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Abstract: One specimen of Otodus auriculatus and three specimens of O. megalodon are added to the catalogue of skeletal 
material from megatooth sharks. Criticisms of the Lamnoidea hypothesis and reconstruction of Cretalamna sp. by Sternes et al. 
(2024) are responded to. Included is discussion of the validity of rostra, regional endothermy, and bauplans as evidence for the 
Otodontidae + Lamnidae clade, as well as phylogenetic analyses incorporating these families. This is the third installment in 
a series of papers compiling the catalogue.
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Introduction

The catalogue of skeletal material from megatooth sharks 
was previously published in two installments (Greenfield 
2022a, b). The goal of this catalogue is to compile all spec-
imens of otodontids with skeletal material, excluding un-
published and/or privately-owned specimens and isolated 
vertebrae. For each entry, information about the taxonomy, 
material, provenance, and age is provided, as well as refer-
ences. Discussion of the implications of these specimens for 
morphology, physiology, and phylogeny is also featured. 
Most notable is the Lamnoidea hypothesis, the proposed sis-
ter group relationship between Otodontidae and Lamnidae. 
The catalogue and its conclusions have attracted flawed cri-
tiques (e.g., Shimada 2022), so another function is respond-
ing to them. The purpose of this third installment is to update 
the catalogue with more specimens and reply to new criti-
cisms from other authors. 

Revisions to the catalogue

One specimen of Otodus auriculatus (Bassani 1895, Forti 
and Dal Nero 1909) and three specimens of O. megalodon 
(Uyeno et al. 1989, Watanabe et al. 2004, Shimada et al. 
2024, 2025a) are here added to the catalogue, bringing the 
total to 29 specimens. A potential specimen of O. megalodon 

(‘Mitchill’s monster’) was excluded because it was de-
stroyed and associated skeletal material probably belonged 
to a whale (Greenfield 2023, 2024). An updated version of 
fig. 1 from Greenfield (2022a, b) is shown in Text-fig. 1. 
Additional papers relating to IRSNB P 9893, a specimen of 
O. megalodon already included in the catalogue, were re-
cently published (Sternes et al. 2024, Shimada et al. 2025b). 
Another paper which is seemingly the earliest reference 
to the same specimen was rediscovered (Dupont 1892). It 
describes the mounting of a vertebral column and dentition at 
IRSNB like how P 9893 was first displayed there (Gottfried 
et al. 1996).

Material and methods

Institutional abbreviations

IRSNB	 Institut royal des Sciences naturelles 
de Belgique, Brussels, Belgium

MCSNV	 Museo Civico di Storia Naturale 
di Verona, Verona, Italy

MIM	 MIM Museum, Beirut, Lebanon
NBE	 Nishiki Board of Education, Nishiki, Japan
SMNH	 Saitama Museum of Natural 

History, Nagatoro, Japan
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Systematic palaeontology

Order Lamniformes Bᴇʀɢ, 1937
Superfamily Lamnoidea Mᴜ̈ʟʟᴇʀ et Hᴇɴʟᴇ, 1838

Family Otodontidae Gʟɪᴄᴋᴍᴀɴ, 1964

Note. The authorship of Lamnoidea was formerly mis
attributed to ‘Bonaparte, 1835’ (Greenfield 2022a, b), but 
that paper was actually published in 1840 (Bonaparte 1840, 
Greenfield 2025). Müller and Henle (1838) were the first to 
name a family after the genus Lamna Cᴜᴠɪᴇʀ, 1816 (incorrect-
ly as ‘Lamnoidea’, emended to Lamnidae; Articles 11.7.1.3 
and 29.2 in ICZN 1999) and authorship of the superfamily is 
also attributed to them under the Principle of Coordination 
(Article 36.1 in ICZN 1999).

Genus Otodus Aɢᴀssɪᴢ, 1838

O. auriculatus (Bʟᴀɪɴᴠɪʟʟᴇ, 1818)

Specimen. MCSNV unnumbered.

Material. 50 teeth and 32 vertebrae.

Provenance. ‘Calcare grossolano’, Italy.

Age. Lutetian, middle Eocene.

