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ABSTRACT—The lungfish, the extant sister group of the tetrapods, have an evolutionary history illustrated by a fossil record
extending for ∼420 million years. The post-Paleozoic fossil record of the clade is almost exclusively restricted to sediments
deposited in freshwater paleoenvironments and is characterized by an abundance of highly mineralized tooth plates,
whereas cranial and postcranial remains are scarce. Here, we report a sample of isolated tooth plates found in the Upper
Triassic Pebbly Arkose Formation of the Mid-Zambezi Basin, Zimbabwe. It consists of pterygoid and prearticular tooth
plates from adult individuals, plus some dental plates referred to juvenile individuals, which we refer to a new species of
Ferganoceratodus. This discovery provides an opportunity to review briefly the tooth plates of the ‘ptychoceratodontid
morphotype’ reported from around the world. We discuss how various occurrences previously referred to Ptychoceratodus
may be more appropriately referred, with caution, to Ferganoceratodus. We also describe the histology of the tooth plates
of the new species and note similarities with other Mesozoic taxa. The scarcity of histological data for Mesozoic lungfish
tooth plates compounds the problem of assigning isolated tooth plates to genus and species level. Ferganoceratodus and
closely related taxa arose in the Early Triassic in southern Gondwana and diversified worldwide in the Late Triassic. The
genus then became more common in Laurasia during the Jurassic and Early Cretaceous and declined thereafter with relict
Late Cretaceous occurrences in Madagascar and South America.
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INTRODUCTION

The distribution of lungfish is now restricted to the former
landmasses of Gondwana, i.e., Australia with Neoceratodus,

Africa with Protopterus, and South America with Lepidosiren
(Brownstein et al., 2023). The latter two are sister genera and
result from a vicariant event associated with the opening of the
South Atlantic (Cavin et al., 2007). The Neoceratodus lineage
split is more obscure, and the inclusion of extant taxa in the evol-
utionary framework is still unable to provide a clear picture of
the phylogenetic relationships of post-Paleozoic lungfishes,
including extant lineages (e.g., Schultze, 2004; Cavin et al., 2007).

The Triassic Period was a time of both change and stasis with
respect to lungfish evolution (Schultze, 2004). Although no sub-
stantial changes in gross tooth plate morphology and phyloge-
netic diversity were observed in Triassic lungfishes (Kemp
et al., 2017), this is the time when we first see changes in lungfish
behavior, with abundant evidence for burrowing and aestivation
as exemplified by the preservation of numerous burrows in the
Chinle Formation of the southwestern U.S.A. (Dubiel et al.,
1988; Gobetz et al., 2006).
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Early researchers included Triassic lungfish species in the ‘was-
tebasket’ genus Ceratodus (Agassiz 1835) but many of these
specimens have now been referred to a variety of genera and
many species. However, the post-Paleozoic lungfish fossil
record, which is almost exclusively restricted to freshwater
paleoenvironments, consists mostly of isolated tooth plates
(Kemp et al., 2017). Although varying in size and shape
between species, lungfish tooth plates exhibit characteristics
that vary during ontogeny, and many of these characteristics
are easily erased by wear during life or by the process of fossili-
zation, making it difficult to identify characters for phylogenetic
analyses.
Here, we report new lungfish tooth plate material from the

Pebbly Arkose Formation of the Mid-Zambezi Basin, Zim-
babwe. This provides only the second record of a fossil lungfish
from Zimbabwe and one of a handful of such occurrences from
the Triassic of southern and eastern Africa (from Angola,
South Africa, Tanzania, and Zambia), most of which have been
mentioned in faunal lists without detailed description or illus-
tration (e.g., Antunes et al., 1990; Bender & Hancox, 2004;
Broom, 1913; Crompton, 1955; Jubb & Gardiner, 1975; Raath
et al., 1992). Lungfishes from penecontemporaneous units in
the main Karoo Basin of South Africa, from the Burgersdorp
Formation and Stormberg Group, are either taxonomically inde-
terminate (e.g., Kitching & Raath, 1984) or have been referred to
two of the four Mesozoic dipnoan families, Ceratodontidae and
Ptychoceratodontidae (Bender & Hancox, 2004). Our new
material provides a valuable new datum for understanding the
distribution and morphology of Triassic Gondwanan lungfish.

GEOLOGIC AND FAUNAL SETTING

The material described herein was discovered at a field site
nicknamed ‘The Dentist’ (16°48′33.79″S, 28°28′5.71″E) that is
situated on the southern shoreline of Lake Kariba, within the
boundaries of Matusadona National Park, approximately
50 km west of Kariba, Zimbabwe. For detailed site descriptions,
maps, and stratigraphic logs see Barrett et al. (2020) and Sciscio
et al. (2021b). It was found in the Pebbly Arkose Formation (also
referred to, in error, as the Tashinga Formation; Barrett et al.,
2020), which forms part of the Triassic–Lower Jurassic aged
upper Karoo Group in the Mid-Zambezi Basin (e.g., Ait-Kaci
Ahmed, 2018; Bond & Falcon, 1973; Sciscio et al., 2021b). In
the Mid-Zambezi Basin, the Pebbly Arkose Formation reaches
thicknesses of 79–137 m (Bond & Falcon, 1973) and consists of
fine- and coarse-grained sandstone units with interbedded con-
glomerates and paleosol horizons (Sciscio et al., 2021b). At
‘The Dentist’ site, the fossiliferous sediments consist of a pedo-
genically overprinted red to grey muddy-siltstone, which includes
rhizocretions, coprolites, small pedogenic nodules, sandstone-
filled desiccation cracks (Barrett et al., 2020; Sciscio et al.,
2021b), and trace fossils (Sciscio et al., 2021a). Several very fine
to fine-grained, thin, and discontinuous sandstone layers occur
within the siltstone. Historically, the Pebbly Arkose Formation
within the Mid-Zambezi Basin was considered Upper Triassic
in age on the basis of paleobotanical evidence, due to the occur-
rence of several fossil tree taxa (e.g., Dadoxylon, Rhexoxylon)
known also from the more securely dated Elliot Formation of
the main Karoo Basin (Bond, 1972; Bond & Falcon, 1973). An
Upper Triassic age for the Pebbly Arkose Formation in the
Kariba area has been supported by a U-Pb date of 209.2 ± 4.5
Ma (Norian) derived from detrital zircons (Barrett et al., 2020).
However, it should be noted that the Pebbly Arkose Formation
has been mapped in other Karoo-aged basins in the region,
notably the Cabora Bassa Basin, where biostratigraphic evidence
suggests an earlier—?late Carnian—age (Griffin et al., 2022;
Raath, 1996). It seems likely that the formation was deposited

