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Abstract

Ornithischian dinosaurs have been discovered in Thailand, Laos, and Malaysia. These bird-hipped herbivores remain relatively rare 
by comparison with saurischian dinosaurs. In the Late Jurassic, stegosaurs and basal neornithischians from Thailand showed simi-
larities to Middle-Late Jurassic taxa from China. Ornithischians appeared in the fossil record again during the late Early Cretaceous 
(Aptian-Albian) of Thailand and Laos. They are represented by non-hadrosaurid iguanodontians and basal ceratopsians. A few spec-
imens have been reported from poorly dated Early Cretaceous rocks of Malaysia. Here, we illustrate the diversity of ornithischian 
assemblages in Southeast Asia and discuss their palaeobiogeographical implications.
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Introduction

Southeast Asia consists of a mosaic of microcontinents 
derived from the northern margin of eastern Gondwana 
which, after drifting northwards, collided with each other 
and with South China in the late Palaeozoic and Meso-
zoic (Metcalfe 1998). Numerous vertebrate fossils have 
been discovered from the non-marine Mesozoic forma-
tions of the Indochina block, from the Khorat Plateau of 
north-eastern Thailand, as well as from southern Laos 
(Buffetaut 1991; Buffetaut and Suteethorn 1998a). How-
ever, the record of non-marine Mesozoic vertebrates from 
other SE Asian terranes is far less well known (Buffetaut 
et al. 2005a). Southeast Asian dinosaur fossils have been 
discovered in Thailand, Laos, Myanmar, Malaysia, and 
Cambodia (Buffetaut et al. 1995, 2003, 2021; Allain et al. 
1999; Sone et al. 2015; Xing et al. 2016). They are dom-
inated by sauropods and theropods, based on the number 

of bones and diversity, whereas ornithischians have 
fewer fossil remains (Buffetaut et al. 2015). The tempo-
ral distribution of Southeast Asian non-avian dinosaurs 
ranges from the Late Triassic/Early Jurassic to the late 
Early Cretaceous (Buffetaut et al. 2000; Laojumpon et al. 
2017; Manitkoon et al. 2022). However, body fossils of 
ornithischians reported from Southeast Asia have been 
limited to the Late Jurassic and the late Early Cretaceous 
(Aptian-Albian) formations (Fig. 1; Table 1).

Josué-Heilmann Hoffet was the first to describe dinosaur 
fossils from Southeast Asia (Brett-Surman et al. 2012). Vari-
ous postcranial ornithischian remains were reported from the 
Grès Supérieurs Formation of Muong Phalane, near Savan-
nakhet in southern Laos (Buffetaut 1991). Hoffet described 
the material as a new species of hadrosaurid (duck-billed 
dinosaur) “Mandschurosaurus laosensis” (Hoffet 1944). 
However, some palaeontologists consider “M. laosensis” a 
nomen dubium (Buffetaut 1991; Horner et al. 2004).
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Most ornithischians in Southeast Asia are known from 
the Khorat Group of Thailand. After the first discovery 
of a dinosaur bone in 1976 from Khon Kaen Province, 
north-eastern Thailand, a Thai-French team began exca-
vations in 1981, and more dinosaur remains were found 
(Grote et al. 2009). Ornithischian bones were found in two 
formations, including the lowest Phu Kradung Formation 
and the top-most Khok Kruat Formation (Buffetaut et al. 
2015). Although the exact genus or species has not yet 
been identified from the Late Jurassic Phu Kradung For-
mation, material of stegosaurids and basal neornithischi-
ans were excavated (Buffetaut et al. 2001, 2014; Manit-
koon et al. 2019). By contrast, the late Early Cretaceous 
Khok Kruat Formation (Aptian-Albian) yields abundant 
neornithischian dinosaurs comprising three taxa of iguan-
odontians, Siamodon nimngami (Buffetaut and Suteetho-
rn 2011), Ratchasimasaurus suranareae (Shibata et al. 
2011), and Sirindhorna khoratensis (Shibata et al. 2015), 
plus one taxon of basal ceratopsian, Psittacosaurus 
sattayaraki (Buffetaut and Suteethorn 1992). The Khok 
Kruat Formation of Thailand is considered the lateral 
equivalent to the Grès Supérieurs Formation of southern 
Laos (Cappetta et al. 1990; Buffetaut et al. 2005b; Racey 
2009; Allain et al. 2012).

The faunal assemblage from the Aptian Xinlong For-
mation of southern China shows many similarities to 
the Khok Kruat Formation of the Khorat Group of Thai-
land, especially the presence of the four endemic gen-
era of hybodont sharks restricted to Southeast Asia and 

South China (Cuny 2012; Cuny et al. 2017). The Xin-
long ornithischians include iguanodontian (Napaisaurus 
guangxiensis) and a possibly basal ceratopsian (Mo et al. 
2016; Ji and Zhang 2022).

In Peninsular Malaysia, the Jurassic-Cretaceous rocks 
are mostly continental deposits, but the record of dino-
saurs remains scanty (Rahman 2019). The first discovery 
was made by the University of Malaya’s palaeontological 
team in 2014 from the State of Pahang, Malay Peninsu-
la (Sone et al. 2015). This included teeth of spinosaurids 
and an indeterminate ornithischian, together with a fish 
assemblage that has strong affinities with the Early Cre-
taceous Sao Khua Formation of Thailand (Teng et al. 
2019). Teeth of iguanodontians were found in the inland 
district of Terengganu in 2014 by a team from the Mineral 
and Geoscience Department Malaysia and the Malaysian 
Geological Heritage Group (Akhir et al. 2015).

The principal purpose of this study is to illustrate the 
diversity of ornithischian assemblages in Southeast Asia 
and southern China, focusing on Thailand where the ma-
jority of material has been reported, and to discuss their 
evolution and palaeobiogeography.

Institutional abbreviations

PRC	 Palaeontological Research and Education Cen-
tre, Mahasarakham University, Thailand.

SM	 Sirindhorn Museum, Kalasin Province, Thailand.

Figure 1. Southeast Asia map showing the distribution of Jurassic–Cretaceous non-marine sediments in Southeast Asia (modified 
from CCOP’s 1:2 million Geologic map of East and Southeast Asia), Number in circles = rock formations: 1, Lower Phu Kradung; 
2, Upper Phu Kradung; 3, Phra Wihan; 4, ?Tembling Group; 5, Gagau Group; 6, Khok Kruat; 7, Grès Supérieurs; 8, Xinlong (Thanh 
and Khuc 2006; Department of Mineral Resources 2014; Uchida et al. 2017; Teng et al. 2019; Yan et al. 2019).
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NRRU	 Northeastern Research Institute of Petrified 
Wood and Mineral Resources (In Honor of His 
Majesty the King) Nakhon Ratchasima Ra-
jabhat University.

WNM	 Wittaya Nimngam Museum, Surin Province, 
Thailand.

Thailand

Thailand comprises two major tectonic terranes: the Shan-
Thai (or Sibumasu) block in the western part and the In-
dochina block in the eastern part that is separated by the 
Nan-Uttaradit suture (Department of Mineral Resources 
2014). The Mesozoic Khorat Group is a Thai stratigraph-
ic group of non-marine rocks ranging from Late Jurassic 
to Early Cretaceous in north-eastern Thailand and con-
sists of five formations: Phu Kradung, Phra Wihan, Sao 
Khua, Phu Phan, and Khok Kruat (Racey 2009) (Fig. 2). 
Three of the formations (Phu Kradung, Sao Khua, and 
Khok Kruat) have yielded rich deposits with vertebrate 
remains including selachians, actinopterygians, sarcopte-
rygians, amphibians, turtles, crocodyliformes, pterosaurs, 
non-avian dinosaurs, and birds (Buffetaut and Suteethorn 
1998a; Buffetaut et al. 2003, 2005b, 2006).

Phu Kradung Formation

The formation is considered as forming the base the Khor-
at Group which outcrops mostly on the Khorat Plateau in 
north-eastern Thailand (Racey 2009). The age of the Phu 
Kradung Formation is still uncertain, with contradictory 
signals coming from vertebrate palaeontology and paly-
nology and it is conventionally considered as either Late 

Jurassic or Early Cretaceous in age (Racey et al. 1996). 
The presence of Dicheiropollis etruscus in the Phu Kra-
dung Formation seems to confirm an Early Cretaceous age, 
although some of the lower part of the Phu Kradung For-
mation could still be Late Jurassic (?Tithonian) (Racey and 
Goodall 2009). The rich vertebrate site Phu Noi and the 
nearby Ban Khok Sanam localities, which are in the lower 
part of the Phu Kradung Formation have yielded fossil as-
semblages similar to those found in the Middle-Late Juras-
sic of China (Buffetaut et al. 2003; Cuny et al. 2014; Chan-
thasit et al. 2019). Currently, no named ornithischian taxa 
have not been reported from the Phu Kradung Formation.

Stegosauridae indet. Buffetaut et al. 2001

Material. SM2011-1-001 (renumbered from KPS2-1 in 
Buffetaut et al. (2001)), a single posterior dorsal vertebra 
(Fig. 3A).

Locality and age. Ban Khok Sanam locality, Kham 
Muang District, Kalasin Province; the lower Phu Kra-
dung Formation, Late Jurassic.

Previous study. This the first evidence of a thyreophoran 
dinosaur in Southeast Asia. The specimen is identified as 
belonging to the family Stegosauridae, which is more ad-
vanced than primitive taxa, such as huayangosaurid Huay-
angosaurus from the Middle Jurassic of China (Buffetaut et 
al. 2001). The specimen has a much higher neural arch and 
more upright transverse processes, indicating that it should 
be referred to the Stegosauridae (Buffetaut et al. 2001).

Comments. The anterior part of the centrum and the 
neural arch of SM2011-1-001 has been destroyed, but 
likely to possess centra of the dorsal vertebrae longer than 
wide as most stegosaurians, except for Miragaia longi-
collum (Maidment et al. 2008; Mateus et al. 2009).

Table 1. Ornithischian taxa in Southeast Asia plus southern China.

Formation Age Taxa Country References
Xinlong late Early Cretaceous 

(Aptian-Albian)
Napaisaurus guangxiensis China Ji and Zhang (2022)

Iguanodontian indet. Mo et al. (2016)
?Psittacosaurid Mo et al. (2016); Cuny et al. (2017)

Grès Supérieurs late Early Cretaceous 
(Aptian-Albian)

“Mandschurosaurus laosensis” Laos Hoffet (1944)
Iguanodontian indet. Hoffet (1944); Buffetaut (1991)

?Psittacosaurid Allain et al. (1999)
Khok Kruat late Early Cretaceous 

(Aptian-Albian)
Siamodon nimngami Thailand Buffetaut and Suteethorn (2011)

Ratchasimasaurus suranareae Shibata et al. (2011)
Sirindhorna khoratensis Shibata et al. (2015)

Iguanodontian indet. Manitkoon et al. (2022)
Psittacosaurus sattayaraki Buffetaut and Suteethorn (1992)

Psittacosaurus sp. Buffetaut et al. (2007)
Gagau Group ?Early Cretaceous (?Aptian) Iguanodontian indet. Malaysia Akhir et al. (2015)
?Tembeling Group Early Cretaceous Ornithischian indet. Malaysia Sone et al. (2015, 2022)

(?late Valanginian 
-early Hauterivian)

Phra Wihan ?Berriasian-Valanginian Neoanomoepus isp. (footprint) Thailand Lockley et al. (2009)
Upper Phu Kradung Early Cretaceous 

(?Berriasian)
Basal neornithischian indet. Thailand Buffetaut et al. (2001);

Buffetaut et al. (2014)
Lower Phu Kradung Late Jurassic Stegosaurid indet. Thailand Buffetaut et al. (2001)

Basal neornithischian indet. Buffetaut et al. (2014);
Manitkoon et al. (2019)
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Basal neornithischian indet. (‘Phu Noi neornithischian’)

References. Buffetaut et al. 2014; Manitkoon et al. 2019.
Material. PRC 149 (renumbered from PN 13-09 in 

Buffetaut et al. (2014)), a lower jaw (Figs 3B, 4A, B); 
PRC 150, an articulated postcranial skeleton (Manitkoon 
et al. 2019) (Fig. 3C).

Locality and age. Phu Noi locality, Kham Muang Dis-
trict, Kalasin Province; the lower Phu Kradung Forma-
tion, Late Jurassic.

Previous study. Buffetaut and his team reported a 
lower jaw (PRC 149) from the Phu Noi locality. The fan-
shaped teeth with a strongly ridged crown and an asym-
metric enamel distribution suggests that the specimen 
belongs to a small ornithopod dinosaur (Buffetaut et al. 
2014). A well-preserved articulated small ornithischian 
skeleton without skull (PRC 150) was reported from the 
same locality (Manitkoon et al. 2019). The pre-acetabu-
lar process of the ilium is narrow, long with a perfectly 
rounded termination and slightly ventrally curved. The 
post-acetabular process is short and high. A combination 
of characters resembles those Jurassic basal neornithis-
chians from China, such as Agilisaurus louderbacki and 
Hexinlusaurus multidens (Manitkoon et al. 2019).

Comments. Many taxa of basal neornithischians, once 
considered as early members of ornithopods, have been re-
classified as the basal neornithischians (Boyd 2015; Mad-
zia et al. 2018, 2021; Dieudonné et al. 2020). The similari-
ties to the Chinese taxa, for example, the axial skeleton, is 
composed of 15 dorsal and five sacrals; the Brevis shelf of 
the ilium is visible in lateral view along the entire length; 
a distinct supra-acetabular flange on the pubic peduncle of 

the ilium; prepubis tip extends beyond the distal end of the 
pre-acetabular process of ilium, suggesting PRC 149 is a 
basal neornithischian outside the clade Ornithopoda. Nu-
merous limb bones of various sizes from basal neornithis-
chians were also found at the Phu Noi site, indicating that 
these dinosaurs were abundant in this area. It is the oldest 
neornithischian known, so far, from southeast Asia. Agil-
isaurus louderbacki and Hexinlusaurus multidens exhibit 
symmetrically distributed enamel (Peng 1992; Barrett et 
al. 2005), but the dentary teeth of PRC 149 and other iso-
lated teeth from Phu Noi are different in having asymmet-
rically distributed enamel on the teeth as in Yandusaurus 
hongheensis from the upper Shaximiao Formation, Nano-
saurus agilis (= Drinker, Othnielia, Othnielosaurus) from 
the Late Jurassic Morrison Formation, and a variety of 
more derived neornithischians (Barrett et al. 2005; But-
ler et al. 2008; Galton 2009; Carpenter and Galton 2018). 
Preliminary comparisons seem to indicate that it is a new 
taxon (Buffetaut et al. 2014; Manitkoon et al. 2019).

Basal neornithischian indet. (‘Khok Sanam 
neornithischian’)

Material. WNM-Ks-001, an isolated tooth (Fig. 4C–E).
Locality and age. Khok Sanam locality, Kham Muang 

District, Kalasin Province; the lower Phu Kradung For-
mation, Late Jurassic.

Comments. A dentary tooth shows the fan-shaped 
crown, and has the characters of the posterior teeth present 
in the dentary teeth of PRC 149 (Buffetaut et al. 2014) and of 
Nanosaurus agilis (Carpenter and Galton 2018). Although 

Figure 2. Stratigraphy of Khorat Group (modified from Tucker et al. (2022)) A. Location map showing the formations of the Khorat 
Group on the Khorat Plateau of north-eastern Thailand (B).
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the enamelled surface is thin, a well-developed ornamenta-
tion of ridges is still noticeable on the lingual side as the 
enamel is asymmetrically distributed. The margin of the lat-
erally compressed crowns bears distinct denticles. The labial 
side of the tooth bears no enamel and shows worn facets. 
The ornamented lingual side does not show a prominent me-
dian ridge, contrasting with the European Early Cretaceous 
Hypsilophodon foxii (Galton 2009) and other derived neor-
nithischians. There is moderately developed labiolingual 
expansion (‘cingulum’) at the base of the crown, as seen in 
basal neornithischians (Barrett et al. 2005). The cylindrical 
root has been preserved and curves to the labial side.

Basal neornithischian indet. (‘Dan Luang 
neornithischian’)

Material. SM2016-1-081, a left femur (Buffetaut et al. 
2003, 2006, 2014) (Fig. 5).

Locality and age. Dan Luang locality, Kamcha-I Dis-
trict, Mukdahan Province; upper Phu Kradung Forma-
tion, ?Early Cretaceous.

Previous study. This is the first basal neornithischian 
specimen to have been discovered in Thailand, excavat-
ed in 1996, but it has not yet been described (Buffetaut 
and Suteethorn 1998a; Buffetaut et al. 2001, 2002, 2003, 
2006). Buffetaut and Suteethorn considered that it is gen-
erally similar to Yandusaurus (= Hexinlusaurus multi-
dens) from China (Buffetaut and Suteethorn 1998a).

Description. The left femur is robust and almost 
complete, except the distal end is eroded. It is 12.08 cm 
in length, and has a transverse mid-shaft diameter of 
1.57  cm. The shaft of the femur is bowed in the later-
al view resembling that of those early ornithopods and 
basal neornithischians, such as Hexinlusaurus multi-
dens (He and Cai 1984), Agilisaurus louderbacki (Peng 
1992), Hypsilophodon foxii (Galton 2009) and the Phu 
Noi neornithischian (Manitkoon et al. 2019). The femoral 

Figure 3. Exceptional specimen of ornithischian dinosaurs from Thailand. Stegosaurid vertebra (A. SM2011-1-001), Phu Noi 
neornithischian left dentary (B. PRC149), Phu Noi neornithischian articulated skeleton (C. PRC150), Dan Luang neornithischian 
left femur (D. SM2016-1-081), Psitacosaurus indet. Right femur (E. SM2016-1-080), Psitacosaurus sattayaraki right dentary 
(F. SM2016-1-163), Khok Pha Suam iguanodontian dorsal vertebra (G. SM2021-1-113), Khok Pha Suam iguanodontian left femur 
(H. SM2021-1-118), Siamodon nimngami left maxilla (I. PRC-4), Ratchasimasaurus suranareae left dentary (J. NRRU-A2064), 
Sirindhorna khoratensis left maxilla (K. NRRU-A2048), Sirindhorna khoratensis right dentary (L. NRRU3001-167); A and G in 
anterior view; B–D, and H–J in lateral view; E, F and L in medial view. Scale bars: 10 cm (A, C–E, G–L); 5 cm (B, F).
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head is mostly intact, but the finished, articular surface 
is unpreserved. The anterior end of the greater trochan-
ter is slightly convex, while the posterior end is strongly 
convex. The greater trochanter lies upon the same plane 
as the femoral head. The lesser trochanter is distinguished 
from the greater trochanter by a deep groove. The fourth 
trochanter, located on the medial margin, is incomplete, 
its position being in the proximal half of the femur as in 
PRC 150. An oval fossa occurs between the base of the 
fourth trochanter and the femoral shaft for muscle inser-
tion. The distal portion of the femoral shaft shows me-
diolaterally expansion towards the distal condyles and, 
although it was damaged, posteriorly the distal condyles 
are separated by a caudal intercondylar groove.

Comments. The Dan Luang locality has yielded ma-
menchisaurid teeth (Suteethorn et al. 2013), a possible 
mamenchisaurid rib, theropod teeth, crocodyliform os-
teoderms and large teeth resembling the pholidosaurid 
Chalawan thailandicus (Buffetaut and Ingavat 1980; 
Martin et al. 2014), shell fragments of the basal triony-
choid turtle Basilochelys macrobios (Tong et al. 2009), 
petrified wood, and amber. The site belongs to the upper 
part of the Phu Kradung Formation (?basal Cretaceous), 
based on the appearance of large pholidosaurid croco-
dylomorphs and large trionychoid turtles. This contrasts 
with the semi-aquatic fauna, such as the small xinjiang-
chelyid turtles Phunoichelys thirakhupti, and Kalasine-
mys prasarttongosothi (Tong et al. 2015, 2019b), and 
teleosaurid Indosinosuchus potamosiamensis (Martin et 
al. 2019), from the lower Phu Kradung localities, such 
as Phu Noi. We suggest that SM2016-1-081 belongs in 
a basal position in Neornithischia, as with the older Phu 

Noi taxon, but more specimens are needed to increase our 
understanding of the basal neornithischians from the up-
per Phu Kradung Formation.

Phra Wihan Formation

The Phra Wihan Formation underlies the Sao Khua For-
mation, is underlain by the Phu Kradung Formation and is 
dated as Early Cretaceous (Berriasian to early Barremian) 
by a rich palynological assemblage (Racey 2009; Racey 
and Goodall 2009). Lithology and stratigraphy indicate 
a depositional environment of braided streams and occa-
sional meandering rivers in a humid climate. The forma-
tion has not yielded skeletal material, but the biodiversity 
of dinosaurs can be assessed by study of its footprint fau-
nas. The site of Hin Lat Pa Chad is located at Phu Wiang, 
Khon Kaen Province. Dinosaur footprints are present on 
the upper surface of the Phra Wihan Formation’s sand-
stone (Buffetaut and Suteethorn 1993) and the palaeo-
environment is thought to be brackish water or fluvial 
shallow (Kozu 2017). At least one trackway was made 
by a small-sized theropod. Others belonged to a small 
quadrupedal or bipedal ornithischian (Fig. 6), as the pes 
tracks are tetradactyl, and that at least one manus track 
is also tetradactyl, and may be interpreted as pentadactyl 
(Lockley et al. 2009; Kozu 2017). The pes axis is inward-
ly rotated and the pes digit I is short and anteromedially 
directed, while manus is outwardly rotated and situated 
lateral to pes digit III or IV (Lockley et al. 2009). It was 
classified in the ichnogenus Neoanomoepus isp. on the 
basis of the type material from Canada, and heteropody 

Figure 4. Basal neornithischian specimens from the lower Phu Kradung Formation. (left) Left dentary (PRC 149) from Phu Noi 
locality, in lateral (A) and medial (B) views; (right) isolated tooth (WNM-Ks-001) from Khok Sanam locality, in labial (if dentary) 
(C), lingual (D) and mesial/distal (E) views. Scale bars: 5 cm (A, B); 1 cm (C–E).
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was noted (pes much larger than manus). Neoanomoepus 
is attributed to basal ornithischians and ornithopods, sug-
gesting that these hitherto unknown earliest Cretaceous 
ichnofaunas may represent a radiation of ornithopods (Le 
Loeuff et al. 2002; Lockley et al. 2009; Kozu 2017).

Khok Kruat Formation

The formation is composed of reddish-brown, red-
dish-purple sandstone, siltstone and mudstone, with some 
conglomerate beds (Department of Mineral Resources 

2014). The Khok Kruat Formation conformably overlies 
the Phu Phan Formation and is widespread in the outer 
parts of the Phu Phan Range. The Khok Kruat Formation 
of Thailand is equivalent to the upper part of the Grès 
Supérieurs Formation of southern Laos (Weishampel et 
al. 2004) and is considered as Aptian-Albian in age on 
the basis of its vertebrate fauna and palynology (Cappetta 
et al. 1990; Buffetaut et al. 2005b; Racey and Goodall 
2009). By contrast with other formations in the Khor-
at Group, the ornithischian dinosaur remains are fairly 
abundant at various localities in north-eastern Thailand. 
An ornithopod track was previously mentioned in the 

Figure 5. Left femur of the ‘Dan Luang neornithischian’ (SM2016-1-081) in anterior (A), posterior (B), lateral (C) medial (D) proximal 
(E) and distal (F) views; Reconstruction showing the bone in left lateral view (G); Abbreviations: fh, femoral head; ft, fourth trochanter; 
gt, greater trochanter; mc, medial condyle; lc, lateral condyle; lt, lesser trochanter; pg, posterior intercondyle groove. Scale bar: 5 cm.
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Figure 6. The trackway Neoanomoepus isp. from the Hin Lat Pra Chad locality, Scale bar: 10 cm (Photograph by Krishna Sutcha).

Khok Kruat Formation at Huai Dan Chum (Tha Uthen) 
track-site, Nakhon Phanom Province (Buffetaut et al. 
2005a). From hundreds of footprints and dozens of trails 

on reddish-brown sandstone, it is assumed that there were 
dinosaurs similar to ornithomimosaurs and small-sized 
crocodylomorphs (Buffetaut et al. 2005a; Le Loeuff et 
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al. 2009). Le Loeuff et al. (2009) remarked that the Tha 
Uthen specimen (T23) is remarkably similar to ornitho-
pod tracks. However, Kozu and his team suggested that 
it belongs to a small-sized theropod (Kozu et al. 2017).

Ratchasimasaurus suranareae Shibata et al., 2011

Material. holotype NRRU-A2064, a left dentary (Fig. 3J).
Locality and age. Ban Pong Malaengwan, Khok 

Kruat Subdistrict, Nakhon Ratchasima Province; late 
Early Cretaceous Khok Kruat Formation (Aptian).

Previous study. R. suranareae is a hadrosauroid 
(Madzia et al. 2020; Shibata et al. 2015) and the material 
comprises a complete toothless left dentary with 18 
alveoli (Shibata et al. 2011). One autapomorphy of R. 
suranareae is its elongated and dorsoventrally shallow 
dentary ramus, with a ratio of length (from the rostral to 
the caudal margin)/height (at the middle of the dentary) 
of 6.9 (Shibata et al. 2011). It shows both primitive and 
derived characters for iguanodontians, such as a caudal-
ly inclined coronoid process and alveolar trough with a 
primitive crown impression, and a derived buccal shelf 
between the tooth row and the coronoid process (Shibata 
et al. 2011).

Comment. The length of R. suranareae dentary is 
19.81 cm, which is relatively small when compared to 
other skull material of iguanodontians from Thailand. It 
is not possible to determine if it is an immature or mature 
individual (Shibata et al. 2011). This compares with the 
nearly complete right dentary of Sirindhorna khoraten-
sis (NRRU3001-167), which is about 38 cm in length 
with 20 alveoli (Shibata et al. 2015). In iguanodontians, 
tooth number increases during growth and single teeth 
also becoming relatively wider, as in Dysalotosaurus let-
towvorbecki and Zalmoxes robustus, and there is a slight 
ontogenetic increase of dentary tooth positions from 10 
to 13 and 8 to 10, respectively (Weishampel et al. 2003; 
Hübner and Rauhut 2010). In hadrosauroids, there are 
many ontogenetic changes occurring in the skull and 
mandible, and the dentary experiences an elongation of 
the mandibular ramus during growth (Bell 2011; Cam-
pione and Evans 2011; Prieto-Marquez and Guenther 
2018). However, the ratio of length/height of the dentary 
of R. suranareae is 6.9, and approximately 5 in S. khor-
atensis (NRRU3001-167), contradicting the ontogenetic 
tend of hadrosauroids mentioned above, if R. suranareae 
is a younger stage of S. khoratensis.

Siamodon nimngami Buffetaut & Suteethorn, 2011

Material. holotype PRC-4, a left maxilla (Fig. 3I) and the 
referred materials, an isolated maxillary tooth (PRC-5) 
and a braincase (PRC-6).

Locality and age. Ban Saphan Hin, Khok Kruat Sub-
district, Nakhon Ratchasima Province; late Early Cre-
taceous Khok Kruat Formation (Aptian) (Buffetaut and 
Suteethorn 2011).

Previous study. S. nimngami shows a combination 
of iguanodontian features: maxilla shaped like an isos-
celes triangle, with the dorsal process located at about 
mid-length of the bone; a strong longitudinal bulge on 
the medial surface of the maxilla; maxillary teeth bear a 
strong median primary ridge, one short weak subsidiary 
ridge or no subsidiary ridge; and mamillated denticles 
on the crown margins similar to Gongpoquansaurus ma-
zongshanensis and Probactrosaurus mongoliensis from 
China (Buffetaut and Suteethorn 2011). There may have 
been as many as 25 tooth positions in the maxilla (Buf-
fetaut and Suteethorn 2011). It differs from hadrosaurids 
in the jugal, which forms a tab-like process, whereas 
in hadrosaurids, the expanded anterior end of the jugal 
contacts and overlaps a large sutural area on the max-
illa (Buffetaut and Suteethorn 2011). S. nimngami and 
R. suranareae were mentioned as members of hadrosau-
roids (Shibata et al. 2015), but the phylogenetic analysis 
recovered S. nimngami at the base of Hadrosauriformes 
(Madzia et al. 2020).

Additional material and description. WNM-Sp-001 
(Fig. 8I, J), an isolated dentary tooth from the same lo-
cality is referred to S. nimngami. It is well preserved and 
apparently from a right dentary. It generally resembles a 
previously reported S. khoratensis dentary tooth (Shibata 
et al. 2015). The crown of the tooth is leaf-shaped with 
enamel covering only the lingual surface. The ratio of 
apicobasal length / mesiodistal width: 1.87. One promi-
nent primary ridge situated slightly distal to the mid-line 
makes the crown asymmetric. The secondary ridge is 
positioned mesial and it is less prominent. In contrast to 
S. khoratensis dentary teeth, where the crowns appear to 
be apicobasally erect, whereas in S. nimngami, the den-
tary teeth appear to be curved apicobasally. Shibata et al. 
(2015) noted that there were no other accessory ridges on 
the crown of S. khoratensis, but WNM-KS-001 shows at 
least one very faint accessory ridge on the mesial side. 
Small denticles are present on the mesial and distal mar-
gins of the upper half of the crown.

Comment. Some palaeontologists consider S. nimn-
gami a nomen dubium as its material does not show any 
autapomorphic characters, and it might be referable to 
some of the other taxa from the same area (Norman 2014). 
However, Shibata et al. (2015) showed the possibility of 
three iguanodontians in the Khok Kruat Formation. The 
holotype specimen of S. nimngami and S. khoratensis 
maxilla (NRRU-A2048) are similar in size. They likely 
to belong to same growth stage, but have distinct phys-
ical characteristics suggesting that they represent differ-
ent animals, while comparisons to R. suranareae are not 
feasible as overlapping material has not been discovered.

There has been some disagreement about the type lo-
cality of S. nimngami given by Shibata and his team, and 
Buffetaut and Suteethorn; however, we would like to con-
firm that, after corroboration from the holotype collector, 
Mr. Witaya Nimngam, we now know that the type local-
ity of S. nimngami is at Ban Saphan Hin. This is far from 
the type locality of S. khoratensis and definitely not from 
Ban Nong Rangka as previously suggested (Fig. 7).
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Sirindhorna khoratensis Shibata et al., 2015

Material. holotype NRRU3001-166, an articulated 
braincase including referred skull elements: a brain-
case articulating with a left postorbital (NRRU-A2035), 
dorsal half of a braincase (NRRU3001-65), caudal 
portion of a braincase (NRRU3001-179), a right pre-
maxilla (NRRU-A3623), a left maxilla (NRRU-A2048) 
(Fig. 3K), a right maxilla (NRRU-A2047), a right ju-
gal (NRRU3001-7), a right quadrate (NRRU3001-
175), a predentary (NRRU3001-169), a left dentary 
(NRRU3001-14), a right dentary (NRRU3001-167) 
(Fig. 3L), a right surangular (NRRU3001-137), iso-
lated maxillary teeth (NRRU-A1956, A3630, A3649, 
NRRU3001-157, 163), an isolated dentary tooth 
(NRRU3001-28).

Locality and age. Ban Saphan Hin (a different site 
from the S. nimngami was found), Suranaree Subdistrict, 

Nakhon Ratchasima Province; late Early Cretaceous 
Khok Kruat Formation (Aptian).

Previous study. It is known from the presence of sev-
eral braincases and dentaries that at least four individuals 
are known. The holotype material, a braincase, shows an 
autapomorphy: a sagittal crest extending along the entire 
dorsal surface of the parietal and reaching the frontopari-
etal suture (Shibata et al. 2015). Referred materials dis-
play a unique combination of characters, such as antorbital 
fossa of the maxilla not visible, a slightly rostrally deep-
ening dentary ramus, and dentary teeth with primary and 
secondary ridges, but no accessory ridges (Shibata et al. 
2015). It was recovered in the basal position of non-hadro-
saurid hadrosauroids (Shibata et al. 2015). However, later 
analysis recovered it near the base of Hadrosauromorpha, 
more advanced than R. suranareae (Madzia et al. 2020). 
The S. khoratensis maxilla (NRRU-A2048) has a low-an-
gled triangular shape and the caudally positioned lacrimal 

Figure 7. Locality map of Nakhon Ratchasima Province, showing localities of Siamodon, Ratchasimasaurus and Sirindhorna.
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process, and its 24 alveoli are rostrocaudally arranged and 
slightly curved caudolaterally. It is different from the isos-
celes triangular shape with a dorsal process positioned at 
the middle of the maxilla in S. nimngami (Shibata et al. 
2015). R. suranareae has a low and elongated dentary ra-
mus and a robust coronoid process that differs from the 
robust and straight dentary ramus with a subvertical cor-
onoid process seen in S. khoratensis (Shibata et al. 2015).

Comment. S. khoratensis is considered to be the 
best-preserved iguanodontian ornithopod in Southeast 
Asia (Shibata et al. 2015). In addition to the published 
cranial material, the Ban Saphan Hin locality has also 
yielded a postcranial skeleton that is assumed to belong 
to S. khoratensis because the five discovered braincases 
show no features to imply the presence of different taxa 
(Shibata et al. 2018). CT-scanning revealed the brain 
morphology of S. khoratensis, which has general endo-
cast features resembling those of non-hadrosaurid hadro-
sauroids (Shibata et al. 2018).

Iguanodontian indet. (‘Khok Pha Suam 
iguanodontian’)

Material. Isolated teeth and postcranial material in-
cluding: cervical vertebra (PRC 155); dorsal vertebra 
(SM2021-1-113) (Fig. 3G); proximal caudal vertebra 

(SM2021-1-114); distal caudal vertebrae (PRC 156 
and SM2021-1-115); chevron (PRC 157); metacarpal 
(SM2021-1-116); left femur (SM2021-1-117) (Fig. 3H); 
right femur (SM2021-1-118); tibia (SM2021-1-119); 
fibula (PRC 158); and phalanx (SM2021-1-120).

Locality and age. Khok Pha Suam, Na Kham Sub-
district, Si Muang Mai District, Ubon Ratchathani 
Province; late Early Cretaceous Khok Kruat Formation 
(Aptian-Albian).

Previous study. Teeth of iguanodontians are com-
mon at Khok Pha Suam, but fragmentary (Manitkoon et 
al. 2022). Some isolated postcranial bones belonging to 
iguanodontians were discovered, including vertebrae and 
limb bones from different individuals, based on the great 
discrepancy in size of the left and right femur (Manit-
koon et al. 2022; Samathi and Suteethorn 2022). Samathi 
and Suteethorn assumed that most of the Khok Pha Suam 
iguanodontian material belonged to a single taxon, and 
found its phylogenetic position to be a non-hadrosauri-
form styracosternan (Samathi and Suteethorn 2022).

Comment. The teeth of Thai iguanodontians exhibit a 
robust primary ridge displaced distally relative to the crown 
apicobasal axis, which is a derived feature of iguanodon-
tians amongst ornithopods (Norman 2004, 2014). They 
also possess mammillate marginal denticles, which is a 
synapomorphy of taxa closer to hadrosaurids than basal an-
kylopollexians, such as Camptosaurus (Fanti et al. 2016).

Figure 8. Isolated Thai iguanodontian teeth; Sirindhorna khoratensis maxillary tooth (A, B. NRRU-A1959) and dentary tooth 
(G, H. NRRU3001-28); Siamodon nomngami maxillary tooth (C, D. PRC-5) and dentary tooth (I, J. WNM-Sp-001); Khok Pha 
Suam iguanodontian maxillary tooth (E, F. SM2021-1-122) and dentary tooth (K, L. SM2021-1-121). In labial (A, C,  E), mesial 
(B, D, F), lingual (G, I, K), and distal (H, J, L) views. Abbreviations: ar; accessory ridges, pr; primary ridge, sr; secondary ridge. 
Scale bars: 0.5 cm (Modified from Buffetaut and Suteethorn (2011); Shibata et al. (2015); Manitkoon et al. (2022)).
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The maxillary teeth of Thai forms, including S. khor-
atensis (Fig. 8A), S. nimngami (Fig. 8C), and the Khok 
Pha Suam taxon (Fig. 8E), are diagnostic of the level of 
ankylopollexian iguanodontian by displaying the prom-
inent primary ridge, accessory ridges, and the vertical 
channels marking the positions occupied by succession-
al tooth crowns (Norman 2014). The different maxillary 
teeth characteristics are as follows: S. khoratensis: lan-
ceolate-shaped crown, primary ridge separates the labial 
surface unevenly, distal portion of the labial surface bears 
weak subsidiary ridges and is slightly broader than the 
mesial portion (Shibata et al. 2015); S. nimngami: dia-
mond-shaped crown, primary ridge in a median position, 
no/one short weak accessory ridge is present in what is 
presumably the mesial half of the crown, in the apical 
part. (Buffetaut and Suteethorn 2011); Khok Pha Suam 
iguanodontian: possibly diamond-shaped crown, primary 
ridge divides the crown into two asymmetrical halves, at 
least four weak accessory ridges in what is presumably 
the mesial portion along the apicobasal axis. The more 
derived hadrosauroids usually lose the accessory ridges 
on the crowns of maxillary teeth, and show a shifting of 
the primary ridge on the maxillary tooth crown to the 
mid-line (You et al. 2003).