References. Bassani (1895), Forti and Dal Nero (1909).

O. megalodon (Aɢᴀssɪᴢ, 1835)

Specimen. NBE unnumbered.

Material. Six vertebrae.

Provenance. Yamaya Formation, Japan.

Age. Tortonian-Messinian, Late Miocene.

Reference. Watanabe et al. (2004).

Note. This specimen was originally not identified to the 
species level, but was later referred to O. megalodon by Shiba 
et al. (2016).

Specimen. NBE unnumbered.

Material. Nine vertebrae.

Provenance. Yamaya Formation, Japan.

Age. Tortonian-Messinian, Late Miocene.

Reference. Watanabe et al. (2004).

Note. This specimen was originally not identified to the 
species level, but was later referred to O. megalodon by Shiba 
et al. (2016).

Specimen. SMNH-VeF-38–44, 376–378, 382.

Material. 73 teeth, cranial and jaw fragments, and dermal 
denticles.

Provenance. Tsuchishio Formation, Japan.

Age. middle Tortonian, Late Miocene.

References. Uyeno et al. (1989), Shimada et al. (2024, 
2025a).

a b

c d

Text-fig. 1. Updated data from the catalogue represented as pie charts, modified from Greenfield (2022b). The charts are broken down 
by age (a), material (b), species (c), and provenance (d).
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Response to Sternes et al. (2024)

Sternes et al. (2024) dedicated an appendix to criticizing 
the work of Greenfield (2022a, b). Overall, they considered 
a sister group relationship between Otodontidae and Lamnidae 
and prior reconstructions of otodontids to be unfounded. Some 
of their claims are repeated from Shimada (2022), including 
ones about the nomenclature of Lamnoidea and phylogeny 
of Cetorhinidae. They are not discussed here since they were 
already refuted in Greenfield (2022b). Other claims are new 
and are accordingly addressed in the following sections.

Rostral nodes and cartilages

Sternes et al. (2024) contested the morphology of the rostral 
cartilages as a synapomorphy of Otodontidae and Lamnidae. 
They highlighted other lamniforms with hypercalcified rostra, 
such as Alopias superciliosus (Lᴏᴡᴇ, 1841) and an indetermi-
nate anacoracid (Shimada 2013). Yet, neither of them contain 
the specific combination of characteristics seen in otodontids 
and lamnids (robust, calcified rostral cartilages with circular 
transverse cross-sections and without fenestrae or appendices). 
The CT scan provided by Sternes et al. (2024) shows that only 
the rostral node of their A. superciliosus is densely calcified, 
while the cartilages are not. This node is flatter and its sides are 
more outwardly angled than those of lamnoids. Specimens with 
an unexpanded node have been documented (Compagno 1990, 
Soares and de Carvalho 2013), so the mineralized structure is 
individually variable. The cartilages are also flattened in trans-
verse cross-section and bear appendices (Compagno 1990). 
The anacoracid nodes are crushed, fragmented, and lacking the 
cartilages, so the relevant features cannot be assessed in this 
taxon. Additionally, Anacoracidae is not confidently assignable 
to Lamniformes. Anacoracids do not have the typical lamni-
form tooth pattern and dental bullae (Shimada and Cicimurri 
2005) or vertebral radial lamellae (Newbrey et al. 2015). The 
absence of those traits and presence of concentric lamellae 
are shared with Ptychodontidae (Hamm 2020, Jambura and 
Kriwet 2020). Therefore, the recent allocation of ptychodontids 
to Lamniformes (Vullo et al. 2024) is problematic for the 
same reasons. Affinities are more strongly supported by the 

transitional form Ptychocorax Gʟɪᴄᴋᴍᴀɴ et Isᴛᴄʜᴇɴᴋᴏ in 
Gʟɪᴄᴋᴍᴀɴ, 1980, which has anacoracid-like anterior teeth 
grading into ptychodontid-like posterior teeth (Glickman 1980, 
Cappetta 2012). The two families could belong to a separate 
order, the oldest name for which would be Anacoraciformes 
Hᴇʀᴍᴀɴ et Vᴀɴ Wᴀᴇs, 2012. In any case, these examples are 
not comparable; they do not challenge rostral morphology as 
a synapomorphy of Lamnoidea or the taxonomic status of the 
otodontid rostra.