diachronously, with its lithological similarities allowing it to be
mapped over a considerable distance (Griffin et al., 2022).

The Pebbly Arkose Formation of the Mid-Zambezi Basin has
yielded a mixed freshwater/terrestrial assemblage, including tem-
nospondyls, phytosaurs, and theropod and sauropodomorph
dinosaurs. To date, only freshwater taxa have been recovered
from ‘The Dentist’ site, suggesting local-scale environmental het-
erogeneity (Barrett et al., 2020; Sciscio et al., 2021b). Lungfish
tooth plates were reported previously from the Pebbly Arkose
Formation of an island in the estuary of the Bumi River
(Raath et al., 1992) but were not described or figured. These
specimens were relocated in the NHMZ and consist of nine frag-
ments (QG 142 and NHMB 11685) that are too incomplete to
refer to the new species described herein, or any other taxon,
and are considered Dipnoi indet. herein (see Supplementary
information).

MATERIALS AND METHODS

Two petrological thin sections were made of NHMZ 2432(8) in
vertical planes to a thickness of 30 μm. One vertical section
passes through the length of the fourth tooth ridge while the
second section passes through the heel of the inner angle of
the tooth plate. Petrological thin sections were studied using a
Leica DMLP reflected/transmitted light polarizing microscope
with a DFC 420C camera with 10× and 40× objective lenses
and images captured using Leica Application Suite v. 4.00.
Micro-CT sections were also made through NHMZ 2432(8) for
digital histology at the Natural History Museum, London using
a Nikon Metrology HMX ST 225 micro-CT scanner with the fol-
lowing parameters: 150 kV; 67 μA; 0.5 mm copper filter; x-offset
= 0.000; y-offset =−3.951; z-offset = 0.007; source to object =
80.806 mm; source to detector = 1173.8 mm; and mask radius =
13.573, 3142 projections with an angular step of 0.115°. Projec-
tions were constructed using the CTPro package with Beam
hardening type = simple. Voxel size is 0.014 mm in X, Y, and
Z. Reconstructed thin sections were viewed in Fiji image analysis
software (Schindelin et al., 2012). All reconstructed micro-CT
data can be found in the Morphosource online repository at
https://www.morphosource.org, project ID: 000547763.

Morphological Terminology—Following Romer and Smith
(1934) we refer to the bone that carries the upper tooth plate
as the pterygoid and that carrying the lower tooth plate the pre-
articular. The long, narrow crests emanating laterally from the
occlusal surface are referred to herein as tooth ridges following
the terminology of Ahlberg et al. (2007). Tooth rows are
defined as individual aligned dentine cusp elements (Ahlberg
et al., 2007). Denticulations are numerous small toothlets/odon-
todes scattered over dermal bone surfaces in the mouth and
pharynx (Ahlberg et al., 2007), whereas we follow the terminol-
ogy of Kemp (2002) in using the term cusps for small projections
fused on the labial edge of the tooth ridges (Fig. 1A–C).

Institutional Abbreviations—MPEF, Museo Paleontológico
Egidio Feruglio, Chubut, Argentina; NHMZ, Natural History
Museum of Zimbabwe, Bulawayo, Zimbabwe (formerly QG,
The Queen Victoria Museum, Salisbury [now Harare] and
NHMB, Natural History Museum of Bulawayo, no longer
used). See Supplemental Information for further explanation
of the history of these institutional names.

SYSTEMATIC PALEONTOLOGY

Subclass SARCOPTERYGII Romer, 1955
Order DIPNOI Müller, 1845

Suborder CERATODONTOIDEI Nikolski, 1954 sensu
Kemp et al., 2017
Family incertae sedis

Challands et al.—New Upper Triassic lungfish from Zimbabwe (e2365391-2)
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Genus FERGANOCERATODUSNessov and Kaznyshkin,
1985

Diagnosis (after Cavin et al., 2007)—Skull roof with two
unpaired bones in the median series, two paired bones on the
mediolateral series, and two bones on the lateral series; bones
of the median series suture through a short contact; dental
plates of cutting type, with five radiating ridges on the pterygoid
plates and four radiating ridges on the prearticular plates separ-
ated by deep notches.

FERGANOCERATODUS EDWARDSI sp. nov.
(Figs. 2–4)

Holotype—NHMZ 2432(9). A pterygoid tooth plate separated
from the pterygoid.

Etymology—Named in honor of Mr. Steve Edwards, discoverer
of ‘The Dentists’ and other Late Triassic field sites in Matusadona
National Park, who collected the specimens described herein.

Referred Specimens—Thirteen isolated tooth plates consisting
of: pterygoid tooth plates, NHMZ 2432(5), NHMZ 2432(6),
NHMZ 2432(7), NHMZ 2432(8), NHMZ 2432(8), NHMZ 2432
(13); prearticular tooth plates, NHMZ 2432(11), NHMZ 2432
(12), NHMZ 2432(14); pterygoid tooth plates of juvenile individ-
uals; NHMZ 2432(1), NHMZ 2432(2), NHMZ 2432(3); and a
prearticular tooth plate of juvenile individual NHMZ 2432(4).