The dentary teeth of the Thai forms, including S. khor-
atensis (Fig. 8B), S. nimngami (Fig. 8D), and Khok Pha 
Suam taxon (Fig. 8F) (not preserved in R. suranareae) 
possess a prominent primary ridge. The crowns allowed 
the teeth to interlock, resulting in the more elaborate 
structure of the dental battery. The different characteris-
tics are as follow: S. khoratensis: wide with leaf-shaped 
crown, the secondary ridge is positioned mesial to and 
is less prominent than the primary ridge, with no other 
accessory ridges (Shibata et al. 2015); S. nimngami: leaf-
shaped crown, the secondary ridge is positioned mesial to 
and is less prominent than the primary ridge, at least one 
faint accessory ridge is present on the mesial side, crown 
appears to be curved apicobasally; Khok Pha Suam igua-
nodontian: leaf-shaped crown, the less prominent second-
ary ridge is positioned mesial to and is less prominent 
than the primary ridge and at least two weak accessory 
ridges are present on the mesial and the distal portion. 
The dentary teeth of S. nimngami and the Khok Pha Suam 
iguanodontian show accessory ridges, which are absent 
in S. khoratensis. This character appeared in basal hadro-
sauroids (Prieto-Márquez et al. 2016). In this respect, S. 
khoratensis is probably more advanced than S. nimngami 
and the Khok Pha Suam iguanodontian.

So far, three taxa of styracosternan iguanodontians, 
including S. ninngami, R. suranareae, and S. khoraten-
sis, have been described from the Khok Kruat Formation 
in Nakhon Ratchasima Province plus one Laotian taxon 
“M. laosensis” from the Grès Supérieurs Formation of 
Laos. If Khok Pha Suam iguanodontian is one of the pre-
viously-named taxa from Nakhon Ratchasima, this would 
provide a geographic distribution of about 400 km to the 
far east (Fig. 1). However, the Khok Pha Suam locality 
is closer to Savannakhet than Nakhon Ratchasima. The 

comparison between them has to be very careful, and over-
lapping elements are required. It would be significant if the 
Khok Pha Suam iguanodont is a new taxon, as it would 
mean that there was a diversity of up to five to six species in 
the region. It is necessary to compare the postcranial mate-
rial between the Khok Pha Suam taxon and S. khoratensis.

If a high diversity in iguanodontians is present in 
Southeast Asia, then careful consideration and more ma-
terials will be required. This may be similar to the case 
of Edmontosaurus, the duck-billed edmontosaurine that 
was widely distributed in the Late Cretaceous (Campa-
nian-Maastrichtian) ranging from Colorado to Alaska of 
North America, where several genera were consolidated 
into two species under a single genus, based on ontoge-
netic variation, morphometrics and several other factors 
(Campione and Evans 2011; Takasaki et al. 2020).

Psittacosaurus sattayaraki Buffetaut & Suteethorn, 1992

Material. holotype SM2016-1-163 (renumbered from TF 
2449a by Buffetaut and Suteethorn (1992)), right dentary 
(Fig. 3F); SM2016-1-164 (renumbered from TF 2449b by 
Buffetaut and Suteethorn (1992)) maxilla fragment.

Locality and age. Ban Dong Bang Noi, Lat Yai Sub-
district, Mueang District, Chaiyaphum Province; late 
Early Cretaceous Khok Kruat Formation (Aptian).

Previous study. Apart from the ornithopods men-
tioned above, another valid taxon from the Khok Kruat 
Formation is a small basal ceratopsian. P. sattayaraki was 
described from a well-preserved dentary (SM2016-1-
163) and a maxilla fragment (SM2016-1-164), and it is 
the southernmost known occurrence of this genus (Buffe-
taut and Suteethorn 1992). However, the incompleteness 
of the material makes the validity of the taxa question-
able (Sereno 2000; You and Dodson 2004). Buffetaut, 
Suteethorn, and Khansubha (2007) defended P. satayara-
ki as a species of Psittacosaurus, based on the tooth and 
dentary morphology clearly exhibiting fan-shaped tooth 
crowns bearing bulbous primary ridge, and a markedly 
convex alveolar border in lateral or medial view and an 
incipient ventral flange of the dentary. The taxon has been 
accepted as a valid species of Psittacosaurus in other re-
views (Averianov et al. 2006; Lucas 2006).

Comment. Although Psittacosaurus was abundant in the 
Early Cretaceous of Eastern Asia (especially China, Mon-
golia, and Siberia), it is worth noting that material of Psitta-
cosaurus seems to be scarce in Southeast Asia. In Thailand, 
only fragmentary materials were discovered in Chaiyaphum 
and Khon Kaen Provinces, and have not been found in other 
Khok Kruat localities (Manitkoon et al. 2022).

Psittacosaurus sp. Buffetaut et al., 2007

Material. SM2016-1-080, a right femur (Fig. 3E); un-
numbered material including isolated tooth, a dentary 
fragment, a dorsal vertebra, and a fragmentary sacrum.
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Locality and age. SM2016-1-080 was collected from 
the banks of the Nam Phong River, Ban Bueng Klang 
Village, Nam Phong District, Khon Kaen Province; oth-
er materials were collected from Phu Hin Rong, Man-
cha Khiri District, Khon Kaen Province; all specimens 
belong to late Early Cretaceous Khok Kruat Formation 
(Aptian-Albian).

Previous study. Additional postcranial specimens 
referred to as Psittacosaurus have been found in Khon 
Kaen Province (Buffetaut et al. 2007). The alveolar mar-
gin of the dentary fragment is markedly convex resem-
bling the holotype of P. sattayaraki, but it is a larger indi-
vidual (Buffetaut et al. 2007).

Comment. Only the femur is still kept in the Sirind-
horn Museum.

Laos
Grès Supérieurs Formation (= Khok Kruat 
Formation)

All of the dinosaur-bearing beds in the Savannakhet Ba-
sin belong to the top of the Grès Supérieurs Formation 
(Racey 2009; Cavin et al. 2019). The age of dinosaurs 
in Savannakhet Province is Aptian–Albian, constrained 
by the non-marine Cretaceous bivalve Trigonioides 
kobayashi-Plicatounio Suzuki (Allain et al. 1999; Cavin 
et al. 2019). The Grès Supérieurs Formation is consid-
ered the lateral equivalent of the Khok Kruat Formation 
in neighbouring Thailand. Both are considered as 
Aptian-Albian in age, based on their vertebrate assem-
blages, bivalves, and palynomorphs (Cappetta et al. 1990; 
Buffetaut et al. 2005b; Racey 2009; Allain et al. 2012) . 
Laos has yielded not only skeletal materials, but possibly 
an ornithopod trackway from Muong Phalane (Allain et 
al. 1997; Le Loeuff et al. 2009).

“Mandschurosaurus laosensis” Hoffet, 1944

Material. unnumbered specimen consists of vertebrae, 
ilium, and femora.

Locality and age. Muong Phalane, Savannakhet Prov-
ince of Laos; Grès Supérieurs Formation (≈ the Khok 
Kruat Formation), Aptian–Albian.

Previous study. Mandschurosaurus was the first di-
nosaur named from China, its material collected from the 
Late Cretaceous Yuliangze Formation (Maastrichtian) in 
Heilongjiang (Amur) River area between China and Rus-
sia (Godefroit et al. 2011). It was initially referred to the 
genus “Trachodon” amurense (Riabinin 1925), but was 
later re-assigned in 1930 to a new genus as Mandschuro-
saurus amurensis (Godefroit et al. 2011). M. amurensis 
is a large hadrosaurid (duck-billed dinosaurs), based on 
a poorly preserved and incomplete skeleton, and is of-
ten considered as a nomen dubium (Horner et al. 2004). 
Hoffet described the Laotian ornithopod material as 

“Mandschurosaurus laosensis” (Hoffet 1944), which 
was considered Late Cretaceous (Senonian) in age (Buf-
fetaut 1991). However, some palaeontologists consider 
“M. laosensis” a nomen dubium (Buffetaut 1991; Horner 
et al. 2004). “M. laosensis” is potentially a non-hadrosau-
rid iguanodontian, such as Siamodon, Ratchasimasaurus, 
and Sirindhorna from rocks of the same age in Thailand. 
Hoffet also suggested that another ilium which is more 
robust than “M. laosensis”, indicated the presence of a 
second taxon (Buffetaut 1991; Allain et al. 1999).

Iguanodontian indet. (‘Savannakhet iguanodontian B’)

Material. unnumbered specimen consists of series of 
dorsal vertebrae, rib, pubis, and ischium.

Locality and age. Ban Lamthouay, Tang Vay District, 
Savannakhet Province; The Grès Supérieurs Formation 
(≈ the Khok Kruat Formation), Aptian-Albian.

Comments. These unpublished materials are kept in 
the Dinosaur Museum of Savannakhet. It is necessary to 
compare these with the unpublished postcranial material 
of S. khoratensis.

Psittacosaurid indet. (‘Savannakhet psittacosaurid’)

Material. unnumbered specimen of left mandible.
Locality and age. Ban Lamthouay, Tang Vay District, 

Savannakhet Province; Grès Supérieurs Formation (≈ the 
Khok Kruat Formation), Aptian–Albian.

Comments. The unpublished specimen of psittaco-
saurid indet. was reported and the cast of this specimen 
is displayed in the Dinosaur Museum of Savannakhet 
(Allain et al. 1999; Buffetaut et al. 2007; Cavin et al. 
2019). Detailed comparison with Psittacosaurus satta-
yaraki of Thailand is needed after a full description of 
this material has been completed.

Malaysia
The Tembeling Group

This non-marine fossil-bearing unit was informally re-
ferred to as ‘the Pahang vertebrate bed’ and is located 
in the interior of Pahang State, but the exact location 
of the site has been kept confidential. Hybodont sharks 
and ray-finned fish fishes were reported from this as-
semblage, which have strong affinities with fauna in the 
Early Cretaceous of Thailand (Teng et al. 2019). The 
four hybodont taxa, including Heteroptychodus kokuten-
sis, Isanodus paladeji, Lonchidion aff. khoratensis, and 
Mukdahanodus aff. trisivakulii, were previously known 
only from the Sao Khua Formation (Khorat Group) and 
equivalent strata of Ko Kut (Kut Island) (Teng et al. 
2019). Plants, bivalves, turtles and dinosaurs (teeth of a 
spinosaurid and an ornithischian) also reported from the 
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same bonebed (Sone et al. 2015; Teng et al. 2019). They 
considered this site is correlated to the Early Cretaceous 
part (Temus Shale) of the Tembeling Group, and is equal 
to the Sao Khua Formation of Thailand in age based 
on faunal composition and biostratigraphic correlation 
(Teng et al. 2019).

So far, the ornithischians from the Tembling Group 
have not been published, but some information was re-
leased in the Malaysian media (University of Malaya 
2014). We are unable to provide further details currently.

The Gagau Group

Far northeast from the Pahang vertebrate bed, anoth-
er dinosaur site was found in the Chichir River of Hulu 
Terengganu in the north-eastern part of the Mount Gagau 
Area (Rahman 2019). The fossil area is underlain by the 
Jurassic-Cretaceous Gagau Group, comprising footprints 
and teeth within the Lotong Sandstone (Akhir et al. 2015). 
The teeth were found in ex-situ conglomerate boulders, 
and identified as belonging to iguanodontian dinosaurs.

Southern China
Xinlong Formation

Material of ornithischians was reported from the Napai 
Basin in south-western Guangxi Zhuang Autonomous 
Region (Dong 1979). The assemblage belongs to the Ear-
ly Cretaceous (Aptian) Xinlong Formation (sometimes 
called the Napai Formation), and shows resemblance 
to the Khok Kruat Formation Southeast Asia (Mo et al. 
2016). The four species of hybodonts from the assem-
blage (Acrorhizodus khoratensis, “Hybodus” aequitri-
dentatus, Thaiodus ruchae and Khoratodus foreyi) are 
endemic to Southeast Asia and South China, and restrict-
ed to the Aptian-Albian interval (Cuny 2012; Cuny et 
al. 2017). These vertebrate fossils support the Xinlong 
Formation as coeval with the Khok Kruat Formation of 
Thailand and the ‘Grès Supérieurs’ Formation of Laos 
(Mo et al. 2016).

Napaisaurus guangxiensis Ji & Zhang, 2022

Material. The holotype, FS-20-007 to 008, a right ischi-
um and ilium.

Locality and age. Napai Basin, Fusui County; Xin-
long Formation, Early Cretaceous (Aptian).

Previous study. This is the first named basal iguano-
dontian taxon from southern China, based on character-
istics of the ilium and ischium which differ from other 
known iguanodontian taxa (Ji and Zhang 2022).

Comments. The authors did not perform a phyloge-
netic analysis of the taxon. It is necessary to compare 
with the unpublished ischium and ilium of S. khoratensis.

Iguanodontian indet. Mo et al., 2016

Material. Unnumbered specimens including cervical 
vertebra, dorsal vertebra, distal end of left humerus, distal 
end of left femur, and isolated teeth.

Locality and age. Napai Basin, Guangxi Zhuang 
Autonomous Region; Xinlong Formation, Early Cre-
taceous (Aptian).

Previous study. These poorly preserved specimens 
cannot be identified more precisely. However, some low-
er teeth bear a strong median primary ridge and at least 
one subsidiary ridge suggesting a relatively advanced 
iguanodontian (Mo et al. 2016).

Comments. There are many taxa of iguanodontians in 
Thailand and Laos, but it cannot be concluded whether 
these materials belong to Napaisaurus guangxiensis or not.

?Psittacosaurid indet. Mo et al., 2016

Material. Unnumbered specimens including distal end of 
a right femur.

Locality and age. Napai Basin, Guangxi Zhuang 
Autonomous Region; Xinlong Formation, Early Creta-
ceous (Aptian).

Previous study. Mo et al. (2016) reported an incom-
plete femur, which resembles a psittacosaurid. Although 
the condition of the specimen is poor, this group is widely 
distributed in the early Cretaceous of China, Mongolia, 
Siberia, Thailand, and Laos. It is possible that this basal 
ceratopsian could be present in the Xinlong Formation 
(Buffetaut and Suteethorn 1992; Buffetaut et al. 2007; Mo 
et al. 2016).

Discussion
Evolution of Southeast Asian ornithischians

The origin of ornithischians remains controversial (Baron 
and Barrett 2018). Chilesaurus diegosuarezi from the Late 
Jurassic (Tithonian) of Chile and Pisanosaurus mertii 
from the Early Late Triassic (Carnian) of Argentina, were 
considered to be the most basal ornithischians (Butler 
et al. 2008; Baron and Barrett 2017; Baron et al. 2017). 
However, some palaeontologists consider them as prim-
itive dinosauriforms (Müller et al. 2018; Madzia et al. 
2021). Other primitive true ornithischians were also dis-
covered from the Early Jurassic in southern Gondwana, 
for example, Eocursor parvus (potentially Sinemurian) 
in South Africa (Butler et al. 2007), Heterodontosaurus 
tucki (potentially Sinemurian) in South Africa (Sereno 
2012), Lesothosaurus diagnosticus (= Stormbergia dang-
ershoeki) in Lesotho and South Africa (Baron et al. 2017), 
and Laquintasaura venezuelae (Hettangian) in Venezuela 
(Barrett et al. 2014). Ornithischians evolved later to be-
come remarkably diverse in the Jurassic and one of the 
most successful groups of Cretaceous herbivores.
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So far, Asian ornithischians have been found from five 
epochs as follows:

1) Early Jurassic

A few basal thyreophorans have been reported from Yun-
nan Province, China (Norman et al. 2007; Yao et al. 2022). 
During this epoch, basal thyreophorans are known from 
Africa, Europe and North America (Barrett et al. 2014). 
However, evidence of their existence is yet to be found in 
Southeast Asia. Although dinosaur remains have come from 
the Late Triassic-Early Jurassic Nam Phong Formation of 
north-eastern Thailand, the fossils discovered include only 
postcranial material of sauropodomorphs (Buffetaut et al. 
2000; Laojumpon et al. 2017) and large theropod footprints 
(Liard et al. 2015). In the Mesozoic red beds of northern 
Thailand, an indeterminate sauropod from the Chiang 
Muan District, Phayao Province was found and dated as 
post-Toarcian in age, possibly at the boundary between the 
Early and Middle Jurassic (Chanthasit et al. 2018). Howev-
er, ornithischian material has yet to be discovered.

2) Middle Jurassic

A few basal neornithischians (such as Agilisaurus and 
Kulindadromeus) were reported from China and Russia 
(Barrett et al. 2005; Godefroit et al. 2014). Heterodon-
tosaurids, possibly ankylosaurians and stegosaurians ap-
peared in China (Dong et al. 1983; Dong 1993; Zheng et 
al. 2009). Interestingly, filamentous integumentary struc-
tures in ornithischians have only been from Asian taxa so 
far (Tianyulong and Kulindadromeus and appeared again 
in Psittacosaurus in the Early Cretaceous). These provide 
evidence for protofeathers being basal to ornithischians, 
rather than just to theropods, as previously suspected 
(Godefroit et al. 2014). The Middle Jurassic dinosaurs in 
Southeast Asia are still obscure.

3) Late Jurassic

As in Africa, Europe, and the USA, Asian ornithischian 
faunas were dominated by stegosaurs during this time. 
Some basal neornithischians are reported from the USA, 
China, and Thailand. Basal iguanodontians (such as Dry-
osaurus, Dysalotosaurus and Camptosaurus) evolved in 
North America, Africa, and Europe, but there is no ev-
idence for these taxa in Asia (Norman 2004; Xu et al. 
2018). However, there were the earliest known margino-
cephalians, the Chaoyangsauridae, in China. The pres-
ence of Jurassic ceratopsians restricted to Asia indicates 
an Asian origin for the group (Zhao et al. 1999). In Thai-
land, the lower part of the Phu Kradung Formation yields 
stegosaurians and basal neornithischians. While the upper 
part, which is likely considered as Lower Cretaceous in 
age (Tong et al. 2015, 2019b), still includes basal neor-
nithischians and other groups of dinosaurs (such as met-
ricanthosaurids and mamenchisaurids) similar to those 
from the lower Phu Kradung Formation.

4) Early Cretaceous

By this time, the number of stegosaurids decreased and 
these were eventually lost (Tumanova and Alifanov 2018). 
In contrast, we observe an apparent increase of ankylo-
saurians and the appearance of jeholosaurids, considered 
to have been an endemic group in East Asia (Han et al. 
2012). During the late Early Cretaceous, iguanodontians 
evolved larger body sizes and became the dominant her-
bivores in the ecosystem. Several non-hadrosaurid igua-
nodontians have been reported from China, Japan, Mon-
golia, Thailand, Laos, and possibly Malaysia (Norman 
2004). Several species of Psittacosaurus and basal neo-
ceratopsians have been found in China, Japan, Mongolia, 
Russia, South Korea, Thailand, Laos, and possibly Uz-
bekistan (You and Dodson 2004; Averianov et al. 2006).

5) Late Cretaceous

The Beringian land bridge between present-day Sibe-
ria and Alaska, which opened during the Aptian-Albian, 
served as a migration route for terrestrial vertebrates be-
tween Asia and North America during the Late Cretaceous 
(Russell 1993). Hence, we can see the similarities between 
the dinosaur fauna from these two continents. Many dino-
saur groups (including ankylosaurids, hadrosaurids, neo-
ceratopsians, pachycephalosaurians, tyrannosaurids and 
troodontids) supposedly originated in Asia (Bell 2011). 
Asian ornithischian dinosaurs diverged considerably in 
the Late Cretaceous. Non-hadrosaurid hadrosauroids were 
replaced with hadrosaurids, the medium to large-sized 
duck-billed dinosaurs (Tsogtbaatar et al. 2019; Kobayashi 
et al. 2021). Hadrosaurids became dominant, and extended 
across China, Japan, Kazakhstan, Mongolia, and Russia. 
There are two thescelosaurids known from Mongolia and 
South Korea (Huh et al. 2011; Makovicky et al. 2011). 
Several pachycephalosaurians, exclusively known from 
Laurasia, were found in China and Mongolia (Sullivan 
2006). Several ankylosaurians are reported from Chi-
na, Japan, Mongolia, and Uzbekistan (Park et al. 2021). 
Several neoceratopsians (such as leptoceratopsids and pro-
toceratopsids) were reported from China, Mongolia, and 
Uzbekistan, but there is only one taxon of ceratopsid from 
China, contrary to their prevalence in North America (Xu 
et al. 2010). However, although the diversity of ornithis-
chian dinosaurs during this epoch was highest, no dinosaur 
bones of this age have been reported in Southeast Asia.

Palaeobiogeographic implications

Southeast Asia consists of a mosaic of microcontinents. In 
the late Palaeozoic and Mesozoic, the northern margin of 
eastern Gondwana, after drifting northwards, collided with 
South China and other microcontinents (Metcalfe 1998). 
These terranes were united by the Late Triassic. Most of 
the dinosaur fossils in north-eastern Thailand, Laos, and 
Cambodia have been found on the Indochina Terrane.
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Stage 1: Late Jurassic to Early Cretaceous

The oldest record of ornithischian dinosaurs in south-
east Asia so far is from the Phu Kradung Formation of 
north-eastern Thailand, which is the basal unit of the 
Khorat Group (Racey et al. 1996; Racey 2009). Stegosau-
rids and small-bodied basal neornithischians have been 
unearthed, together with mamenchisaurid sauropods, and 
metricanthosaurid theropods, from the rich vertebrate as-
semblages of the Phu Noi locality and the nearby Khok 
Sanam locality, which is considered as the lowermost part 
of Phu Kradung Formation (Buffetaut et al. 2001; Cuny 
et al. 2014; Chanthasit et al. 2019; Manitkoon and Deesri 
2019). Racey and Goodall (2009) supposed that the lower 
Phu Kradung Formation could be Late Jurassic (?Titho-
nian) in age, which was also supported by the evidence 
from vertebrate remains (Buffetaut et al. 2001; Buffetaut 
et al. 2006).

Interestingly, the vertebrate faunas from the lower Phu 
Kradung Formation share similarities with the those from 
the Middle-Late Jurassic (Bathonian-Callovian) Khlong 
Min Formation of the Thai southern peninsula from the 
Sibumasu Terrane (Buffetaut et al. 2005a; Cuny et al. 
2014). Hybodont sharks (Cuny et al. 2014), brachyopoid 
temnospondyls (Buffetaut et al. 1994; Nonsrirach et al. 
2021), teleosaurid crocodylomorphs (Buffetaut et al. 
1994; Cuny et al. 2009; Martin et al. 2019), and mamen-
chisaurid sauropods (Buffetaut et al. 2005a; Suteethorn et 
al. 2013) from both the lower Phu Kradung and Khlong 
Min Formations indicate a wide distribution.

The upper part of Phu Kradung Formation is Early 
Cretaceous in age, based on the presence of Dicheiropol-
lis etruscus (Racey and Goodall 2009) and a turnover of 
hybodont shark, turtle and crocodylomorph faunas (Tong 
et al. 2009, 2019b; Cuny et al. 2014; Martin et al. 2019). 
Microremains of the hybodont Acrodus kalasinensis, 
Jaiodontus sp. and related denticles from the Khlong Min 
Formation are found in the lower Phu Kradung (Cuny et 
al. 2014). The genus Acrodus is known from the Triassic 
and Jurassic (Rees and Underwood 2006), and Jaiodontus 
is restricted to the Oxfordian of China (Klug et al. 2010). 
In addition, the absence of the more common Heterop-
tychodus from the Early Cretaceous assemblages and its 
presence in the upper Phu Kradung Formation supports 
the age difference between the upper and lower parts of 
the Phu Kradung Formation (Cuny et al. 2014).

The xinjiangchelyid turtles (such as Phunoichelys ka-
lasinensis and Kalasinemys prasarttongosothi) from Phu 
Noi can be correlated with those from the Late Jurassic 
of China as follows: the Late Jurassic Shangshaximiao 
(= upper Shaximiao) Formation of Sichuan Basin, the 
Middle-Late Jurassic Shishugou, Toutunhe and Qigu 
formations of the Junggar and Turpan Basins, and the 
Middle Jurassic Chuanjie Formation in Yunnan Basin. In 
contrast, records of this group in Early Cretaceous de-
posits are scarce in Asia (Tong et al. 2015, 2019b). The 
turtle fauna from the lower Phu Kradung are distinct from 
assemblages in the upper part, which include abundant 

remains of more advanced turtles, such as the trionychoid 
Basilochelys macrobios (Tong et al. 2009, 2015, 2019b).

The presence of teleosaurid crocodylomorphs (such 
as Indosinosuchus potamsiamensis) from Phu Noi sug-
gest a Middle-Late Jurassic age contrary to crocodylo-
morphs from the upper part, which are characterised 
by pholidosaurids (such as Chalawan thailandicus) and 
atoposaurids (Lauprasert et al. 2011; Martin et al. 2014), 
indicating a faunal turnover in Southeast Asia through the 
Jurassic-Cretaceous (Martin et al. 2019).

The saurischian dinosaur faunas from both the lower and 
the upper Phu Kradung Formation consist of mamenchisau-
rids and metriacanthosaurids, which are well-known from 
the Middle-Late Jurassic/Early Cretaceous Formations in 
the Sichuan-Yunnan-Northern Junggar Basin of China. Ma-
menchisaurids (such as Mamenchisaurus and Omeisaurus) 
are eusauropods, and are also present in the Chuanjie For-
mation, Shishugou Formation, lower and upper Shaximiao 
Formation, Suining Formation, and Penglaizhen Formation 
(Buffetaut et al. 2006; Xing et al. 2015; Wang et al. 2019; 
Ren et al. 2021). Metriacanthosaurids (= sinraptorids) from 
Phu Noi show similar characteristics to Sinraptor dongi 
from the Upper Jurassic Shishugou Formation of the Jung-
gar Basin in north-western China, and Yangchuanosaurus 
from the Middle-Late Jurassic Shaximiao Formation and 
possibly Late Jurassic-Early Cretaceous Suining Forma-
tion (Chanthasit et al. 2019). Both mamenchisaurids and 
metrianthosaurids were once thought to be endemic to east 
Asia. However, the report of isolated fossils from the Itat 
Formation of Russia and the taxon Wamweracaudia from 
Tendaguru extends the geographic distribution of mamen-
chisaurids into Siberia and Africa (Averianov et al. 2019; 
Mannion et al. 2019). Furthermore, Metriacanthosaurus, 
a close relative of Sinraptor, has been found in the upper 
Oxford Clay Formation of England.

The single stegosaur bone from the lower Phu Kra-
dung Formation cannot provide definitive proof, except 
that it is more advanced than the Middle Jurassic Huay-
angosaurus and likely to be closer to those from the Late 
Jurassic taxa, such as Tuojiangosaurus (Buffetaut et al. 
2001). Basal neornithischians from Phu Noi show char-
acters that resemble taxa from the lower and upper Shax-
imiao Formation of China and the Late Jurassic Morrison 
Formation of US (Barrett et al. 2005; Carpenter and Gal-
ton 2018; Manitkoon et al. 2019).

As mentioned above, the dinosaur faunas including 
metriacanthosaurids and mamenchisaurids, and basal 
neornithischians have been found in both the lower and 
upper parts of the Phu Kradung Formation indicating that, 
despite the change in other groups of vertebrate faunas, 
dinosaurs remained the same and had long stratigraphic 
ranges. Another noteworthy point is the Phu Kradung For-
mation, and the Klong Min Formation show a remarkable 
biodiversity and reveal a close relationship with Chinese 
Jurassic vertebrate assemblages suggesting that the verte-
brate faunas are more widespread than previously thought. 
This is probably not surprising as the vertebrate-bearing 
terranes of Southeast Asia and China were fused by the 
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Late Triassic and Mesozoic terrestrial sandstones are 
widespread from China south to Malaysia (Sone and Met-
calfe 2008; Cai and Zhang 2009; Choong et al. 2022).

Stage 2: Early Cretaceous (?Berriasian to pre-
Barremian)

The trackway of a small quadrupedal ornithopod is found 
in the Phra Wihan Formation of Thailand. This Forma-
tion was dated as Lower Cretaceous (Berriasian-Early 
Barremian) from a rich palynological assemblage (Racey 
2009; Racey and Goodall 2009). However, a subsequent 
study using radiometric dating on detrital zircon grains 
suggested that the dates for the underlying Sao Khua For-
mation are much older than previously suspected (Tuck-
er et al. 2022). The study restricted the upper part of the 
Sao Khua Formation to no earlier than early Hauterivian, 
which means that the Phra Wihan Formation is likely not 
younger than Valanginian in age (Tucker et al. 2022).

The Sao Khua Formation of Thailand was assigned to 
the Early Cretaceous on palynological evidence (Racey 
et al. 1996), and probably Valanginian-Barremian on the 
basis of dinosaurs and bivalves (Meesook 2000). In the 
most recent publications, Sao Khua vertebrate fauna, in-
cluding turtles and theropod dinosaurs, are considered to 
be Barremian (Samathi et al. 2019b; Tong et al. 2019a), 
and following a more refined regional biostratigraphic 
correlation of the freshwater bivalves Pseudohyria (Mat-
sumotoina) matsumotoi suggesting a late Barremian age 
(Tumpeesuwan et al. 2010). Lastly, the radiometric data 
on detrital zircon grains indicated a tightly restricted late 
Valanginian-early Hauterivian age (133.6–132.1 Ma) for 
the Sao Khua Formation, and establishes that the dino-
saur fauna is ~ 5–9 million years older than currently 
known (Tucker et al. 2022).

The Sao Khua Formation is dominated by sauropods 
(somphospondylian titanosauriforms, other titanosau-
riforms and diplodocoids) and theropods (spinosaurids, 
megaraptorans and coelurosaurs) in terms of species-rich-
ness and overall abundance (Buffetaut and Suteetho-
rn 1998a; Buffetaut et al. 2002; Samathi et al. 2019a) 
(Fig. 9). Amongst the thousands of saurischian bones that 
have been collected from north-eastern Thailand, no evi-
dence of ornithischians has yet been found in this forma-
tion (Buffetaut et al. 2015). The lack of ornithischians in 
the Sao Khua Formation is possibly consistent with the 
ecological composition of Valanginian/Hauterivian aged 
assemblages from Gondwana, for example, the “wood 
beds” of the upper Kirkwood Formation of South Africa 
and the Bajada Colorado Formation of South America, 
which are dominated by various-sized theropods and 
multiple cohabiting species of sauropods (Tucker et al. 
2022). This is in contrast to those pre-Barremian dino-
saur assemblages of Laurasian landmasses from Europe 
and North America, which have a diverse ornithischian 
record including ankylosaurians and iguanodontians and 
which shared habitats with other sauropod and theropod 
dinosaurs (Norman 2010; Kirkland et al. 2016; Tucker et 

al. 2022). By comparison with contemporaneous forma-
tions in Asia, ornithischian remains are still somewhat 
limited (Tucker et al. 2022). Material of an indeterminate 
stegosaurian has been reported from the Mengyin For-
mation (Berriasian-Valanginian), Shandong Province of 
China (Tucker et al. 2022). A stegosaurine Wuerhosau-
rus homheni and probable basal ceratopsians have been 
reported from the Lianmuqin Formation (?Valanginian) 
of Tugulu Group, Xinjiang Region of China (Sereno and 
Shichin 1988; Maidment et al. 2008).

Although the late Valanginian-early Hauterivian seems 
to be a crucial period for the ornithischian dinosaurs in 
southeast Asia, it does not mean that they were completely 
absent, but possibly reflected niche overlap, competition 
between herbivores considerably, and/or different timing 
of biogeographic dispersal. However, the vertebrate as-
semblage from ‘the Pahang vertebrate bed’ of Malaysia 
shows strong affinities with faunas in the Sao Khua of 
Thailand (Teng et al. 2019). An ornithischian tooth from 
this site may help fill the gap in the disappearance of or-
nithischian dinosaurs from Southeast Asia during this time.

The Early Cretaceous Phu Phan Formation is uncon-
formably underlain by the red siltstones of the Sao Khua 
Formation, whereas the contact with the overlying Khok 
Kruat Formation is conformable suggesting that the 
Phu Phan Formation must fall within the interval early 
Hauterivian to Aptian, based on the ages of the over- and 
underlying formations (Racey 2009; Tucker et al. 2022). 
Theropod tracks have been reported, while vertebrate 
bones are extremely rare. Only a large sauropod limb bone 
has been found in a cliff face at Phu Kum Kao locality, Ka-
lasin Province (Buffetaut et al. 2002; Buffetaut et al. 2003). 
No evidence of ornithischians has hitherto been reported.

Stage 3: Middle Cretaceous (Aptian to Albian)

In contrast with the Sao Khua Formation, the younger 
Khok Kruat Formation contains abundant neornithis-
chian dinosaurs remains including iguanodontians and 
basal ceratopsians, fewer theropods (spinosaurids and 
carcharodontosaurians) and titanosauriforms sauropods 
have been found (Buffetaut et al. 2005b; Chokchaloem-
wong et al. 2019; Manitkoon et al. 2022).

The Khok Kruat Formation of Thailand, together with 
the Grès Supérieurs Formation of Laos and the Xinlong 
Formation of southern China share the same palaeobio-
geography, supported by vertebrate fossils (Buffetaut and 
Suteethorn 1998b; Mo et al. 2016; Cuny et al. 2017), and 
have yielded five iguanodontian taxa, and at least one 
taxon of Psittacosaurus (Buffetaut and Suteethorn 1992; 
Buffetaut and Suteethorn 2011; Shibata et al. 2015; Ji and 
Zhang 2022). This stage represents the highest diversi-
ty of ornithischians, and also refines the temporal shift 
from sauropod-dominated to iguanodontian-dominated 
ecosystems during the Cretaceous in southeast Asia. Both 
iguanodontians and ceratopsians possibly spread in this 
region during the Aptian. One hypothesis suggests Ce-
rapoda (ornithopods+ceratopsians) dentitions are suited 
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for efficiently grinding vegetation as a reason for their 
successful competition with other herbivores in later Cre-
taceous time (Strickson et al. 2016).

Basal iguanodontians first appeared in North America, 
Africa, and Europe during the late Jurassic (possibly Kim-
meridgian) (Norman 2004). Ankylopollexia, a derived 
clade of iguanodontian, is inferred to have immigrated to 
West Europe from North America prior to the Valangin-
ian, and dispersed into East Asia from West Europe via 
the elongated archipelago around the Jurassic-Cretaceous 
boundary, probably associated with the coeval global ma-
rine regression (Xu et al. 2018). Asian basal ankylopollex-
ians were diverse during the Early Cretaceous including 
taxa like Fukuisaurus and Koshisaurus (Barremian) from 
Japan (Shibata and Azuma 2015), Lanzhousaurus (Bar-
remian) from China (You et al. 2005), and Bayannuro-
saurus (early Aptian) from Inner Mongolia, China (Xu et 

al. 2018). Later, the non-hadrosaurid hadrosauroids are 
mainly known from the middle Cretaceous (Aptian-Al-
bian). For instance, Altirhinus and Choyrodon from 
Mongolia (Norman 1998; Gates et al. 2018); Equijubus, 
Gongpoquansaurus, Jintasaurus, and Xuwulong from 
Gansu Province, China (You et al. 2003, 2014; You and 
Li 2009); Probactrosaurus and Penelopognathus from 
Inner Mongolia, China (Rozhdestvenskiy 1967; Gode-
froit et al. 2005); Ratchasimasaurus, Sirindhorna, and 
possibly Siamodon from Thailand (Shibata et al. 2015).

