:

126. Postsymphyseal foramen: absent (0) or present (1).

127. Postsymphyseal foramen position: the foramen is on
the lingual surface of the mandible (0) or the foramen
is on the ventral surface of the mandible (1).

128. Postsymphyseal foramen and the Meckelian canal: the
foramen opens to a flat surface of the mandible (0) or
the foramen opens into an exposed Meckelian canal (1).

We ran the analyses using TNT 1.6 (Goloboff and
Morales 2023) under the New Technology search method.
Parallel searches were run under equal weights (EW) and
implied weights (IW; Goloboff (1993)). The modified
dataset consists of 59 taxa and 128 unordered characters.
The EW analysis was conducted for 3,000 additional
sequences. The subsequent equally most-parsimonious
trees (MPTs) were subjected to an additional round of
tree bisection reconnection (TBR). We recovered 328
MPTs with a length of 757 steps (C1=0.210; RI=0.571).
We explored different values of the concavity constant (k)
for IW to better explore the data. We specifically used
a concavity constant of k = 3 as a generally accepted

A

default value (Goloboff 1993). We also employed k = 12,
which has been shown to be more effective at identifying
topologies (Goloboff et al. 2018). We conducted an IW
analysis with k = 3 for 3,000 additional sequences. The
resultant MPTs were subjected to an additional round of
TBR. This analysis recovered three MPTs of fit 64.29 (CI
= 0.204; RI = 0.555). The IW analysis with k = 12 was
conducted and subjected to an additional round of TBR. It
recovered one MPT of fit 31.82 (CI = 0.209; RI = 0.567).

The strict consensus topology from the EW analysis
resulted in poor resolution (Fig. 5A). A large polytomy
of temnospondyls, tetrapodomorphs and other early
tetrapods was recovered. Higher-nested stereospon-
dyls grouped together in a monophyly, but the internal
relationships were not reconcilable with previous-
ly-published topologies. Nominal brachyopoids are
found to group together, but their monophyly includes
Mastodonsaurus, Kupferzellia and Plagiosuchus. The
IW analysis under k = 3 produced a more resolved
topology (Fig. 5B). Nominal Temnospondyli was recov-
ered, but it includes several amniote-line tetrapods. The
analysis also recovered a monophyletic Brachyopoidea
(Brachyopidae + Chigutisauridae) to the exclusion of
Keratobrachyops. The IW analysis under k= 12 produced
a clade that included all nominal temnospondyls, except
for Edops, which diverges before a clade including

Figure 5. Results of the phylogenetic analyses. Strict consensus and Bremer supports for EW analysis (A); strict consensus and
relative fit difference (RFD) for IW (k = 3) analysis (B); strict consensus for IW (k = 12) analysis (C). The green box highlights
nominal brachyopoids (Brachyopidae + Chigutisauridae). RFD shows the ratio of the amount of favourable evidence relative to the
amount of contradictory evidence (Goloboff and Farris 2001). In the case of an RFD of 0.12, the amount of contradictory evidence
is 88% of the amount of favourable evidence, equivalent to a conflict of 25 characters versus 22 characters.
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nominal “lepospondyls” and “reptiliomorphs (Fig. 5C).
The nominal brachyopoid relationships recovered in this
analysis mirror the results of the EW analysis, but both
include Mastodonsaurus and Kupferzellia and resolves
Plagiosuchus as a highly-nested brachyopoid.

Discussion
Taxonomic identifications

UCMP 36833 and UCMP 36834 both exhibit a strong
curvature from the symphysis to the rest of the mandible,
suggesting that a complete set of left and right mandi-
bles would correspond to a widely parabolic skull of a
temnospondyl. During the Middle Triassic of North
America, temnospondyls were broadly represented by
the capitosauroids, trematosauroids, plagiosaurids and
brachyopoids. Given that most capitosauroids and trema-
tosauroids, except for the capitosauroid Sclerothorax
(Schoch et al. 2007), possessed longirostrine skulls, the
unidentified temnospondyl is unlikely to belong to these
taxa. Brachyopoids are stereospondyls that possess brevi-
rostrine skull morphology that would match the widely
curving contour of UCMP 36833 and UCMP 36834.
Plagiosaurids also possess similar brevirostrine skulls,
but in North America, they are limited to Greenland.
Additionally, the diagnostic feature of pustular dermal
ornamentation of plagiosaurine plagiosaurids is not
present on any of the specimens (Damiani et al. 2009;
Schoch and Witzmann 2012), although the surfaces are
too eroded to confidently exclude pustular ornamenta-
tion. Sclerothorax was an early-diverging Early Triassic
capitosauroid with a short and broad skull morphology
(Schoch 2007) and could be considered here as a possible
candidate; however, the preserved mandibles are sharply
curved, aligning the posterior half of the mandible parallel
to the mid-line. Coronoid teeth are not present on at least
the first and second coronoid in UCMP 36833, unlike the
continuous row of coronoid teeth of Gerrothorax (Schoch
and Witzmann 2012). In plagiosaurids, symphyseal fangs
are either absent or present as small, rudimentary fangs
(Warren and Davey 1992), which is in stark contrast to
the large symphyseal fangs observed in UCMP 36834
(Fig. 3). Based on these observations, we provisionally
assign the unidentified temnospondyl to Brachyopoidea,
which is supported by our phylogenetic results.