Diagnosis—Ferganoceratodus edwardsi is diagnosed by the
following combination of characters: tooth plates with concave
pterygoid tooth plate occlusal surface (“plateau area” of Smith
and Campbell [1987] and Panzeri [2020, 2022]) and convex pre-
articular tooth plate occlusal surface; occlusal pits present on
both the occlusal surface and on inter-ridge furrows; pterygoid
tooth plates possess five tooth ridges, prearticular tooth plates
have four tooth ridges; pterygoid and prearticular tooth plates
have a posteriorly curved first ridge with the pterygoid tooth
plate first ridge displaying an abrupt angle whereby the distal
portion of the ridge turns posteriorly; all ridges from the ptery-
goid tooth plates of approximately similar lengths; first ridge of
the prearticular tooth plates significantly longer than the follow-
ing second and third ridges, fourth ridge poorly developed.

Locality, Horizon, and Age—‘The Dentist’ site, Matusadona
National Park, southern shore of Lake Kariba, Mid-Zambezi
Basin, Zimbabwe; Pebbly Arkose Formation (Upper Triassic:
Norian; see Barrett et al. [2020]; Sciscio et al. [2021a]).

Notes—F. edwardsi is reminiscent of F. acutus, which is prob-
ably from the Upper Triassic of Morafenobe, Madagascar. This
species was described by Priem (1924) based on a single tooth
plate considered as either a pterygoid tooth plate (Martin,
1981) or from an undetermined position (Martin et al., 1999).
Here, we consider the tooth plate described by Priem (1924) to
be a prearticular one, and we associate it with pterygoid tooth
plates that are probably from the same locality and were pre-
viously associated with F. cf. hislopianus (Martin, 1981; Martin
et al., 1999; see below). It is possible that future work will indi-
cate that F. edwardsi is synonymous with F. acutus, but the
absence of the first ridge in the holotype of F. acutus, and in
the two pterygoid dental plates mentioned by Martin (1981)
and Martin et al. (1999), due to breakage, makes comparisons
difficult. A revision of the Malagasy material is required to
solve this taxonomic problem.

DESCRIPTION

The upper (pterygoid) tooth plates have five blunt ridges
oriented towards the mediolingual junction, with the fifth ridge
forming the lingual margin (Fig. 2). The inner angle (alpha)
measures circa 115°. The ridges are approximately straight. The
inter-ridge furrows are wide, decrease in width posteriorly, and
are quite deep, especially in the smallest specimens. A distinct
buttress is present along the lingual ridge. It is difficult to
discern if a symphyseal contact was present along the mesial
edge, but a short contact seems to have been present on the holo-
type at least (Fig. 2A, arrowhead).

The prearticular tooth plates have four ridges, with the first
one by far the longest and the fourth one shorter than the
second and third. The ridges are blunt and oriented towards
the mediolingual junction, but the fourth ridge does not form
the lingual margin. The inner angle (alpha) measures circa 80°.
The mesial and lingual margins are slightly convex in dorsal
view. The shape of the mesial margin indicates that the tooth
plates were likely not in contact with each other. The inter-

FIGURE 1. Tooth plate terminology used in this paper.A, orientation of
medial, labial, and lingual margins of a tooth plate. B, terminology of
parts of a tooth plate. Gray area represents approximate region of occlu-
sal surface. C, lateral view of the end (at the labial edge) of a single tooth
ridge showing unworn cusps.
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ridge furrows are wide, decreasing in width posteriorly, but are
not especially deep even in small (young) individuals.
Four smaller, incomplete tooth plates belong to juvenile speci-

mens. Three (2432[1], 2432[2], 2432[3]) are pterygoid tooth
plates. Numerous small, densely packed rounded pits are
present on their occlusal surface and in the inter-ridge furrows.
These form larger shallower excavations or a reticulated
pattern of shallow grooves in larger-sized teeth due to wear.
The inter-ridge furrows are deeper than on the large plates. On
a small prearticular tooth plate (2432[4]), a series of aligned
cusps extends along the ridge. All the features distinguishing
adult tooth plates from juveniles—shape and location of the
pits, depth of the inter-ridge furrows, presence of cusps—have
been previously identified as characters of juvenile specimens
in populations of European Triassic lungfishes (Skrzycki, 2015).

Tooth Plate Histology

Petrographic thin-sections and micro-CT scan data allow the
tooth plate histology of Ferganoceratodus edwardsi to be investi-
gated. We employ the histological terminology of Kemp (2001,
2002) herein. In plane-polarized light, features typical of Meso-
zoic dipnoan tooth plates are clearly seen. Denteons (pulp cav-
ities plus circumdenteonal dentine) are pervasive throughout
the tooth plate in both vertical and horizontal sections from
which fine dentinal tubules project (Fig. 3A, B). Circumdenteo-
nal dentine surrounding pulp cavities is finely crystalline (Fig.
3A, B). Between denteons the tooth plate is composed of

crystalline interdenteonal dentine, which forms the major part
of the tooth plate. Darker areas of interdenteonal dentine are
visible between denteons in plane-polarized light in vertical
section corresponding to areas of monorefringent interdenteonal
dentine crystals in crossed-polarized light.

The pitted texture of the occlusal surface of the tooth plate
results from the distributions of different dentine tissues (Kemp,
1993). Deeper convex pits represent regions composed primarily
of closely spaced denteons with extensively developed circumden-
teonal dentine (Fig. 3C, D) where branching denteons are densely
clustered into cones. The arrangement of denteons in interdenteo-
nal regions varies depending on the vertical position in the tooth
plate. Towards the pulp canal they are perpendicular to the
lingual margin of the tooth plate. In the central region of the
tooth plate, the denteons are primarily vertical, and as they
approach the occlusal surface they converge towards the harder-
wearing ridges in the manner of a stacked cone (Fig. 3E, F). At
the labial edge below the occlusal surface of the tooth ridge the
denteons are arranged subparallel to the occlusal surface of the
tooth ridge below a layer of enamel on the surface (Fig. 3G, H).