The earliest known ceratopsians (or even margino-
cephalian dinosaurs) are in the family Chaoyangsauridae 
(Chaoyangosaurus and Yinlong), from the Late Jurassic of 
China (You and Dodson 2004). Until the Early Cretaceous 
(late Barremian-Aptian), the genus Psittacosaurus roamed 
across China, Mongolia, Russia, Thailand and possibly 
Laos (Buffetaut et al. 2007). Although as many as 19 species 

Figure 9. Phylogenetic relationships of non-avian dinosaurs in southeast Asia and southern China. Abbreviations: A, Sauropoda; 
B, Eusauropoda; C, Neosauropoda; D, Macronaria; E, Titanosauriformes; F, Somphospondyli; G, Tetanurae; H, Allosauroidea; I, 
Carcharodontosauria; J, Coelurosauria; K, Megaraptora; L, Ornithomimosauria; M, Genasauria; N, Thyreophora; O, Neornithis-
chia; P, Basal neornithischian; Q, Cerapoda; R, Ornithopoda; S, Iguanodontia; T, Ceratopsia (Cuny et al. 2014; Mo et al. 2016; 
Laojumpon et al. 2017; Chanthasit et al. 2018; Samathi et al. 2019a; Rolando et al. 2022; Sone et al. 2022; Sriwisan et al. 2022).
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have been referred to this genus, about 9–12 are currently 
considered valid (Napoli et al. 2019). Although psittaco-
saurids were abundant in the Early Cretaceous of Eastern 
Asia, they appear to be scarce in Southeast Asia (Buffetaut 
and Suteethorn 1992; Buffetaut et al. 2007). Specimens 
of Psittacosaurus are often found in lacustrine deposits 
(Averianov et al. 2006; Buffetaut et al. 2007), which dif-
fers from the fluvial deposits with an arid or semi-arid sub-
tropical climate of the Khok Kruat Formation and the Grès 
Supérieurs Formation (Racey et al. 1996; Wongko 2018). 
Both factors, depositional environment and palaeoclimate, 
may provide an explanation for the scarcity of psittacosau-
rid materials in Thailand and Laos (Manitkoon et al. 2022).

After the Aptian-Albian stages, no further Mesozoic 
vertebrate fossils have been reported from Southeast Asia. 
The Khok Kruat Formation is unconformably overlain by 
the Maha Sarakham Formation (Albian-Cenomanian), 
which was deposited in a hypersaline, land-locked salt 
lake within an arid, continental desert, coinciding with 
worldwide high sea level in the Late Cretaceous and the 
flooding of marine-sourced water over what is now the 
Khorat Plateau (Racey et al. 1996).

Conclusions

So far, most southeast Asian ornithischian dinosaur fos-
sils have been found in the Khorat Group of north-eastern 
Thailand. At least six taxa have been reported and dat-
ed from the Late Jurassic to the late Early Cretaceous. 
The oldest are known from the Late Jurassic Phu Kra-
dung Formation represented by stegosaurids and basal 
neornithischians. There appears to be an absence of or-
nithischian dinosaurs during the pre-Barremian of the 
Sao Khua Formation. The Early Cretaceous Khok Kruat 
Formation (Aptian-Albian) contains abundant advanced 
iguanodontians plus basal ceratopsians, which reflects the 
shift from sauropod-dominated to ornithischian-dominat-
ed ecosystems. Iguanodontians and psittacosaurids are 
also found in the Grès Supérieurs Formation of Laos and 
the Xinlong Formation of southern China with many sim-
ilarities to the Khok Kruat fauna of Thailand and these 
formations are considered equivalent in age. The rare di-
nosaur specimens from Malaysia are also an age anoma-
ly. However, we propose that the ornithischian tooth from 
the Tembeling Group represents the existence of ornith-
ischians that are missing from the time-equivalent Sao 
Khua Formation of Thailand. This study illustrates the 
diversity of ornithischian assemblages in Southeast Asia, 
providing an updated review and a discussion about their 
palaeobiogeographic implications.
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Abstract

A new genus and species of cimicoid true bug, Ecpaglocoris ditomeus Yamada & Yamamoto, gen. et sp. nov., is described and 
illustrated from mid-Cretaceous (Cenomanian–Albian) amber in the Kachin State of northern Myanmar (Burma). This new fossil 
genus and species is reminiscent of members of Anthocoridae by the strongly flattened and elongated body, four-segmented labium, 
distinct costal fracture and presence of fossula spongiosa on fore tibiae, but should not be ascribed to this family. The new taxon can-
not be placed in any extant cimicoid families, based upon hemelytral, male genital and other morphological structures. Based on the 
hemelytral membrane venation and presence of dorsal laterotergites on abdominal segments I to VIII, it can be assumed that this new 
genus belongs to the extinct family Vetanthocoridae. Ecpaglocoris ditomeus gen. et sp. nov. has aberrant male genitalia characterised 
by sickle-shaped left and right parameres and grooves running throughout the paramere. This characteristic indicates that traumatic 
insemination occurred in this genus. The peculiar combination of male genital characteristics seen in Ecpaglocoris gen. nov. prevents 
its placement in any of the extant cimicoid families.

Key Words

Cenomanian, Cimicoidea, male genital morphology, Myanmar, traumatic insemination, Vetanthocoridae

Introduction

Cimicoidea, a morphologically and ecologically diverse 
group in the suborder Heteroptera, is currently repre-
sented by seven extant families based on the concepts of 
Ford (1979), Schuh and Štys (1991), Schuh et al. (2009), 
Weirauch et al. (2019) and Schuh and Weirauch (2020): 
Anthocoridae Fieber, 1836; Cimicidae Latreille, 1802; 
Curaliidae Schuh, Weirauch & Henry, 2008; Lasiochili-
dae Carayon, 1972; Lyctocoridae Reuter, 1884; Plokioph-
ilidae China, 1953; and Polyctenidae Westwood, 1874. In 
addition, the extinct family Vetanthocoridae Yao, Cai & 
Ren, 2006 is treated as a member of this superfamily (Tang 

et al. 2016; Schuh and Weirauch 2020). Popov (2016) es-
tablished a monotypic fossil family Taimyrocoridae to 
accommodate the new species Taimyrocoris sukatshevae, 
based on specimens from Late Cretaceous amber of the 
Taimyr Peninsula in Far North Russia and classified the 
taxon as belonging to Cimicoidea. However, this family 
has been overlooked by subsequent authors, including in 
a comprehensive review of the heteropteran classification 
and natural history by Schuh and Weirauch (2020). Based 
on Popov’s description and figures, the superfamily place-
ment of Taimyrocoridae may be agreed upon; however, 
this decision may be controversial because of the difficul-
ty in interpreting morphological details.
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The fossil records of cimicoid true bugs currently ex-
tend from the Middle Jurassic to Oligocene for species 
found in China, Mongolia, Siberia, Myanmar (Burma), 
Ukraine, the Baltics and Germany (e.g. Statz and Wag-
ner (1950); Yao et al. (2006); Shcherbakov (2007); En-
gel (2008); Popov (2016); Tang et al. (2016); Schuh and 
Weirauch (2020)). A total of 28 genera and 38 species 
from six families (Anthocoridae, Cimicidae, Lyctoco-
ridae, Plokiophilidae, Taimyrocoridae and Vetanthoco-
ridae) have been reported to date, with most described 
as members of Anthocoridae from Eocene Baltic amber 
(Popov 2003; Popov et al. 2011a, 2011b; Schuh and 
Weirauch 2020). In Vetanthocoridae, 12 genera and 16 
species in two tribes are known from the Middle Jurassic 
to Lower Cretaceous in China (Tang et al. 2016) and they 
are represented only by compression fossils. Recently, 
Pubivetanthocoris carnalis Tang, Wang & Yao, 2022 was 
described from mid-Cretaceous Kachin amber of north-
ern Myanmar — this was the first observation of amber 
inclusion of Vetanthocoridae (Tang et al. 2022).

Observations of the structure of male genitalia are cru-
cial for diagnosing and placing specific groups of Cimi-
comorpha; however, these structures are not visible in 
most compression or impression fossils. Even in amber 
fossils, male genitalia are seldom visible at perfectly clear 
angles. In Cimicoidea, the details of male genitalic mor-
phology remain unknown, except for those of Lyctoferus 
Popov, 2003 (Anthocoridae) from Eocene Baltic and 
Ukrainian ambers (Popov 2003) and Quasicimex Engel, 
2008 (Cimicidae) from Kachin amber (Engel 2008).

The current study reports a well-preserved cimi-
coid true bug amber fossil from the Hukawng Valley in 
the Kachin State of northern Myanmar, which is here-
in described as a new genus and species, Ecpaglocoris 
ditomeus gen. et sp. nov. Although the external appear-
ance of this cimicoid species mostly resembles that of 
Anthocoridae members, the hemelytral membrane vena-
tions and presence of dorsal laterotergites on abdominal 
segments I to VIII reasonably place it in the family Vet-
anthocoridae. Therefore, this amber inclusion represents 
the second discovery of the family Vetanthocoridae in 
mid-Cretaceous amber, revealing a new genus and spe-
cies with novel morphological data on male genitalia. 
This well-preserved amber fossil enables a series of de-
tailed morphological observations on the male genitalia 
in E. ditomeus gen. et sp. nov. and it provides new in-
sights into male genital morphology and phylogenetic 
relationships within Cimicoidea.

Materials and methods

The amber specimen used in this study was obtained from 
the Noije Bum Hill of the Hukawng Valley in the State of 
Kachin, northern Myanmar (Burma). A variety of clastic 
sedimentary deposits, thin limestone beds and abundant 
coal and carbonaceous materials have been recognised at 
the mine and the occurrence of amber is associated with 

a narrow horizon in fine-grained facies (Cruickshank and 
Ko 2003). Burmese amber from the Kachin State or recent-
ly called “Kachin amber”, had been previously considered 
as being of the Eocene age (Chhibber 1934), but Cruick-
shank and Ko (2003) suggested a much older Cretaceous 
age. Based on uranium-lead (U-Pb) dating of zircons of the 
surrounding sedimentary matrix, amber dates have recent-
ly been established as the earliest Cenomanian (98.79 ± 
0.62 Ma) (Shi et al. 2012). However, the amber deposits of 
Kachin may possibly be slightly older (Balashov 2021) and, 
thus, we here adopted the mid-Cretaceous age (i.e. Ceno-
manian–Albian) for the amber from the Hukawng Valley.

Regarding recent conflicts in Myanmar (e.g. Sokol 
(2019); Poinar and Ellenberger (2020); Peretti (2021)), 
the Kachin amber piece used in this study has been col-
lected before the control of the amber mining areas in the 
Kachin State started in November 2017 and that we fol-
low the recommendations by Haug et al. (2020). The sole 
specimen used in this study was legally purchased from 
an Italian amber dealer on 2 January 2018; it was mined 
before 2017.

An amber piece containing an inclusion was prepared 
for cutting, grinding and polishing by the third author. 
The amber piece is a small, flattened, semicircular or 
sub-rectangular polished prism of approximately 12 × 
7 × 4.5 mm in size. Observations were performed using 
a binocular microscope (stereoscopic zoom microscope 
SMZ1500; Nikon). Photographs (Figs 1, 2, 4A, B) were 
taken using a digital camera (EOS 80D; Canon) attached 
to an extreme macro-lens (MP-E 65 mm, F2.8, 1–5×; 
Canon) and a flash light (Macro Twin Lite MT-24 EX; 
Canon). Line drawings (Figs 3, 4C, D) were prepared 
principally using an eyepiece grid. The software Helicon 
Focus 7.7.5 was used for image stacking. All digital im-
ages were edited and assembled using Adobe Photoshop 
CC 2022. The type specimen is deposited the American 
Museum of Natural History, New York, USA (AMNH), 
under the registered number of AMNH Bu-SY33. The 
terminology generally follows Carayon (1972) and Schuh 
and Weirauch (2020). This publication is registered in 
ZooBank under: urn:lsid:zoobank.org:pub:6A3587A7-
9E57-40AC-B9FD-753EDDBA73C5.

Systematic palaeontology
Superfamily Cimicoidea Latreille, 1802
Family Vetanthocoridae Yao, Cai & Ren, 2006

Genus Ecpaglocoris Yamada & Yamamoto, gen. nov.
https://zoobank.org/4846A233-F2BF-4083-A2DD-0DEEA05247FB

Type species. Ecpaglocoris ditomeus Yamada & Yama-
moto, sp. nov., by original designation.

Etymology. The genus name is a combination of the 
Greek ekpaglos (= wondrous, astounding) and koris 
(= bug), referring to this new fossil bug possessing unique 
male genitalia amongst Cimicoidea; gender masculine.
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Diagnosis. Body (Fig. 1) elongated, dorsoventrally 
flattened; head (Figs 1, 3A) porrect; labium (Figs 1D, 2B, 
C) reaching middle of mesosternum; pronotum (Figs 1A, 
C, 3A) with pair of long erect setae near antero-lateral 
and postero-lateral angles and a pair of similarly long 
setae behind anterior margin; pronotal callus flat, with 
longitudinal shallow groove on the mid-line; hemely-
tral membrane (Fig. 3D) with 10 or more long, slightly 
curved veins; a very long trichobothrium (Figs 2E, 3D, 
E) present on middle of corium-membrane boundary; os-
tiolar peritreme (Figs 2F, 3F) slightly curved forward at 
apex, distinctly continued to a fine carina which reaches 
anterior margin of metapleura; fore femur (Figs 2G, 3G) 
extremely enlarged; fore tibia (Figs 2G, 3G) strongly 
expanded towards apex, bearing 4–5 long, stout spines 
and 4–5 small teeth on ventral side and with greatly de-
veloped fossula spongiosa at apex; middle and hind tib-
iae (Figs 1B, D, 3H, I) with several long, stout spines, 
lacking fossula spongiosa; dorsal laterotergites (Fig. 2D) 
not fused with mediotergites on abdominal segments I to 
VIII; pygophore (Fig. 4A–C) symmetrical, longer than 
combined length of abdominal sterna VII and VIII in 
ventral view, very broadly connected to abdominal seg-
ment VIII; proctiger well-developed; parameres (Fig. 4) 
symmetrical, orientated anteriorly, very slender and long, 
moderately curved, acute towards apex, with groove run-
ning throughout the paramere.

Differential diagnosis. The new genus Ecpaglocoris 
differs from the genus Pubivetanthocoris Tang, Wang & 
Yao, 2022 by the head shorter than pronotum (in Pubivet-
anthocoris, slightly longer than pronotum); vertex wider 
than twice the width of an eye in dorsal view (in Pubivet-
anthocoris, narrower than the width of an eye); lateral 
margin of pronotum not membranous, only carinated at 
antero-lateral angle (in Pubivetanthocoris, membranous, 
flattened and widely carinated); hemelytra parallel-sided 
(in Pubivetanthocoris, strongly curved); PCu and R+M 
absent on hemelytra (in Pubivetanthocoris, present); and 
fore tibia strongly expanded towards apex (in Pubivetan-
thocoris, slender, not expanded).

Description. Male. Body elongated, dorsoventrally 
flattened.

Head (Figs 1, 3A) porrect, slightly shorter than width 
across eyes; three pairs of long, erect trichobothria (ce-
phalic macrosetae) on each side of anterior clypeus, near 
front margin of each eye and each side of vertex between 
eye and ocellus; anteocular region slightly longer than 
length of eye in dorsal view; eyes prominent, exceeding 
level of dorsal and ventral surfaces of head in lateral view; 
ocelli situated between eyes in front of an imaginary line 
that passes through posterior margin of eyes; vertex wider 
than twice the width of an eye in dorsal view; postocular 
region constricted, demarcated by transverse shallow fur-
row; neck long, smooth, highly polished. Antennal seg-
ment I (Figs 1, 3A) stout, exceeding apex of head, with a 
few short setae; prepedicellite present between segments 
I and II; segment II (Figs 1, 2A, 3B) stout, slightly thick-
ened towards apex, about as long as head width across 

eyes, covered with suberect setae that are much shorter 
than width of the segment, intermixed with long setae 
that are longer than width of the segment; segments III 
and IV (Figs 1, 2A, 3B) filiform, much narrower than 
maximum width of segment II, equal in length, about 0.7 
times as long as segment II, sparsely covered with long 
erect setae intermixed with short procumbent setae, lon-
gest setae much longer than twice the width of the respec-
tive segment. Labrum short, rounded at apex, not wholly 
covering labial segment I. Labium (Figs 1D, 2B, C, 3C) 
long, reaching middle of mesosternum, weakly curving; 
segment I visible, much shorter than the other segments; 
segment II stout, basally narrowed, approximately eye 
length long; segment III extremely long, slightly thick-
ened near base and gradually narrowed towards apex, ap-
proximately 3.6 times as long as segment II; segment IV 
much slender, half as long as segment III.

Pronotum (Figs 1A, C, 3A) nearly trapezoidal, shal-
lowly depressed postero-medially, sparsely covered with 
tiny punctures, with pair of long erect setae near ante-
ro-lateral and postero-lateral angles and with pair of sim-
ilarly long setae behind anterior margin; anterior margin 
slightly concave; lateral margin strongly angulate ante-
ro-laterally in dorsal view, densely covered with short 
setae; lateral carinae strongly expanded at antero-lateral 
angle; collar absent; callus flat, with longitudinal shal-
low groove on the mid-line; posterior margin deeply 
concave. Scutellum (Fig. 1A, B) large, sub-equilateral, 
mesal length longer than basal width, weakly depressed 
through middle, sparsely covered with short procumbent 
setae, with a pair of long erect setae near lateral margin 
base. Hemelytra (Figs 1A, B, 3D) parallel-sided, surpass-
ing apex of abdomen, overall covered with short pro-
cumbent setae; claval suture, medial fracture and costal 
fracture clearly visible; distal end of medial fracture not 
contiguous with costal fracture; costal margin slightly 
sinuate. Membrane (Figs 1A, B, 3D) with a cross vein 
running along corium-membrane boundary and 10 or 
more long, slightly curved veins radiating posteriorly 
from it; stub (processus corial) present at distal end of a 
cross vein; a very long trichobothrium (Figs 2E, 3D, E) 
present on middle of corium-membrane boundary, the 
length much longer than three times that of other setae 
on hemelytron. Mesosternum wide, coarse, mesally with 
longitudinal carina. Metasternum extremely swollen, ob-
tuse at apex. Metepisternum wide, overall occupied by 
evaporatorium surrounding the metathoracic scent gland. 
Metathoracic scent gland (Figs 2F, 3F) with a wide osti-
olar peritreme; ostiolar peritreme curved slightly forward 
at apex, distinctly continued to a fine carina that reach-
es anterior margin of metapleura while gently curving; 
median furrow running throughout the ostiolar peritreme. 
Fore femur (Figs 2G, 3G) extremely enlarged, unarmed, 
much thicker than width of middle femur; fore tibia 
(Figs 2G, 3G) strongly expanded towards apex, bearing 
4–5 long, stout spines and 4–5 small teeth on ventral side, 
with well-developed fossula spongiosa at apex; middle 
coxae widely separated from each other; middle tibia 
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Figure 1. General habitus of Ecpaglocoris ditomeus gen. et sp. nov., male, holotype (AMNH Bu-SY33). A. Dorsal view; B. Left 
laterodorsal view; C. Ventral view; D. Right laterodorsal view. Scale bars: 0.5 mm.
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(Figs 1B, 3H) expanded towards apex, covered with sev-
eral long, stout spines on apical two-thirds and with tib-
ial comb at apex, lacking fossula spongiosa; hind coxae 
proximate with each other; hind femur thickened, slightly 
narrower than width of fore femur, equal to hind tibia; 
hind tibia (Figs 1B–D, 3I) nearly cylindrical, densely 
covered with long, stout spines on apical three-fourths, 
with small tibial comb at apex, lacking fossula spongiosa. 
Tarsus three-segmented. Pretarsus of each leg with long, 
slender, symmetrical claws.

Abdomen (Figs 1C, D, 2D) lateroventrally covered 
with dense short setae; lateral margins of sterna VI–VIII 
densely covered with short, suberect setae intermixed 
with thickly setae; dorsal laterotergites (Fig. 2D) not 
fused with mediotergites on abdominal segments I to 
VIII; sterna II and III broad, and VIII very narrow.

Male genitalia (Fig. 4): Pygophore (Fig. 4A–C) sym-
metrical, large, longer than combined length of abdomi-
nal sterna VII and VIII in ventral view, very broadly con-
nected to abdominal segment VIII, dorsally depressed, 
posteriorly narrowed and rounded in dorsal view, densely 
covered with short, erect setae along outer margin and on 
posteroventral surface, lacking long trichobothria; proc-
tiger well-developed; parameres (Fig. 4) symmetrical, 
arising from near mid-line of dorsocaudal part of pygo-
phore, orientated anteriorly, very slender and long, mod-
erately curved, acute towards apex, with groove running 
throughout paramere.

Ecpaglocoris ditomeus Yamada & Yamamoto, sp. nov.
https://zoobank.org/77E88787-3A77-4B12-8D6E-2DFA4D6719D2
Figs 1–4

Type material. Holotype: male, a well-preserved adult 
in Kachin amber, with the registered number AMNH Bu-
SY33 (deposited in AMNH).

Etymology. The species epithet is named for the Greek 
di (= two, double) and tomeus (= knife, cutter), referring 
to the slender, sickle-shaped left and right parameres in 
male genitalia.

Type locality and horizon. Noije Bum Hill, Hukawng 
Valley, Kachin State, northern Myanmar; mid-Cretaceous 
(Cenomanian–Albian).

Diagnosis. As in generic diagnosis.
Description. Male. Body 3.1 mm long, pale to dark 

brown (Fig. 1), sparsely covered with procumbent setae.
Head (Figs 1, 3A) uniformly dark brown, 0.35 mm in 

length excluding neck, 0.39 mm in width across eyes; 
eye length 0.15 mm, width 0.08 mm, in dorsal view. An-
tennae (Figs 1, 2A, 3B) dark brown, segments I and IV 
tinged pale brown; lengths of segments I–IV (mm): 0.18, 
0.38, 0.28 and 0.28. Labium (Figs 1D, 2B, C) pale brown; 
lengths of segments II–IV (mm): 0.15, 0.54 and 0.27.

Pronotum (Figs 1A, C, 3A) uniformly dark brown; 
anterior width 0.25 mm, approximately 0.65 times as 
wide as mesal pronotal length; basal width 0.74 mm, 
approximately three times as wide as anterior width. 

Scutellum (Fig. 1A, B) somewhat paler than prono-
tum. Hemelytra (Figs 1A, B, 3D) generally pale brown, 
but cuneus apically tinged with dark brown; embolial 
margin 1.06 mm, about three times as long as cuneal 
margin; embolium approximately 0.6 times as wide as 
maximum width of endocorium; cuneal margin 0.34 
mm; membrane semi-transparent. Venter of thorax (Fig. 
1C) uniformly dark brown. Legs (Figs 1B–D, 2G, 3G–I) 
generally pale brown, femora tinged dark brown; lengths 
of femur, tibia and tarsus of fore leg (in mm): 0.6, 0.5 
and 0.28; middle leg: 0.5, 0.44 and 0.25; hind leg: 0.8, 
0.8 and 0.46, respectively.

Abdomen (Figs 1C, D, 2D) brown to dark brown.
Female. Unknown.

Discussion
Family placement of Ecpaglocoris

This new genus and species is reminiscent of members 
of Anthocoridae and can be unambiguously placed in 
Cimicoidea (Heteroptera: Cimicomorpha), based on 
the following characters: labium with four segmented; 
costal fracture distinct, delimiting cuneus; hemelytral 
membrane without closed cell; fossula spongiosa present 
at least on fore tibiae; absent ventral laterotergites; and 
insertion of paramere shifted to near mid-line of pygo-
phore (Schuh et al. 2009; Weirauch et al. 2019; Schuh and 
Weirauch 2020).

However, the new genus Ecpaglocoris has the follow-
ing unusual characteristics in membrane venation, dorsal 
laterotergites on abdomen and male genitalia, which are 
not observed in either Anthocoridae or other families of 
Cimicoidea: membrane with a cross vein running along 
the corium-membrane boundary and 10 or more long 
veins radiating from it (Fig. 3D) (in Cimicoidea, 4–5 
free veins, rarely with one long closed cell without em-
anating veins); dorsal laterotergites not fused with me-
diotergites on abdominal segments I to VIII (Fig. 2D) 
(in Cimicoidea, on abdominal segments I to III or I and 
II); pygophore symmetrical (Fig. 4A–C) (in Cimicoidea, 
except for Plokiophilidae, asymmetrical); left and right 
parameres symmetrical, with groove (Fig. 4C, D) (in 
most Cimicoidea, asymmetrical; in a part, non-grooved).

Excepting the unusual membrane venation and male 
genitalia features, some morphological features of Ecpa-
glocoris gen. nov. are observed in the anthocorid gen-
era Scoloposcelis Fieber, 1864 (Tribe Scolopini), Xy-
locoris Dufour, 1831 (Xylocorini) and Blaptostethus 
Fieber, 1860 (Blaptostethini). The characteristics shared 
by Ecpaglocoris gen. nov. and Scoloposcelis include: 
body elongated and dorsoventrally flattened; pronotum 
shallowly depressed postero-medially, with flat callus; 
hemelytra parallel-sided; and fore- and hind femora en-
larged. However, Scoloposcelis is also characterised 
by femora with small teeth on the ventral side, ostiolar 
peritreme not continuing to a fine carina and males with 
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Figure 2. Ecpaglocoris ditomeus gen. et sp. nov., male, holotype (AMNH Bu-SY33). A. Right antenna, laterodorsal view; 
B, C. Labium, ventral (B) and right lateral (C) views; D. Thorax and abdomen, right laterodorsal view; E. Trichobothrium on co-
rium-membrane boundary of right hemelytron; F. Ostiolar peritreme and evaporatorium, left lateroventral view; G. Right fore-leg, 
outer view. Abbreviations: a1–4, antennal segment 1–4; dlt1–6, dorsal laterotergite 1–6; ev, evaporatorium; fs, fossula spongiosa; lr, 
Labrum; ls1–4. labial segment 1–4; op, ostiolar peritreme; tr, trichobothrium. Scale bars: 0.5 mm (D); 0.2 mm (A–C, E–G).
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Figure 3. Ecpaglocoris ditomeus gen. et sp. nov., male, holotype (AMNH Bu-SY33). A. Head and pronotum, dorsal view; B. Right 
antenna, laterodorsal view; C. Labium, lateral view; D. Left hemelytron, as seen in situ, not flattened; E. Trichobothrium on cori-
um-membrane boundary of right hemelytron; F. Ostiolar peritreme and evaporatorium, left lateroventral view; G. Right fore-leg, 
outer view; H. Right middle leg, outer view; I. Right hind leg, inner view. Scale bars: 0.5 mm (D); 0.2 mm (A–C, F–I).
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opening(s) of uradenia (paired abdominal glands) on ei-
ther abdominal sternum 4 or 5, which is also an autapo-
morphy of Scolopini (e.g. Carayon (1972); Schuh and 
Slater (1995)). Ecpaglocoris gen. nov. lacks femoral teeth 
and an opening of uradenia on the abdominal sternum 
and it has an ostiolar peritreme continuing to a fine cari-
na (Figs 2F, 3F). Ecpaglocoris gen. nov. has leg charac-
teristics similar to those of Xylocoris and Blaptostethus 
as follows: each tibiae bearing several long, stout spines 
that are as long as or longer than the width of the tibia 
(Figs 1B–D, 2G, 3G–I); fore tibia expanded towards the 
apex, with developed fossula spongiosa at the apex (Figs 
1B–D, 2G, 3G). However, the fossula spongiosa is also 
present on the middle and hind tibiae in Xylocoris and 
Blaptostethus, but it is absent in Ecpaglocoris gen. nov. 
(e.g. Carayon (1972); Schuh and Slater (1995)). This new 
genus is characterised by a combination of morphological 
features found in some anthocorid taxa of different tribes, 
but lacks synapomorphies in each genus (tribe) in Anthoc-

oridae. Considerable differences in male genitalia are rec-
ognised between the new genus and anthocorid groups. 
The superficial morphological similarities between these 
taxa may represent the convergence of habits and habitats.

Although symmetrical male genitalia in Ecpaglocoris 
gen. nov. are also found in Microphysoidea (Joppeici-
dae and Microphysidae) and Naboidea (Medocostidae, 
Nabidae and Velocipedidae), which are closely related 
to Cimicoidea, all these groups possess a conspicuous 
paramere insertion on the left side of the pygophore and 
the various-shaped paramere, which is never sickle-like 
in shape (Schuh and Štys 1991; Schuh et al. 2009; Schuh 
and Weirauch 2020). These features clearly distinguish 
Ecpaglocoris gen. nov. from both the superfamilies. In 
addition, Microphysoidea has reduced or no evaporato-
rium in the metapleuron and two-segmented tarsi and 
Naboidea has a membrane with 2–3 short or elongate cells 
usually with numerous emanating veins. The new genus 
may belong to neither Microphysoidea nor Naboidea.

Figure 4. Ecpaglocoris ditomeus gen. et sp. nov., male, holotype (AMNH Bu-SY33). A, B. Apex of abdomen, dorsal (A) and left 
laterodorsal (B) views; C. Pygophore with parameres, dorsal view; D. Right paramere, right lateral view. Abbreviations: lpm, left 
paramere; pt, proctiger; py, pygophore; rpm, right paramere; tg7–8, tergite 7–8. Scale bars: 0.1 mm.
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Of the above-mentioned unusual features in Ecpagloco-
ris gen. nov., membrane venation and dorsal laterotergites 
on the abdomen are also recognised in the extinct family 
Vetanthocoridae. Tang et al. (2016) re-evaluated Vetan-
thocoridae as a member of Cimicoidea and suggested two 
synapomorphies to support the monophyly of the family, 
based on their phylogenetic analysis: antennal segments 
III and IV smooth without setae and 10 or more simple 
longitudinal veins on the hemelytral membrane. However, 
the former was not considered a synapomorphic character 
for the family by Tang et al. (2022), because Pubivetan-
thocoris carinalis Tang, Wang & Yao, 2022, described as 
the first record of the Vetanthocoridae from Kachin amber, 
has antennal segments III and IV with discrete setae. How-
ever, the membrane venation and dorsal laterotergites on 
the abdomen found in Vetanthocoridae and Ecpaglocoris 
gen. nov. clearly distinguish both taxa from Recent cimi-
coids and can be regarded as important diagnostic features 
for Vetanthocoridae. Thus, we should place Ecpaglocoris 
gen. nov. in the family Vetanthocoridae.

Relationships within Vetanthocoridae

Although Ecpaglocoris gen. nov. is best placed in Vetan-
thocoridae, the genus has several remarkable characteris-
tics amongst the vetanthocorid genera: body very small 
(Fig. 1) (in Vetanthocoridae, 4.3–13.7 mm vs. 3.1 mm); 
hemelytra parallel-sided (Fig. 1A) (in Vetanthocoridae, 
generally curved-sided); embolar fracture on hemelytra 
absent (Figs 1A, B, 3D) (in Vetanthocoridae, present); 
a very long trichobothrium present on the middle of the 
corium-membrane boundary (Figs 2E, 3D, E) (in Vetan-
thocoridae, absent; at least not confirmed in the descrip-
tions of all members); and fore tibia strongly expanded 
towards apex (Figs 2G, 3G) (in Vetanthocoridae, gener-
ally straight) (Yao et al. 2006; Tang et al. 2016, 2022). 
Based only on the condition of antennal segments III 
and IV (both distinctly narrower than segment II) (Yao 
et al. 2006; Tang et al. 2022), Ecpaglocoris gen. nov. 
can be assigned to the tribe Vetanthocorini; however, the 
above-mentioned distinctive characters are all exception-
al in Vetanthocoridae. Therefore, the tribal placement of 
this new genus cannot be determined yet.

Limited information is available regarding the male 
genital features of Vetanthocoridae. Based on the figures 
by Yao et al. (2006: pp. 10, 17), Vetanthocoris decorus 
Yao, Cai & Ren, 2006 and Collivetanthocoris rapax Yao, 
Cai & Ren, 2006 may have symmetrical and well-devel-
oped pygophores. Shcherbakov (2007) also indicated that 
the family Vetanthocoridae has symmetrical male geni-
talia; however, no detailed discussion was provided. The 
general appearance of pygophore from the ventral aspect 
in E. ditomeus gen. et sp. nov. is relatively similar to those 
of V. decorus and C. rapax; however, it is not possible to 
determine whether they have the same characteristics ow-
ing to limited morphological information available from 
their fossils.

Male genitalic morphology

Male genitalia and insemination mechanisms are the 
most important characteristics for determining the family 
level systematic position within Cimicoidea. Asymmetri-
cal male genitalia are one of the peculiarities of all extant 
Cimicoidea, except for Plokiophilidae. Sinistral asymme-
try affects the pygophore and parameres, indicating that 
the right paramere is usually completely lost. Asymmetry, 
as seen in parameres, occurs in many groups that appear 
to be distantly related, judging by other characters, in-
cluding Nepomorpha, Dipsocoridae, Schizopteridae and 
Miroidea (Ford 1979; Weirauch et al. 2019). Male genital 
asymmetry has arisen independently of several evolution-
ary lineages. Symmetrical male genitalia in Ecpaglocoris 
gen. nov. and Plokiophilidae are clearly plesiomorphic 
within the Cimicoidea.

Traumatic (haemocoelic) insemination is the most 
prevalent mating strategy in the true bug infraorder 
Cimicomorpha, where it occurs in at least seven fami-
lies (Carayon 1966, 1972, 1977; Ford 1979; Tatarnic et 
al. 2014). With some exceptions, the members of Cimi-
coidea practise traumatic insemination. Male genitalic 
characteristics associated with these insemination mech-
anisms include: 1) aedeagus (endosoma) with sclerotised 
organ (needle-like acus) and 2) copulatory left paramere. 
The former is found in Lyctocoridae and Plokiophili-
dae, as well as in several other non-cimicoid heteropter-
ans (Nabidae: Prostemmatinae). Their paramere has no 
grooves because the aedeagus itself serves as an intro-
mittent organ. The latter is found in Anthocoridae, Cimi-
cidae and Polyctenidae. Their paramere itself functions 
as an intromittent organ and has a distinct groove with an 
acute apex, which serves as a guide for the membranous 
aedeagus. The paramere of some Lasiochilidae species 
has a similar condition with those of three families, but 
its function is unknown (Carpintero 2014). Although the 
grooved paramere is also seen in Coridromius (Miridae), 
suggesting an independent derivation for traumatic in-
semination, it can be regarded as a unique condition with-
in the Cimicoidea. The parameres of Ecpaglocoris gen. 
nov. are sickle-shaped and possess a groove throughout 
the paramere (Fig. 4). Due to the male genitalic struc-
ture of this new fossil genus, they have very significant 
differences from the extant species which have traumatic 
insemination and no direct behavioural evidence showed 
in the amber specimen. Although the possibility of this 
new fossil species mating by traumatic insemination is 
existing, based on their male genitalic characteristics, our 
insight is completely speculative.

The mating posture of E. ditomeus gen. et sp. nov. 
might be quite different from that of other cimicoid groups. 
Available evidence suggests that its posture is presum-
ably almost the same as that of other heteropterans with 
symmetrical male genitalia, showing that the male takes 
its place under the female (Ceratocombidae, Melber and 
Köhler 1992; Aradidae, Schuh and Weirauch 2020) or that 
the male places the dorsal side of the tip of the abdomen 
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under the tip of the female abdomen (Nepidae, Larsén 
1938; Joppeicidae, Davis and Usinger 1970). Whereas, 
another hypothesis can predict that E. ditomeus gen. et 
sp. nov. also practised the most common “male-above” 
position for genital coupling in cimicoid members with 
grooved parameres. In this case, the male bends his abdo-
men from the female’s right (or left) side and inserts his 
paramere into a certain part of the ventral side of the abdo-
men (e.g. Péricart (1972); Huber et al. (2007); Tatarnic et 
al. (2014)). In the case of E. ditomeus gen. et sp. nov., the 
mating posture may be an alternating two-sided position 
because it has double parameres as an intromittent organ.

Male genital asymmetry in Recent Cimicoidea is over-
whelmingly directional (sinistrally curved) (Huber et al. 
2007; Schuh and Weirauch 2020). Directional asymmetry 
is also seen in females of Cimicoidea, because traumatic 
insemination often occurs via a specific copulatory site 
(Carayon 1977). Their morphological modifications are 
thought to have evolved through a mating strategy in as-
sociation with sexually antagonistic types of behaviour 
(e.g. Parker (1979); Arnqvist and Rowe (2005)); howev-
er, no hypothesis explains why sinistral male genitalia are 
dominant over symmetry in Cimicoidea.

According to Schuh et al. (2009), Jung et al. (2010), 
Jung and Lee (2012) and Weirauch et al. (2019), cimicoid 
groups with grooved paramere (Anthocoridae, Cimici-
dae, Polyctenidae and some Lasiochilidae) do not form a 
monophyletic group, placing Lasiochilidae as a base for 
the remaining Cimicoidea. Thus, the grooved paramere 
occurs separately in the superfamily and that their posses-
sion has no strong systematic significance, at least with-
in Cimicoidea. Ecpaglocoris gen. nov. also has grooved 
parameres; however, owing to the combination of the 
unique characters mentioned above, it is unlikely that this 
genus would be closely related to these taxa with grooved 
parameres. Within Heteroptera, Ecpaglocoris gen. nov. 
is characterised by plesiomorphic symmetrical pygo-
phore and parameres and a unique grooved paramere. 
This peculiar combination of male genital characteristics 
prevents their placement in any of the extant cimicoid 
families. If this characteristic is recognised in members 
of the Vetanthocoridae, it could undoubtedly be a synapo-
morphy in this extinct family.