Angulars with a boss-like process as in UCMP 36210
are observed in several other taxa as previously noted.
In this context, plagiosaurids and trematosauroids are
relevant as temnospondyls present in the Middle Triassic
with the process. Pustular ornamentation is diagnostic
for plagiosaurine plagiosaurids, which are not present
on UCMP 36210. Instead, the ventral surface of UCMP
36210 exhibits typical temnospondyl pit and ridge orna-
mentation. UCMP 36210 has no overlap of anatomy with
the unidentified brachyopoid, which does not preserve
an angular. Furthermore, with the process present on

non-stereospondyl temnospondyls as well, the process
may be the result of ecology rather than phylogeny. At
this stage, we are unable to establish any further iden-
tification of UCMP 36210 to a more specific level than
Temnospondyli.

Phylogenetic results

The results of the TNT phylogenetic analysis using only
mandibular characters differ from the topology recov-
ered in Ruta and Bolt (2008) in several areas of the tree.
We recover relationships far from currently accepted
temnospondyl phylogenies, though there is recovery
of nominal brachyopoid relationships (Fig. 5). UCMP
36833 is consistently recovered as a brachyopoid. In
analyses under EW and IW when k=12, UCMP 36833 is
recovered as part of a grade of “brachyopids” leading to
Chigutisauridae. However, under IW when k = 3, UCMP
36833 is recovered as sister to Hadrokkosaurus, highly
nested within chigutisaurids.

A consistent pattern emerges from the analyses, in
which Keratobrachyops does not fall within a tradi-
tional brachyopoid monophyly. Mastodonsaurus and
Kupferzellia are found to be more closely related to
brachyopoids than Keratobrachyops in the analyses
under EW and IW when k = 12 (Fig. 5A, C), while in the
IW analysis when k = 3, Keratobrachyops is recovered as
a trematosauroid (sensu Schoch (2013)). In the context of
these analyses, it is possible that the proposed brachyo-
poid features of Keratobrachyops may be homoplasies,
but the exclusion of skull roof characters should cause
some scepticism regarding these results. The results of
the phylogenetic analyses highlight a need to revisit and
refine mandibular characters to better test relationships
and homology.

Palaeoecological and palaecogeographic
interpretations

The Moenkopi Formation spreads widely across the south-
west United States and, given its coverage, we expect to
capture a broad sampling of Middle Triassic temnospon-
dyls. The Moenkopi Formation exhibits a co-occurrence
of Brachyopoidea, Capitosauria and Trematosauria, but
lacks representation of plagiosaurids, despite their rich
record in Greenland and western Europe. Brachyopoids
would eventually become the latest surviving stereo-
spondyl clade (Warren et al. 1997) and one of two
surviving temnospondyl clades past the end-Triassic
mass extinction, the other being trematosauroids (Maisch
et al. 2004), making brachyopoids an important taxon for
understanding temnospondyl faunal turnover.