Micro-CT scan data from NHMZ 2432(8) reveal a high
density of denteons running vertically throughout the tooth
plate, as is typical of Mesozoic dipnoan tooth plates (Fig.
4A). Pits in the occlusal surface of the tooth plate correspond
to regions of higher X-ray opacity, densely packed denteons
with well-developed circumdenteonal dentine while ridges
correspond to lower X-ray opacity interdenteonal dentine

FIGURE 2. Ferganoceratodus edwardsi. A-E, upper tooth plates; F-J, lower tooth plates. A-B, NHMZ 2432(9), holotype in labial and occlusal views.
Arrowhead indicates the surface for a potential symphyseal contact; C, NHMZ 2432(6); D, NHMZ 2432(13); E, NHMZ 2432(5); F, NHMZ 2432(1),
juvenile; G, NHMZ 2432(2), juvenile; H, NHMZ 2432(12); I, NMHZ 2432(11); J, NHMZ 2432(14); K, NHMZ 2432(4), juvenile. Scale bars equal 10
mm.
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FIGURE 3. Petrological micrographs of Ferganoceratodus edwardsi (NHMZ 2432[8], prearticular tooth plate).A, plane-polarized light (PPL) coronal
section through heel of tooth plate showing pulp canals and dentinal tubules below the occlusal surface surrounded by circumdenteonal dentine. Inter-
denteonal dentine is present between denteons and a thin layer of probable marginal dentine lies just below the occlusal surface; B, section in ‘A’ in
crossed-polarized light (XPL) showing inclined orientation of interdenteonal dentine crystals and monorefringent layer of marginal dentine below
occlusal surface; C, median section below occlusal surface in PPL through fourth tooth ridge showing inverted ‘cones’ predominantly of circumden-
teonal dentine with branching denteons and regions of interdenteonal dentine between cones;D, ‘C’ in XPL;E, ridge of harder interdenteonal dentine
with softer ‘cones’ of circumdenteonal dentine on either side. The denteons in the interdenteonal dentine converge towards the occlusal surface; F, ‘D’
in XPL; G, median section through end of tooth ridge showing thin layer of enamel on surface of tooth ridge and complex association of layers of
monorefringent and birefringent interdenteonal dentine among a cone of circumdenteonal dentine. Note how denteons are subparallel to the
surface of the tooth ridge below the region covered with enamel; H, XPL of ‘G’ overlain with transparency of ‘G’ to highlight relationship
between birefringent interdenteonal dentine and regions of darker dentine seen in PPL. Abbreviations: cd, circumdenteonal dentine; e, enamel;
id, interdenteonal dentine; md, marginal dentine; t, dentinal tubules; pc, pulp canal. Scale bars for A, B, E, F equal 500 μm. Scale for C, D, G, H
equal 1 mm.
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(Fig. 4B). The regions of higher opacity do not penetrate to
the base of the tooth plate. A layer of higher X-ray opacity
is also present along the lingual margin of the tooth plate
which is, in turn, covered in a thin layer of enamel.
The high opacity layer beneath the enamel is not identified
as petrodentine as it still contains denteons. No petrodentine
(sensu Lison, 1941) is observed in either the thin-sections or
micro-CT data.

DISCUSSION

Histology

The arrangement of dentine tissues seen in Ferganoceratodus
edwardsi exhibits similarities with other Mesozoic lungfish
tooth plates. The structure of wear pits being associated with
regions of circumdenteonal dentine is also seen in Ceratodus
latissimus, but in C. pectinatus tooth ridges composed of inter-
denteonal dentine stand proud of troughs of circumdenteonal
dentine rather than individual pits (Kemp, 2001). Further simi-
larities are shared with the Late Cretaceous taxon Metacerato-
dus baibianorum (Panzeri et al., 2022). In particular, Panzeri
et al. (2022) noted regions of darker interdenteonal dentine
in thin-section plane-polarized light which, when viewed in
crossed polarized light, appears monorefringent. This is not a
feature of interdenteonal dentine noted by Kemp (2001) or
Kemp and Barry (2006) but has been noted by Smith (1984)
in Neoceratodus. The significance of the similarity in dentine
tissues between Ferganoceratodus edwardsi and Metaceratodus
baibianorum is uncertain. The lack of thin-section analyses of
post-Paleozoic lungfish tooth plates does not allow easy distinc-
tions to be made between phylogenetic relationships in dipnoan
dental histology or convergence in Mesozoic dipnoan dental
tissues. The greater degree of mineralization seen in Mesozoic
dipnoan tooth plates compared with Paleozoic forms has
been noted previously (Reisz et al., 2004) but the only histo-
logical character in recent phylogenetic analysis of Dipnoi
(Kemp et al., 2017) is the presence/absence of petrodentine.
Whereas morphological features of lungfish tooth plates can

be unreliable indicators of phylogenetic relationships, further
study of the dental histology of post-Paleozoic taxa might
provide further characters that can delineate evolutionary
changes within the group (Kemp, 2001). With no thin-section
data available for Ptychoceratodus, besides the absence of pet-
rodentine, it is not possible to state whether or not there are
histological differences between this taxon and Ferganocerato-
dus that could be used to distinguish the isolated tooth plates
of these genera.

Ptychoceratodus versus Ferganoceratodus

Taxonomic recognition of lungfish genera and species based
solely on the characters provided by isolated dental plates is a
difficult task that has been undertaken by some authors (e.g.,
Skrzycki, 2015) but rejected by others (e.g., Schultze, 1981)
who consider dental plates as unreliable for taxonomy. We con-
sider that it is possible to distinguish between species since
each tooth plate population shares a combination of generally
unique characters. However, we consider genera based solely
on tooth plates to be doubtful and prefer to refer this kind of
material to genera known from both cranial and dental material.