Conclusions

Although our investigation of these Ecpaglocoris gen. 
nov. characteristics produced unexpected results and pro-
duced doubt that this taxon belongs to Cimicoidea, we 
are reasonably certain that it should be placed in this su-
perfamily, based on salient characteristics. Consequent-
ly, Ecpaglocoris gen. nov. can be assigned to the extinct 
family Vetanthocoridae because of the presence of vena-
tion of the hemelytral membrane and dorsal lateroterg-
ites on abdominal segments I to VIII, which are unique 
amongst the extant cimicoid taxa. In extant Heteroptera, 
the parameres of the species that are used as the intro-

mittent organ are all strongly asymmetrical, never sym-
metrical. However, the male genitalia of Ecpaglocoris 
ditomeus gen. et sp. nov. is characterised by a combination 
of plesiomorphic (symmetrical pygophore and paramere) 
and unique (a groove that runs throughout the paramere) 
characteristics within Heteroptera. The characteristics of 
the parameres indicate that traumatic insemination was 
practised in this genus. If this characteristic in the male 
genitalia is recognised in the members of Vetanthocori-
dae, it could undoubtedly be a synapomorphy in the ex-
tinct family. Since relationships amongst the family level 
taxa within Cimicoidea remain controversial, assessment 
of the phylogenetic position of Ecpaglocoris gen. nov. or 
Vetanthocoridae requires detailed phylogenetic studies to 
rigorously evaluate the monophyly of the currently-rec-
ognised family level groups in extant Cimicoidea.
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Abstract

Tanaidaceans are benthic, mostly marine, crustaceans that live burrowed in the substrate or in self-built tubes. The fossil record of 
Tanaidacea reaches back to the Carboniferous, 350 million years ago, but it is especially species-rich in Cretaceous amber sites from 
Spain and France. We report and formally describe a new species of Tanaidacea from 100-million-year-old Kachin amber, from the 
Hukawng Valley, Northern Myanmar, the first record of Cretaceous tanaidaceans outside Europe. The combination of character states 
of Tanaidaurum kachinensis gen. nov. et sp. nov. suggests that the new species is a representative of the early diversification of an 
unnamed group (Paratanaoidea+Tanaidoidea), an ingroup of the monophyletic group Tanaidomorpha. We briefly review the biased 
fossil record of Tanaidacea and present its abundance in European amber sites.

Key Words

Cretaceous, Myanmar amber, Peracarida, Tanaidacea, Tanaidomorpha

Introduction

Tanaidacea, an ingroup of Peracarida, is a group of crus-
taceans with currently about 1,200 formally described 
extant species and 26 fossil species. As for all representa-
tives of Peracarida, such as woodlice, females carry their 
offspring in a ventral brood pouch. Tanaidaceans distant-
ly resemble representatives of Isopoda (woodlice, slaters 
etc.), but can easily be differentiated from the latter by the 
presence of a pair of prominent chelae.

Most tanaidaceans are marine and are found at all 
depths; four species live in freshwater; all species 
live borrowed in the substrate, some in self-built tubes 
(Hassack and Holdich 1987; Kakui and Hiruta 2017; 
Kakui 2021). The body size ranges from one up to seven 
millimeters. The body is organised of 20 segments (one 
ocular and 19 post-ocular segments), as is ancestrally 
for Eumalacostraca. The anterior eight segments form 
the functional head (“cephalothorax”), followed by six 

segments of the anterior trunk (free thorax segments; 
“pereon”) and six segments of the posterior trunk (pleon). 
The prominent chelae are formed by the appendages of 
the last segment of the functional head. The fossil record 
of Tanaidacea reaches back into the Carboniferous, but is 
especially species-rich in Cretaceous amber from France 
and Spain, together with 13 of the 26 formally described 
species, with some amber formations, such as the Spanish 
Álava amber alone recording six species.

In the last decades, amber deposits from the 
Cretaceous have provided expressively high numbers of 
different lineages of Euarthropoda, especially Insecta, 
giving a window of the past diversity and abundance 
of some ingroups of Insecta (e.g. Badano et al. 2018; 
Ross 2018, 2019; Haug et al. 2021). Eumalacostracans 
are quite rare in such ambers in comparison to beetles, 
bees and their kin; so far there are records in Cretaceous 
amber of Decapoda (shrimps, lobsters and crabs) and 
of three ingroups of Peracarida: Amphipoda, Isopoda 
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and Tanaidacea (Ross 2018, 2019). Kachin amber (also 
known as Burmese amber or Burmite), from the Hukawng 
Valley, Northern Myanmar, is one example of Cretaceous 
amber sites that have expressively high numbers of fossils 
(Ross 2018, 2019) and, so far, a remarkably low number 
of eumalacostracans, represented by four formally 
described species of Isopoda (Broly et al. 2015; Poinar 
2020; Schädel et al. 2021a, b).

Here we report a new species of Tanaidacea, the first 
record in Kachin amber, expanding the knowledge of the 
Cretaceous diversity of Tanaidacea. We briefly review 
the overall fossil record of Tanaidacea and compare some 
abundance aspects.

Materials and methods
Materials

Two pieces of Burmese (Myanmar) amber containing three 
specimens are in the center of this study. Sample SNHMB.G 
8008 contains one specimen accessible in dorso-ventral 
view. Sample BUB 4227 has two specimens preserved, 
one accessible in lateral view (BUB 4227-1), the other in 
ventral view (BUB 4227-2). The latter is poorly accessible 
due to impurities of the amber. Sample SNHMB.G 8008 
is deposited in the collections of the Staatliches Naturhis-
torisches Museum Braunschweig, Germany. Sample BUB 
4227 is from the collection of one of the authors (collection 
Müller) and is available for further study on request. All 
specimens were legally purchased. The amber pieces pres-
ent small fragments of plants as syninclusions.

Methods

The amber pieces were documented using a Keyence 
VHX-6000 digital microscope. The amber pieces were 
placed in a petri dish, we added one drop of distilled water 
and a cover glass on top of the specimens of interest for 
documentation. Different light settings, cross-polarized 
light (Haug et al. 2013a) and ring light (Haug et al. 2019), 
were used against a white and a black background to en-
hance visibility of the details of the specimen. Fully fo-
cused images were obtained by recording stacks and fus-
ing these with the built-in software. Larger images were 
created by recording several adjacent image details (each 
with a stack) and merging these to a larger panorama im-
age. All images were recorded as HDR (High Dynamic 
Range; cf. Haug et al. 2013b). Measurements of the spec-
imens were made on the images using the open-source 
software ImageJ. The histograms of the images were opti-
mized and some structures were artificially color-marked 
using Photoshop CS2. Figure plates were arranged using 
the open-source vector-graphics editor Inkscape.

Note on terminology: To provide a wider comparative 
frame we apply general terminology for Euarthropo-
da and Eucrustacea. This is necessary as many special-
ist terms are used very differently in different ingroups 

of Eucrustacea with very different criteria behind each 
version of the same term (e.g. ‘carapace’ which is there-
fore substituted by shield). Specialist terms (following 
Larsen 2003) were added in single quotation marks.

Results

The three specimens are interpreted here as representa-
tives of a single species of Tanaidacea due to their great 
similarity and lack of distinctive characters. The species 
is treated as new to science since it presents a unique 
combination of characters so far unknown from the fossil 
and extant record of Tanaidacea.

Taxonomic treatment

Euarthropoda sensu Walossek, 1999
Eucrustacea sensu Walossek, 1999
Peracarida Calman, 1904
Tanaidacea Dana, 1849
Tanaidomorpha Sieg, 1980

Tanaidaurum gen. nov.
https://zoobank.org/EC1E9DC2-E223-494E-9379-FE20F10700D2

Type species. Tanaidaurum kachinensis sp. nov.

Tanaidaurum kachinensis sp. nov. 
https://zoobank.org/E14D2DF3-4675-4421-98F2-A2E32E11ADC1

Type material. Holotype SNHMB.G 8008.
Etymology. “Tanaid” in reference to Tanaidacea 

+ “aurum” (“gold” in Latin) in reference to the gold-
en appearance of the preservation. The specific epithet 
“kachinensis” refers to the Kachin State in Myanmar, 
where the specimens come from.

Diagnosis. Body cylindrical, surface smooth. Shield 
with set off triangular sclerite postero-laterally on each 
side. Antennula with four elements. Antenna uniramous, 
four elements. Appendages of post-ocular segment 7 
(‘cheliped’) with ischium not separated from basipod. 
Appendages of post-ocular segments 8–10 (trunk ap-
pendages 1–3; ‘pereopods’ 1–3) slender, ischium separat-
ed from basipod; distal part of dactylus (‘unguis’) dis-
tinctly sclerotized, elongated, separated from proximal 
part of dactylus. Appendages of post-ocular segments 
11–13 (trunk appendages 4–6; ‘pereopods’ 4–6) stouter, 
ischium separated from basipod; one pair of distal spines 
on merus, carpus and propodus; dactylus curved, special-
ized as a claw, no distinct separate part (‘unguis’’) appar-
ent. Group of short setae in the lateral margin of pleon 
segments. Uropods with endopod and exopod differing 
slightly in length, two elements in both rami with termi-
nal long setae.

Description. Overall morphology. Body longer than 
wide, differentiated into functional head and trunk, the 
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latter further subdivided into an anterior part and poste-
rior part. Functional head (‘cephalothorax’) composed of 
eight segments: six segments of the ancestral eucrusta-
cean head (ocular segment + post-ocular segments 1–5: 
segments of antennula and antenna accessible, mandible, 
maxillula and maxilla not accessible) + two anterior trunk 
segments (post-ocular segments 6–7: segments of maxil-
liped and ‘cheliped’ accessible). Segments of functional 
head dorsally conjoined forming a distinct shield (‘cara-
pace’). Anterior part of the trunk (‘pereon’) composed of 
six segments (post-ocular segments 8–13, ‘pereon’ seg-
ments 1–6). Posterior part of the trunk (pleon) composed 
of five free segments (post-ocular segments 14–19, pleon 
segments 1–5) and a pleotelson (post-ocular segment 14, 
pleon segment 6 conjoined to the telson) (Figs 1–3).

Functional head (cephalothorax). Dorsally acces-
sible, one-fourth of the length of the entire body (body 
length measured from anterior edge of shield to tip of tel-
son (Table 1); surface of shield smooth, postero-lateral 
edges with set off triangular sclerites. Compound eyes, 
protruding antero-laterally (Figs 2B, 4). Appendages of 
functional head. Antennula and antenna (appendages 
of post-ocular segments 1, 2) arising anterior-medially. 
Most mouthparts not accessible (appendages of post-oc-
ular segments 3–5). Two distal elements of maxilliped 
(appendage of post-ocular segment 6) and cheliped (ap-
pendage of post-ocular segment 7).

Antennula longer, broader and dorsally displaced in re-
lation to antenna; four elements, proximal-most element 

longest and broadest, subsequent elements progressively 
shorter than proximal one, at least one long seta arising 
in the connective joint between elements 1 and 2, as well 
as 3 and 4, at least five shorter setae in the anterior part of 
distal-most element.

Antenna shorter and slenderer than antennula, four 
elements, proximal-most elements 1 (coxa?) and 2 (ba-
sipod?) shorter and broader than subsequent elements 

Table 1. Measurements of Tanaidacea specimens preserved in 
amber. All measurements in millimetres, except ratios.

Measurements Specimens
SNHMB.G 8008 BUB 4227-1

Body (B) 1.77 1.84
‘Cephalothorax’ (Ct) 0.30 0.39
Anterior trunk (T) 1.08 0.97
Pleon (Pl) 0.40 0.48
Anterior trunk segment 3 (Ts3) 0.12 0. 12
Anterior trunk segment 4 (Ts4) 0.14 0. 12
Anterior trunk segment 5 (Ts5) 0.16 0. 13
Anterior trunk segment 6 (Ts6) 0.25 0.20
Anterior trunk segment 7 (Ts7) 0.24 0.21
Anterior trunk segment 8 (Ts8) 0.18 0. 18
Pleon segment 1 (Pl 1) 0.06 0.06
Pleon segment 2 (Pl2) 0.07 0.06
Pleon segment 3 (Pl3) 0.06 0.07
Pleon segment 4 (Pl4) 0.05 0.06
Pleon segment 5 (Pl5) 0.05 0.07
Pleotelson (Plt) 0.11 0.16

Figure 1. Digital microscopy images of Tanaidaurum kachinensis gen. et sp. nov.. Specimen SNHMB.G 8008 in dorsal (A) and 
ventral (B) views. Specimen BUB 4227-1 in lateral view, left (C) and right (D) sides. Co-axial polarized light with black (A, D) and 
white (B, C) backgrounds.
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(endopod?), element 3 longest, at least one long seta 
arising in the connective joint between elements 3 
and 4, at least two shorter setae in the anterior part of 
distal-most element.

Maxilliped with two distal elements accessible, ante-
rior margin of distal-most element convex with at least 
five setae. ‘Cheliped’ with five elements accessible most 
likely representing basipod, merus, carpus, propodus and 
dactylus; basipod wider than long (2×), merus sub-tri-
angular in ventral view, carpus longer than wide (2×), 
propodus with cone-like projection (fixed-finger) longer 
than wide (2×), fixed finger with five setae on inner sur-
face, dactylus as long and wide as fixed finger, tapering 
distally (Figs 1, 4).

Anterior trunk (free thorax, ‘pereon’). Six free seg-
ments, dorsally each with a tergite; tergites sub-equal 
in shape, anterior and posterior margins straight, later-
al margins semi-circular; tergite of trunk segments 3–5 
(post-ocular segments 8–13) gradually increasing in 
length, tergites of trunk segments 6 and 7 (post-ocular 
segments 11 and 12) longest, tergite of trunk segment 
8 (post-ocular segment 13) slightly shorter than previ-
ous segment; width not accessible. Surface of tergites 
smooth, except for transversal rim near the posterior mar-
gin; sclerites of ventral surface (sclerites) smooth.

Anterior trunk appendages (‘pereopods’). Appendag-
es of trunk segments 3–5 sub-equal in shape, each with 
seven elements: coxa, basipod, ischium, merus, carpus, 

Figure 2. Digital microscopy images of Tanaidaurum kachinensis gen. et sp. nov. Specimen BUB 4227-2 in ventral view (A), ring 
light with white background. Detail of anterior part of functional head, showing compound eye, antennula and antenna (B). Detail 
of trunk appendage 1 (C), detail of trunk appendage 4 (D) of the holotype.
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propodus and dactylus; coxa wider than long (1.8×), ba-
sipod longest element, longer than wide (3.5×), ischium 
wider than long (1.5×), carpus, merus and propodus sub-
equal, longer than wide (1.5×), dactylus almost as long as 
basipod, proximal part of dactylus short, as long as wide, 
distal part of dactylus (‘unguis’) slender and elongated, 
tapering distally, at least one seta in carpus/propodus 
and one in propodus/dactylus connective joints; trunk 
appendages 6–8 sub-equal in shape, stouter than trunk 
appendages 3–5, six elements, from proximal to distal: 
possibly basipod, ischium, merus, carpus, propodus and 
dactylus; basipod longest and widest element, longer than 
wide (2×), ischium ring-like, merus, carpus and propodus 
sub-equal in length and shape, longer than wide (2.5×) 
with two spines latero-distally positioned, dactylus with-

out distinct differentiation (no ‘unguis’ apparent), dacty-
lus sickled-shaped (specialized as claw), at least four se-
tae in propodus/dactylus connective joint (Figs 2C, D, 4).

Posterior trunk (pleon). Five free segments, dorsally 
with tergites; tergites sub-equal in shape, each half of 
the length of the tergites of the first free thorax segment 
and same width of these anterior and posterior margins 
straight, lateral margins semi-circular with group of short 
setae (Fig. 3), surface smooth; sclerites in ventral surface 
(sternites) with mid furrow in antero-posterior direction; 
pleotelson about twice the length of last free pleon seg-
ment, semi-circular posterior margin, dorsal and ventral 
surfaces smooth.

Pleon appendages (pleopods). Each free pleon segment 
bears one pair of appendages (pleopods), only distal por-

Figure 3. Digital microscopy images of Tanaidaurum kachinensis gen. et sp. nov. Holotype, ventral view of the pleon (A). Detail 
of uropod (B). Detail of pleon segments (C, D), arrow heads point to bundles of setae in the lateral margin of the pleon segments.
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tion of pleopods accessible, distal margin semi-circular 
bearing many setae. Unclear if uniramous or biramous; 
pleotelson bearing one pair of uropods (appendage of ple-
on segment 6) latero-posteriorly arising from pleotelson; 
uropods with basipod bearing two rami – endopod and 
exopod; basipod shorter and wider than rami; endopod 
longer than exopod (1.18×), two elements: proximal el-
ement longer than wide (5×), distal element longer than 
wide (2.5×), at least four long setae distally; exopod with 
two elements: proximal element longer than wide (3×), 
distal element longer than wide (5×), at least two long 
setae distally (Fig. 3B).

Discussion
Systematics and fossil record of Tanaidacea

Generally three morphotypes are recognized within 
Tanaidacea: anthracocaridomorphan-type tanaidaceans, 
apseudomorphan-type tanaidaceans and tanaidomorphan-
type tanaidaceans. Only the third appears to correspond to 

a distinct monophyletic group Tanaidomorpha, the other 
two groups seem to be characterised by plesiomorphies 
only and do not seem to represent natural groups. All 
three morphotypes are known from fossils.

Anthracocaridomorphan-type tanaidaceans (often 
erroneously recognised as a monophyletic group “An-
thracocaridomorpha”) are only known from fossils. The 
morphotype is recognized by the plesiomorphic condition 
of a pleon having six free segments and telson. All of the 
five anthracocaridomorphan-type species are based on 
rock fossils. Their records range from the early Carbonif-
erous (Mississippian, circa of 358 million years ago) with 
Anthracocaris scotica (Peach, 1882), which provided the 
name for the morphotype, to the Middle Jurassic (be-
tween approximately 170 to 166 million years ago) with 
Niveotanais brunnensis Polz, 2005 (Fig. 5).

The ingroup of Tanaidacea including the apseudomor-
phan-type representatives and Tanaidomorpha has mostly 
extant representatives, but has a quite intriguing fossil 
record. The novelty characterizing this group is the pres-
ence of a pleotelson (sixth pleon segment conjoined to 
the telson). The oldest fossil of the apseudomorphan-type 

Figure 4. Digital drawing of Tanaidaurum kachinensis gen. et sp. nov. Holotype in dorsal (A) and ventral (B) views. Abbreviations: 
at: antenna, an: antennula, ce: compound eyes, cp: ‘cheliped’, mp: maxilliped, pl1–5: pleon segment 1–5, plp1–5: pleopod 1–5, plt: 
pleotelson, s: shield (‘carapace’), sc: sclerite, ta3–8: trunk appendage 3–8, tam: trunk appendage muscle tissue, ts3–8: trunk segment 
3–8, ur: uropod.
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(the supposed group “Apseudomorpha” was shown to be 
not a natural group repetitively; Siewing 1953; Drumm 
2010; Kakui et al. 2011) is Palaeotanais quenstedti Reiff, 
1936 from the Early Jurassic of Germany (Rhaetian to 
Toarcian, circa of 200 to 180 million years ago). The 
fragmentary condition of the trunk does not provide in-
formation whether the species indeed had a pleotelson or 
not. Still, it was interpreted as an apseudomorphan-type 
tanaidacean due to the combination of: 1) presence of an-
tero-lateral processes in the anterior trunk segments, and 
2) presence of lateral protrusions in the pleon segments 
(tergopleura). These two characters in combination are 
found only in extant apseudomorphan-type tanaidaceans 
(Schädel et al. 2019). Unfortunately, there is no preserva-
tion of the appendages of Palaeotanais quenstedti.

The oldest fossil record of a tanaidacean with a pleotel-
son preserved is Opsipedon gracilis (Heer, 1865) from the 
Middle Jurassic (lower Aalenian, circa of 174 to 172 million 
years ago). Currently, there are nine formally described spe-
cies of apseudomorphan-type fossils; most are rock fossils, 
the only exception so far is Miodiscapseudes chiapensis 
Heard, 2018, from the Early Miocene (Aquitanian, circa of 
23 million years ago) Mexican Amber of the Chiapas region 
(also known as “Chiapas amber”) (Heard et al. 2018).

The group Tanaidomorpha, and the corresponding 
morphotype, is characterised by several apomorphic 
characters: 1) antennula uni-flagellate, 2) antenna unira-
mous, 3) cheliped and trunk appendage 1 without exopod. 
The monophyly of Tanaidomorpha is further supported 
by molecular phylogenetic analyses (Drumm 2010; 
Kakui et al. 2011). The fossil record of Tanaidomorpha 

is restricted to fossils preserved in amber (Fig. 5). Most 
of the species are from the Cretaceous, with the excep-
tion of Pseudopancolus minutus from early Miocene 
Mexican Chiapas Amber (Aquitanian, circa of 23 million 
years old; Heard et al. 2018). The fossils described here 
possess apomorphies that characterize Tanaidomorpha 
and are therefore an addition to the Cretaceous record 
of tanaidomorphans.

Relationships and fossil record of 
Tanaidomorpha

When dealing with fossils, there is a limited number of 
characters available to differentiate species. Mouthparts 
that are usually used for differentiating among extant spe-
cies are rarely visible in fossils. Here we will focus in dis-
cussing characters that are available in most of the fossils 
of Tanaidomorpha.

Tanaidomorpha is generally differentiated into three 
morphotypes, tanaidoidean-type, paratanaoidean-type 
and neotanaoidean-type (Kakui et al. 2011, 2012). The 
first two seem to correspond to monophyletic groups, 
Tanaidoidea and Paratanaoidea. Neotanaoidean-type 
tanaidaceans are only characterised by plesiomorphies 
(cheliped and anterior trunk appendages with ischium 
separated from basipod, five pairs of pleopods, uropods 
biramous). A possible apomorphic character uniting them 
is the number of elements of the uniramous antenna: neo-
tanaoidean-type tanaidaceans have nine elements in the 
antenna, while tanaidoideans and paratanaoideans usual-

Figure 5. Temporal distribution of the fossil record of Tanaidacea. The black arrow indicates the first record of a tanaidacean with 
a pleotelson preserved, and the new species is highlighted by a blue rectangle.
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ly have less than that. Yet, this number is highly variable 
within Tanaidacea.

Neotanaoidean-type tanaidaceans are restricted to deep-
sea environments and have no fossil record so far. Regard-
ing relationship of neotanaoidean-type tanaidaceans with-
in Tanaidomorpha, there are two competing hypotheses: 
((Neotanaoidea + Tanaidoidea) + Paratanaoidea) which 
is supported by molecular data (Kakui et al. 2011), while 
(Neotanaoidea+(Paratanaoidea+Tanaidoidea)) is support-
ed by morphological data (Lang 1956). Given the fact that 
even the monophyly of a supposed group “Neotanaoidea” 
is not well established, we follow here the scheme of 
(neotanaoidean-type tanaidaceans + (Paratanaoide-
a+Tanaidoidea)).

The group Tanaidoidea is characterised by three apo-
morphic characters: 1) pleon segments 4 and 5 narrower 
than pleon segments 1–3, 2) only three pairs of pleopods, 
and 3) uropods uniramous. Additionally, tanaidoideans 
have antennae with 6–8 elements. The only fossil record 
of the ingroup Tanaidoidea is Pseudopancolus minutus 
(Heard et al. 2018) from early Miocene Chiapas, Mexico.

All other fossils from Cretaceous ambers have been 
considered to be representatives of Paratanaoidea. How-
ever, the relationships of the fossils to extant ingroups of 
Paratanaoidea are not clearly resolved. Chelipeds with the 
ischium not separated from the basipod (also referred as 
“absence of ischium” in the literature) can be considered 
as a synapomorphy of the unnamed group Paratanaoidea + 
Tanaidoidea. There seem to be chelipeds with an ischium 
separated from the basipod that occur in the tanaidoide-
an species-group Tanais, but this would then represent an 
evolutionary reversal. Anterior trunk appendages with the 

ischium not separated from the basipod was considered 
an apomorphic character of Tanaidoidea (Sieg 1980). Yet, 
also here one ingroup represents an exception: represen-
tatives of the species-group Arctotanais have anterior 
trunk appendages with the ischium separated from the 
basipod (Kakui et al. 2012). Also here this character state 
needs to be understood as a reversal.

The fossils described here, like most tanaidaceans from 
Cretaceous ambers, have the following characters states: 
1) chelipeds without a separated ischium (apomorphy of 
Paratanaoidea+Tanaidoidea), 2) anterior trunk appendag-
es with a separated ischium (plesiomorphy of Tanaidacea), 
3) biramous appendages (plesiomorphy of Tanaidacea), 
and 4) the last two free pleon segments are never reduced 
in width (plesiomorphy of Tanaidacea). This combi-
nation of characters suggests the Cretaceous fossils are 
representatives of the group Paratanaoidea+Tanaidoidea. 
Furthermore, they lack the apomorphic character for Ta-
naidoidea. Therefore, they basically resemble modern 
paratanaoideans. Yet, with this character combination the 
fossils could indeed be branching off the lineage towards 
modern paratanaoideans, but also off the early lineage 
towards modern tanaidoideans (before their apomorphy 
has evolved), but also in the direct (stem-)lineage towards 
Paratanaoidea+Tanaidoidea.

Species delimitation: comparison to other 
Cretaceous fossils

The body ratios are quite stable among Cretaceous ta-
naidaceans (Fig. 6), also seen in extant tanaidaceans 

Figure 6. Parallel coordinates chart of the body ratios of Cretaceous tanaidomorphan crustaceans. The ratios were obtained dividing 
the lengths of different body parts. Abbreviations: Aa: Álava amber, B: body (except of appendages), Ba: La Buzinie amber, Ca: 
Charentese Amber, Ct: functional head (“cephalothorax”), Ka: Kachin amber, Pa: Pyrenean amber, Pl: pleon, Pl1–5: pleon segments 
1–5, T: anterior trunk (free thorax), Ts: anterior trunk segments, Ts3–8: trunk segments 3–8, Va: Vendean amber.
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(Schädel et al. 2019). Still, there are some variances, 
like Armadillopsis rara from Pyrenean Amber of France, 
which has a shorter anterior trunk in relation to the pleon, 
and the new Kachin fossils described here in which the 
last trunk segment is shorter than the previous ones. In the 
remaining Cretaceous tanaidaceans, the last three anterior 
trunk segments have the same length (Fig. 6).

From the species preserved in Cretaceous amber, 
Tanaidaurum kachinensis gen. et sp. nov. has most mor-
phological similarities to Proleptochelia tenuissima Vonk 
& Schram, 2007 from the Álava Amber, Upper Cretaceous 
(Albian, circa of 110–105 million years old), the oldest 
representative of Paratanaoidea+Tanaidoidea, especially 
in the shape of the chelipeds, anterior trunk appendag-
es and the uropods. The biramous uropods of Cretaceous 
tanaidomorphans have either symmetric or asymmet-
ric rami, i.e., endopod and exopod with a small (< 2) or 
large (≥ 4) difference in length, respectively (Fig. 7). In 
the Kachin species both rami have a small difference in 
length, are more symmetric, and have two elements with 
terminal long setae, as Proleptochelia tenuissima.

The number of elements in the antennula and antenna 
of tanaidomorphans varies greatly, and although it is use-
ful to differentiate among species, its phylogenetic value 
remains to be investigated. Different from all other fossil 
or extant tanaidaceans, Tanaidaurum kachinensis gen. et 
sp. nov. has four elements in both antennula and antenna. 
The shape of the anterior trunk appendages is conspicu-
ously similar among Cretaceous tanaidaceans, including 
the species here described. Trunk appendages 4–6 have a 
hook-shaped dactylus. Today, this character is present in 
different ingroups of Paratanaoidea, almost exclusively in 
shallow-water forms (Larsen and Wilson 2002). This is 
compatible with a fossil preserved in amber. Likewise, 
it is safe to assume that Tanaidaurum kachinensis gen. 
et sp. nov. lived in shallow water specimen; however, it 
is unclear from its morphology if it represents a freshwa-
ter or marine organism. Kachin amber is formed by resin 
from trees possibly in a proximity to the sea, in an area 
with occasional flooding (Schädel et al. 2021a, b).

The biased fossil record of Tanaidacea

It is important to note that the fossil record of Tanaidacea 
is largely biased and, therefore, we need to make some 
remarks before continuing. So far, all records come from 
the northern hemisphere. This point is very likely to be of 
historical aspect than representing true palaeogeographic 
distribution, since most of palaeontological research has 
been developed in the northern hemisphere in the last 
centuries. About half of the fossil species described are 
based on specimens preserved as rock fossils and about 
the other half are specimens preserved in amber (Fig. 4). 
This situation possibly leads to an underestimating of 
the number of species in some ingroups. Specimens pre-
served as rock fossils preserve less details, specimens 
preserved in amber are usually preserved in greater detail.

This fact appears especially problematic, because the 
rock fossils interpreted as representatives of Tanaidacea 
are very fragmentary and some species, such as Carlclau-
sus emersoni Schram et al., 1986, have been described 
from isolated pieces of the anterior trunk and pleon. Also, 
isolated pieces such as chelae, rather common in some 
fossil sites, have been attributed to species described 
from other body parts. This “fossil-Frankenstein” ap-
proach is quite common and to a certain degree useful 
in palaeontology because it avoids description of new 
species to every isolated remain found. Yet, it is not ide-
al, because most fossil groups have a rather complicated 
fossil record. The strategy is likely driven as many re-
searchers believe that to attribute a name to a specimen 
facilitates communication. In an attempt to cope with the 

Figure 7. Restoration of the preserved uropods of Cretaceous 
tanaidomorphan crustaceans. A. Proleptochelia tenuissima 
(after Vonk and Schram 2007, fig. 3–5); B. Tanaidaurum 
kachinensis gen. et sp. nov.; C. Armadillopsis rara (after 
Sánchez-García et al. 2016, fig. 6C); D. Tytthotanais tenvis 
(after Sánchez-García et al. 2016, fig. 7A); E. Alavatanais 
margulisae (after Sánchez-García et al. 2017, fig. 6F); 
F. Arcantitanais turpis (after Sánchez-García et al. 2016, fig. 
10C); G. Alavatanais carabe (after Sánchez-García et al. 2015, 
fig. 1E); H. Electrotanais monolithus (after Sánchez-García et 
al. 2015, fig. 9H); I. Eurotanais pyrenaensis (after Sánchez-
García et al. 2016, fig. 3F), and plot of the uropods ratio (length 
of the endopod / length of the exopod). The uropod of the new 
species (B) is highlighted by a grey circle.



fr.pensoft.net

Paula G. Pazinato et al.: Tanaidacean from Myanmar amber and the fossil record of the group48

fragmentary record of Tanaidacea, Schädel et al. (2019) 
employed a morphometric approach to interpret an iso-
lated fragment of anterior trunk and pleon to Tanaidacea, 
which proved to be useful. Their analysis showed the ra-
tios of anterior trunk and pleon segments are very sta-
ble in different ingroups of Eumalacostraca (except for 
Isopoda), especially in Tanaidacea. Yet, it is not clear if 
this relationship has phylogenetic value among different 
ingroups of Tanaidacea.

Amber inclusions: relative abundance of 
tanaidaceans

Cretaceous ambers are a great window for past diversity, 
especially morphological diversity, in many lineages of 
Euarthropoda. So far, tanaidaceans have been reported 
from Cretaceous amber sites in Spain and France. The fos-
sils reported here represent the first record of Cretaceous 
tanaidaceans outside Europe. Aquatic organisms are not 
likely to be preserved in tree resins when compared to 
mainly terrestrial animals, such as beetles and alike, but 
it is taphonomically possible as shown, for example, by 
Schmidt and Dilcher (2007), Schmidt et al. (2018), or 
Schädel et al. (2021a, b). The abundance (i.e., number 
of specimens) of eumalacostracan records in Cretaceous 
amber sites is usually very low when compared to oth-
er lineages of Euarthropoda. Still there are some amber 
deposits, such as the French La Buzinie and Pyrenean, 
where tanaidaceans account for a great percentage of the 
discoveries (Fig. 8). According to Perrichot et al. (2007), 
La Buzinie yields seventeen specimens of Euarthropo-
da preserved in amber, two specimens are tanaidaceans 
comprising circa 11% of the records. From the 29 speci-
mens of Euarthropoda found in the Pyrenean amber, six 
specimens are tanaidaceans, circa 20% (Perrichot et al. 
2007). In the Vendean amber, from 171 fossil of Euar-
thropoda, 29 are representatives of Isopoda, accounting 
for remarkably circa 16% of the assemblage (Perrichot 
and Néraudeau 2014).

These numbers of crustaceans are extremely high 
when compared to the French Charentese amber, where 
from the 760 fossils of Euarthropoda, circa 2.58% are pe-
racaridans, namely one specimen of Tanaidacea and elev-
en of Isopoda. Also, in the Spanish Álava amber, where 
from more than 2,300 fossils of Euarthropoda have been 
found, peracaridan crustaceans (Isopoda and Tanaidacea) 
represent circa of 1.22% of the total assemblage (Delclòs 
et al. 2007; Peñalver and Delclòs 2010).

Future studies increasing the overall number of spec-
imens will likely approximate the relative abundance of 
different euarthropodan groups of the French La Buzinie, 
Pyrenean and Vendean amber deposits to Charentese and 
the Spanish Álava. Until this date there is no information 
on how many specimens of Euarthropoda Kachin amber 
has provided, but we can possibly expect similar numbers 
of abundance as Charentese and Álava.

Regarding diversity, from the 49 specimens of Ta-
naidacea found in Cretaceous amber deposits, there are 
14 different formally described species. All of them are 
representatives of the group Paratanaoidea+Tanaidoidea, 
suggesting the Cretaceous was a period of diversification of 
Tanaidomorpha. Still, the gross morphology of the Creta-
ceous species is very similar to modern day paratanaoide-
ans, and the only record of a fossil tanaidacean presenting 
the apomorphies of modern tanaoideans, Pseudopancolus 
minutus Heard, 2018, is from the Miocene (circa of 20 
million years ago) Mexican Chiapas amber. This suggests 
that the diversification of Tanaidoidea happened after the 
Cretaceous-Paleogene extinction.

Conclusions

We describe a new species of Tanaidacea, Tanaidaurum 
kachinensis gen. et sp. nov., from Kachin amber (100 million 
years old). The new species is a representative of the group 
Tanaidomorpha, part of the Cretaceous diversification of the 
unnamed ingroup Paratanaoidea+Tanaidoidea. It has most 
morphological similarities to Proleptochelia tenuissima 

Figure 8. Relative abundances of different ingroups of Euarthropoda in different amber deposits from the Cretaceous.
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Vonk & Schram, 2007 from the Álava Amber, Upper 
Cretaceous (Albian, ca. 110–105 million years old) of 
Spain. This is the first record of a Cretaceous tanaidacean 
outside Europe. So far, all Cretaceous tanaidaceans are 
representatives of Paratanaoidea+Tanaidoidea. Modern 
tanaidoideans only appear in the Miocene, suggesting 
the diversification of Tanaidoidea happened after the 
Cretaceous-Paleogene extinction.
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Abstract

We here report on new material of Pseudopus pannonicus, the iconic and largest-known representative of the lizard clade Angui-
nae, from several late Neogene localities across Moldova, Ukraine, and regions of the North Caucasus – the last representing the 
easternmost known occurrence of this extinct species. Today, Pseudopus apodus, the last extant Pseudopus representative, is found 
in a variety of habitats ranging from South-East Europe to Central Asia. In the late Cenozoic of Europe, however, several extinct 
species of Pseudopus existed. Among them, interestingly, P. pannonicus displayed the largest spatiotemporal range of the genus, 
occurring from Spain to the North Caucasus and known from the Late Miocene to the Early Pleistocene. Although it has been re-
ported in a plethora of European localities, P. pannonicus is a taxon “with several questionings related to its few diagnostic features 
vs. numerous features shared with P. apodus”. The elements described here exhibit some variability, but their overall morphology 
undoubtedly resembles that of previously described material of P. pannonicus. The lacrimal from Tatareshty, moreover, represents 
the first fossil lacrimal reported for P. pannonicus. Besides, the fairly complete maxilla with a length of almost 3.7 cm is the largest 
maxilla ever reported for this taxon, expanding our knowledge of its gigantism. In addition, several features are described and dis-
cussed regarding their diagnostic relevance for P. pannonicus. The relationship between body size and some of these features was 
tested statistically. Consequently, two cranial characters and one vertebral feature peculiar to P. pannonicus were retained in the 
diagnosis of the species.