Regional endothermy

Sternes et al. (2024) disputed regional endothermy as 
another synapomorphy of Otodontidae and Lamnidae. They 
pointed out the recent discoveries of endothermy in Cetorhinus 
maximus (Gᴜɴɴᴇʀᴜs, 1765) (Dolton et al. 2023a; but see 
also Klöcker et al. 2025) and Odontaspis ferox (Rɪssᴏ, 1810) 
(Dolton et al. 2023b). The newfound occurrence of this 
physiology in cetorhinids and odontaspidids, combined with 
its previous recognition in otodontids, lamnids, and alopiids, 
reinforces a single origin in lamniforms (Pimiento et al. 
2019, Dolton et al. 2023b). That contradicts proposals of two 
convergences by Greenfield (2022b) and three convergences 
by Shimada (2022), which are now less parsimonious given the 
increased prevalence of the character. Consequently, regional 
endothermy is most likely not a synapomorphy of Lamnoidea, 
but instead a plesiomorphy of Lamniformes.

Phylogenetic analyses

Sternes et al. (2024) stated that Otodontidae and Lamnidae 
have never been tested together or recovered as sister taxa in 
a phylogenetic analysis. Nonetheless, Kuga (1984) included 
both in an analysis and achieved that very result (Text-fig. 2a). 
Alopiidae was the sister to Otodontidae+Lamnidae and the 
‘Odontaspis group’ was the sister to Alopiidae+Lamnoidea. 
Kuga (1985) clarified that the ‘Odontaspis group’ was composed 
of Mitsukurinidae, Pseudocarchariidae, and Odontaspididae 
(with Carcharias/Carchariidae lumped into the latter after 
Compagno 1984). He elaborated on the characters used and 

a

b

Text-fig. 2. The phylogenetic placement of Otodontidae, modified from Greenfield (2022a). The topologies of these trees are based on Kuga 
(1984) (a) and Kuga (1985) (b), with the taxonomy changed as explained in the text. The Otodus megalodon silhouette is redrawn from Oliver 
Demuth’s reconstruction in Cooper et al. (2020) (CC BY 4.0). The Lamna nasus silhouette is by Ignacio Contreras (PhyloPic, CC BY 3.0).
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broadened the dataset, leading to a somewhat different topology 
(Text-fig. 2b). In this revised iteration, Cretoxyrhinidae was the 
sister to Otodontidae and ‘plesion Cretalamna’ was the sister to 
Lamnidae. ‘Plesion Cretalamna’ consisted of species that were 
transferred to Serratolamna/Serratolamnidae (Landemaine 
1991), while true Cretalamna was placed in Otodontidae. 
Cretoxyrhinidae+Otodontidae and Serratolamnidae+Lamnidae 
were sisters, with Alopiidae being the sister to that clade. 
Under this scheme, lamnids would still be the nearest living 
relatives to otodontids, even though they are no longer sis-
ters. Basal to them was the wastebasket genus Plicatolamna 
(sensu Herman 1977), whose species have been reassigned to 
Cretodus/Pseudoscapanorhynchidae (Cappetta 1987, Shimada 
and Everhart 2019) and Archaeolamna/Archaeolamnidae 
(Siverson 1992, Underwood and Cumbaa 2010), among others. 
Unfortunately, the accuracy of these results is uncertain due 
to the following limitations of the analyses. They have neither 
been independently confirmed nor ruled out by subsequent 
testing. As outlined, some of the OTU’s were coded based on 
obsolete identifications. The characters were entirely dental, 
which are prone to homoplasy, and skeletal elements and soft 
tissues were not factored in. Cetorhinidae and Megachasmidae 
(synonymized after Maisey 1985) were omitted because of their 
specialized teeth. Kuga’s work does not conclusively demon-
strate a close relationship between otodontids and lamnids, 
but it disproves the notion that the Lamnoidea hypothesis has 
never been phylogenetically analyzed. He at least deserves 
recognition as the earliest author to posit the idea.