We focus our comparisons on larger tooth plates referred to
adult specimens. Based on isolated tooth plates alone, two
genera share similar characteristics, Ptychoceratodus Jaekel,
1926 and Ferganoceratodus Kaznyshkin and Nessov (in Nessov
& Kaznyshkin, 1985). In his comparisons of dental characters,
Skrzycki (2015:table 5) listed no differences between these two
genera in the main characteristics of their pterygoid and prearti-
cular plates. Moreover, several species have been referred to
each genus, widening the range of diagnostic characters and
causing systematic confusion. For example, some species referred
to Ptychoceratodus have the same number of crests on their tooth
plates as Ferganoceratoduswhile morphometric data demonstrate
that only Ptychoceratodus serratus consistently forms an isolated
population (Skrzycki, 2015:figs. 6, 7). Therefore, we focus our dis-
cussion on the type species of each genus, namely Ptychocerato-
dus serratus (Agassiz, 1838) and Ferganoceratodus jurassicus
Kaznyshkin and Nessov (in Nessov & Kaznyshkin, 1985).

FIGURE 4.A, vertical micro-CT section though the heel of prearticular tooth plate NHMZ 2432(8). Medial margin is to the left showing high X-ray
opacity circumdenteonal dentine and a thin layer of enamel on the surface. ‘Cones’ of higher X-ray opacity with well-developed circumdenteonal
dentine coincide with wear pits in the occlusal surface (top) while the main body of the pulp canal is composed of interdenteonal dentine with denteons
dispersed throughout. Line represents section in ‘B’; B, horizontal micro-CT section through NHMZ 2432(8) showing regions of pits, and depressions
corresponding to circumdenteonal dentine (high X-ray opacity). Abbreviations: cd, circumdenteonal dentine; e, enamel; id, interdenteonal dentine;
md, marginal dentine. Scale bars equal 2 mm.
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P. serratus was based on a Late Triassic specimen from Switzer-
land consisting of a pterygoid tooth plate with six ridges separ-
ated by deep furrows (Fig. 5A). This species was later
identified in connection with skull bones found in the Ladinian
(upper Middle Triassic) of Kupferzell-Bauersbach, Germany
(Kemp, 1998; Schultze, 1981; Skrzycki, 2015) (Fig. 5B). In this
specimen, the pterygoid and prearticular tooth plates have six
and five ridges, respectively. F. jurassicus, originally described
from the Middle Jurassic of Kyrgyzstan, is known from various
isolated elements of the skull roof associated with tooth plates
with five ridges on the pterygoid and four on the prearticular
tooth plates (Fig. 5D; Nessov & Kaznyshkin, 1985).
It should be noted that material referred to Ptychoceratodus

serratus and the type specimen of Ferganoceratodus jurassicus
include their calvaria. In the material referred to by Schultze
(1981) as P. serratus, as in F. jurassicus, the skull roof is almost
square in shape and characterized by few ossifications, some of
which are shared by both species, such as the paired anterior
mediolateral bones (KLMN in Schultze, 1981; KLMN+ 3 in
Kemp, 1998), and the posterior mediolateral bones (bone I or
IJ in previous studies). The main difference is in the medial
series, with a single anterior bone in both (the E bone) and
two posterior bones in P. serratus (C in the center and AB
behind) and a single bone (the ABC bone) occupying the same
position in F. jurassicus (ABC bone). Additionally, in
P. serratus a small bone is wedged between the posterior
medial series (AB) and the anterior and posterior medial
bones (KLMN and I), without reaching the lateral margin of
the series (the J bone), while this bone is absent (or considered
fused to I) in Ferganoceratodus (Cavin et al., 2007; Nessov &
Kaznyshkin, 1985).
Based on these comparisons, we refer to Ptychoceratodus

those species whose pterygoid tooth plates have six ridges and
prearticular tooth plates have five ridges and that are associated

with a medial skull roof series consisting of three bones. We refer
to Ferganoceratodus those species whose pterygoid tooth plates
have five ridges and prearticular tooth plates have four ridges
and that are associated with a medial calvarium series consisting
of two bones. Mesozoic species based on tooth plate material
have been assigned to genera other than Ptychoceratodus and
Ferganoceratodus although they exhibit the general character-
istics present in both taxa, particularly the number of ridges
present in the pterygoid and prearticular plates. In the absence
of cranial material associated with this dental material, in the fol-
lowing discussion we provisionally and cautiously refer these
species to one of these two genera pending the discovery of
more complete material.

Compared with these two type species, our material is closer to
F. jurassicus, with five and four ridges in the pterygoid and prear-
ticular tooth plates, respectively (compare Fig. 5C with Fig. 5A,
B, D). Several species previously referred to Ptychoceratodus,
however, have the same number of crests as Ferganoceratodus
(see below for discussion).

Gondwanan ‘ptychoceratodonts’

‘Ptychoceratodont’ occurrences that are geographically or
stratigraphically close to F. edwardsi are known from the
Early Triassic of South Africa, Australia, and Tasmania
(Kemp, 1996), the Upper Triassic of South America (Agnolin
et al., 2017; Richter & Toledo, 2008), and the Late Triassic of
Madagascar and India (Martin, 1982a; Martin et al., 1999).