Key Words

Anguimorpha, Miocene, Moldova, North Caucasus, Pliocene, Ukraine

Introduction

This study is part of a larger project aimed at the taxonom-
ical revision of Pseudopus pannonicus (Kormos, 1911). 
Among squamates, Anguidae represent a diversified and 
widely distributed group of reptiles from which Anguinae 
is the most derived clade (Augé 2005). Although there 
have been recent alterations to phylogenetical conceptions 

that have been stable for decades (e.g., Pyron et al. 2013; 
Burbrink et al. 2020) and the position of Diploglossidae 
is still debated (as a subclade of Anguidae, e.g., see Con-
rad 2008; Gauthier et al. 2012; Pyron et al. 2013; as a 
distinct clade outside of Anguidae, e.g., see Zheng and 
Wiens 2016; Burbrink et al. 2020), besides Anguinae 
three other extant clades are traditionally included in An-
guidae. These are Gerrhonotinae, Anniellinae, and the 
extinct Glyptosaurinae (Sullivan 1979, 2019; Gauthier et 
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al. 2012; Georgalis et al. 2021). Nowadays, anguines are 
represented solely by legless forms (note, however, that 
some fossil taxa were not legless, see Sullivan et al. 1999; 
Čerňanský and Klembara 2017) included in three genera: 
the glass lizard Ophisaurus Daudin, 1803 from Northern 
America, Southeast Asia [=Dopasia Gray, 1853], and 
Northern Africa [=Hyalosaurus Günther, 1873]; the slow 
worm Anguis Linnaeus, 1758 from Europe and Western 
Asia; and the Sheltopusik Pseudopus Merrem, 1820, 
from southeastern Europe, the Middle East and Central 
Asia (Estes 1983; Sindaco and Jeremčenko 2008; Jablon-
ski et al. 2021). All three taxa are also present in the 
Neogene of Europe. A fourth anguine taxon, Ragesaurus 
Bailon & Augé, 2012, is also known from the Quaterna-
ry of Spain. This taxon is known by only a subcomplete 
dentary and is restricted to one locality on Islas Medas 
(Catalonia, Spain) (Bailon and Augé 2012). Recently, a 
fifth taxon - Smithosaurus Vasilyan, Čerňanský, Szyndlar 
& Mörs, 2022 was described from the Early and Middle 
Miocene of Germany and Austria (Vasilyan et al. 2022). 
Today, Pseudopus is represented only by a single extant 
species Pseudopus apodus. Populations of this species 
are considered to pertain to three sub-species: Pseudopus 
apodus thracius Obst, 1978 from the western-most part of 
the geographic range of the species (i.e., coastal Croatia, 
Greece, Northwestern Anatolia), Pseudopus apodus apo-
dus Pallas, 1775 from Asia Minor and Central Asia, and 
Pseudopus apodus levantinus Jablonski, Ribeiro-Junior, 
Meiri, Maza, Mikulíček & Jandzik, 2021 from the Levant 
(Jandzik et al. 2018; Glavaš et al. 2020; Jablonski et al. 
2021). The genus Pseudopus is also known in the fossil 
record by a plethora of upper Cenozoic remains from lo-
calities all across Europe (Klembara 1981; Klembara and 
Rummel 2018). There are currently four fossil species de-
scribed: Pseudopus ahnikoviensis Klembara, 2012, Pseu-
dopus confertus Klembara & Rummel, 2018, Pseudopus 
laurillardi (Lartet, 1851), and P. pannonicus (Kormos, 
1911) (see Klembara and Rummel 2018). The latter is 
the largest anguine known with a skull length estimated 
around 90–100 mm (Estes 1983; Roček 2019). The tem-
poral range of P. pannonicus spans the Upper Miocene 
(MN9) to the Lower Pleistocene (e.g., Čerňanský et al. 
2017). As great as the temporal range of this species is its 
geographic range. Indeed, although most common in Cen-
tral Europe, the presence of this species has been reported 
from fossil localities in Spain (Bailon 1991; Blain et al. 
2016) to Ukraine (Alexejew 1912; Zerova 1993; Roček 
2019) since its original description by Kormos (1911). 
On the other hand, apart from some notable contributions 
(Fejérváry-Lángh 1923; Roček 2019), few works tackled 
the diagnosis of P. pannonicus or examined intraspecific 
variation. In addition, few recent works described various 
fossil remains that were only identified as indeterminate 
anguines (Georgalis et al. 2018) or Pseudopus sp. (Geor-
galis et al. 2019a; Georgalis and Delfino 2022) because of 
preservation issues or restricted material for instance but 
for which suspicions of affinities towards P. pannonicus 
were hinted at. These reports are from the Balkans area, 

namely from Late Miocene Greek localities of Ravin de 
la Pluie and of Maramena, in which is recorded the Mio-
cene-Pliocene transition (Georgalis et al. 2018, 2019a). If 
the P. pannonicus affinities, especially strong from Mara-
mena, suggested by these authors were to be confirmed 
(see comments later in Results), these reports would thus 
document the most southward occurrences currently 
known for that species. The material described by Kor-
mos (1911) originated from the type locality of Polgár-
di 2 (Upper Miocene, Hungary) and consisted only of 
isolated remains, i.e., one premaxilla, one pterygoid and 
three dentaries of which none was formally established 
as either the holotype or as lectotypes for this newly de-
scribed species. Therefore, in accordance with the ICZN 
(1999), these original specimens are, by definition, auto-
matically and equally designated as the syntypes of this 
taxon. Several decades later, Estes (1983) referred to one 
of the most informative dentary from the original material 
figured by Kormos (1911), i.e., actually a syntype of P. 
pannonicus as emphasized hereabove, as the neotype of 
P. pannonicus:

“Neotype: HGI, dentary (KORMOS 1911, fig. 19); 
Pliocene, Polgardi, Hungary.” (Estes 1983, 141).

More recently, Klembara and Rummel (2018) and 
Roček (2019) followed that statement from Estes (1983) 
and referred to that specimen from Polgárdi as a neo-
type as well, the former authors stating that no collec-
tion number was assigned to that particular specimen. 
However, by the ICZN definition, this specimen cannot 
be considered as a neotype. It is still unclear why this 
syntype specimen was referred to as a neotype rather 
than a lectotype or even an inferred holotype in the first 
place. It is especially puzzling when the apparent intent 
behind the words of this author is closest to that of a lec-
totype usage, and where, in the same publication, multi-
ple uses of lectotypes can be recorded. Prior to the study 
of Estes, Młynarski (1956) does use the term “holotype” 
while mentioning the work of Kormos (1911). However, 
the former author did not specify any specimen in par-
ticular: “good photograph of his holotype (fragment of 
skull)” (Młynarski 1956, 142). Nonetheless, following 
the ICZN, as neither the exact term of “lectotype” was 
explicitly used, nor a holotype has been inferred from 
the original syntypes, the actions of Estes (1983) do not 
constitute a lectotype designation ([Art. 74], [ICZN] 
1999). Thus, no lectotype is currently fixed for Pseudo-
pus pannonicus. To alleviate this issue, we here formerly 
designate a lectotype for the anguine Pseudopus pannon-
icus. The lectotype specimen we select here is the left 
dentary MÁFI V 2023.1.14.1., the same specimen that 
was figured in the original description of this taxon (Kor-
mos 1911, 63, Fig. 19 [i.e., the leftmost specimen]) and 
that was later referred to as a “neotype” by Estes (1983) 
and Roček (2019). Several features of that dentary are 
undoubtedly allowing us to identify it as the specimen 
figure by Kormos, but it should be noted that it has been 
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slightly damaged since its discovery. Indeed, a few ante-
rior teeth are now broken off and the posterior end of the 
dentary is lightly damaged as well. In the prior literature, 
this specimen can be found under the former collection 
number Ob. 5058, following an older number formatting 
used previously by the Hungarian Geological Institute in 
Budapest, Hungary. With the designation of the lectotype 
here, all other remaining specimens figured by Kormos 
(1911) therefore lose the status of syntypes and are giv-
en the paralectotype status. These include two right den-
taries, one premaxilla (currently missing) and a pterygoid 
(currently missing as well).

In any case, as of today, very few clearly defined apo-
morphic features are known for Pseudopus pannonicus. 
Yet, many works, including recent ones, have attributed 
numerous specimens to this taxon with limited argumen-
tation or use of clear apomorphic criteria, sometimes even 
pointing at the lack of differences with P. apodus except 
for the large size of the bones described (e.g., Młynarski 
1956, 1962; Bachmayer and Młynarski 1977; Młynarski 
et al. 1984; Kotsakis 1989; Tempfer 2009; see Blain et al. 
2016 for summarizing comments about the Pseudopus ma-
terial from the Iberian peninsula). Some of these identifi-
cations are not necessarily erroneous and are nothing more 
than the product of their time when differences between 
both taxa were not yet clearly established. Nonetheless, 
revisions of these copious amounts of fossils are much de-
sired to update and complete these taxonomic statements 
with either restricted or no supporting evidence.

Moreover, due to the establishment of other binomina 
from nearby areas as well as several synonymization ac-
tions, the early taxonomic history of this taxon has been 
subjected to some confusion. Indeed, Bolkay (1913), fol-
lowing the work of Kormos (1911), described the new 
species Ophisaurus intermedius, Anguis polgardiensis, 
and Varanus deserticolus. The former two taxa, O. inter-
medius and A. polgardiensis, were subsequently treated 
as junior synonyms of P. pannonicus by Fejérváry-Lángh 
(1923). The third species, V. deserticolus is a chimaera 
taxon, with its syntypes of both a varanid and an anguine 
(see Georgalis et al. 2017b). At the same time, Alexejew 
(1912) described Ophisaurus novorossicus from the Upper 
Miocene of Ukraine. According to him, this new species 
could be distinguished from other Ophisaurus (=Pseudo-
pus) species based on its tooth count and its stratigraphic 
position. Similar to the specimens described by Bolkay 
(1913), the work of Fejérváry-Lángh (1923) led to the 
synonymization of O. novorossicus with P. pannonicus. 
To add to the taxonomical confusion surrounding P. pan-
nonicus, because few differences were identified between 
P. pannonicus and P. apodus in the past, a rather popular 
idea started to spread among the palaeoherpetological 
community. It was suggested that this taxon was in reality 
a very large morphotype of P. apodus (Młynarski 1964; 
Estes 1983). However, Klembara (1986) stated that he 
was able to recognize both species in the Early Pliocene 
(MN 15) locality of Ivanovce, Slovakia. To that can be 
added the minute report of Ophisaurus apodus dzhafarovi 

(Alekperov, 1978) from the Pleistocene locality of Fat-
mai village, Azerbaijan, in which incomplete and disar-
ticulated elements from the skull (upper and lower jaws, 
and frontals), the vertebral column (a mention of over 30 
vertebrae, from which 20 are decently preserved), as well 
as ribs and numerous osteoderms are briefly mentioned. 
In this publication, it is stated that these fossils were 
closest to the modern form of Ophisaurus (=Pseudopus) 
apodus, but that some peculiarities allowed to distinguish 
this fossil form from the modern one. Following this, a 
subspecific status was given to that material from Azer-
baijan, under the name of Ophisaurus apodus dzhafarovi. 
These peculiarities are given as follows: wider and thick-
er frontal bones than P. apodus, marked ornamentation 
of osteoderms displaying a network of irregular ridges 
and grooves, palatine teeth closely packed together. Fol-
lowing the works of Klembara (1979, 1981) in which the 
validity of the genus Pseudopus was reaffirmed, the tax-
on O. apodus dzhafarovi should probably be attributed to 
the genus Pseudopus as well. Very limited information 
about O. apodus dzhafarovi is available in the literature 
but the brief descriptions provided here (Alekperov 1978) 
are reminiscent of the tendency toward larger and more 
robust morphology of P. pannonicus. The latter taxon has 
been reported up until the Early Pleistocene of central and 
eastern Europe (e.g., Klembara et al. 2010; Čerňanský et 
al. 2017), but also in Italian (Delfino 2002) and Iberian 
(Blain and Bailon 2006) localities. The temporal distribu-
tion of P. apodus overlaps the tail-end of the temporal dis-
tribution of P. pannonicus, henceforth and without more 
osteological information and a more detailed stratigraphic 
position for the material from Azerbaijan, it is a delicate 
matter to exclude an attribution of the O. apodus dzha-
farovi material to P. pannonicus or to confirm its current 
attribution. Access to and revision of this material would 
be much desirable to clarify the status of this taxon. More 
recently, material from the Upper Miocene of Gritsev 
(Ukraine) allowed for the study of intraspecific variation 
and the amendment of the diagnosis of P. pannonicus. To 
conclude, there are currently seven features that are con-
sidered to be useful to discriminate P. pannonicus from 
the other species of the genus Pseudopus. These features 
mostly encompass characters from the skull and a single 
vertebral character (Roček 2019; for mandibular feature, 
see Čerňanský et al. 2017).

We here describe new material of P. pannonicus 
from nine localities from the Miocene and Pliocene of 
Ukraine, Moldova, and the North Caucasus where it was 
previously not documented (or reported but not formerly 
described), thus broadening the already impressive geo-
graphic range of this species to the east. Indeed, some 
elements from Gaverdovsky and Volchaya Balka herein 
studied were briefly mentioned by Tesakov et al. (2017). 
These authors reported the presence of anguines, includ-
ing P. pannonicus, from these Late Miocene localities, 
namely by the posterior portion of a large braincase, some 
vertebrae, and osteoderms. These reports were, howev-
er, restricted to a short mention of “abundant” material 
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of P. pannonicus. No detailed descriptions or collection 
numbers were provided. Only a single osteoderm from 
this material was figured (Tesakov et al. 2017: pl. 7, fig. 
15). Pending the clarification of the status of O. apodus 
dzhafarovi (Alekperov 1978) mentioned earlier, in the 
outcome in which that material from Azerbaijan was to 
be confidently identified as P. pannonicus, hence also 
becoming the most oriental report of P. pannonicus, our 
occurrences from Volchaya Balka and Gaverdovsky are 
considered to be the most oriental reports of P. pannoni-
cus currently known.

The aims of this paper are as follows: 1) to describe 
the materials in detail and compare them with previous-
ly described material of Pseudopus pannonicus includ-
ing newly rediscovered type material of this taxon from 
Polgárdi as well as its newly designated lectotype; 2) to 
compare the material with the other known species of 
Pseudopus with a special emphasis on P. apodus; and 3) 
to discuss the taxonomic implications of our findings.

Institutional abbreviations

DE, Department of Ecology, Comenius University in 
Bratislava, Slovakia; GIN, Geological Institute of the 
Russian Academy of Sciences, Moscow, Russia; ISEZ, 
Institute of Systematics and Evolution of Animals, Polish 
Academy of Sciences, Krakow, Poland; MÁFI, Hungari-
an Geological Institute (Magyar Állami Földtani Intézet) 
in Budapest, Hungary; ZIN PH, Zoological Institute, 
Russian Academy of Sciences, St. Petersburg, Russia.

Geological settings

The following study is reporting on material from several 
localities scattered across Ukraine, the Republic of Mol-
dova, and the North Caucasus.

Ukraine

A single Ukrainian locality, the Petroverovka village 
from the Odesa Oblast, is discussed in the present work. 
It can be found in the literature under the former name of 
Zhovten (alternatively romanized as Zhoften). It is close 
to the northern coast of the Black Sea (Fig. 1A). The Pseu-
dopus material herein presented originates from deposits 
of the Lower Maeotian, a regional stage also referred to 
as Meotian (see Palcu et al. 2019, 36), which correlates 
to the early-middle Turolian (MN 11–MN 12) of the 
European continental biochronologic scheme (Fig. 1C). 
Petroverovka, located near the Novoelizavetovka village, 
is known for the presence of fossil anguids and snakes 
(Alexejew 1912; Zerova et al. 1987; Zerova 1993), mam-
mals (e.g., Petronio et al. 2007; Krakhmalnaya 2008; Ro-
sina and Sinitsa 2014), and fishes (Kovalchuk and Fer-
raris 2016).

Moldova

From the Republic of Moldova, the following localities 
are studied (Fig. 1B): Kalfa (alternatively Calfa) from the 
Anenii Noi District, Tatareshty (alternatively Tătărești) 
from the Cahul District, Lucheshty (alternatively Luceşti), 
Etulia (alternatively Etuliya) from the Vulkanesthy Re-
gion, and Khadzhi-Abdul from the Cahul District. From 
Etulia, it should be acknowledged that herpetological ma-
terial was retrieved from three local points, respectively 
Ovrag Nadezhda, Tretiy Ovrag, and Strausovyj Ovrag. 
The locality of Kalfa is known for the presence of vipers 
(Zerova et al. 1987; Zerova 1993) and several mammali-
an taxa (e.g., Delinschi 2014; Čermák 2016; Sinitsa and 
Delinschi 2016). This locality has yielded the oldest spec-
imens of our material. Indeed, although the exact levels of 
excavation were not stated, these samples were reported 
from the Sarmatian regional stage. According to Zerova 
(1993), Kalfa is more precisely of the middle Sarmatian 
age (=Vallesian) and correlated to the MN 9b zone. This 
is the consensus view based on mammalian assemblage 
compositions (e.g., Koretsky 2001; Krakhmalnaya 2008; 
Delinschi 2014). However, the exact age of Kalfa has 
been questioned, as only very few mammal fossils found 
at Kalfa hold strong biochronological signals (Sinitsa and 
Delinschi 2016). Moreover, recent studies based on mag-
netostratigraphic analyses have tentatively suggested a 
slightly younger age (early MN 10) for Kalfa. As pointed 
out by some authors (Čermák 2016; Sinitsa and Delinschi 
2016; and references therein), the magnetostratigraphic 
data are more congruent with the overall biochronolog-
ical markers. Here, we are following the more recent and 
revised age estimations. Henceforth, the deposits from 
Kalfa are here treated as from the early MN 10 (Fig. 1C).

The locality of Tatareshty is known to have hosted a 
faunistic assemblage that is part of the Moldavian Faunal 
Complex (Redkozubov 2003; Nadachowski et al. 2006). 
Therefore, the estimated age of the Tatareshty deposits is 
the late Ruscinian (MN 15) of the European continental 
scale (Fig. 1C).

The locality of Lucheshty is about 4 km southwest of 
Tatareshty and of a similar age to Tatareshty. Indeed, the 
fossiliferous levels examined in Lucheshty have yielded an 
assemblage of mammals that is also indicative of the Mol-
davian Faunal Complex. The presence of some taxa, how-
ever, has highlighted the possibility of a record of the early 
MN 16a in Lucheshty. Moreover, remains of fishes, am-
phibians, turtles, and snakes have also been reported from 
Lucheshty (Redkozubov 2005; Nadachowski et al. 2006).

The fossiliferous deposits of the Etulia area have 
been associated with the Moldavian Mammal Complex, 
i.e., MN 15 (Nadachowski et al. 2006; Baryshnikov and 
Zakharov 2013). Apart from mammalian remains, fos-
sils of mollusks (Nadachowski et al. 2006 and referenc-
es therein), amphibians, and reptiles (Szyndlar 1991a, 
1991b; Redkozubov 2003, 2008; Syromyatnikova 2017a; 
Syromyatnikova et al. 2022) have been reported from de-
posits around Etulia.
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Figure 1. A. Location map of the studied localities. B. Close-up on the localities of Moldova. C. Stratigraphic position of each lo-
cality. Abbreviations: Astarac.: Astaracian; ELMMZ: European Land Mammal Mega Zone; Torin.: Toringian; Serrav.: Serravallian; 
Villafranch.: Villafranchian; *: Late Pleistocene.
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The locality of Khadzhi-Abdul is located near Etulia 
(Fig. 1B). It was mentioned in the work of Godina and 
David (1973) under the name of Suvorovo-1, near the 
Suvorovo village (today named Alexandru Ioan Cuza) 
from the Cahul district of Moldova. The deposits of 
Khadzhi-Abdul are from the late Ruscinian, being strati-
graphically similar to Etulia.

The North Caucasus

Two localities from the North Caucasus (Russia) are 
herein presented, viz., Gaverdovsky and Volchaya Balka 
(Fig. 1A). These localities have yielded palaeobatrachid 
remains as well as a diverse fauna comprising other am-
phibians (both caudates and anurans), mollusks, fishes, 
and reptiles, as well as both micromammal and large-
sized mammal taxa (Tesakov et al. 2017; Syromyatniko-
va 2017b, 2018; Syromyatnikova and Roček 2019). The 
correlation of several proxies (stratigraphy, ostracod as-
semblage composition, palynology, mammalian assem-
blage composition) estimated an age range of 8.1–7.6 Ma 
(Tesakov et al. 2017) (Fig. 1C), which translates to the 
early Turolian (MN 11). Although geographically close 
to one another, Gaverdovsky and Volchaya Balka are as-
sociated respectively with a densely forested shore under 
strong marine water influence and a fresh-water basin 
with more open vegetation (Tesakov et al. 2017).

Material and methods

The specimens described here were collected on several 
expeditions in Eastern Europe during the beginning of the 
second half of the twentieth century. To our knowledge, 
these campaigns are from the years 1957 (Kalfa), 1959 
(Kalfa, Lucheshty), 1961 (Kalfa, Tatareshty, Etulia), 
1964 (Etulia), 1965 (Lucheshty), and 1965 (Etulia). One 
campaign was conducted in Petroverovka with no precise 
temporal indication, but most likely during the year 1961. 
More recent campaigns have been conducted in the North 
Caucasus. Indeed, the material from both Gaverdovsky 
and Volchaya Balka were collected in 2012.

Specimens examined and terminology

All materials are represented by disarticulated specimens 
in which the preservation is quite variable, ranging from 
very poor to fairly complete in some cases. Our samples 
consist of eight dentaries, five maxillae, four frontals, 11 
parietals, one lacrimal, and two fragmentary braincases 
(for the cranial remains) and 133 osteoderms, 18 verte-
brae, and one rib (for the postcranial remains).

The fossil material from Moldova and Ukraine is de-
posited in the collections of the Zoological Institute of the 
Russian Academy of Sciences, Saint Petersburg, Russia 
(collection numbers prefixed by “ZIN PH”), whereas the 

fossil material from Gaverdovsky and Volchaya Balka is 
deposited in the collection of the Geological Institute of 
the Russian Academy of Sciences, Moscow, Russia (col-
lection numbers prefixed by “GIN”).

Standard anatomical orientation is used. The anatomi-
cal terminology of the individual structures follows, with 
few exceptions, Meszoely (1970) and Klembara et al. 
(2014, 2017) for the cranial elements and Čerňanský et 
al. (2019) for the vertebral elements.

Photography, X-ray microtomography, three-
dimensional visualization, and statistical analysis

Specimens were photographed under a Leica M125 bin-
ocular microscope with an axially mounted DFC500 
camera [LAS software (Leica Application Suite) v.4.1.0 
(build 1264)] at the Department of Ecology, Comenius 
University in Bratislava. Several fossil specimens were 
scanned using the micro-computed tomography (CT) 
facility at the Slovak Academy of Sciences in Banská 
Bystrica, using a phoenix vǀtomeǀx L 240 micro-CT. The 
CT data sets were analyzed using Avizo v.8.1. and VG 
Studio Max 3. The type material from Polgárdi was pho-
tographed under a scanning electron microscope Thermo 
Scientific Prisma E SEM housed at the GEOCORE Core 
Sample, Collection and Laboratory Knowledge Center 
of the Supervisory Authority for Regulatory Affairs in 
Rákóczibánya, Hungary. The specimens were left un-
coated and photographed under Low Vacuum Mode. The 
LVD detector was set at various different accelerating 
voltages, respecting the individual preservation state of 
the specimens and minimizing unnecessary charging.

Measurements of centrum length (CL) and neural arch 
width (NAW) follow Szyndlar (1984). The image pro-
cessing program ImageJ (Schneider et al. 2012) was used 
for measurements. Statistical analyses were performed 
with the PAST software (v4.09; Hammer et al. 2001).

Published descriptions and figures of Pseudopus pan-
nonicus and Pseudopus apodus specimens were used for 
comparative purposes. Such data were employed as long 
as there were no ambiguities or doubts associated with 
these specimens (e.g., descriptions without figures, fig-
ures of poor quality, and/or specimens poorly preserved 
and inappropriate for comparisons). When suited, some 
of these data from the literature were also included in 
some of the statistical analyses presented in this work. 
The analyses made here encompass correlation matri-
ces to understand the various relationships between size 
measurements, and Student’s t-tests to compare popula-
tions means. Due to the nature of the tests used for the 
creation of correlation matrices, issues related to mul-
tiple comparisons may arise. Thus, to circumvent these 
issues, a Bonferroni correction is applied when needed 
and the proper thresholds of significance (i.e., tradition-
ally p-value < 0.05) are adjusted to new corrected values. 
These values are provided in the section dedicated to the 
statistical analyses of this manuscript as well as in the 
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Suppl. materials 1–3. A detailed list of the specimens of 
P. pannonicus and P. apodus that were included in the sta-
tistical analyses herein presented is provided in the Sup-
pl. materials 1–3 (i.e., Suppl. material 1: P. pannonicus 
specimens, Suppl. material 2: P. apodus specimens, and 
Suppl. material 3: detailed measurements and statistical 
data for each studied elements).

Data resources

All specimens are catalogued and accessible in the fossil 
collection of the Russian Academy of Sciences. Digital 
surface models of the figured fossil specimens are avail-
able on Morphosource and Virtual Collections: https://
www.morphosource.org/projects/000497477?locale=en.

Results
Systematic palaeontology

Squamata Oppel, 1811
Anguimorpha Fürbringer, 1900
Anguidae Gray, 1825 sensu Gauthier et al. 2012
Anguinae Gray, 1825
Pseudopus Merrem, 1820

Pseudopus pannonicus (Kormos, 1911)
Figs 2–15

Locality, horizon and material. 1. Petroverovka, ear-
ly-middle Turolian (MN 11 – MN 12): one trunk vertebra 
(ZIN PH 7/281); four caudal vertebrae (ZIN PH 8/281, 
9/281, 10/281, 11/281); and 49 osteoderms (ZIN PH 
1-6/281; 12-54/281).

2. Kalfa, Middle Sarmatian age (=Vallesian; MN 
10a): five dentaries (ZIN PH 1/277; 2/277; 3/277; 4/277; 
5/277); three maxillae (ZIN PH 6/277; 7/277; 8/277); two 
parietals (ZIN PH 17/277, 18/277); and 57 osteoderms 
(ZIN PH 9-15/277; 19-68/277).

3. Lucheshty, late Ruscinian (MN 15): one frontal 
(ZIN PH 2/278); one parietal (ZIN PH 6/278); one frag-
ment of the braincase (ZIN PH 1/278); one presacral 
vertebra (ZIN PH 7/278); and four osteoderms (ZIN PH 
3-5/278; 8/278).

4. Etulia (Ovrag Nadezhda, Tretiy Ovrag, Strausovyj 
Ovrag local points), late Ruscinian (MN 15): five pari-
etals (ZIN PH 2/279, 3/279, 4/279, 5/279, 6/279), one 
dentary (ZIN PH 1/279), one presacral vertebra (ZIN PH 
7/279), and 11 osteoderms (ZIN PH 8-18/279).

5. Khadzhi-Abdul, late Ruscinian (MN 15): one max-
illa (ZIN PH 1/282), two frontals (ZIN PH 2/282, 3/282), 
two parietals (ZIN PH 4/282, 5/282).

6. Tatareshty, late Ruscinian (MN 15, ?MN 16a): one 
dentary (ZIN PH 1/280); and one lacrimal (ZIN PH 2/280).

7. Gaverdovsky, Turolian (MN 11): one dentary (GIN 
1144/230); one maxilla (GIN 1144/231); one parietal 

(GIN 1144/232); three trunk vertebrae (GIN 1144/233; 
1144/234; 1144/235).

8. Volchaya Balka, Turolian (MN 11): one frontal (GIN 
1143/600); one portion of a braincase (GIN 1143/605); 
five trunk vertebrae (GIN 1143/602; 1143/603; 1143/606; 
1143/607; 1143/608); three caudal vertebrae (GIN 
1143/601; 1143/604; 1143/609); and 12 osteoderms (GIN 
1143/610-621).

Description. Maxilla. Most maxillae available in the 
material are incomplete except for the right maxilla ZIN PH 
1/282 (Figs 2–3). This specimen is fairly complete and very 
large with a length of 36.93 mm and a height of 11.05 mm, 
thus making it the largest Pseudopus, or anguine even, 
maxilla ever found. To our knowledge, this is the largest 
maxilla found among anguids as a whole; see Fig. 2). In 
any case, all maxillae are robust and relatively large. The 
exception is GIN 1144/231 which is small and fragile.

The maxilla is anteroposteriorly long and relatively 
robust with a slight medial curvature at its anterior end. 
It consists of two major portions: the dental portion bear-
ing the marginal dentition and the dorsally extending na-
sal process. The nasal process is roughly trapezoidal in 
shape. It is tall, forming an almost perpendicular wall, al-
though it curves slightly medially at its dorsal extremity. 
The anterolateral wall of the lacrimal bone was abutting 
the nasal process of the maxilla where it begins to rise 
dorsally (i.e., at the level of the lacrimal recess). The an-
terodorsal margin of this process joins the nasal, whereas 
its posterodorsal portion broadly overlaps the prefrontal; 
the latter facet is clearly visible. The dental portion is al-
most complete, bearing teeth, although a few are missing 
anteriorly. The tooth row possesses 19 tooth positions (16 
teeth are still attached). A short area posterior to the last 
tooth lacks dentition. In the anterior portion, the maxilla 
is forked, being divided into two rami. The septomaxil-
lary ramus is thinner and taller than the external ramus. 
It is also anteromedially flexed and bordered by a small 
shallow fossa. In medial view, a prominent, concave, and 
relatively thick, horizontal supradental shelf is present. In 
the anterior region, a well-developed lip of bone is locat-
ed on the dorsal surface of the dental shelf. This lamina 
can be referred to as the septomaxillary lamina (sensu 
Klembara et al. 2017). The superior alveolar foramen is 
deep and wide, located at the level of the posterior margin 
of the nasal process – at the level between the 9th and 10th 
tooth positions (counted from posterior, see Fig. 2C, D). 
The adjacent supradental shelf is expanded medially in 
this area, forming a prominent palatine articulation. The 
jugal articulation is located in the posterodorsal portion 
of the posteroventral process, it is wide and deep. The 
ectopterygoid articulation is present on the posterior end 
of the maxilla, reaching the level of the 4th tooth position 
(counted from posterior). In lateral view, the otherwise 
more-or-less smooth dental portion is pierced by labial 
foramina in the area ventral to the nasal process. In ZIN 
PH 1/282, eight foramina are present, being located in a 
row. However, fewer are present in other maxillae, pos-
sibly related to differing preservation states (Fig. 3B, E).
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Figure 2. Pseudopus pannonicus: virtually segmented model of a right maxilla (ZIN PH 1/282) in medial (A), lateral (B), dorsal 
(C), posterodorsomedial (D), and ventral (E) views.
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The area above the foramina, which also reaches the 
ventral region of the nasal process, is covered with se
veral fused, ornamented osteoderms. This ornamentation 
consists of several irregular ridges and grooves (Figs 2B, 
3B, E). The dorsal portion of the nasal process is smooth.

Remarks. The rather small size of maxilla GIN 1144/231, 
very light lateral dermal ornamentation, and its overall fra-
gility are indications of an early ontogenetic stage, likely of 
a juvenile and not fully developed individual. In ZIN PH 
1/282 with its length of 36.93 mm, the ectopterygoid artic-
ulation reaches the level of the 4th tooth position (counted 
from posterior). This seems to be different from Pseudopus 
apodus, where it reaches the penultimate tooth position 
(Klembara et al. 2017: fig. 14B). However, this may be 
subject not only to individual variation but especially to 
ontogenetic variation, because the ectopterygoid articula-
tion reaches the level of the last tooth in the specimen of 
P. pannonicus from Hambach (see Čerňanský et al. 2017: 
fig. 7C; its length is 17 mm) and the level of the third posi-
tion (counted from posterior) in the specimen from Gritsev 
(Roček 2019: 15C; its length is 24 mm).

Lacrimal. This is a paired bone. The specimen ZIN PH 
2/280 is the only lacrimal available in the material (Fig. 4). 

It is a left element. In lateral view, two distinguishable por-
tions can be recognized. The first, dorsal portion of the lac-
rimal is roughly rectangular. It is slightly ornamented by a 
few ridges and grooves. The anterior margin of the lacrimal 
forms the maxilla articulation. The second, ventral portion 
of the lacrimal is elongated, extending posteroventrally 
(Fig. 4A). In medial view, the posteroventrally extending 
ventral portion of the lacrimal bears a prefrontal articulation.

Remarks. The lacrimal from Tatareshty is the only lac-
rimal bone reported for P. pannonicus (in the fossil mem-
bers of the genus Pseudopus, the partly preserved remains 
of this element were reported only in P. laurillardi, see 
Klembara et al. 2010). As emphasized by Villa and Delfino 
(2019a), lacrimal bones are generally quite rare in the fos-
sil record of European lizards, thus making our find note-
worthy. However, because of the scarcity of this element in 
fossil representation and the lack of knowledge about mor-
phological variation, lacrimal bones are of rather margin-
al interest for fossil identification purposes. This lacrimal 
generally matches the morphology of the lacrimal known 
for P. apodus (Klembara et al. 2017). The lacrimal from 
Tatareshty is ornamented, which is a feature that is known 
in P. apodus. However, in the latter species, it is linked to 

Figure 3. Pseudopus pannonicus: right maxilla (ZIN PH 8/277) in medial (A), lateral (B), and dorsal (C) views; left maxilla (ZIN 
PH 6/277) in medial (D), lateral (E), and dorsal (F) views. Scale bars: 2 mm.

Figure 4. Pseudopus pannonicus: lacrimal (ZIN PH 2/280) in lateral (A), medial (B), and ventral (C) views. Scale bar: 2 mm.
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size parameters as this condition is known only for large 
specimens (Klembara et al. 2017). Yet, and interestingly, 
this lacrimal is relatively small in comparison to that of 
P. apodus. If dermal ornamentation of the lacrimal in P. 
pannonicus is related to size as in P. apodus, then the lacri-
mal of P. pannonicus would be among the rare bones to be 
smaller in P. pannonicus than in P. apodus. Nevertheless, 
this lacrimal is the first and only known for P. pannonicus.

Frontal. When complete, frontals are large, anteropos-
teriorly long bones (Fig. 5). In our available material, these 
paired-bones are all disarticulated and none are found co-
alesced. The anteriormost portion of the frontal is marked-
ly narrow, extending into a pointed nasal (=anteromedial) 
process. The anterolateral portion of the process bears the 
narrow facet for the nasal bone. The facet is sculptured by 
longitudinal grooves and ridges, indicating strong contact 
between the frontal and the nasal. The posterior portion of 
the frontal is the widest. Here, the posterolateral corner of 
the frontal is distinct and extends into the posterolateral 
process. In dorsal view, almost the whole dorsal surface is 
covered by ornamented osteodermal crust, which is fused 
to the bone. The ornamented surface is even extending far 
onto the nasal process of the frontal (Fig. 5A, C). The only 
exception is present in the nasal facet and posteroventral 
process bearing postfrontal articulation. The ornamentation 
consists of short grooves, ridges and pits in the central por-
tion of the ornamented surface. The bottoms of some pits 
are pierced by small foramina. The grooves and ridges di-
verge from the center to the periphery of the bone, becom-
ing longer (note that this is especially prominent, in the an-
terior portion of the ornamented surface). The sulci, which 
separate epidermal osteoscutes (i.e., “shield(s)” of other 
authors, e.g., Klembara et al. 2010, 2017; Klembara 2012; 
Čerňanský et al. 2020; Georgalis and Scheyer 2021; Vasily-
an et al. 2022, or “ossicula dermalia”, e.g., Fejérváry-Lángh 
1923; Roček 2019), are less well defined, almost difficult 
to recognize in some specimens. The incomparably largest 

osteoscute is the frontal one. It is separated from the fron-
toparietal and small, posteromedially located interparietal 
osteoscute (its triangular anterior region overlaps the poste-
rior region of the frontal on the midline; note, however, that 
it is not preserved in some specimens) by the lateral frontal 
sulcus and the medial frontal sulcus. The first one is slightly 
longer than the latter. The lateral frontal sulcus runs in the 
anterolateral-posteromedial direction, whereas the medial, 
shorter one has a mediolateral course. The postfrontal artic-
ulation extends more posteriorly than laterally.

In ventral view, a large and robust frontal cranial crest 
can be observed. In its anterior portion, it extends into a 
rather well-defined and rounded prefrontal (=subolfacto-
ry) process. The anteromedial margin of this crest is thin 
and lightly convex. Posteriorly, it widens and gradually 
diminishes. It fades out at the posterolateral process of 
the frontal. Medially, the triangular wedge-shaped pari-
etal tab is indicated by a facet. The anterior portion of the 
frontal crest is less deep, forming a sharp, medially direct-
ed ridge. In the anterior region, lateral to the frontal crest 
(including its lateral surface), a facet for the prefrontal 
is located. Its surface is rough and striated. The striation 
is relatively light on ZIN PH 2/282 in comparison with 
other specimens. The prefrontal facet is large and occu-
pies anterior two-thirds of the frontal length, and reaches 
about mid-orbit level. The prefrontal and postfrontal fac-
ets are, however, not in contact, so a small lateral portion 
of the frontal is exposed on the orbital margin.