The unidentified brachyopoid has a novel dental ecomor-
photype observed in the temnospondyls in this ecosystem.
The tooth morphology of tetrapods is widely considered
to correlate with diet (Hotton 1995; Evans et al. 2007),
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including amphibians (Gregory et al. 2016). Following this,
the robust dentition in the unidentified brachyopoid may have
enabled a different diet and lifestyle than Hadrokkosaurus,
Vigilius and other temnospondyls of the Middle Triassic
Moenkopi Formation (Fig. 6). Few temnospondyl fossils
preserve teeth like the unidentified brachyopoid. A likely
brachyopoid, MCNACM-PV-3195, was also described
to possess relatively large teeth from the Late Triassic of
Brazil (Marsicano 2005). Marsicano (2005) also noted that
the only other brachyopoid taxon possessing proportion-
ately large teeth is Koolasuchus. The size of the dentition in
the unidentified brachyopoid is comparable to the dentition
in Koolasuchus (Warren et al. 1997), a chigutisaurid with
few, but large teeth. However, this tooth condition does not
appear to be a synapomorphy of chigutisaurids as Siderops
and Compsocerops do not have as large dentition of the
dentaries (Warren and Hutchinson 1983; Sengupta 1988)
and our phylogeny recovers the unidentified brachyopoid
on the grade of brachyopoids outside of chigutisaurids.
Additionally, the tooth count of the unidentified brachyopoid
is far fewer compared to coeval Moenkopi Formation stereo-
spondyls, such as Eocyclotosaurus (98—100 teeth; Rinehart
et al. (2015)), further supporting ecological differentiation
of the unidentified brachyopoid. The variation seen between
Hadrokkosaurus and the unidentified Moenkopi brachy-
opoid may reflect differentiation into different ecological
niches. This would be in line with the novel dental ecomor-
photype of the unidentified brachyopoid. Differentiation into
a more diverse feeding regime spanning broader ecological
niches could have contributed to the post-Triassic success
of the brachyopoids, enabling brachyopids in the Northern
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Hemisphere to co-exist with phytosaurs and sphenosuchian
crocodiles (Warren et al. 1997).

The presence of multiple large-bodied stereospondyls
at this locality strongly suggests that they diversified into
niches occupied by other local aquatic tetrapods. This
is contrary to the expectation that diversity decreases
progressively towards higher trophic levels (Evans et al.
2005), assuming shared resources in lower trophic levels.
In this case, it appears that the Moenkopi Formation
brachyopids were able to exploit resources that did not
overlap with other large aquatic tetrapods and between the
brachyopids. The horizon of V3922 is a channel sandstone
deposit, which would have been established by a mean-
dering river in a floodplain. Seasonal floods may have
provided the necessary nutrients to this locality, supporting
multiple temnospondyl taxa. The expansion into novel
niches may be what allowed brachyopoids to survive past
the End Triassic extinction, as niches previously occupied
by other large-bodied stereospondyls disappeared.

At the formation level, the ecosystem supported brachy-
opids, trematosauroids and capitosauroids. However, if
this locality was able to support diverse stereospondyl
taxa without necessarily competing for resources, then it
begs the question as to why some Triassic stereospondyl
clades are not represented, such as the plagiosaurids.
Plagiosaurids are a diverse and common component at
the higher latitudes of northern Pangean assemblages (e.g.
Schoch et al. (2014); Damiani et al. (2009); Witzmann and
Schoch (2024)). They are also observed in southern Pangea
at higher latitudes (Dias-Da-Silva and Milner 2010; Gee
and Sidor 2022), which leaves a conspicuous geographic

D

Figure 6. UCMP 31865, the holotype skull of Vigilius wellesi (A). The maxilla of the holotype does not preserve any dentition, but
the marginal tooth sockets are small (B), especially when compared to the sockets and dentition of the dentary teeth in UCMP 36834
(C). Hadrokkosaurus dentition and sockets also appear to be larger than the sockets of Vigilius (D).
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gap near the palacoequator. It has been demonstrated that
plagiosaurids have the capacity to endure habitats with
salinity fluctuations and low level of nutrients (Witzmann
and Soler-Gijon 2010; Sanchez and Schoch 2013), which
would have been advantageous in the severe seasonality at
the palacoequator, allowing for possible co-occurrence with
other stereospondyl clades. Indeed, plagiosaurids are also
present alongside other large stereospondyls in northern
Pangea (Milner et al. 1996; Nonsrirach et al. 2021), where
there have been less environmental fluctuations in salinity.
Overlapping brevirostrine morphology between brachyo-
poids and plagiosaurids may be a factor in limiting their
co-occurrence, but there is evidence of their co-occurrence
in some localities (Warren 1985; Nonsrirach et al. 2021),
The absence of plagiosaurids in some communities have
previously been explored, pointing to a possible prefer-
ence for marginal habitats which are potentially present
in these systems, but not preserved (Gee and Sidor 2021).

Conclusions

The Moenkopi Formation has been shown to be an
ecosystem with a diverse assemblage of stereospondyls.
The novel identification of another brachyopoid in the
Moenkopi Formation highlights the need to critically
re-examine closely-collected material; unobserved diver-
sity may be hiding amongst them. Further exploring the
historical collections and localities from the Holbrook
Member of the Moenkopi Formation allows us to
contribute to a bigger picture of ancient local systems in
the Middle Triassic of south-western North America. The
diversity of brachyopoid mandibles may be a clue to their
specialised morphology enabling exploration of different
roles in the ecosystem, which may have allowed the clade
to survive the end-Triassic extinction.
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