P. phillipsi (Agassiz, 1838) is a species originally described
from the Middle Jurassic oolitic limestones of Stonesfield,
Oxfordshire, U.K., and was described based on an isolated pter-
ygoid tooth plate bearing five ridges. The type material was con-
sidered lost by Woodward (1890) and subsequent authors, but is
preserved in the collection of the Natural History Museum of

FIGURE 5. Comparison of Ferganoceratodus erdwardsi tooth plates with the type species of Ptychoceratodus, P. serratus. A, holotype of P. serratus
(redrawn from Agassiz, 1833–43:vol. 3, pl. 19, fig. 18). B, material referred to P. serratus by Schultze (1981). C, the new material of F. edwardsi.D, the
type series of Ferganoceratodus, F. jurassicus (redrawn from Nessov & Kaznyshkin, 1985). E, type specimen of F. phillipsi upper row, pterygoid tooth
plates; lower row, prearticular tooth plates. Scale bars equal 10 mm.
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FIGURE 6. Geographic and stratigraphic distributions of Ferganoceratodus spp. and Ptychoceratodus serratus. See text for details.

Challands et al.—New Upper Triassic lungfish from Zimbabwe (e2365391-8)



Neuchâtel, Switzerland, as mentioned by Martin et al. (1999) and
Skrzycki (2015) (Fig. 5E). This species has been reported from
the Carnian of Germany (Seegis, 1997), possibly the Carnian of
Brazil (Richter & Toledo, 2008; as Ptychoceratodus cf. phillipsi),
from the Norian of Germany (Martin et al., 1981), the Rhaetian
of France (Martin et al., 1981), and the Early Triassic of South
Africa and Australia (Kemp, 1996). Additional material from
the ?Middle Triassic of Zambia was considered by Peecock
et al. (2017) to exhibit a high degree of similarity with Ptychocer-
atodus phillipsi but they were reluctant to definitively assign
these specimens to Ptychoceratodus because they lacked
cranial material. The specimens of Peecock et al. (2017)
possess five ridges on the pterygoid tooth plates and four
ridges on the prearticular tooth plates with deep furrows
between the tooth ridges, matching the original diagnosis of Fer-
ganoceratodus by Nessov and Kaznyshkin (1985) but not the
emended diagnosis for Ptychoceratodus by Skrzycki (2015).
The material from Australia and South Africa is associated
with incomplete cranial elements. Kemp (1996) proposed a
reconstruction of the skull roof, with the presence of two large
bones along the mediolateral series (KLM in front and I
behind), an anterior median bone (bone E), and an incomplete
posterior median bone (possibly bone C). The tooth plate speci-
men from Australia referred to ‘P’. phillipsi has five and four
ridges in the pterygoid and prearticular plates, respectively
(Kemp, 1996: this difference is not always seen in European
material referring to this species (e.g., Martin et al., 1981).
Although the middle bone series of the calvaria in these speci-
mens is incompletely known, the dental characters of this
material justify assignment of this specimen to Ferganoceratodus,
as F. phillipsi comb. nov. Kemp (1996) referred other isolated
tooth plates to this species, including Early Triassic fossils from
near Hobart, Tasmania and Burgersdorp, South Africa. The
holotype of ‘Ceratodus’ ornatus Broom, 1909, also from Burgers-
dorp, is a prearticular tooth plate bearing four ridges that was
assigned to Pytchoceratodus by Martin (1982) and Martin et al.
(1999), whereas Kemp (1996) considered ‘C.’ ornatus to closely
resemble P. phillipsi and so assigned the material described by
Broom (1913) to the latter taxon.
With the exception of a fragmentary tooth plate from the

Upper Triassic of Brazil referred to F. cf. phillipsi (Richter &
Toledo, 2008), the only other occurrence of a ‘ptychocerato-
dont’ from the Triassic of South America is a pterygoid right
tooth plate (not lower [prearticular] left: contra Agnolin
et al., 2017:fig. 2) from the Upper Triassic of Mendoza Pro-
vince, Argentina, which was referred to a new species, Ptycho-
ceratodus cuyanus (Agnolin et al., 2017). The presence of five
ridges indicates affinities with the genus Ferganoceratodus:
however, the very open internal angle and the first elongated
ridge of this dental plate may indicate that it belongs to
another genus. Nevertheless, differentiation between Ptycho-
ceratodus and Ferganoceratodus based on the relative sharp-
ness of tooth ridges as proposed by Agnolin et al. (2017),
can be discounted for reasons of differential wear, a feature
that is clearly seen even intraspecifically. Tooth plates from
the Cenomanian–Maastrichtian of Argentina, originally attrib-
uted to Ceratodus iheringi, were transferred with caution to
Metaceratodus (Kemp, 1997), Ptychoceratodus (Martin,
1982c), Altantaceratodus (Cione et al., 2007), or Ameghinocer-
atodus (Apesteguia et al., 2007). Ameghinoceratodus should be
considered a junior synonym of Atlantoceratodus (Agnolin,
2010). Atlantoceratodus is close to Ptychoceratodus and Ferga-
noceratodus, differing from them only by the more rounded
inner angle and the thinner and more acute ridges (Apesteguia
et al., 2007; Cione et al., 2007). Because these differences are
minimal and are not associated with preserved cranial charac-
ters, and because the number of crests is similar to that of Fer-
ganoceratodus, with five and four ridges in the pterygoid and

prearticular plates, respectively, we tentatively consider this
species can be referred to this genus, pending the discovery
of more complete material. For the same reasons, Atlantocera-
todus patagonicus from the Campanian-Maastrichtian of the
Río Negro province, Argentina (Agnolin, 2010), is also provi-
sionally referred to Ferganoceratodus. Metaceratodus is rep-
resented by several species in the Upper Cretaceous of
Argentina (Apesteguía et al., 2007; Cione & Gouiric-Cavalli,
2012; Panzeri et al., 2020). Most of the tooth plates referred
to this genus have five ridges and four ridges in the pterygoid
and prearticular tooth plates, respectively, indicating that these
species might belong to Ferganoceratodus. However, in Meta-
ceratodus, the inner angle is located in a posteromedial pos-
ition, regardless of the growth stage, whereas it is located in
an anteromedial position in Ptychoceratodus and Ferganocera-
todus (Panzeri et al., 2020). This difference might indicate
that this Argentinean genus could be distinct from the two
‘ptychoceratodonts’.