Parietal. Parietals (Figs 6–7) are medium-sized to 
large. The parietal is a large azygous element consist-
ing of the parietal table with an ornamented surface and 
two posterolaterally diverging supratemporal processes. 
The parietal tab, when preserved, is small. The antero-
lateral processes are well developed, and their margins 
are rounded. The lateral margins of the parietal table are 
more-or-less straight. In dorsal view, the surface of the 
parietal table can be divided into two areas – a typical 

Figure 5. Pseudopus pannonicus: photographs of a left frontal (ZIN PH 2/278) in dorsal (A) and ventral (B) views; virtually seg-
mented model of a left frontal (ZIN PH 2/282) in dorsal (C), ventral (D), and lateral (E) views. Scale bars: 2 mm.
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ornamented surface made of osteodermal crusts occupy-
ing most of the dorsal surface and a smooth area located 
posteriorly. The ornamented surface is large and roughly 
rectangular, being slightly wider than long in large speci-

mens. The interparietal, lateral, and occipital osteoscutes 
are more or less well-delimited by the interparietal and 
occipital sulci (Fig. 6G). In the large individual ZIN PH 
6/278, however, the sulci are not recognized (see Fig. 7C).

Figure 6. Pseudopus pannonicus: virtually segmented models of the parietal ZIN PH 17/277 in dorsal (A), ventral (B), and lateral left 
(C) views; parietal ZIN PH 18/277 in dorsal (D), ventral, and lateral left (F) views; parietal ZIN PH 6/279 in dorsal (G), ventral (H), 
and lateral left (I) views. Virtual slices of the parietal ZIN PH 17/277: axial section at the mid-level of the dorsoventral thickness of the 
parietal table (J), at the ventral level inside of the parietal table (K) and coronal section at the level of the parietal foramen (L); ZIN PH 
18/277: axial section at the mid-level of the parietal table (M) and coronal section (N); ZIN PH 6/279: axial section at the mid-level of 
the parietal table (O) and coronal section (P). Extant Pseudopus apodus DE 52, part of the dorsal skull roof: axial section at the mid-lev-
el of the dorsoventral thickness of the parietal table (R), at the ventral level inside of the parietal table (S) and coronal section (T).
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The dermal sculpture is made of an irregular network 
of grooves, ridges, and tubercles, being densely distrib-
uted. The interparietal osteoscute, when recognized, is 
pierced by the rounded parietal foramen. The foramen 
varies in size, being small in some specimens (Fig. 6A), 
but larger in others (Figs 6G, 7E). The preserved por-
tions of the parietal osteoscutes are the largest relative 
to others in regard to their size. They are butterfly-wing 
shaped. As well as the interparietal osteoscute, their 
anterior portions overlap the frontal. The occipital os-
teoscute is large. Although its shape slightly varies in the 
specimens, its posterior margin is usually more-or-less 
straight. Posteriorly located smooth area of the parietal 
table is large but shorter than the ornamented surface. 
The supratemporal processes are not well preserved, be-
ing either damaged or broken off in most specimens. In 
some specimens (e.g., ZIN PH 17/277; ZIN PH 3/279; 
ZIN PH 6/279; and to a lesser extent ZIN PH 4/282), 
parts of the supratemporal processes are still preserved. 
They gradually taper posterolaterally.

In ventral view, the most conspicuous structure is the 
parietal cranial crest. These crests form sharp walls on 
each side, so marking the cranial vault. They run gen-
erally anteroposteriorly but are slightly convex at mid-
length. Lateral to the crest, a distinct muscular attachment 
surface is present. Its width varies among individuals. In 
large specimens, its width is equal to the distance between 
the parietal foramen and parietal cranial crest, whereas in 
smaller individuals, this distance can be smaller (in some 
specimens, almost about one-third of the distance between 
the foramen and the crest). On GIN 1144/232, a small pit 
is opened posteriorly to the parietal foramen (Fig. 7B, H). 
The parietal fossa is large and deep, followed posteriorly 

by the parietal trough. The anterior margin of the fossa is 
slightly elevated, so this region has a slightly bulged (or 
swollen) appearance. The fossa is laterally bordered by a 
sharp juxtafoveal crest. The postfoveal crest is strong and 
well defined. It is present as a massive ridge continuing 
from the junction of the end of the juxtafoveal crest and the 
parietal cranial crest. The supratemporal processes bear the 
ventrolateral ridges. These ridges are medially bordered by 
the parietal arch and laterally bordered by the ventrolateral 
surface. The base of these ridges abuts the lateral wall of 
the posterior portion of the parietal cranial crest. In lateral 
view, parietals are slightly externally convex, and the su-
pratemporal processes are flexed posteroventrally.

Virtual microanatomy and histology. The three 
micro-CT scans of the parietals revealed a robust bone 
structure with a very similar internal microanatomy in 
terms of a vascular network (Fig. 6J, M, O). It revealed 
relatively large, but not complex meshwork of channels 
and small cavities. The larger interconnecting vascular 
cavities of irregular shape are located only in the ventral 

section of the parietal table of ZIN PH 17/277 (Fig. 6K, 
L). At this level, they are arranged around the central re-
gion, laterally and posteriorly from the parietal foramen 
(the bony area surrounding the foramen itself is, however, 
without cavities or channels). From here, a network of 
thinner interconnected channels extends anterolaterally 
and mainly posterolaterally (beneath the smooth area). 
The ZIN PH 18/277 and smaller specimen ZIN PH 6/279 
are slightly different - large cavities are absent (Fig. 6M, 
N, O, P). Here, the extensive, but very fine interconnect-
ing vascular spaces form a dense network. Overall, the 
condition in Pseudopus pannonicus resembles the one 
in the extant Pseudopus apodus (Fig. 6R–T). However, 

Figure 7. Pseudopus pannonicus: photographs of the parietal ZIN PH 3/279 in dorsal (A) and ventral (B) views; parietal ZIN PH 
6/278 in dorsal (C) and ventral (D) views; parietal ZIN PH 4/282 in dorsal (E) and ventral (F) views; parietal GIN 1144/232 in 
dorsal (G) and ventral (H) views. Scale bars: 2 mm.
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parietals ZIN PH 17/277 and ZIN PH 18/277 of P. pan-
nonicus are distinctly thicker than the one in the latter 
taxon (see Fig. 6L, N vs. T).

In P. apodus - and to a certain degree in the parietals 
of P. pannonicus here - the dorsal portion of the parietal 
shows numerous foramina which lie inside of pits (for 
P. apodus, see Klembara et al. 2017: fig. 12A). CT coro-
nal section (Fig. 6L, N, P, T) revealed that the foramina 
represent openings of canals which continue inside to the 
bone and are connected to meshwork. Note that the finer 
histological details such as growth marks and cell lacunae 
of the bone are not visible.

Remarks. Although the dorsal opening of the parietal 
foramen is varying in diameter in our specimens, when 
closely observed in ventral view, it seems that the foram-
ina piercing the parietals are of similar size across spec-
imens. Thus, it is possible that this apparent variability 
in the size of the parietal foramen mentioned here above 
may likely be explained by differing degrees of osteoder-
mal crust development rather than representing an actual 
range of individual variation. To support this idea, when 
observing specimen ZIN PH 6/279 (Fig. 6G, H) in which 
the osteodermal crust surrounding the parietal foramen 
is damaged, one can see that both the internal and ex-
ternal openings of the parietal foramen are of the same 
size. When observing specimen ZIN PH 17/277 in ventral 
view, a part of the osteodermal crust overlapping the dor-
sal opening of the parietal foramen can be seen through 
its ventral opening (Fig. 6B). The small secondary pit 
described on the parietal GIN 1144/232 (Fig. 7H) is re-
lated to individual variation. A similar condition has also 
been described and discussed for Pseudopus pannonicus 
specimens from Gritsev (Ukraine) by Roček (2019). This 
can be seen in other taxa such as Ophisaurus as well (see 
Čerňanský and Klembara 2017). As pointed out in more 
detail by Smith et al. (2018), the apparition of this sec-
ondary pit is caused by the “pineal-related cartilage” im-
mediately underlying the bone.

Braincase. The following description is mostly based 
on specimen GIN 1143/605 as the other specimen from 
Lucheshty is rather poorly preserved, displaying few 
features. The specimen from Volchaya Balka is large 
(Fig. 8). The sphenoid, otic and occipital bones are com-
pletely fused in this specimen, and the sutures between 
the individual bones are hardly distinguishable. Despite 
its rather damaged right paroccipital process and both 
alar processes, it is in an overall good shape. In dor-
sal view, the unpaired supraoccipital lies at the midline 
and forms the dorsal portion of the posterior braincase, 
the dorsal part of the inner ear capsule, and the dorsal 
margin of the foramen magnum. It has a high ascend-
ing process with which the ventral crest of the parietal 
articulates. In lateral view, the process gradually rises 
dorsally. In dorsal view, the posterior margin of the su-
praoccipital possesses a wide, V-shaped notch located 
over the foramen magnum.

In posterior view, the foramen magnum is large, rough-
ly hexagonal. The occipital condyle, which is formed by 

otooccipital and basioccipital, is heavily damaged. Only 
its base is present. The latter is flat and trapezoidal (Fig. 
8D). Its dorsal margin is much longer than its ventral one. 
Its lateral margins are rather straight and diverging dor-
sally. Dorsolaterally from the base of the condyle, there 
is set of foramina (preserved on the left side): two foram-
ina for hypoglossal nerve (XII) – one is located closer to 
the occipital condyle, whereas the second more antero-
laterally – both located in the depression; here, dorsal to 
the second one, a foramen for vagus nerve (X) is present 
and dorsal to it, there is a fourth foramen - potentially for 
accessory nerve (XI). The otooccipitals are strongly pos-
terolaterally expanded to form the paroccipital processes 
- only the left one is preserved. It is well-developed, being 
robust and laterally expanded. A well-developed dorsal 
ridge runs posterolaterally along the entire dorsal surface 
of the paroccipital process. This dorsal ridge is slightly 
curved, mildly convex. The dorsal margin of the sphe-
no-occipital tubercle is well-developed. The spheno-oc-
cipital tubercles are rectangular and slightly depressed 
between their dorsal and ventral margins. These tubercles 
are expanded ventrolaterally, well below the level of the 
ventral margin of the occipital condyle. There is a small 
and medially-pointed extension on the ventral margin 
of the spheno-occipital tubercles (Fig. 8D). A swelling 
of the internal surface of the braincase (“bulla tympani” 
sensu Klembara et al. 2010) is present, well visible inside 
through the foramen magnum (Fig. 8C, D).

In ventral view, there is a saddle between the basal 
(spheno-occipital) tubercles, immediately anterior to the 
area of the occipital condyle. Anterior to the saddle, there 
is a longitudinal depression running far on the sphenoid. 
The depression diminishes anteriorly and disappears at 
the level of the 1/3 of the anterior length of the braincase. 
The ventrolateral margins of the basal tubercles are prom-
inent, stout.

In lateral view, beginning on the anterior margin of 
the paroccipital process and continuing strongly onto the 
prootic is a groove for the vena capitis lateralis (sensu 
Klembara et al. 2010), which is dorsally bounded by the 
prootic crest. The prootic crest is well-developed, being 
sharp. The area ventral to the prootic crest is quite signifi-
cantly depressed. It is pierced by the fenestra ovalis: the 
oval window of the braincase in which the footplate of 
the stapes fits. Ventral to the fenestra is the large occipi-
tal recess. These two are separated by a fine, sharp inter-
fenestral crest (Fig. 8H). Anteriorly, immediately below 
the prootic crest, there is a small foramen for the facial 
nerve (V). It lies inside the groove for the vena capitis lat-
eralis and is covered by the crest in lateral view. Slightly 
dorsal to the prootic crest and below the alar process, an 
additional crest is found. It is running on both sides of the 
braincase, its course being parallel to the prootic crest. 
It is not as sharp as the prootic crest but it is sufficiently 
well defined to be easily observed. More anteriorly, more-
or less at the level of the ventral portion of the occipital 
recess, the bone is pierced by the large posterior opening 
of the Vidian canal (Fig. 8G, H).
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Figure 8. Pseudopus pannonicus: virtually segmented model of the posterior portion of a braincase GIN 1143/605 in dorsal (A), 
ventral (B), anterior (C), posterior (D), anterolateral (E), posteroventrolateral (F), lateral left (G), and lateral right (H) views.
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Anteriorly, the Vidian canal opens lateral to the base of 
the parasphenoid process (Fig. 8C). The anterior foramen 
for the abducens nerve (VI) is located directly above the 
anterior opening of the Vidian canal. A pair of the internal 
carotid foramina are located centrally, dorsal to the base 
of parasphenoid process. A sharp crista sellaris is found 
dorsal to these foramina and runs between the well-devel-
oped alar processes. A foramen for a facial nerve opens 
ventromedially (inside of the braincase) from the prootic 
crest, inside of the oval depression. In the internal side 
of this depression, a foramen for the vestibulocochlear 
nerve (VIII) is also present. The posterior internal area 
of the braincase is pierced by the perilymphatic foramen. 

Further posteriorly, the foramen for the vagus nerve and 
for the hypoglossal nerve are located, piercing the inter-
nal posterior area.

Dentary. Several dentaries are available in the mate-
rial. Because the preservation quality varies among these 
specimens (Figs 9–11), the following description is main-
ly based on the best-preserved mature individuals, i.e., 
specimens ZIN PH 1/277 (Fig. 11A, B), ZIN PH 3/277 
(Fig. 9), and to an extent ZIN PH 1/280 (Fig. 10; this 
specimen represents, however, an immature individual). 
Tooth rows are mostly incomplete in all specimens, ex-
cept for ZIN PH 1/280; thus, the total number of tooth 
positions is difficult to observe.

Figure 9. Pseudopus pannonicus: virtually segmented model of the right dentary ZIN PH 3/277 in lateral (A), medial (B), ventro-
medial (C), and dorsal (D) views.
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Among the best-preserved specimens, ZIN PH 1/280 
displays 16 tooth positions (all teeth are still attached 
except for the small last one; Fig. 10B). The other pre-
served specimens are large-sized. In medial view, both 
ZIN PH 1/277 and ZIN PH 1/280 possess their symphy-
seal region being preserved at the anterior end of the bone 
(Figs 10B–D, 11A). The symphysis is provided with a 
kidney-shaped symphyseal facet. The Meckelian canal is 
fully opened. Anteriorly, it reaches the symphysis in these 
two above-mentioned specimens, notching it ventrally. 

Further, the canal continues as a narrow groove, but it 
widens in the posterior portion of the bone due to the ris-
ing of the dental crest in this section. The Meckelian ca-
nal is dorsomedially roofed by an almost concave dental 
crest, whereas it is ventrally bordered by the ventral crest. 
The ventral crest is more-or-less straight. The ventral and 
dental crests bear facets for the splenial articulation. In 
the complete, but immature specimen ZIN PH 1/280, the 
facets reach anteriorly the level of the 7th tooth position 
(counted from anterior).

Figure 10. Pseudopus pannonicus: virtually segmented model of the left dentary ZIN PH 1/280 (juvenile individual) in lateral (A), 
medial (B), ventromedial (C), and dorsal (D) views.
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The anterodorsal margin of the anterior inferior alveo-
lar foramen forms a shallow, elongate notch (the splenial 
spine is not preserved) at the dental crest, being located 
at the level of the 5th tooth position in ZIN PH 5/277, at 
the level between 5th–6th tooth position in ZIN PH 3/277 
and at the level of the 6th tooth position in ZIN PH 1/280. 
The opening of the alveolar canal, the alveolar foramen, 
is located at the level of the posterior portion of the ante-
rior inferior alveolar foramen (Fig. 11C). The intraman-
dibular septum, which separates the alveolar canal from 
the Meckelian canal, is almost horizontal. In the posteri-
or portion, the dental crest bears a large facet for an an-
teromedial process of the coronoid bone. This facet has 
a rough surface and extends anteriorly to the level of the 
4th tooth position (counted from posterior) in the larger 
individuals and to the level of the 3rd tooth position in ZIN 
PH 1/280. However, there is a small area that separates 
the anterior end of the facet from the anterior inferior al-
veolar foramen, thus the coronoid facet does not reach 
the foramen. This separating area is difficult to interpret 
in larger individuals - most likely represents a facet for 
the splenial (see Discussion). In any case, there is a clear 
dorsal facet for the splenial posterior to the anterior in-
ferior alveolar foramen in ZIN PH 1/280 – the foramen 
only interrupts the facet here. This posterior portion of 
the dorsal facet for the splenial reaches the level of the 
3rd tooth position (counted from posterior). The angular 
process is well-preserved only on ZIN PH 1/280 whereas 
it is damaged – only the root portion is preserved in oth-
er specimens. In ZIN PH 1/280, the posterior tip of this 
process does not surpass the coronoid process but termi-
nates just anterior to the latter process. The coronoid pro-
cess is posterodorsally oriented and slightly pointed on 
several specimens. The surangular process is preserved in 
some specimens (e.g., ZIN PH 2/277, ZIN PH 1/280). It 
is large and surpasses both angular and coronoid process-
es posteriorly (Fig. 11D). The ventral edge of the suran-
gular process bears a distinct notch forming the anterior 
margin of the anterior surangular foramen. In ZIN PH 
2/277 (Fig. 11C, D), the foramen is located completely in 
the slit in the posteriormost portion of the surangular pro-
cess, and the slit is posteriorly not completely closed. The 
foramen seems to be absent in ZIN PH 1/280. The ventral 

edge of the surangular process of this specimen is rath-
er straight (Fig. 10B). On this particular specimen, the 
surangular sinus (sensu Klembara et al. 2014; i.e., sinus 
supraangularis in Roček 1984, 2019), located between 
the surangular and angular processes, is wedge-shaped.

In lateral view, the otherwise more-or-less smooth sur-
face of the bone is pierced by labial foramina. These form 
a series located in the mid-line of the bone, and they num-
ber four in the best-preserved specimens.

Remarks. The specimen ZIN PH 1/280 is very well 
preserved and displays a different tooth morphology in 
comparison to any of the other larger specimens presented 
here. This specimen displays typical features of Pseudo-
pus (Klembara et al. 2014) such as the teeth being rather 
conical and slenderer with tips slightly curved posteriorly 
in the anterior half of the dentary, and becoming gradually 
stouter and more robust in the posterior half. Moreover, 
the tooth morphology (i.e., thick and conical teeth with 
pointed apices and posterior teeth being larger and stout-
er) displayed here is reminiscent of that of juvenile Pseu-
dopus apodus (see Klembara e al. 2014). As pointed out 
in P. apodus, the spacing of teeth varies during the ontog-
eny and as the individuals mature, the teeth of the dentary 
become more densely spaced (Klembara et al. 2014). Al-
though for a different clade, tooth spacing was also hinted 
at as a possible juvenile feature by Smith (2011). Hence-
forth, the general morphology and spacing of teeth is sug-
gesting that ZIN PH 1/280 pertained to a juvenile individ-
ual of Pseudopus. Klembara (2012) stated that teeth from 
dentaries of Pseudopus ahnikoviensis from the type local-
ity were all devoid of striations. However, as emphasized 
by Čerňanský et al. (2015, 2017a), this could be linked 
to intraspecific variability or taphonomy as the latter au-
thors reported for Pseudopus cf. ahnikoviensis material 
from the Early Miocene and Middle Miocene of the Ger-
man localities of Amöneburg (Čerňanský et al. 2015) and 
Hambach (Čerňanský et al. 2017a) respectively. Similar 
variability has been shown for P. apodus (Klembara et al. 
2014). All currently known P. ahnikoviensis are confined 
to the Early and Middle Miocene (MN 3–MN5; Klem-
bara 2012; Čerňanský et al. 2015, 2017; Klembara and 
Rummel 2018) of Central Europe whereas ZIN PH 1/280 
originates from the much younger deposits of Tatareshty 

Figure 11. Pseudopus pannonicus: left dentary (ZIN PH 1/277) in medial (A) and lateral (B) views; left dentary (ZIN PH 2/277) in 
medial (C) and lateral (D) views; left dentary (ZIN PH 5/277) in medial (E) and lateral (F) views. Scale bars: 2 mm.
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(MN 15). This juvenile specimen is relatively similar in 
size (20.73 mm in length) to the range known among the 
adults of P. ahnikoviensis. On the other hand, P. ahnikovi-
ensis is distinguished from all other Pseudopus species by 
the autapomorphic feature of the dentary in the presence 
of a surangular spine. Here, ZIN PH 1/280 does not bear 
a surangular spine but rather a damaged angular process 
on closer examination. The morphology of the dentary of 
Pseudopus confertus is not currently known. Moreover, 
this species is solely restricted to a single locality from the 
Early Miocene (MN3) of the Czech Republic. The dentary 
of Pseudopus laurillardi is known in much more detail 
than the aforementioned Pseudopus species. This species 
is slightly younger. It is known from Miocene localities 
ranging from MN4 to MN7/8 (Rage and Bailon 2005; 
Klembara et al. 2010; Ivanov et al. 2020). One of the most 
conspicuous and autapomorphic features of the dentary in 
P. laurillardi is the distinct and medially-extending sub-
dental shelf, thus forming a markedly deep sulcus as well 
as a large medial ridge (Klembara et al. 2010). The latter 
authors also state that the development of the subdental 
shelf is affected by ontogenetic processes, being rather 
narrow in smaller specimens and growing throughout 
development. Our specimen does not show signs of any 
subdental shelf, alike P. ahnikoviensis, P. pannonicus, or 
P. apodus. The posteriormost portion of the dentary of P. 
laurillardi is described as being very short, reaching a 
length equating to roughly the length occupied by the two 
posteriormost teeth (Klembara et al. 2010). Here, the pos-
terior portion of ZIN PH 1/280 is notably longer, reaching 
almost twice that length. It is possible, however, that the 
immature state of this individual affects the expression of 
that character. In addition to the various differences with 
several Pseudopus species exposed here, the stratigraphi-
cal position of the deposits of Tatareshty is also more con-
gruent with the temporal range of either P. pannonicus or 
P. apodus. Finally, ZIN PH 1/280 exhibits an interesting 
feature in its facet for the splenial. It is most similar to that 
described for other dentaries of P. pannonicus presented 
here, which appear to have much taxonomical interest 
(see Discussion), thus comforting the attribution of this 
juvenile dentary to P. pannonicus.

Dentition. Maxillary teeth are small, cylindrical, and 
slender anteriorly (Fig. 2). These gradually increase in 
size posteriorly, becoming more bulbous up to the fifth-
to-last teeth. Teeth are closely packed. Apices of teeth are 
lightly striated, both lingually and labially, and pointed. 
On some teeth, a more-or-less faint anteroposterior cut-
ting edge can be observed. In the dentary, teeth are rath-
er closely packed as well. The most complete specimens 
show a variation in teeth size along the tooth row. In the 
anterior portion of the tooth row, teeth are generally more 
cylindrical and slender, gradually increasing in size and 
robustness. The largest tooth is located slightly posteri-
or to the mid-length of the dentary. The last four to five 
teeth are smaller, gradually decreasing in size. In ZIN PH 
1/280, the apices of teeth are pointed and slightly striated. 
A cutting edge is distinct (Fig. 10D).

Trunk vertebra. These presacral vertebrae are rela-
tively well preserved. They are medium-sized to large. 
These vertebrae are overall rather robust, more com-
pressed rather than elongated (Fig. 12).

They are procelous with the centrum in the shape of 
a conical frustum. In dorsal view, the vertebrae are con-
stricted at mid-length. Prezygapophyses and postzyga-
pophyses are laterally expanded. The articular facets of 
the prezygapophyses are oval, slightly elongated in the 
anterolateral-posteromedial direction, and dorsomedially 
inclined. The prezygapophyses slightly surpass the level 
of the anterior margin of the cotyle (e.g., GIN 1143/602), 
whereas the postzygapophyses do not reach the level of 
the posterior end of the condyle. The articulation facets 
of the postzygapophyses are oval, laterally expanded, and 
ventrolaterally inclined. In lateral view, the prezygapoph-
yses and postzygapophyses are connected by the well-de-
veloped interzygapophyseal ridge. The neural arch is 
lightly depressed medial to the prezygapophyses. The 
dorsal region of the neural arch slightly rises in height 
posteriorly. The posteriorly developed neural spine starts 
to rise at about vertebral mid-length. Unfortunately, it is 
not complete in any of these specimens, the tip of the neu-
ral spine being broken in most specimens (Fig. 12C, H, 
M, R, W). It thickens posteriorly, thus displaying a hatch-
et-like morphology in a cross-section. The neural canal 
is sub-circular, tunnel-like. Its dorsal height is smaller 
than the dorsal height of the cotyle (for this character, see 
Čerňanský et al. 2019). In lateral view, the synapophyses 
are broad, more or less kidney-shaped, and laterally di-
rected. Some specimens display small tubercles located 
medial to each synapophysis. In ventral view, the centrum 
is wide but gradually narrows posteriorly - the subcentral 
ridges are straight and gradually converge posteriorly. 
The ventral surface is flat. A faint ridge runs anterome-
dially in some specimens (e.g., GIN 1144/234). Both 
condyle and cotyle are markedly depressed. The condyle 
is separated from the body of the centrum by a distinct 
narrowing, although note that a distinct precondylar con-
striction (as seen in varanids; e.g., Čerňanský et al. 2022: 
fig. 5) is absent (Fig. 12B).

Remarks. The two features indubitably allow the al-
location of these vertebrae to Pseudopus (see Čerňanský 
et al. 2019): (1) the straight course of the lateral margins 
of the centrum convergent posteriorly; and (2) the dorso-
ventral height of the cotyle is higher than the height of 
the neural canal.

These dorsal vertebrae are robust and large, having 
short and compressed appearance in comparison to the 
more elongated vertebrae of P. apodus.

Caudal vertebra. The caudal vertebrae are rather 
poorly preserved. These are medium-sized and rather nar-
row and anteroposteriorly elongated (Fig. 13).

They are procelous. In dorsal view, the vertebrae are 
constricted at mid-length. Prezygapophyses slightly 
surpass the anterior margin of the cotyle. The articular 
facets of the prezygapophyses are oval, laterally expand-
ed, and dorsomedially inclined. There is a faint ridge 
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deriving from the posterolateral corner of the prezyga-
pophyseal facet. These ridges meet medially. In some 
specimens from Volchaya Balka (e.g., GIN 1143/601; 
GIN 1143/604; GIN 1143/609), a small apophysis (i.e., 
the dorsal paraseptal apophysis; Hoffstetter and Gasc 
1969, 271) sits atop the level where these ridges meet 
(Fig. 13P). The articular facets of the postzygapophyses 
are oval, laterally expanded, and ventrolaterally inclined. 
The neural spine on these vertebrae is only ever partly 
preserved. It is slender and pointed. The cross-section of 
the neural spine is sub-circular. The neural canal is oval, 
clearly smaller than the cotyle. The subcentral ridges are 
more-or-less straight. The centrum possesses pleurapoph-
yses. However, only their bases are preserved. These 
are broad and laterally directed, and gradually narrow 

distally. The prezygapophyses and pleurapophyses are 
connected by a vertical wall. The posteromedial margins 
of the pleurapophyses do not overlap the anterior mar-
gins of the postzygapophyses. Some vertebrae (e.g., GIN 
1143/604) possess an autotomy foramen at the base of 
each pleurapophysis, but no transverse autotomic split is 
present in any of these caudal vertebrae. The centrum is 
also pierced by several foramina. Only the bases of the 
haemapophyses are partly preserved on some vertebrae 
(Fig. 13B, G, L, Q). These bases are posteroventrally ori-
ented. The cotyle and condyle are both depressed. The 
condyle is slightly smaller than the cotyle.

Remarks. Caudal vertebrae are usually difficult to confi-
dently identify between anguine lizards and are commonly 
only attributed to indeterminate anguines (e.g., Čerňanský 

Figure 12. Pseudopus pannonicus: trunk vertebra (ZIN PH 7/281) in dorsal (A), ventral (B), anterior (C), posterior (D), and right 
lateral (E) views; trunk vertebra (GIN 1143/602) in dorsal (F), ventral (G), anterior (H), posterior (I), and right lateral (J) views; 
trunk vertebra (GIN 1144/234) in dorsal (K), ventral (L), anterior (M), posterior (N), and right lateral (O) views; trunk vertebra 
(GIN 1143/606) in dorsal (P), ventral (Q), anterior (R), posterior (S), and right lateral (T) views; trunk vertebra (GIN 1143/607) in 
dorsal (U), ventral (V), anterior (W), posterior (X), and right lateral (Y) views. Scale bars: 2 mm.
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et al. 2017; Georgalis et al. 2017, 2018), even though more 
precise affinities can sometimes be supposed (e.g., Geor-
galis et al. 2018, 2019a). This becomes even more difficult 
in the case of large anguid caudal vertebrae as these are 
strongly similar to those of varanids (Estes 1983; Georga-
lis et al. 2018). As summarized by Georgalis et al. (2018), 
some features can nonetheless be used to distinguish cau-
dal vertebrae between large anguids and varanids. Es-
sentially, haemapophyses in the former clade are directly 
fused to the centrum whereas these are sitting on articula-
tion facets in the latter clade (i.e., pedicles in Georgalis et 
al. 2018). Additionally, as pointed out by these authors as 
well, the neural spine also proves useful in distinguishing 
between anguid and varanid caudal vertebrae, although the 
distinction is a more delicate matter for the anteriormost 

caudal vertebrae of anguids which are closer to the mor-
phology exhibited in varanids than the more posterior ver-
tebrae (Georgalis et al. 2018). Among anguids, the neural 
spine is tube-like and posteriorly inclined whereas, among 
varanids, the neural spine is rather laterally-compressed 
and sub-vertical to wholly vertical (Georgalis et al. 2018). 
In the case of the material presented here, the structures 
present ventrally in the posterior portion of the centrum 
are unlikely to be facets for articulation and are, on the 
contrary, fused directly to the centrum. Moreover, although 
incomplete in most specimens, the neural spine of the ver-
tebrae of our material are tube-like and rather posterior-
ly inclined. Therefore, potential varanid affinities among 
our material can be discarded. Then, as stated previously, 
identifications of caudal vertebrae among anguines are 

Figure 13. Pseudopus pannonicus: photographs of caudal vertebra (ZIN PH 10/281) in dorsal (A), ventral (B), anterior (C), pos-
terior (D), and right lateral (E) views; caudal vertebra (ZIN PH 11/281) in dorsal (F), ventral (G), anterior (H), posterior (I), and 
right lateral (J) views; caudal vertebra (GIN 1143/609) in dorsal (K), ventral (L), anterior (M), posterior (N), and right lateral (O) 
views; virtually segmented model of the caudal vertebra GIN 1143/604 in dorsal (P), ventral (Q), anterior (R), posterior (S), and 
right lateral (T) views. Scale bars: 2 mm.
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difficult and tend to be only referred to as indeterminate 
anguines, thus rendering our attribution less conservative 
than usual in comparison. A similar suggestion, although 
more conservative, was offered by Georgalis et al. (2018) 
for a limited amount of material (i.e., specimen RP1 299: a 
single caudal vertebra, likely among the most anterior cau-
dals based on the morphology of its neural spine) from the 
Late Miocene (MN10) of Greece. These authors referred 
this specimen to an indeterminate anguine, discarding (al-
though not completely) its possible varanid affinities fol-
lowing a reasoning similar to ours. These authors stated 
that this specimen could tentatively be attributed to Pseu-
dopus pannonicus due to its large size and geographic and 
stratigraphic positions. Acknowledging that this matter 
is more sensitive in the case of such limited material, the 
argumentations of these authors as well as the replacing 
of that specimen inside a spatiotemporal rationale appear 
rather sensible. Thus this specimen could warrant a more 
precise attribution to P. pannonicus, hence documenting 
additional occurrences of that species in the European 
Neogene. Here, we attribute the caudal vertebrae from our 
material to the genus Pseudopus because none are showing 
an autotomic split, a feature that is present and well-visible 
in either Anguis or Ophisaurus (Hoffstetter and Gasc 1969; 

Čerňanský et al. 2019). This condition is, however, current-
ly unknown in either Ragesaurus and Smithosaurus based 
on the material available (Bailon and Augé 2012; Vasilyan 
et al. 2022). We refer the vertebrae described here to the 
species P. pannonicus due to the fact that this species is the 
sole (with the exception of the recently described and rare 
occurrences of Ophisaurus from Lucheshty and Etulia; Sy-
romyatnikova et al. 2022) and most abundant representant 
of anguines in the localities studied here as evidenced by 
the additional cranial material described here.

Interestingly and as mentioned in the description above, 
although some vertebrae are bearing autotomy foramina, 
none are displaying an autotomic split. To add to these ob-
servations, it can be noted that neither “half-vertebra” that 
could be attributed to autotomized Pseudopus elements, nor 
halves separated post-mortem were found in our material.

Rib. In the available material, a single rib is present 
(Fig. 14A–C). It is medium-sized. It is lightly bent ven-
trally as well as lightly compressed anteroposteriorly. The 
head of the rib is only partly preserved. It displays a more-
or-less kidney-shaped articular facet. The anterior process 
of the proximal end of the rib is preserved whereas its 
posterior process is not. The distal end of the rib is also 
lightly damaged. Dorsally, the rib bears a distinct ridge.

Figure 14. Pseudopus pannonicus: rib (ZIN PH 16/277) in anterior (A), posterior (B), and proximal (C) views; photographs of 
osteoderm from Lucheshty (ZIN PH 3/278) in external (D) and internal (E) views; virtually segmented model of osteoderms from 
Kalfa, specimen ZIN PH 9/277 in external (F), internal (G), and lateral (H) views, specimen ZIN PH 10/277 in external (I), internal 
(J), and lateral (K) views; specimen ZIN PH 11/277 in external (L), internal (M), and lateral (N) views; specimen ZIN PH 19/277 in 
external (O), internal (P), and lateral (Q) views; specimen ZIN PH 20/277 in external (R), internal (S), and lateral (T) views; spec-
imen ZIN PH 21/277 in external (U), internal (V), and lateral (W) views; photographs of osteoderms from Petroverovka, specimen 
ZIN PH 1/281 in external (X) and internal (Y) views; specimen ZIN PH 2/281 in external (Z) and internal (AA) views; specimen 
ZIN PH 3/281 in external (AB) and internal (AC) views. Scale bars: 2 mm.
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Osteoderms. Among the herein studied material, 
osteoderms represent the most common element. In-
deed, a total of 133 single osteoderms are recorded. 
These elements are most abundant in the Kalfa locality 
and rarest from Lucheshty. In general, some osteoderms 
are more rectangular and slightly more elongated (e.g., 
Fig. 14F, R) whereas other osteoderms are more trape-
zoidal, shorter, and stouter (e.g., Fig. 14D, I). However, 
all these elements share the following features: rather 
large, flat, thick, and rather robust. The external surface 
of the osteoderms can be divided into two distinct areas: 
a short and smooth gliding surface in the anterior portion 
and a large, ornamented posterior portion. This ornamen-
tation consists of tubercles mainly in the central part of 
the ornamented surface and a network of grooves and 
ridges around the periphery (Fig. 14). Occasionally, pits 
are found inside these grooves. Some osteoderms have 
a low, elongate ridge running almost along their middle 
(e.g., Fig. 14P). In addition, some specimens possess a 
lateral narrow bevel (i.e., longitudinal crest in Vasile et al. 
2021). This feature is, however, certainly most variable 
as this bevel can be seen on either side of the osteoderms, 
sometimes both, or rarely on neither side. These different 
beveling conditions are likely to reflect different place-
ments on the body and can be indicative of left-sided or 
right-sided osteoderms (e.g., Gauthier 1982; Vasile et al. 
2021). In ventral view, osteoderms are rather smooth. 
Some specimens show light grooves and/or are pierced 
by foramina (e.g., Fig. 14G, J). In lateral view, these os-
teoderms are to be rather thick (e.g., Fig. 14H, K).