Bauplan of Cretalamna

Sternes et al. (2024) questioned the restoration of Cretalamna 
sp. in fig. 2 of Greenfield (2022b). They alleged that taphonom-
ic deformation was not taken into account when creating it. 
However, multiple specimens with varying completeness and 
angles of preservation were compared and used to reconstruct 
the body. Extant sharks, especially Lamna which is most similar 
in appearance, were consulted to further correct for distorted 
and missing parts. The constraints of this approach were noted, 
with the head in particular said to be the most speculative 
(p. 9). Sternes et al. (2024) also asserted that the specimens are 
ambiguously catalogued and conclusions drawn from them are 
not replicable. While others are privately held, one is located 
at the MIM Museum in Beirut, Lebanon, as acknowledged by 
Pfeil (2021) and Greenfield (2022b). This institution likewise 
houses the holotypes of the following species: the dragonflies 
Libanoliupanshania mimi Aᴢᴀʀ et al., 2019 and Libanocordulia 
debiei Aᴢᴀʀ et al., 2019 (MIM F63 and F64; Azar et al. 2019), 
pterosaur Mimodactylus libanensis Kᴇʟʟɴᴇʀ et al., 2019 (MIM 
F1; Kellner et al. 2019), snake Eupodophis descouensi (Rᴀɢᴇ et 
Esᴄᴜɪʟʟɪᴇ,́ 2000) (MIM F49; Zaher et al. 2022), and fish traces 
Pinnichnus haqilensis Pᴏᴋᴏʀɴʏ́ et al., 2025 and P. emmae 
Pᴏᴋᴏʀɴʏ́ et al., 2025 (MIM F1001 and F1021; Pokorný et al. 
2025). Although the MIM Cretalamna is unnumbered, it is in 
a publicly-accessible repository and thus can be scientifically 
evaluated like the other taxa stored there. Cretalamna clearly 
has a tachypelagic bauplan akin to lamnids, characterized by 
a fusiform shape, enlarged first dorsal (anteriorly positioned), 
pectoral, and caudal (semilunate to lunate) fins, and reduced 

second dorsal, pelvic, and anal fins. This morphotype remains 
as possible evidence for the Lamnoidea hypothesis and it 
still has important implications for the body forms of derived 
otodontids. If cretoxyrhinids are closely related to lamnoids, 
their tachypelagic aspects (Shimada 1997, Shimada et al. 
2006) indicate it might be a synapomorphy of a wider clade 
of lamniforms than formerly suggested.

Conclusions

In summary, the catalogue of skeletal material from mega-
tooth sharks is revised by the addition of four specimens, for 
a total of 29. The arguments of Sternes et al. (2024) are exam-
ined and found to be mostly erroneous. The rostra of alopiids 
and anacoracids do not dispute the identity of otodontid rostra 
or their shared characters with lamnids. Regional endothermy 
is conceded to not be a synapomorphy of Lamnoidea. A sister 
group relationship between Otodontidae and Lamnidae has 
been recovered in a phylogenetic analysis. The legitimacy of 
the reconstruction of Cretalamna and accessibility of one of 
the utilized specimens are defended.
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Addendum

After this paper entered the proofing stage, Naoki Torikai 
kindly informed the author about another skeletal specimen of 
O. megalodon and sent a copy of its description (Kato 1973).

It is housed in the Atsumi Town Hall, Atsumi, Japan (ATH 
unnumbered) and comprises 40 vertebrae. It originates from 
the Nezugaseki Formation, Japan and dates to the Langhian–
Tortonian, Middle–Late Miocene. An additional skeletal 
specimen of O. megalodon was recently published (Nagasawa 
et al. 2025). It is housed in the Yamagata Prefectural

Museum, Yamagata, Japan (YPM 13759–1–3) and compris-
es one tooth and two vertebrae. It originates from the Furukuchi 
Formation, Japan and dates to the Tortonian–Messinian, Late 
Miocene. These two specimens are added to the catalogue and 
bring the total to 31. One more O. megalodon specimen (Kamei 
1969) was excluded because its repository was not specified.
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