Lungfish tooth plates referred to four species of Ceratodus
from the Upper Triassic Maleri Formation of India (Oldham,
1859) were restricted by Martin et al. (1999) to two species
of Ptychoceratodus, P. hislopianus and P. virapa. The latter
authors also referred pterygoid tooth plates from the Upper
Triassic of the Morafenobe region, Madagascar, to P. cf. hislo-
pianus, and a prearticular tooth plate from the same region,
originally described by Priem (1924) as Ceratodus acutus, to
the genus Ptychoceratodus, as P. acutus. We note that the
large pterygoid tooth plates of P. cf. hislopianus bear five
ridges while the large prearticular tooth plate of P. acutus
bears four ridges. We suggest that this material belongs to a
single taxon showing the characteristics of Ferganoceratodus
that is named here F. acutus nov. comb. This species is morpho-
logically similar to F. edwardsi (see above).

The youngest Ferganoceratodus occurrence is
F. madagascarensis from the Upper Cretaceous of theMahajanga
Basin in northwest Madagascar (Martin, 1982; Martin et al.,
1999). It is worth noting that the prearticular tooth plate of this
species shares with F. edwardsi an elongated first ridge with a
gently convex mesial margin.

European ‘ptychoceratodonts’

Other Ptychoceratodus and Ferganoceratodus species are
known from more-or-less complete skull roofs. P. rectangulus is
represented by skull elements from the Norian of Germany,
whose bone pattern was reconstructed by Schultze (1981), and
from the Norian of Greenland, whose bone pattern was recon-
structed by Pawlak et al. (2020). Unfortunately, the arrange-
ments of the central and posterior bones of the medial series
are unknown in both cases. In Schultze (1981: fig. 15), this part
of the calvaria is reconstructed by comparison with P. serratus,
resulting in a central C bone, a posterior bone AB, and a medio-
lateral bone J, all of which are hypothetical and separated by
dotted lines on the reconstruction. In the specimen from Green-
land, the presence of a J bone is considered uncertain, and more
likely fused with the I bone (Pawlak et al., 2020). Pawlak et al.
(2020) also suggested that only two bones were present in the
medial series (the E bone and the ABC bone) a hypothesis we
support based on the margin of the void zone of the calvarium
of this specimen (Pawlak et al., 2020:fig. 8). The pterygoid and
prearticular tooth plates of P. rectangulus bear five and four
ridges, respectively. Cranial and dental features of this species
allow us to refer it to Ferganoceratodus, as F. rectangulus comb.
nov.

Based on the diagnostic characters proposed above for Ptycho-
ceratodus and Ferganoceratodus, the generic attributions of
several Mesozoic species should be reinvestigated. Indeed, con-
sideration should be given to referring most of the Triassic
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lungfishes known only from tooth plates to Ferganoceratodus
based on the number of ridges present, i.e., pterygoid and prear-
ticular tooth plates with five and four ridges, respectively. Other
tooth plate characters used by Skrzycki (2015) to diagnose
species are also present in Ferganoceratodus. For example,
P. concinnus and P. roemeri have prearticular tooth plates that
are close to each other, as in Ferganoceratodus (contact lacking
in P. serratus); and in these species the first ridge is curved
more-or-less posteriorly, as in Ferganoceratodus (whereas it is
curved sinusoidally in P. serratus). The other characters used by
Skrzycki (2015) are poorly defined and are not assessed here.
Consequently, we suggest referring these two species to Fergano-
ceratodus (as F. concinnus and F. roemeri), and keep the question
open for other species previously referred to Ptychoceratodus
(P. silesiacus, P. donensis, P. madelungi).

Asian ‘ptychoceratodonts’

In addition to the first discovered occurrence of Ferganocera-
todus from the Middle Jurassic of Kyrgyzstan (Nessov & Kaz-
nyshkin, 1985), Asian countries have yielded a rich fossil
record of this genus. ‘Ceratodus’ szechuanensis and ‘Ceratodus’
youngi were described from the Lower Jurassic Kyangyan site
near Weiyuan, Sichuan (Liu & Yeh, 1957; Young, 1942). Martin
et al. (1997) considered ‘C’. youngi to be a junior synonym of
‘C.’ szechuanensis and included this species in the genus Fergano-
ceratodus. In Thailand, Martin and Ingavat (1982) and Martin
et al. (1999) referred isolated dental plates from the Upper Trias-
sic Hai Hin Lat Formation, the Middle Jurassic Khlong Min For-
mation, and the lower Upper Jurassic Phu Kradung Formation to
F. szechuanensis. In the upper part of the Phu Kradung For-
mation, considered to be basal Cretaceous in age, the Phu Nam
Jun site has yielded a sub-complete lungfish skull with its tooth
plates still attached, which Cavin et al. (2007) referred to the
new species F. martini. They suggested that the isolated Late
Triassic and Jurassic tooth plates from Thailand could all be
referred to Ferganoceratodus. Recently, a separate species,
F. annekempae, was recognized from the Phu Noi site based on
a partially articulated skull with associated tooth plates. This
locality is situated in the Phu Kradung Formation but is stratigra-
phically lower than the Phu Nam Jun site and is considered to be
Upper Jurassic in age (Cavin et al., 2020). Cranial material from
F. martini and F. annekempae show that the median series is com-
posed of two ossifications only, as in the type species F. jurassicus.