Remarks. Osteoderms are generally difficult to identify 
precisely and rarely useful for alpha-taxonomic determi-
nations. Although the morphology of anguid osteoderms 
tends to be rather generic (i.e., vermicular ornamentation 
of the external surface; Gauthier 1982; Georgalis et al. 
2019b), some possibilities of differentiation between the 
various anguine genera exist and have been heavily used 
for fossil osteoderms. For instance, it has been very com-
mon to distinguish between osteoderms of Anguis, Pseu-
dopus and Ophisaurus. Indeed, osteoderms of the former 
are rather small and thin, not rectangular, and devoid of 
a longitudinal keel (Tesakov et al. 2017; Syromyatniko-
va et al. 2019; Loréal et al. 2020), whereas osteoderms 
of the latter two genera are rectangular, larger and both 
keeled (Čerňanský and Klembara 2017). However, even 
the keeled feature is not entirely reliable for isolated os-
teoderms because it is known that some osteoderms of 
Pseudopus can be devoid of this keel, as shown by sev-
eral authors (Schmidt 1914; Spinner et al. 2015; Vasile et 
al. 2021). Initially described by Schmidt (1914), the pres-
ence of a longitudinal keel in specimens of Pseudopus 
apodus is indeed variable at the individual scale, follow-
ing a gradient of expression both anteroposteriorly and 
dorsoventrally across the body. In addition, as pointed 
out more recently by Vasile et al. (2021), in Pseudopus, 
osteoderms of the dorsomedial region display a medial 
ridge whereas those of the laterodorsal and lateroventral 
regions do not. Such results were reaffirmed recently by 

Spinner et al. (2015). Therefore, the variability described 
on the presence or absence of a medial ridge is likely 
reflecting different body topology rather than reflecting 
actual taxonomical differences. As for the range of vari-
ability in the bearing of a lateral bevel, as mentioned 
above, it can be explained by the positions on the body on 
which each osteoderm was originally located rather than 
by taxonomical differences.

Discussion

The allocation of the material to Pseudopus is beyond 
doubt. However, some doubts concerning the distinguish-
ing of Pseudopus pannonicus and recent P. apodus still 
exist. In phylogenetic analyses, the two were recovered as 
sister-taxa and, together with P. laurillardi and P. ahnikov-
iensis, formed the clade Pseudopus (see Klembara et al. 
2019; Vasilyan et al. 2022). The taxonomic allocation of 
the various elements studied here from different localities 
to P. pannonicus is based not only on the generally large 
size that characterized this taxon, but also on the presence 
of several diagnostic features. However, because of the 
current knowledge of the osteology of P. pannonicus and/
or the degree of preservation, there are some specimens 
in this material for which identification to the species lev-
el could be questioned (i.e., the lacrimal as it is the first 
one known in the fossil record for the taxon, vertebrae, 
especially some that are poorly preserved and osteoderms 
as these are usually difficult to identify to species-level).

Indeed, several traits are not peculiar to P. pannonicus 
and are shared with other Pseudopus taxa, especially Pseu-
dopus apodus. The affinities of some of these unremark-
able elements with P. pannonicus are here justified because 
of their general morphology, overall large size (similar to, 
or slightly larger than in P. apodus), stratigraphic, and 
geographic positions. The simultaneous occurrences with 
other elements more confidently allocated to P. pannoni-
cus, in localities where no other anguine reptiles are cur-
rently known, are also taken into account. It appears that 
in the localities herein studied P. pannonicus is the most 
common, sometimes the only, representative of anguine 
reptiles, thus somewhat strengthening the attribution to 
P. pannonicus of these more generic and non-diagnostic 
elements. However, it should be noted that some rare oc-
currences of Ophisaurus specimens are known in the Ear-
ly Pliocene of Moldova. Indeed, two parietals confidently 
attributed to two distinct Ophisaurus species, Ophisaurus 
spinari Klembara, 1979 and Ophisaurus fejfari Klembara, 
1979, were recently described from Etulia and Lucheshty 
by Syromyatnikova et al. (2022): the first record of the 
genus from the Pliocene of Eastern Europe. These find-
ings are quite interesting given how this anguine genus 
was widely distributed in the Miocene of Eastern Europe 
and was previously thought to be absent from the Pliocene 
of this area. Besides, despite these recent rare findings that 
should not be discarded in any case, very little or no mate-
rial of anguine reptiles except Pseudopus, is known from 
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Upper Cenozoic fossil sites of Moldova, whereas other 
squamates such as cf. Lacerta sp. or various snake repre-
sentatives (e.g., Erycidae, Viperidae, or Colubridae) com-
prise the fossil squamate fauna of the area (Nadachowski 
et al. 2006). Although it is admitted that there has been a 
general tendency in the past for lesser attention given to 
reptile and amphibian fossil assemblages in comparison to 
other groups such as mammals in Europe (Villa and Delfi-
no 2019b, and references therein), the relatively diverse 
palaeoherpetofaunas known for these localities would at-
test that such sampling biases are not the primary explana-
tion for the absence of an otherwise quite common mem-
ber of vertebrate fossil faunas. The material we document 
here is interesting as it is supplementing other reports of P. 
pannonicus from that area (Alexejew 1912; Roček 2019) 
and thus also adds to the range of variation known for this 
species. Most relevant are both materials from Gritsev 
(Roček 2019) and especially Novoelizavetovka (Alexejew 
1912) as these are well preserved and numerous. Material 
from the latter locality, originally described as Ophisau-
rus novorossicus and then synonymized with P. pannon-
icus by Fejérváry-Lángh (1923) presents also a notable 
interest. Indeed, the specimens that have been described 
and figured from this locality are documenting some of 
the most common fossil elements in the fossil record of 
P. pannonicus (e.g., maxillae, frontals, parietal, dentaries, 
vertebrae, osteoderms) in an exceptional state of preserva-
tion (i.e., one of the largest specimens from this locality 
and partially articulated; Alexejew 1912, 30, pl. II., figs 
1, 2) but also more scarce elements such as pterygoids, 
palatines, jugals, quadrates and braincases. Based on the 
descriptions and figures available, it is difficult to state 
confidently if the specimens from this locality display 
some of the characters we present here (e.g., exclusion 
of the coronoid from the anterior inferior alveolar fora-
men by the splenial articulation facet of the dentary). The 
maxillae presented by Alexejew (1912) are bearing rath-
er apparent and well-developed ornamentation, similar to 
the condition typically observed in P. pannonicus that is 
supplemented by our data and studied further later in this 
work. The large parietals from that material are display-
ing wide muscular surface ventrally, almost as wide as the 
width between the parietal cranial crest and the parietal fo-
ramen, a character that is focused on in the present work. 
The braincase from the Miocene of Novoelisavetovka is 
exceptionally well-preserved, possibly the best preserved 
currently known. Unfortunately, its description is most 
succinct, and the figures provided are limited as well. It 
would be interesting to see if that specimen also bears, 
in lateral view, the supplementary longitudinal crest that 
is located between the alar process and the prootic crest 
on the specimen from our material and also seemingly on 
the specimen from Gritsev (specimen NMNHU-P 3390; 
Roček 2019, 832). Henceforth, as suggested here, this 
ancient material would benefit most to be revisited, fol-
lowing the many advancements made in regard of the tax-
onomy of Pseudopus, and be revised accordingly to more 
modern practices and scientific standards.

Intrageneric comparisons with a special 
emphasis on Pseudopus apodus

Currently, Pseudopus pannonicus is distinguished from 
other Pseudopus taxa by a limited number of features – 
some of the previous ones are summarized in the recently 
amended diagnosis of the taxon (Roček 2019). For a long 
time, however, P. pannonicus has proven to be a rather 
problematic taxon because of the close osteological sim-
ilarities to the extant Pseudopus apodus. This striking re-
semblance between the two taxa is something that has long 
been known and frequently pointed out (Fejérváry-Lángh 
1923; Młynarski 1964; Estes 1983; Holman 1998; Roček 
2019). It has been the source of several questions about 
the relationships of P. pannonicus to P. apodus (e.g., 
Młynarski 1964), and the true nature of this fossil tax-
on as a whole (e.g., a fully distinct taxonomic entity, a 
larger phenotype of P. apodus, etc.; see Introduction). On 
the other hand, Klembara (1986) stated that he was able 
to recognize both species in the Early Pliocene (MN 15) 
Ivanovce locality (Slovakia) based on several features, 
not only their different sizes. Although the material de-
scribed here as P. pannonicus exhibits many similarities 
with P. apodus, there are also several diagnostic features 
that appear to distinguish it not only from the other fossil 
members of the genus Pseudopus, but especially from P. 
apodus. These features (treated in detail below) are as fol-
lows: (1) a more strongly developed ornamentation of the 
nasal process of the maxilla in comparison to P. apodus; 
(2) well-developed and wider muscular surfaces of the 
ventral surface of the parietal; (3) splenial facet reaches 
posterior to the anterior inferior alveolar foramen, thus 
excluding the coronoid from this foramen; and (4) short 
and compressed presacral vertebrae in comparison to the 
more elongated vertebrae of P. apodus.

It should be noted, however, that some of these fea-
tures discussed here or some diagnostic features of P. 
pannonicus are notorious among other groups of squa-
mates for being rather variable in their respective ex-
pressions. The variability of some of these features can 
be explained by the influence of ontogeny and body size 
(e.g., increasingly marked dermal ornamentation of the 
prefrontal and frontal among lacertids; degree of concav-
ity of the compound bone among scincids; size-related 
individual variation of the compound bone in Lacerta vir-
idis; Villa and Delfino 2019b). This is mainly the case for 
character states such as the development of dermal orna-
mentations, – which in the case of the present study could 
affect the first character and, e.g., the number of teeth. 
Although the character states suggested here were either 
never observed in P. apodus, or are somewhat different in 
P. apodus, a correlation to body-size parameters for some 
of the traits herein discussed cannot be fully discarded. 
As such, statistical analyses of these features are present-
ed in a dedicated part later in this work.

Maxilla. Pseudopus pannonicus is differentiated from 
other members of the genus, especially Pseudopus apo-
dus, by its higher number of labial foramina piercing the 
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lateral surface of the maxilla as well as by its different 
number of teeth (Roček 2019). In P. apodus, the maxilla is 
pierced by a maximum of five labial foramina (Klembara 
et al. 2017). The tooth account of this extant species is 
up to 14 teeth (Klembara et al. 2014). However, the tooth 
account of P. pannonicus is stated to have a maximum 
of 12 tooth positions (Bachmayer and Młynarski 1977; 
Klembara 1986). For example, eleven tooth positions are 
present in the largest specimen (24 mm) from Gritsev 
(Roček 2019), and 12 in the smaller specimen (17 mm) 
from Hambach. The particularly large ZIN PH 1/282 (its 
length is 36.93 mm, being relatively much larger than the 
previously described maxillae) described here possesses 
eight labial foramina (the same as the smaller maxilla 
from Hambach, see Čerňanský et al. 2017) and displays 
typical traits of P. pannonicus (see Description above for 
more detail). It has, however, 19 tooth positions, thus 
markedly surpassing the previously expected maximum 
of 12 teeth. This is a good example that tooth number 
in anguines, as in virtually all lizards, is quite variable 
and also likely to be size related, so these numbers should 
not be interpreted as absolutes. Therefore, as such a range 
of variability exists, a restricted amount of teeth might 
not prove to be the most pertinent of characters to help 
differentiate taxa (not only to the very least). Drastic vari-
ations in the number of teeth should not be overlooked, 
of course, but in the case of less clearcut differences, a 
degree of variability should most likely be accounted for.

Laterally, the osteoderms fused to the nasal processes 
of the maxillae in our material possess a well-developed 
ornamented surface, better developed than in P. apodus.

Frontal. The frontals in our material show clear differ-
ences from both Pseudopus ahnikoviensis and Pseudopus 
laurillardi while sharing similar characters with Pseudo-
pus apodus. The lateral margins of the frontals are straight 
and gradually converging anteriorly. Additionally, unlike 
in P. ahnikoviensis and P. laurillardi, the orbital margins 
of the frontal are not smooth, but are covered by the orna-
mented surface. The latter condition is shared with adult 
individuals of P. apodus (Klembara et al. 2017).

Parietal. The parietal shows a combination of charac-
ters that are shared across species of the genus. In our 
Pseudopus pannonicus material, the anterolateral pro-
cesses are rather well-developed, more than in Pseudopus 
apodus, but slightly less than in Pseudopus laurillardi. In 
ventral view, the muscular surfaces of the medium and 
large-sized specimens are well-developed and large - 
their width (abbreviated MSw hereafter) approaches, and 
sometimes equals, the distance between the parietal fo-
ramen and parietal cranial crest (abbreviated PCC-MedP 
hereafter) (e.g., ZIN PH 17/277 and ZIN PH 6/278). In 
P. laurillardi and P. apodus, the width of the muscular 
surfaces is smaller, and narrower (Klembara et al. 2010). 
In P. apodus, the muscular surface is generally half as 
wide as the distance between the parietal cranial crest and 
the median plane of the parietal. Comparatively, the ob-
servations of our material tend to highlight a width of the 
muscular surface closer to the PCC-MedP distance. As 

mentioned previously, this particularity of the parietals of 
P. pannonicus from our material might prove to be diag-
nostic and will be studied more in-depth later in this work.

Virtual microanatomy. The internal microanatomy in 
terms of a vascular network is similar in all studied spec-
imens. Small differences might represent individual and/
or ontogenetic variations. Interestingly, the meshwork of 
Pseudopus pannonicus with its large interconnected cav-
ities and channels in ventral section of the parietal table 
(in regard to ZIN PH 17/277) slightly resembles the type 
present in Pseudopus apodus (Fig. 6K vs. S). It should be 
noted, however, that the parietal ZIN PH 17/277 is clearly 
thicker and the cavities are much larger and also more 
variable, irregular in shape. In P. apodus, the meshwork 
in the mid-level is formed by radially diverging channels 
running to the periphery of the bone. Here, the channels 
appear to be slightly larger relative to the overall size 
of the parietal bone than in ZIN PH 17/277. In P. apo-
dus, few cavities are present only at the ventral level in-
side of the parietal table. They are rather small, oval (or 
box-shaped) and regularly arranged. On the other hand, 
above mentioned distinct cavities are absent in the large 
specimen ZIN PH 18/277 and comparative physiologi-
cal studies of extant anguines are needed to resolve the 
exact function of the strong parietal vascularization in 
these lizards. It should be noted that the general type of 
meshwork in Pseudopus slightly differs from the heavi-
ly vascularized type present in Ophisaurus (the parietal 
bone appears to be less compact in both axial and coronal 
sections; see Georgalis and Scheyer 2021: fig. 7). Such 
small differences in vascular arrangements could indicate 
some differences in the thermoregulatory function – this 
might reflect the large body size of Pseudopus.

Braincase. The occipital segment of the braincase, 
although the quantity of our material is strongly limit-
ed, shows some interesting features. Braincase elements 
are not currently known for Pseudopus ahnikoviensis 
and Pseudopus confertus, thus hindering any valuable 
comparisons. Different from Pseudopus laurillardi but 
somewhat similar to Pseudopus apodus, the dorsal ridges 
[i.e., ala otosphenoidea sensu Roček (2019)] are slightly 
curved. These dorsal ridges are somewhat more prom-
inent than in P. apodus. The high ascending process of 
the supraoccipital crest seems more prominent and more 
strongly defined than in P. laurillardi (although it is part-
ly broken in the only known specimen; Klembara et al. 
2010) and in P. apodus (Villa and Delfino 2019a). The 
basal tubercles of our Pseudopus pannonicus braincase 
appear to be somewhat wider than what is known in 
P. apodus (e.g., Villa and Delfino 2019a; CT scans from 
the Digimorph CT-repository at the University of Texas at 
Austin, Maisano 2003). The distal ends of the basal tuber-
cles seem also to be somewhat more rounded in appear-
ance than in P. apodus (although the difference is admit-
tedly low). This roundness is reminiscent of the condition 
displayed by P. laurillardi (Klembara et al. 2010). In later-
al view, there is a mild crest running dorsal to the prootic 
crest, its course being parallel to that of the prootic crest. 
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According to our observations, such a crest is not present 
in P. apodus. It is still unclear if this additional crest holds 
much, if any, taxonomical value but its presence is note-
worthy, nonetheless. The Gritsev P. pannonicus specimen 
drawn and figured by Roček (2019) seems to display a 
similar (although slightly less well defined?) structure but 
no particular attention has been drawn to it. It is unclear 
if such a crest is present in P. laurillardi¸ although it does 
seem to be absent. In P. apodus and among extant anguids 
more generally, the ventral surface of the sphenoid is 
mostly flattened, showing a mild depression in its middle 
area (Villa and Delfino 2019a). Here, the ventral surface 
of our specimen is distinctly sunken in its middle area, 
showing an anteroposteriorly elongated depression. How-
ever, braincases of P. pannonicus are particularly scarce in 
the fossil record, and only a handful have been reported, 
including ours. In the case of the specimen reported from 
Gritsev (Roček 2019), the ventral surface of the sphenoid 
is depressed in its middle, but not the extent shown here. 
With such limited material overall, it is delicate to weigh 
on the interest of the feature displayed by our specimen. 
Taphonomic processes could have been at play here and 
damaged our specimen, for instance. In P. laurillardi, such 
marked depression is not reported (Klembara et al. 2010).

Dentary. The dentary of anguines usually possesses 
many clear diagnostic features, and this is especially true 
for Pseudopus, which shows the highest number of apo-
morphies of all anguine genera (Klembara et al. 2014). In 
contrast to Pseudopus laurillardi, the dentaries described 
here are neither ventrally arched, and nor is the dental 
crest medially expanded. The surangular spine, a structure 
present only in P. ahnikoviensis within the genus Pseudo-
pus (Klembara 2012; Čerňanský et al. 2015), is absent 
in our specimens. Aside from their overall large size, the 
dentaries in our material show several similarities with P. 
apodus. The positions of surangular foramen and suran-
gular sinus are similar to that of P. apodus contra both 
P. laurillardi and P. ahnikoviensis. The angular process 
of our dentaries does not surpass the coronoid process, a 
feature characteristic of the genus as a whole (Klembara 
et al. 2014). The surangular process of our dentaries is 
similar to that in P. apodus. The coronoid processes of 
our dentaries express some degree of variability in their 
morphology, which is a tendency also known among P. 
apodus specimens (Klembara et al. 2014). The dentition 
of our dentaries is also similar to that of P. apodus. The 
number of tooth positions herein observed is well within 
the ontogenically related range of 11 to 18 teeth known 
for P. apodus (Klembara et al. 2014). Roček (1980, 2019) 
reported that among ontogenically advanced individuals 
of P. apodus, there were tendencies for the posterior teeth 
of the dentary to stop being replaced, thus displaying a 
fused aspect at their bases. This feature should probably 
be treated carefully when dealing with limited fossil ma-
terial because of its relationships with ontogenetic series. 
Nonetheless, the specimens described here tend to be on 
the lower end of the size spectrum of dentaries known for 
P. pannonicus – namely when compared with specimens 

from Gritsev (Roček 2019) – and there are no signs of 
such fusing of teeth in our material. In addition, such fu-
sion has never been described in the literature for speci-
mens attributed to P. pannonicus.

There is one dentary character state which might dis-
tinguish Pseudopus pannonicus from P. apodus. In P. 
apodus, the posterior margin of the anterior inferior al-
veolar foramen is formed by the anteromedial process of 
the coronoid, a condition not present in the extinct Pseu-
dopus species. However, as was previously suggested by 
Čerňanský et al. (2017a) on the material of P. pannonicus 
from Hambach, a facet for the splenial in this taxon ap-
pears to be present posterior to the anterior inferior alve-
olar foramen – thus, the coronoid is excluded from this 
foramen. The same condition is present in P. laurillardi 
(see Klembara et al. 2010) and in P. ahnikoviensis. In our 
dentary material, the facet for the anteromedial process of 
the coronoid clearly does not reach the foramen but is sep-
arated from it by an area. This area could be interpreted 
as a splenial facet (if the splenial attached this area when 
the mandible was complete). The same condition is pres-
ent in the lectotype MÁFI V 2023.1.14.1 specimen from 
Hungary (see Fig. 15) as well as the material from Gritsev 
(see Roček 2019: “Only the dorsal facet is interrupted by 
a rounded section that in complete mandible takes part 
in the formation of a foramen called by Meszoely [1970, 
figure 4] the anterior inferior alveolar foramen.”). In any 
case, there is a clear facet for the splenial posterior to the 
anterior inferior alveolar foramen in ZIN PH 1/280.

In summary, we can consider the character state in P. 
pannonicus as different from that of P. apodus and sup-
port the suggestion of Čerňanský et al. (2017). Note, 
however, that in juvenile medium-sized individuals of P. 
apodus, the anteromedial process of the coronoid is short-
er and pointed, and does not reach the posterior margin 
of the anterior inferior alveolar foramen. But this points 
to the fact that the condition in P. apodus is peramorphic 
(see Klembara et al. 2014). In the largest specimen DE 
13 of P. apodus in Klembara et al. (2014; the length of 
the mandible of this specimen is 56.8 mm), the condition 
is slightly different as above mentioned – although the 
termination of the anteromedial process of the coronoid is 
rounded and participates in the anterior inferior alveolar 
foramen, so that the splenial is also not excluded here (see 
Klembara et al. 2014: fig. 2C).

Trunk vertebra. In our material, the height of the neu-
ral canal is lower than the height of the cotyle. This is a 
character state shared typically with Pseudopus apodus 
as opposed to Ophisaurus, one exception being Ophis-
aurus harti as highlighted by Čerňanský et al. (2019). In 
addition, the trunk vertebrae described here appear to be 
wider, being markedly less elongated, than the trunk ver-
tebrae of P. apodus. Trunk vertebrae of the latter taxon 
are somewhat elongated, as highlighted by their centrum 
length and neural arch width ratio of 62% (Čerňanský 
et al. 2019). Here, our material is associated with a CL/
NAW ratio closer to 90%. This characteristic will be de-
veloped more thoroughly later in this work.
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Caudal vertebra. Caudal vertebrae are unknown 
for Pseudopus ahnikoviensis and Pseudopus confertus 
(Klembara 2012, 2015; Klembara and Rummel 2018), 
whereas a few, albeit not particularly informative, are 
known for Pseudopus laurillardi (Klembara et al. 2010) 
and a handful are known for Pseudopus pannonicus (in-
cluding the ones presented here; e.g., Alexejew 1912; 
Klembara 1986; Roček 2019). Noteworthy is the fact 
that several caudal vertebrae have been reported as either 
indeterminate anguines or Pseudopus sp. but with hints 
of potential affinities towards P. pannonicus (e.g., Geor-
galis et al. 2017a, 2018). As mentioned briefly earlier in 
this work, some specimens with such suspected affinities 
could potentially be reassigned to P. pannonicus. As it has 
been also emphasized previously, the distinction of an-
guine taxa based solely on osteological features of caudal 
vertebrae is difficult and a traditionally more conserva-
tive approach is preferred by only referring such speci-
mens to indeterminate anguines (Čerňanský et al. 2017a, 
2017b; Georgalis et al. 2018). Unfortunately, few to no 
features (supposing there are any) allowing for the confi-
dent distinction between Pseudopus species, especially P. 
pannonicus and P. apodus are currently known. Thus, ad-
ditional insights from other rationales (e.g., stratigraphy, 

geography, compositions of fossil assemblages, etc.) need 
to be considered to argue for any particular specific iden-
tification. Here, our material is most similar to the mor-
phology of caudal vertebrae known in Pseudopus, name-
ly P. apodus. Indeed, these are generally narrower than 
the presacral vertebrae observed here. No autotomic split 
is apparent despite the presence of autotomy foramen in 
some specimens. This material is also rather similar to 
better preserved caudal vertebrae from Gritsev (Roček 
2019) or other similarly preserved specimens (e.g., Alex-
ejew 1912; Bachmayer and Młynarski 1977; Klembara 
1986; Venczel 2006).

Osteoderms. The osteoderms allocated to this form 
are large and thick. As mentioned earlier, due to the dif-
ficulties of alpha taxonomic determinations linked to os-
teoderms, an identification as an indeterminate anguine 
would be totally admissible because of the vermicular 
ornamented surface. Here, in the case of our material, we 
argue that the features displayed by these osteoderms ex-
clude an Anguis identification, thus leaving Ophisaurus, 
Pseudopus, Ragesaurus, and Smithosaurus as the remain-
ing anguine taxa that these osteoderms could be attributed 
to. The osteoderms of either Ragesaurus or Smithosaurus 
are still unknown as these taxa are known only by limited 

Figure 15. The lectotype, MÁFI V 2023.1.14.1. (former Ob. 5058) of Pseudopus pannonicus: left dentary from the Late Miocene 
of Polgárdi 2, Hungary, in medial (A) and lateral (B) views.
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material respectively from the Quaternary of Spain (Bail-
on and Augé 2012), and from the Early and Middle Mio-
cene of Germany and Austria (Vasilyan et al. 2022). The 
larger size and robustness of these elements seems to be 
more congruent with Pseudopus. An identification of 
some of our osteoderms to Ophisaurus is not necessari-
ly excluded as two different members of this genus have 
been reported recently by Syromyatnikova et al. (2022) 
in both Lucheshty and Etulia, coexisting with Pseudopus 
representatives (this study). However, because of the age 
of these specimens, their size, as well as the relative scar-
city of Ophisaurus material from the Pliocene of East-
ern Europe (i.e., two damaged parietals) in comparison 
to the amount of material confidently attributed to Pseu-
dopus here, we tentatively identify our osteoderms from 
Lucheshty and Etulia, and the remaining specimens from 
Kalfa, Petroverovka, and Volchaya Balka, as belonging to 
Pseudopus and more particularly Pseudopus pannonicus, 
due to their robustness and thickness. Although the mor-
phology of these osteoderms is roughly similar to those 
known in P. apodus, the osteoderms of our material are 
generally markedly thicker.

Statistical analyses

Dermal ornamentation of the maxilla. The preservation 
of three of the five maxillae available in the material allows 
observation of the size of the ornamentation of the nasal 
process. Besides these three specimens, data from nine 
maxillae of Pseudopus pannonicus described and figured 
in the literature were added. Specimens, either from our 
samples or the literature, with heavily damaged or missing 
nasal process, have been excluded from the samples tested, 
leaving thus only specimens suited for the analyses con-
ducted here. The height and width of the ornamented sur-
face and the total height and width of each maxilla are mea-
sured (Fig. 16) and a correlation matrix was established.

This matrix (Fig. 17) shows with statistical signifi-
cance (i.e., p-values less than the Bonferroni correction) 
on one hand that both the width and height of the dermal 
ornamentation are positively correlated to each other, 
and that the overall width and length of the maxillae are 
positively correlated to each other as well. On the oth-
er hand, the dimensions of the ornamentation are also 
positively correlated to the size of the maxilla, although 
slightly less to its height than its length. However, there 
is only statistical significance for the relationship be-
tween the ornamentation dimensions and the total height 
of the maxillae. Our sample size is admittedly rather 
small and more well-preserved specimens would be 
most welcomed but our results are nonetheless interest-
ing regarding intraspecific variability. Although there is 
a seemingly positive correlation between the develop-
ment of the ornamentation of the nasal process of the 
maxilla and the body size, our data only really support 
a correlation with the height of the maxilla (i.e., stron-
ger ornamentation on more developed nasal process and 
vice versa). This suggests that the ornamentation of the 
nasal process is a character that is subject to changes 
throughout the ontogeny of P. pannonicus and that older 
individuals would tend to display larger and more devel-
oped dermal ornamentation than younger, less mature, 
individuals. The smaller individuals of our material as 
well as the ones from the literature used here for com-
parisons tend to display a degree of ornamentation at 
least similar to that of adults of Pseudopus apodus, if 
not more strongly developed, whereas larger individu-
als tend to bear more developed ornamentation. Stud-
ies focusing on this feature of the maxilla of P. apodus 
throughout different ontogenetic series would be most 
interesting to compare the intraspecific variation among 
these two taxa. Based on the pattern that our results are 
suggesting, it could be assumed that the ornamentation 
of the nasal process of the maxilla is also subject to on-
togenetic changes in P. apodus.

Figure 16. Measurements of the maxilla of Pseudopus pannonicus used in statistical analyses in the present work (here, ZIN PH 
1/282 in lateral view).
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Currently, osteological studies on P. apodus have high-
lighted that the lateral surface of the maxillae of this taxon 
bears only light ornamentation (Klembara 1981; Klem-
bara et al. 2017; Villa and Delfino 2019a) that is suppos-
edly thinner and located slightly higher up on the nasal 
process than in P. pannonicus. Maxillae of Pseudopus 
laurillardi are known to exhibit various types of orna-
mentation, somewhat similar to the condition known in P. 
pannonicus, and more pronounced in the larger specimens 
(Klembara et al. 2010). This condition of the maxilla is 
not known for Pseudopus ahnikoviensis and Pseudopus 
confertus. As emphasized by Roček (2019), this character 
state might be of interest in distinguishing between P. pan-
nonicus and P. apodus. If the trend observed in our mate-
rial and suggested by our statistical analyses were to be 
confirmed by the input of new material, then hypotheses 
on the cause(s) of the differences in character expression 
between P. pannonicus and P. apodus could be made. For 
instance, heterochronic processes may likely be at play 
here. Indeed, the evolution of several features of the lower 
jaw, skull, and vertebral column of P. apodus have already 
been shown to be influenced by heterochronic processes 
(Klembara et al. 2014, 2017; Čerňanský et al. 2019).

Muscular surface of the parietal. The feature of the 
parietal discussed here is the relative width of the mus-
cular surface observed in Pseudopus pannonicus in com-
parison to the overall size of the parietal. Following ob-
servations and as mentioned earlier, among P. pannonicus 
the muscular surfaces appear to be rather wide, approxi-
mately equal to the PCC-MedP distance. In comparison, 
among Pseudopus apodus the MSw is approximately 
equal to half the PCC-MedP distance. To summarize, the 

conditions observed are an MSw/PCC-MedP ratio ≈ 1.0 
and an MSw/PCC-MedP ratio ≈ 0.5 for P. pannonicus and 
P. apodus respectively. Of the 11 parietals from our mate-
rial, these data could be measured on 10 of them. To the 
data of these 10 specimens, the data from 16 additional 
parietals attributed to P. pannonicus were added. These 
data were then compared with the material of P. apodus.

The MSw and the PCC-MedP distances were measured 
(Fig. 18) and an MSw/PCC-MedP ratio was attributed to 
each specimen.

Following these measurements, the average ratio 
in P. pannonicus is of 0.885 (min: 0.406; max: 1.734; 
σ: 0.262) and the average ratio in P. apodus is of 0.534 
(min: 0.177; max: 0.872; σ: 0.233). To determine if these 
ratios are significantly different from one another, a Stu-
dent’s t-test was done. The null hypothesis H0 of this test 
is: “the samples are taken from a population with the 
given mean”. The result of this test shows that the mean 
values of the elements sampled as P. pannonicus and the 
one of P. apodus are significantly different from each 
other (Table 1). Indeed, the sample mean (i.e., the mean 
ratio among P. pannonicus; x‾ = 0.885, N = 26) is signifi-
cantly different from the given mean of 0.534 (Student’s 
t = 6.833; p(same-mean) = 3.67 × 10^–7). Therefore, the null 
hypothesis is rejected, and it can be established that the 
populations (taxa) represented by the specimens are 
clearly distinct from one another.

Consequently, a test of correlation between these var-
ious parameters was done to evaluate the influence of 
body size on the relative width of the muscular surface. 
The correlation matrix shows, with statistical signifi-
cance, that these parameters are quite strongly influenced 
by body size (Fig. 19). Thus, this character state presum-

Figure 17. Correlation matrix of the studied parameters of 
the maxillae of Pseudopus pannonicus. Diagonal terms of this 
matrix (e.g., “OW – OW” correlation index = 1) are ignored. 
Terms of this matrix that are in a greyed box are statistically 
significant (p < PBonferroni). Individual p-values for each combi-
nation are shown below the corresponding correlation indexes. 
Abbreviations: MH: maxilla height; ML: maxilla length; OH: 
ornamentation height; OW: ornamentation width.

Figure 18. Measurements of the parietal of Pseudopus pannon-
icus used in statistical analyses in the present work (here, ZIN 
PH 18/277 in ventral view).
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ably peculiar to P. pannonicus is not reliable enough to 
distinguish this taxon from P. apodus.

Vertebral elongation. As mentioned previously, the 
trunk vertebrae of our P. pannonicus material, as well as 
the ones described in the literature, are rather stout and 
compressed. These are thus quite distinct from the com-
paratively notably elongated trunk vertebrae of Pseudo-
pus apodus (Čerňanský et al. 2019). Here, the relevance 
of the degree of vertebral elongation for identification 
purposes is examined.

The eleven presacral vertebrae from our material are 
here considered. To these elements, literature data from 
16 additional presacral vertebrae identified as P. pannon-
icus are included. These data are then compared to the 
presacral vertebrae of P. apodus, such as the ones studied 
in details by Čerňanský et al. (2019). The degree of elon-
gation of a vertebra is determined by the ratio between 

the centrum length and the neural arch width (i.e., CL/
NAW ratio hereafter). A ratio closer to 1, or greater than 1, 
is equivalent to a stouter and more compressed vertebra, 
whereas a more elongated vertebra is associated with a 
ratio lesser than 1. Another assumption resides in the fact 
in both P. pannonicus and P. apodus, although the abso-
lute values of both NAW and CL might very well vary 
throughout the relative position of a given vertebra in the 
column, the respective proportions of the vertebrae (i.e., 
the CL/NAW ratios) remain similar. It has been highlight-
ed that the presacral vertebrae posterior to the atlas and 
axis of P. apodus display very uniform morphology de-
spite increasing steadily in relative sizes anteroposteriorly 
(Hoffstetter and Gasc 1969; Čerňanský et al. 2019). Only 
the very first few anterior trunk vertebrae appear to di-
verge from this general tendency. Moreover, this tendency 
is seemingly not limited to Pseudopus or anguines as a 
whole. Indeed, as Hoffstetter and Gasc (1969) also point-
ed out, vertebrae from the presacral region of the column 
tend to show relative morphological uniformity among 
snake-like, limbless and elongated organisms. In addition, 
because P. pannonicus and P. apodus are admittedly sim-
ilar in many regards (Fejérváry-Lángh 1923; Klembara et 
al. 2010, 2014, 2017; Čerňanský et al. 2019), it is not too 
far-fetched to expect a similar condition for such a general 
tendency in P. pannonicus.

Presacral vertebrae of P. apodus are quite elongated. 
Their ratio of elongation has been previously estimated to 
be about 0.62 (Čerňanský et al. 2019). The average NAW/
CL ratio of the herein described presacral vertebrae is 
closer to 1 (x‾ = 0.96). However, there is some variability 
among these ratios (min = 0.79; max = 1.37; σ = 0.156). 
To determine whether the values of the ratios obtained for 
P. pannonicus are different from the average elongation 
ratio of P. apodus, a Student’s t-test was conducted. The 
null hypothesis H0 of this test is: “The samples are tak-
en from a population with the given mean”. The results 
of this test show that the elongation ratios differ signifi-
cantly between these taxa (Table 2). Indeed, the sample 
mean (x‾ = 0.96, N = 27) is significantly different from 
0.62 (Student’s t = 11.132; p(same-mean) = 1.4768 × 10^–11). 
Therefore, the null hypothesis is here rejected.

Table 1. Summary of the Student t-test parameters regarding 
the parietal of Pseudopus pannonicus and Pseudopus apodus.

Samples data

N Mean Std. Dev Std. Error 
Mean

P. apodus 6 0.534 0.233 0.095
P. pannonicus 26 0.885 0.262 0.051

t-Test results

Mean 
difference

Lower bound 
of the 95% 
confidence 

interval of the 
difference

Upper bound 
of the 95% 

confidence interval 
of the difference

t p(same 

mean)

0.351 0.113 0.589 6.833 3.67 × 
10^–7

Table 2. Summary of the Student t-test parameters of trunk ver-
tebrae of Pseudopus pannonicus and Pseudopus apodus.

Samples data

N Mean Std. Dev Std. Error 
Mean

P. apodus N/A (*)0.620 N/A N/A
P. pannonicus 27 0.96 0.156 0.03

t-Test results

Mean 
difference

Lower bound 
of the 95% 
confidence 

interval of the 
difference

Upper bound 
of the 95% 
confidence 

interval of the 
difference

t p(same mean)

0.34 0.278 0.402 11.132 1.4768 × 
10^–11

(*): Average ratio data for P. apodus from Čerňanský et al. 
(2019). N/A: Not Available.

Figure 19. Correlation matrix of the studied parameters of the 
ventral surface of the parietal bones of Pseudopus pannonicus. 
Diagonal terms of this matrix are ignored. Terms of this matrix 
that are in a greyed box are statistically significant (p < 0.05). 
Abbreviations: MSw: muscular surface width; PCC-MedP: dis-
tance between the parietal cranial crest and the median plane of 
the parietal; PTH: parietal table height; PTW: parietal table width.
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Following this result, the character state of “stout pre-
sacral vertebrae with reduced elongation” appears to be 
important for comparisons between P. pannonicus and 
P. apodus.