North American ‘ptychoceratodonts’

Ferganoceratodus was present on almost all landmasses during
the first part of the Mesozoic, with the conspicuous exception of
North America. This absence might have been caused by a bias
linked to the “traditional practice of assigning isolated lungfish
tooth plates from the Cretaceous of North America to Cerato-
dus” (Parris et al., 2014:278). Indeed, several species of ‘Cerato-
dus’ from the Late Jurassic and Early Cretaceous were included
by Parris et al. (2014) and Frederickson and Cifelli (2017) in the
‘ptychoceratodont morphotype,’ due to the presence of well-
developed ridges. Additionally, these species have plates with
ridge numbers that correspond to the genus Ferganoceratodus,
with five and four ridges on the pterygoid and prearticular
dental plates, respectively. These are Potamoceratodus guentheri,
Ceratodus fossanovum, C. texanus, C. kirklandi, and C. carteri
(Frederickson & Cifelli, 2017; Main et al., 2014; Pardo et al.,
2010; Parris et al., 2014). Potamoceratodus guentheri, from the
Upper Jurassic Morrison Formation, is one of the few North
American Mesozoic lungfish associated with a fairly well-pre-
served skull roof. The calvarium is characterized by an anterior
rostral extension formed by the anterior median bone, and by a
posterolateral extension of the posterior bone of the medial

series (Pardo et al., 2010). The last characteristic recalls the
pattern present in Tellerodus sturii from the Upper Triassic of
Lunz, Austria (Martin, 1982b). Schultze (1981) considered this
bone to be the fusion of the ABIJ bones in Tellerodus, and
Pardo et al. (2010) as the fusion of the ABCI bones in Potamo-
ceratodus. However, the homologies between these bones have
been questioned (e.g., Cavin et al., 2007), and we consider here
that the bone patterns of the two taxa are very similar to each
other, and distinct from Ferganoceratodus. This distinction is
reinforced by the Tellerodus ceratodontid-like tooth plate pos-
sessed by Potomoceratodus that is very different from the Ferga-
noceratodus–Ptychoceratodus pattern, indicating that the North
American ‘ptychoceratodont morphotype’ tooth plates might
represent a separate lineage of North American lungfish, as
already suggested by Pardo et al. (2010) and Frederickson and
Cifelli (2017), a lineage that shows some convergence in the mor-
phology of their dental plates with Ferganoceratodus.

In the Late Triassic and Early Jurassic of North America, other
non-ceratodontid lungfish have been recorded. The Chinle For-
mation has yielded remains referred to Arganodus dorotheae
(Martin, 1982a), a tooth plate with six sharp ridges that differs
from Ferganoceratodus. In the Lower Jurassic Moenave For-
mation, Ceratodus stewarti is based on a single prearticular
dental plate with four fairly sharp ridges that is somewhat
similar to Ferganoceratodus (Milner & Kirkland, 2006), but
which might suggest it belongs to the Potomoceratodus lineage
mentioned above.

Paleobiogeography and Paleoecology

Based on this short review, Ferganoceratodus first appeared
during the Early Triassic in southern Gondwana, while in
Europe another genus is present, Ptychoceratodus (Fig. 6).
During the Middle and Late Triassic, the geographic distribution
of Ferganoceratodus appears to expand, with occurrences in
western Gondwana (Africa and South America), including the
Zimbabwean occurrence of F. edwardsi described here, and
occurrences in Laurasia, i.e., Europe, Greenland, and central
and eastern Asia. In the Late Jurassic, the Laurasian distribution
persists, but there are no further occurrences in Gondwana.
During the Early Cretaceous, only one occurrence is noted, in
Thailand, and in the Late Cretaceous, only Madagascar and
Argentina have yielded remains referable to this genus.

As noted elsewhere, the Pebbly Arkose Formation of the
Kariba region is unusual in comparison with other Karoo-aged
basins in southern and eastern Africa in preserving abundant
remains of freshwater taxa, including lungfish, temnospondyl
amphibians, and phytosaurs (Barrett et al., 2020). Lungfish
tooth plates are very abundant at several sites (Sciscio et al.,
2021b), especially at ‘The Dentists’ and other nearby localities,
but they are usually incomplete, preventing their definitive refer-
ral to Ferganoceratodus edwardsi, although their preserved por-
tions are morphologically similar (see Supplementary
Information; Raath et al., 1992). This indicates that they were
probably more important faunal components of Karoo-aged eco-
systems than their poor record in other similarly aged basins,
such as the main Karoo Basin (e.g., Kitching & Raath, 1984),
would suggest.

CONCLUSIONS

The discovery of numerous lungfish tooth plates from the
Upper Triassic Pebbly Arkose Formation of northern Zimbabwe
indicates the presence of a new species of ‘ptychoceratodontid’ in
Gondwana, Ferganoceratodus edwardsi. This new taxon
resembles another species from approximately contemporary
sites in Madagascar, F. acutus. A brief review of the global
record of ‘ptychoceratodontids’ and comparisons of these taxa
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with the holotype specimens of Ptychoceratodus and Ferganocer-
atodus suggest that most of the species previously referred to Pty-
choceratodus should be referred to Ferganoceratodus. This would
indicate the presence of a group of lungfish species with few
cutting ridges, distinct from the ceratodontids with crushing-
tooth plates and also from neoceratodontids, which have tooth
plates with numerous parallel ridges. The interrelationships
within this species-group are unclear due to difficulties in defin-
ing characters based solely on tooth plates for phylogenetic
analysis. Histological data from a prearticular tooth plate of Fer-
ganoceratodus edwardsi exhibits similarities with the Mesozoic
taxa Ceratodus latissimus and Metaceratodus baibianorum. It is
not clear if ‘ptychoceratodontid’ lungfishes form a clade
(Agnolin, 2010), if they correspond to stem members of Lepido-
sirenidae (Cavin et al., 2007), are stem neoceratodontids (Apes-
teguía et al., 2007), or stem Ceratodontoidei (Kemp et al., 2017).
This uncertainty, and the lack of published histological data from
most Mesozoic lungfish tooth plates, underscores the difficulty of
constructing a useful phylogenetic framework from fossil
material with broad spatial and temporal distributions but few
characters to work with.
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