Conclusions

Here were studied and described various cranial and ver-
tebral elements attributed to the fossil anguine Pseudopus 
pannonicus. This material originates from several local-
ities spread across Eastern Europe and the North Cauca-
sus. The fossiliferous deposits are spanning the Upper 
Cenozoic (MN 10 to MN 15 / early MN 16). This ma-
terial extends our knowledge of P. pannonicus in several 
aspects. Besides taxonomical discussion, the report of the 
elements from the localities from the Northern Caucasus 
represents some of the most, if not the most, eastern-
most occurrences currently documented for P. pannoni-
cus, pending the revision and clarification of Ophisaurus 
apodus dzhafarovi from the Pleistocene of Azerbaijan. 
Although with limited taxonomic implications because of 
the high scarcity of this particular element, we report on 
the first lacrimal bone known in the fossil record of this 
species. Several osteological features and their validity 
in regard to comparisons between the fossil P. pannoni-
cus and the very similar extant Pseudopus apodus were 
described and discussed. This new material included a 
handful of caudal vertebrae that unfortunately did not 
provide any new meaningful insight toward potentially 
distinctive features among Pseudopus species (supposing 
there is any in the first place). When data were suitable, 
statistical analyses were performed to study the influence 
of body-size parameters on the expression of a set of cra-
nial and vertebral traits. It was shown that several of these 
traits were rather strongly linked to body size, thus ren-
dering them unreliable for diagnostical purposes between 
P. pannonicus and P. apodus. Two newly recognized 
traits in P. pannonicus in comparison to P. apodus are re-
spectively related to the development of the osteodermal 
crust of the maxilla and the degree of elongation of the 
trunk vertebrae. Finally, the following three features are 
suggested as being diagnostic of P. pannonicus: (1) more 
strongly developed ornamentation of the nasal process of 
the maxilla in comparison to P. apodus; (2) splenial facet 
reaches posterior to the anterior inferior alveolar foramen 
– thus excluding the coronoid from this foramen; and (3) 
short and compressed presacral vertebrae in comparison 
to the more elongated vertebrae of P. apodus.
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Abstract

Plesiosaurs are one of the longest-ranging tetrapod groups in the Mesozoic and underwent a major adaptive radiation in the Late Tri-
assic/Early Jurassic, so they are an ideal clade to study the long-term implications and deep-time evolution of specific developmental 
patterns. We compiled a database of all published plesiosaur specimens and recorded their skeletal maturity status. We use statistical 
modelling to demonstrate that the abundance of allegedly ‘juvenile’ specimens increases through time, which contradicts the null 
hypothesis that the relative proportion of juvenile to adult specimens should remain constant throughout evolution. These results in-
dicate that many ‘juvenile’ specimens are really adults exhibiting heterochronic traits, particularly paedomorphism. Heterochrony is 
a developmental pattern particularly widespread in secondarily adapted organisms such as plesiosaurs. However, heterochronic pat-
terns are typically only studied in individual genera/species or restricted clades. We demonstrate that the pervasiveness of paedomor-
phism in plesiosaurs increased gradually throughout the evolution of the clade, rather than being a specialization of specific clades.

Key Words

heterochrony, histology, osteological maturity, sexual maturity

Introduction

Plesiosaurs (=Plesiosauria) are a globally distributed 
group of extinct predatory aquatic reptiles that formed 
an important component of Jurassic and Cretaceous 
marine ecosystems. All plesiosaurs have a short torso, a 
short tail, and four large flippers, but their skull and neck 
proportions vary greatly. Plesiosaur morphotypes range 
between two extremes: plesiosauromorphs with a long 
neck and small head, and pliosauromorphs with a short 
neck and large head (O’Keefe 2002). The first studies 
of plesiosaur ontogeny were conducted by Andrews 
(1895, 1910) on Cryptoclidus from the Middle Jurassic 
(Callovian) Oxford Clay Formation of the UK. Brown 
(1981) followed up on this work and set the modern 
standard for determining ontogenetic growth stages 
within Plesiosauria, herein referred to as the ‘Brown 
model’. Brown (1981) analysed ontogenetic sequences 

of two cryptoclidids, Cryptoclidus and Muraenosaurus, 
both from the Oxford Clay Formation of the UK. This 
foundational work established intraspecific ontogenetic 
variability patterns among plesiosaurs. Cryptoclidus 
provides an especially good case study because it is 
known from abundant and substantially complete material 
representing different growth stages. The Brown model 
sensu stricto uses osteological maturity, specifically the 
degree of fusion between the vertebral centra and neural 
arch, as a proxy for sexual maturity. Under this model 
there are three categories: in ‘juveniles’ the neural arches 
and centra are unfused, in ‘adults’ the neural arches and 
centra are fused but a neurocentral suture is still visible, 
and in ‘old adults’ the neural arches and centra are fused 
and the neurocentral suture is obliterated (Brown 1981). 
Caldwell (1997a) expanded on this work by investi-
gating ossification patterns in the limbs of Cryptoclidus. 
The Brown model has been adopted by all subsequent 
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workers and the patterns observed for Cryptoclidus have 
been generalized to all other plesiosaurs, including plio-
sauroids and elasmosaurids, to determine their sexual 
maturity. The problems with applying the Brown model 
in this way are three-fold: (1) sexual maturity does not 
necessitate osteological maturity, so assuming the two 
correlate omits the possible ontogenetic effects of paedo-
morphism; (2) different parts of the skeleton may ossify 
at different stages of maturity; (3) ontogenetic patterns 
observed in Cryptoclidus and Muraenosaurus may not 
be applicable to all plesiosaurs. In summary, the Brown 
model conflates osteological maturity with ontogenetic or 
sexual maturity.

The possible importance of paedomorphism within 
plesiosaurs and the potential implications of paedomor-
phic characters for plesiosaur paleobiology, paleoecology, 
evolution, and systematics, has received little research 
attention to date (Buchy et al. 2005; Araújo et al. 2015; 
Wintrich et al. 2017). Paedomorphic traits have been iden-
tified in various secondarily-adapted tetrapods (Delfino 
and Sánchez-Villagra 2010). However, the long-term 
evolution of paedomorphism has not been investigated 
in plesiosaurs, or any other clade. The Plesiosauria is a 
long-lived clade that survived for 135 Ma, witnessing the 
breakup of Pangea, various major oceanic anoxic events 
(AOEs), dramatic changes in thermohaline oceanic circu-
lation, and the rise and fall of various other Mesozoic 
marine reptiles such as thalattosuchians, ichthyosaurs 
and mosasaurs (Polcyn et al. 2014; Ősi et al. 2018; Moon 
2019). This unique clade is therefore an ideal candi-
date to study the long-term, large-scale evolutionary 
persistence of heterochronic mechanisms affecting skel-
etal morphology.

Heterochrony is the dissociation of the relative timing 
of developmental events during the ontogeny of ances-
tral and descendant organisms (Raff 1996). Gould (1977) 
partitions heterochrony into two fundamental divisions: 
paedomorphism denotes an underdevelopment in descen-
dants relative to the ancestor, while peramorphosis 
denotes an overdevelopment of ontogenetic traits. These 
concepts can be further subdivided into distinct processes. 
There are three types of paedomorphism: progenesis 
(early finishing/offset), neoteny (slower growth rate), and 
postdisplacement (delayed starting/onset). But to extri-
cate which of these processes affects a given ontogenetic 
trait requires underlying knowledge of the rates of devel-
opment. Smith (2001) proposed an alternative, sequence 
heterochrony, to avoid the need to calculate these rates 
and to make it feasible to apply a conceptual framework 
of heterochrony to museum or paleontological speci-
mens. Sequence heterochrony simply denotes changes in 
the offset or onset of a given phenotypic trait. So, even 
without accurate information on the developmental rates 
it is possible to recognise and understand underdeveloped 
or overdeveloped morphological traits relative to the 
ancestor condition in fossils.

Speciation events may undergo a mosaic of heteroch-
ronic processes, with different traits being affected by 

peramorphosis and paedomorphosis concomitantly. For 
example, peramorphic processes result in convergent 
evolution of polydactyly and hyperphalangy in multiple 
Mesozoic marine reptile lineages (Caldwell 1997b). 
However, paedomorphism is observed more often in 
secondarily-adapted amniotes, probably due to the stag-
gering degree of convergence between distantly related 
clades, ranging from porpoises to thalattosuchians. 
Inspired by the work of Piveteau and Dechaseaux (1955) 
and Lehman (1955), de Ricqlès (1975) coined the term 
“aquatic neoteny” referring to the juvenilized morphology 
of tetrapods as an adaptation to the aquatic environment. 
However, neoteny refers to a specific paedomorphic 
process referring to slower growth rate (Gould 1977; 
Raff 1996; McNamara 1997), and other paedomorphic 
processes, such as progenesis, can be related to adapta-
tions to the aquatic environment (Galatius 2010). The 
term ‘skeletal paedomorphosis’ (Rieppel 1989a) is more 
appropriate because it refers to the heterochronic process 
more generally but can be applied to the specific anatom-
ical loci affected by it.

Miniaturized taxa are often, but not always, paedo-
morphic. Some authors have proposed that some 
aristonectines may be miniaturized paedomorphic plesio-
saurs (Araújo et al. 2015; Otero et al. 2015). Clades 
with dramatic minimum size limits also tend to be more 
diverse (Angielczyk and Feldman 2013) and, coinci-
dently, the Aristonectinae is the most diverse plesiosaur 
clade by the Campanian-Maastrichtian. Miniaturization 
is a pathway for evolutionary novelty and diversifica-
tion because dwarfed forms can partition resources and 
occupy ecological niches that are otherwise inaccessible 
to larger forms (Miller 1996; Angielczyk and Feldman 
2013). However, most paedomorphic traits in Mesozoic 
marine reptiles do not seem to be related to body size, 
as they are mostly reflected in the axial and appendic-
ular skeleton (Rieppel 1989a). Paedomorphism produces 
sexually mature organisms that otherwise retain a juvenile 
morphology by promoting the developmental truncation, 
deceleration or deletion of some traits (Britz et al. 2009; 
Angielczyk and Feldman 2013). The meristic deletion of 
mesopodial elements in sauropterygians (Rieppel 1989b) 
is a typical example of aquatic skeletal paedomorphism. 
Although several paedomorphic traits were attained in the 
early radiation of Sauropterygia, it is unclear how these 
traits evolved in plesiosaurs. Brown (1981) standardized 
the way to assess plesiosaur ontogeny but did not take 
into account the confounding effects of heterochrony.

A clear extrication of juvenile and paedomorphic 
characters in relation to the ancestral state, as well as 
complementary evidence from histology, is crucial for 
understanding plesiosaur evolution. This paper pres-
ents the results of an analysis of osteological maturity 
in hundreds of plesiosaur specimens across all clades, 
spanning the entire stratigraphic history of the group, to 
help elucidate the presence of juvenile vs. paedomorphic 
characters, to test the Brown model, and to avoid a biased 
view of plesiosaur ontogeny.
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Methods
Data collection

We compiled an extensive database of hundreds of 
published records of plesiosaur specimens to assess their 
osteological maturity. The database contains 712 plesio-
saur specimens representing different individuals. The 
database contains all plesiosaur publications known to us 
up until December 2022, excluding descriptions of isolated 
teeth or other material for which the osteological maturity 
could not be determined. The number of specimens that 
have been published since then are negligible and should 
not change the results significantly. Each entry corre-
sponds to one specimen, to which we provide the most 
recent consensus concerning its systematic classification, 
following (in most cases) the higher-ranking taxonomy 
of Benson and Druckenmiller (2014). We have classified 
each specimen based on a bipartite scheme of classifica-
tion (Plesiosauroidea and Pliosauroidea). Plesiosauroidea 
comprises Microcleididae, Polycotylidae, Leptocleididae, 
Cryptoclididae and Elasmosauridae. Pliosauroidea 
comprises Rhomaleosauridae and Pliosauridae. 34 spec-
imens were taxonomically ascribed to Plesiosauria indet. 
and those without a firm systematic placement (13) 
were excluded from the clade-by-clade analysis. These 
are ‘Plesiosaurus’ cliduchus, Eoplesiosaurus antiquior, 
Sthenarosaurus dawkinsi, Bobosaurus forojuliensis, 
Raptocleidus blakei, Raptocleidus bondi, Macroplata 
tenuiceps, Plesiopterys wildii, ‘Plesiosaurus’ macro-
cephalus, ‘Plesiosaurus’ costatus, ‘Plesiosaurus’ 
rugosus (BRSMG Cb2458), ‘Thaumatosaurus’ indicus 
and ‘Plesiosaurus hesternus’.

For each specimen we recorded the following informa-
tion: specimen number; its Superfamily (Plesiosauroidea 
or Pliosauroidea); its Family; the operational taxonomic 
unit (i.e. lowest possible taxonomy, genus and species 
when possible); its ontogenetic stage under the Brown 
model in a binary system (‘mature’ or ‘partially mature 
or immature)’, its ontogenetic stage under the Brown 
model in a tripartite system (‘mature’, ‘partially mature’, 
or ‘immature’); its ontogenetic traits; its geological range 
in Stages; its average age in Ma; and references.

The specimens’ ontogenetic maturity was classified 
based upon anatomical descriptions and figures found in 
the literature and/or personal observations. Table 1 lists 
the criteria we used to determine the osteological matu-
rity of each specimen. We used a bipartite scheme (mature 
vs. immature), which is a modification of the tripartite 
scheme (mature vs. partially mature vs. immature), by 
including mature and partially mature specimens under 
the term ‘mature’. The tripartite classification scheme is 
inspired by Brown (1981), where: a mature specimen has 
the neural arch and vertebral centrum completely fused 
leaving no neurocentral suture visible, a partially mature 
specimen has the neural arch and the vertebral centrum 
partly co-ossified but has the neurocentral suture visible, 
and an immature specimen has separate neural arch and 

vertebral centra. Based on the geological and strati-
graphic data provided in the literature for each specimen 
we convert it into an approximate absolute age of occur-
rence based on Ogg et al. (2016).

Terminology

It is important to clarify terminology, especially because 
the meaning of ‘maturity’ can be applied in several ways. 
Specifically, we must consider the differences and areas 
of overlap between ‘osteological maturity’, ‘sexual 
maturity’, and ‘ontogenetic maturity’. The term ‘sexual 
maturity’ as a proxy for maturity in a given specimen is 
unsatisfactory in practice because it cannot be assessed 
in the fossil record and does not untangle heterochronic 
issues. Therefore, an alternative terminology for assessing 
maturity is required.

Osteological maturity: immature, partially 
mature, and mature

The abundant Callovian plesiosaur record amassed from 
the Oxford Clay Formation of the UK consists mainly of 
different cryptoclidid and pliosaurid taxa. In addition to 
the Brown (1981) criterium sensu stricto, Brown identi-
fied other characters that change through ontogeny that 
should therefore be excluded from taxonomic purposes 
(Brown 1981). Among these, two characters have been 
widely cited for all major plesiosaur clades as repre-
senting a juvenile state (Table 1): (1) a humeral tuberosity 
or femoral trochanter unseparated by a condylar isthmus 
from the capitulum; and (2) an unfaceted distal propodial 
epiphysis. However, there are few records of pliosaurs 
(except for P. funkei, see Knutsen et al. 2012, P. irgisensis, 
see Storrs 2000 and some specimens of Peloneustes, Tarlo 
1960) and few rhomaleosaurids (with the exception of 
R. zetlandicus and R. thorntoni) with faceted distal epiph-
yses (e.g., Sollas 1881; Tarlo 1959; Hampe 2005; Smith 
2007; Vincent 2010; Ketchum and Benson 2011a, 2011b; 
Benson et al. 2013). Also, to date no rhomaleosaurids 

Table 1. Criteria used to determine the osteological maturity of 
each specimen.

Osteological 
maturity

Vertebrae Limbs Girdles

Immature Neural arch 
unfused to 
centrum

Rounded edges, 
no trochanter or 

tuberosity

Rounded edges, 
girdle elements 

unfused
Partially 
mature

Neural arch 
fused to centrum 
but neuro-central 

suture visible

Angular edges, 
Trochanter or 

tuberosity partially 
separated from 
propodial head

Angular 
edges, Girdle 

elements 
partially fused

Mature Neural arch 
completely fused 

to centrum, no 
neuro-central 
suture visible

Angular edges, 
trochanter 

or tuberosity 
completely separated 
from propodial head

Angular edges, 
girdle elements 

completely 
fused
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have been found possessing an isthmus separating the 
humeral or femoral head (Smith 2007). Moreover, in 
several plesiosaur clades all individuals have visible 
neurocentral sutures or separated neural arches and centra 
(Rhomaleosauridae, Pliosauridae, Leptocleididae, except 
Gronausaurus wegneri see Hampe 2013; fig. 12). This 
apparent contradiction can be explained by the retention 
of the plesiomorphic condition of Pistosauria, which 
themselves exhibit paedomorphism (Rieppel 2000). So, 
in Cryptoclidus and Muraenosaurus, faceted propodials 
and separated humeral and femoral tubercles/trochanters 
are apomorphic traits (Druckenmiller and Russell 2008).

Sexual maturity: juveniles, adults, and old adults

This issue requires a careful definition of different sexual 
stages, namely the contrast between ‘juveniles’ and 
‘adults’. The ‘adult’ condition usually refers to an indi-
vidual that has reached sexual maturity. This definition of 
adulthood is exclusively biological (e.g., legal adulthood 
in humans is a different issue). However, sexual maturity 
can rarely be confidently determined in the paleontolog-
ical record, with one exception in the plesiosaur fossil 
record represented by a pregnant individual (O’Keefe and 
Chiappe 2011). By looking at the degree of fusion between 
the centra and neural arches, Brown (1981) refers instead 
to the degree of osteological maturity. For example, an 
osteologically immature specimen has unfused neural 
arches. A modern analogue exemplifying sexual maturity 
before osteological maturity as a result of paedomor-
phism is the harbour porpoise, Phocoena phocoena (fig. 
10; Galatius and Kinze 2003; Galatius et al. 2006, 2011; 
Galatius 2010). Hereinafter we use the terms ‘juvenile’, 
‘adult’, and ‘old adult’ (in inverted commas) according to 
Brown 1981; so when single quotes are not used we refer 
to true juveniles, excluding paedomorphism.

Ontogenetic maturity

This term simply refers to the actual age (i.e., time since 
birth) of the animal. This concept differs from sexual 
maturity as it does not make any suppositions about 
reproducibility of the organism.

Rationale and caveats

To assess the evolution of paedomorphism in plesiosaurs 
we used a ratio of the frequency of osteologically immature 
specimens (I) to the frequency of the sum between partially 
osteologically mature specimens (P) and fully osteologi-
cally mature specimens (M), the I/(P+M) ratio, through 
time bins representing the evolutionary history of plesio-
saurs. The null hypothesis is that this ratio should remain 
constant through time. There is no reason to think that 
fertility ratios should vary through time given the available 

evidence that plesiosaurs are K-selectors (O’Keefe and 
Chiappe 2011), nor should there be any variation or 
taphonomic biases towards osteologically immature (or 
osteologically mature) specimens through time (Benson 
et al. 2010). There are some intrinsic collection, temporal 
and geographical biases in the fossil record, but correction 
protocols are always dependent on the existing face-value 
paleontological record (Benson et al. 2021). In other words, 
it may be spurious to ‘correct’ the record if the attempted 
correction is not known to be true itself.

The alternative hypothesis we propose is that vari-
ations of I/(P+M) ratio through geological time reflect 
variations of heterochronic processes, namely paedomor-
phism, through the evolutionary history of plesiosaurs. 
It is important to note that our results could be overly 
conservative because we lump partially mature specimens 
together with fully mature specimens in the denominator. 
However, this is intentional. If we can observe a pattern 
of variation of the I/(P+M) ratio through time then, it 
would only be more conspicuous if partially mature spec-
imens were lumped with immature specimens.

Statistical modelling of plesiosaur 
paedomorphism evolution

We divided geologic time from 234.55 Ma (Early Carnian) 
up to 66 Ma (Late Maastrichtian) into equally sized time-
bins of 4.5 Ma each. 4.5 Ma was the minimum age range, 
required to provide a meaningful assessment of our hypoth-
esis given the abundance of plesiosaurs in the fossil record. In 
other words, 4.5 Ma is the minimum spread of time required 
to avoid having various time periods without any plesiosaur 
specimens, which would give the impression of an inter-
rupted record. Figure 1 shows the specimen frequency based 
on tripartite division of osteological maturity into different 
time bins of 2, 4.5, 6 and 10 Ma. The time bins, therefore, do 
not correspond directly to stratigraphic stages.

We calculated the ratio of the frequency of osteolog-
ically immature versus osteologically mature specimens 
(and osteologically immature versus osteologically 
mature + partially osteologically mature specimens) in 
each time bin. The time bin refers to the average between 
the maximum and minimum age.

We optimised the dataset according to different types 
of equations to model the evolution of paedomorphism, 
using the ratio of immature versus mature + partially 
mature specimens per time bin as a proxy, hereinafter I/
(P+M) ratio. The I/(P+M) ratio may be over-conserva-
tive towards reducing the real effects of paedomorphism 
because it lumps partially osteologically mature spec-
imens together with osteologically mature specimens. 
Partially osteologically mature specimens may also be 
affected by paedomorphism. On the other hand, oste-
ologically immature specimens through time should be 
retrieved in fossil collections at a constant rate.

Each equation was limited to a maximum of four 
estimated parameters to ensure optimization using the 
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simplest, thus more parsimonious, models possible. The 
parametric models include linear, exponential, and other 
equations types (see Tables 2, 3). To ensure that the models 
were not being affected by outliers we ran a Grubbs tests 
and calculated Z scores. Statistical outliers are here iden-
tified when there is an anomalously high I/(P+M) ratio. 

The ratio is null or incalculable when there are simply no 
plesiosaur records for a given time bin. We optimized a 
linear model, without the outlier, for which we calculated 
the confidence intervals based on a significance level 
of 5%, the Cook’s distances, the mean of the squares of 
the errors (MSE) and the square root mean square of the 

Figure 1. Frequencies of immature (dark green), partially mature (light green) and mature (yellow) specimens through time. A. 2 Ma 
time bin. B. 4.5 Ma bin. C. 6 Ma bin. D. 10 Ma bin. Note that the frequency of immature specimens increases through time inde-
pendent to the time bin scheme used.
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errors (RMSE), and various other statistics (Suppl. mate-
rial 1). Optimal models have lower MSE, AIC and AICc 
values because these statistics essentially account for the 
amount of deviation from the linear or nonlinear model. 
All models were calculated using XLSTAT2014.3.

Non-parametric regression

We performed a non-parametric regression that relaxes 
the assumptions made by the linear regression model 
(Fig. 2C, Table 4). We performed a LOWESS regression 
and a robust LOWESS regression (Cleveland 1979) for 
all time bin partitions, which are locally weighted scatter-
plot smoothing techniques performed in XLSTAT2014.3.

Clade-by-clade analyses

We partitioned and analysed the plesiosaur dataset into 
various clades to assess the weight of phylogeny on the 
global evolution of paedomorphism in Plesiosauria, and to 
understand if there was any particular trend through time in 
individual plesiosaur clades (Figs 3, 4). We reproduced the 
same methodology as outlined above, but with subsets of the 
database and we only plotted the I/(P+M) ratio through time. 
We drew simple frequency graphs in instances where very 
few entries exist for each clade per time bin (Microcleididae, 

Table 2. Statistical assumption tests for each time bin for linear 
models. Marginally non-significant regressions are in bold.

2 Ma 4.5 Ma 6 Ma 10 Ma
Correlation 
coefficient

Spearman -0.537 -0.415 -0.613 -0.637

Analysis of 
variance model

p-value 0.010 0.095 0.015 0.065

Statistical tests for linear regression assumptions
Outliers Grubbs Yes Yes Yes Yes
Removed 
outliers

Z-score Berriasian 
+ Aptian

Aptian Aptian Aptian/
Albian

Multicolinearity VIF (<5) 1.339 1.184 1.400 1.383
Homoscedasticity White test 

p-value (>0.05)
0.274 0.115 0.175 0.279

Autocorrelation Durbin-Watson 
p-value (>0.05)

0.929 0.656 0.393 0.157

Table 3. The type of function, the general tendency demonstrated by the function fitted to the data, relative likelihood and the mean 
square errors (MSE), for each model and time bin. Green model, relative likelihood RL > 0.05 for all time bins Green, RL > 0.05. 
Red, model with RL < 0.05 for every time bin. BM, best model.

Model 2 Ma time bin 4.5 Ma time bin 6 Ma time bin 10 Ma time bin Tendency 
through timeMSE RL AIC RL AICc MSE RL AIC RL AICc MSE RL AIC RL AICc MSE RL AIC RL AICc

Linear 0.077 BM - 0.237 BM - 0.127 BM - 0.205 BM - Increase
Beta Growth 0.080 0.135 0.064 0.252 0.135 0.186 0.127 0.236 0.594 0.219 0.164 0.132 Increase
Exponential 
Growth

0.076 0.402 0.315 0.237 0.367 0.832 0.133 0.241 BM 0.214 0.277 BM Increase

Boltzman 
Sigmoidal

0.075 0.215 0.062 0.256 0.079 0.040 0.174 0.007 0.007 0.228 0.092 0.016 Uniform, burst 
increase

One phase decay 0.071 0.587 0.278 0.252 0.136 0.186 0.135 0.135 0.339 0.226 0.135 0.109 Increase
Two phases decay 0.071 0.248 0.043 0.258 0.052 0.006 0.153 0.018 0.006 0.283 0.018 0.000 Increase, step 

increase
One phase 
association

0.103 0.010 0.007 0.280 0.074 0.168 0.178 0.013 0.053 0.284 0.045 0.161 Uniform

Two phases 
association

0.084 0.050 0.014 0.268 0.050 0.025 0.136 0.085 0.079 0.243 0.061 0.011 Increase

Second order 
polynomial

0.080 0.140 0.066 0.252 0.135 0.186 0.127 0.242 0.608 0.219 0.163 0.131 Increase

Third order 
polynomial

0.064 1.366 0.393 0.258 0.073 0.037 0.134 0.096 0.089 0.242 0.063 0.011 Increase, plateau, 
increase

Fourth order 
polynomial

0.064 0.943 0.165 0.272 0.031 0.003 0.137 0.056 0.019 0.255 0.035 0.000 Increase, plateau, 
increase

Quadratic one 
variable

0.282 0.000 0.000 0.432 0.002 0.007 0.381 0.000 0.000 0.466 0.003 0.016 Decrease

One parameter 
exponential

0.289 0.000 0.000 0.469 0.001 0.003 0.325 0.000 0.000 0.457 0.003 0.018 Uniform

Asymptotic 
regression

0.071 0.587 0.278 0.252 0.136 0.186 0.135 0.135 0.339 0.226 0.135 0.109 Increase

Michaelis-Menten 0.069 1.279 BM 0.232 0.441 BM 0.146 0.094 0.388 0.237 0.145 0.523 Increase then 
burst increase

Gompertz 0.164 0.000 0.000 0.598 0.000 0.000 0.633 0.000 0.000 0.740 0.000 0.000 Decrease
Substrate 
inhibition

0.072 0.470 0.223 0.247 0.162 0.223 0.144 0.068 0.171 0.244 0.081 0.065 Increase, burst 
increase

One site 
competition

0.093 0.020 0.009 0.240 0.214 0.294 0.173 0.011 0.027 0.279 0.034 0.027 Increase, step 
increase

Two site 
competition

0.180 0.000 0.000 0.271 0.032 0.004 0.153 0.018 0.006 0.314 0.009 0.000 Double step 
increase

Gaussian 0.080 0.146 0.069 0.252 0.135 0.185 0.129 0.202 0.507 0.216 0.179 0.144 Increase
Lerentzian 0.079 0.163 0.077 0.251 0.136 0.187 0.133 0.152 0.382 0.221 0.157 0.126 Increase
Allometric 2 0.087 0.051 0.024 0.272 0.064 0.087 0.161 0.023 0.058 0.280 0.033 0.027 Increase
Power 0.289 0.000 0.000 0.469 0.001 0.003 0.325 0.000 0.000 0.457 0.003 0.018 Uniform
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Leptocleididae and Rhomaleosauridae) (Fig. 4). Data was 
partitioned into high level clades Plesiosauroidea and 
Pliosauroidea, and then into various subsets equivalent to 
the families Microcleididae, Polycotylidae, Leptocleididae, 
Cryptoclididae, Elasmosauridae, Pliosauridae and 
Rhomaleosauridae. Two time bins were used with durations 
of 2 and 4.5 Ma respectively, to evaluate if the patterns are 
affected by different time bin partitions.

Results

We found a statistically significant increase in the relative 
abundance of osteologically immature specimens through 
time. This finding is at odds with what should be expected 
from a taphonomic standpoint: the ratio of juvenile to 
adult specimens should have remained uniform through 
geological time. Figure 2 shows an average 50% of 
‘immature’ specimens (i.e., specimens previously reported 

Figure 2. Evolution of paedomorphism through geological time 
in Plesiosauria, as expressed by the I/(M+P) ratio. Geological 
time in Ma is represented in the abscissa and I/(M+P) in the 
ordinate. A. Best linear model. B. Best nonlinear model. C. Best 
nonparametric model.
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Table 4. The mean square errors for non-parametric regres-
sions, for each time bin. The best model is in bold.

Type of 
regression

2 Ma 
MSE

4.5 Ma 
MSE

6 Ma 
MSE

10 Ma 
MSE

LOWESS 0.075 0.354 0.172 0.446
Robust LOWESS 0.078 0.339 0.149 0.285
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as ‘juveniles’ or ‘subadults’) during the latest Cretaceous 
(82–66 Ma). This average might be an overestimation 
because several specimens considered as ‘immature’ 
may, in fact, be adult species of taxa displaying paedo-
morphosis. Steadily increasing rates of paedomorphism 
would explain this trend, and this data suggests that paedo-
morphism was widespread throughout plesiosaur clades, 
notably present in Rhomaleosauridae, Elasmosauridae, 
Pliosauridae, and Polycotylidae (Figs 3, 4).

Outliers. We found that the time bin for (approxi-
mately) the Early Aptian (120.05–124.55 Ma) was an 
outlier (Suppl. material 1). There is an evident peak of 
the ratio I/(P+M) at the Early Aptian that contrasts with 
the general gradual increase tendency through plesiosaur 
history. Before the Early Aptian the average I/(P+M) 
ratio is 0.40, and after it is 0.83, for the 4.5 Ma time bin 
partition. At the Early Aptian the I/(P+M) ratio is 3.0. For 
understanding this issue, please refer to the discussion.

Parametric regressions assumption tests

All of the linear regression tests that we conducted 
verify the assumptions to draw the parametric regression 
models. The Grubbs test and Z-scores find the Aptian 
time bin as an outlier independent of the time bin parti-
tion used, except for the Grubbs test for the 4.5 and 10 Ma 
partition (Table 2). There is no evidence for autocorrela-
tion; the Durbin-Watson p-value is at least 0.157 for 
any time bin partition. The residuals are homoscedastic 
because the White’s test p-value is at least 0.115, and we 
found no evidence for multicollinearity as the variance 
inflation factor is smaller than 5 for all time bin partitions. 
It is important to note that we only aim to find a tendency 
through time with these models, not necessarily to use the 
model parameters for estimation of I/(P+M) ratios.

Linear regression statistical modelling

The linear models are statistically significant (p < 0.02), 
except for the 4.5 and 10 Ma time bin partition (p = 0.095 
and p = 0.065, see Discussion). The most significant time 
bin partition is for 2 Ma (p = 0.001), followed by the 6 Ma 
time bin partition (p = 0.015), Fig. 2A. The 10 Ma time 
bin partition shows the highest Spearman’s correlation 
coefficient of -0.637, with the 4.5 Ma time bin partition 
showing the lowest (-0.415).

Nonlinear regression statistical modelling

The best fitting parametric models to the dataset show 
an increase of the I/(P+M) ratio – increased osteolog-
ical immaturity – through time independent of the time 
bin partition used (Table 2, Fig. 2B). Overall, there is an 
increase of the MSE values with larger time bin partitions 
(see Table 2). The third order polynomial model performs 

best (i.e., lowest mean squares of errors, here abbreviated 
as MSE). However, Exponential Growth and Michaelis-
Menten models could be selected irrespective of the time 
bin partition scheme used (relative likelihood > 0.05). 
Overall, the lowest MSE values are for the Exponential 
Growth for 10 Ma time bin partition, Beta Growth and 
second order polynomial for 6 Ma partition, and Michaelis-
Menten for the 4.5 Ma time bin partition. Notably, all 
these models show a marked increase of the I/(P+M) ratio 
through time. Linear regressions are also among the best 
performing models in our analysis. Also importantly, the 
worst performing models show a decreasing or uniform 
tendency through time (e.g., Power function, Gompertz 
function, One Parameter exponential).

The best parametric model, the third order polynomial, 
shows a sharp increase of the I/(P+M) ratio until the end of 
the Jurassic, stabilizing during the Early Cretaceous, and 
subsequently increasing markedly up to ~1.0 (Fig. 2B).

Non-parametric LOWESS regression statistical 
modelling

The non-parametric regression models showed a consis-
tent increase of the I/(P+M) ratio through time (Fig. 2C). 
There are no significant differences between the LOWESS 
and the robust LOWESS plots. However, the MSE scores 
are lower for the robust LOWESS model than for the 
LOWESS model, except for the 2 Ma time bin partition. 
The LOWESS model for the 2 Ma time bin partition 
draws a curve similar to the third order polynomial (see 
Fig. 2C and Discussion). All other models simply show a 
gradual increase of the I/(P+M) ratio through time.

Results by clade

Plesiosauroidea

In this superfamily as a whole there is only a sharp 
increase in the I/(M+P) ratio in the Early Cretaceous 
(Fig. 3). Otherwise, the ratio is relatively constant, but 
high, through time. It peaks at 2 in the Early Cretaceous, 
and dips to 0.2 in the Early Jurassic.

Pliosauroidea

There is a slight increase in I/(M+P) ratio through time, 
independent of the time bin partition used. In the Early 
Jurassic the I/(M+P) ratio is around 0.2 but by the Middle 
Jurassic and Early Cretaceous it is about 1 (Fig. 3).

Polycotylidae

The temporal range of polycotylids spans from the Aptian 
(Kear 2005) to the Maastrichtian (Welles and Gregg 1971; 
Fig. 3). Osteologically immature (~38%) and partially 
osteologically mature specimens account for 75% of the 
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specimens. The I/(M+P) ratio increases through time inde-
pendently from the time bin partition used. By the end of 
the Cretaceous there are four more osteologically imma-
ture specimens than partially osteologically mature and 
osteologically mature polycotylid specimens combined, 
and the I/(M+P) ratio is ~4, whereas by the beginning of 
the Late Cretaceous the I/(M+P) ratio is ~0.2.

Various specimens of indeterminate polycotylids create 
an outlier in the latest Aptian (Vavrek et al. 2014), which 
was removed from the final results for this clade because of 
their uncertain taxonomic position (they could be leptoclei-
dids). In fact, there are no published records of polycotylids 
by this time (109–113 Ma), and those reported by Vavrek 
et al. (2014) are all osteologically immature, except NUFV 
1996 which is partially osteologically mature.

Elasmosauridae

Among elasmosaurids there is typically a ratio of one 
osteologically immature specimen per partially osteo-
logically mature and osteologically mature specimen 
throughout the clade’s longevity (Fig. 3). There is no 
statistically significant trend towards increasing or 
decreasing the I/(P+M) ratio through time.

Pliosauridae

Pliosauridae is a clade with a long temporal range, with 
records from the Early Jurassic (Hettangian) with taxa 
such as Thalassiodracon, to the Late Cretaceous (Late 
Campanian), such as indeterminate pliosaurid speci-
mens recovered from New Zealand (Wiffen and Moisley 
1986). Our database accounts for 72 specimens, of which 
~34% are osteologically immature and only ~14% are 
fully osteologically mature (Fig. 3). There is a trend for 
increased I/(P+M) ratio through time, but this tendency 
seems to be affected by the patchy record of pliosaurids 
through time. Several osteologically immature specimens 
of Kronosaurus queenslandicus have been reported from 
the Aptian-Albian of Australia (McHenry 2009), thus 
creating a sudden increase around this time.

Cryptoclididae

Cryptoclidids are a clade with a temporal range from 
the Callovian to the Tithonian and are represented by 88 
specimens in our database. There is a trend for increased 
I/(P+M) ratio through time; by the Callovian the ratio is 
~0.4 and by the Tithonian it is 3 for the 6 Ma partition and 
0.75 for the 4.5 Ma-partition (Fig. 3). Only ~27% of the 
specimens are fully osteologically mature and 25% of the 
specimens are osteologically immature.

Rhomaleosauridae

The rhomaleosaurid fossil record consists of very few 
published specimens (n = 22) and it is a clade with a short 
temporal range (Early to Middle Jurassic). Therefore, it is 

hard to obtain broad patterns on the evolution of paedomor-
phism in this clade (Fig. 4). However, most of the specimens 
are osteologically immature or partially osteologically 
mature (95.2%), suggesting paedomorphism in this clade.

Microcleididae

Microcleidids are a clade of plesiosauroids with a short 
temporal range at the end of the Early Jurassic and 
records of this group amount to only 17 published spec-
imens (Fig. 4). The vast majority of the specimens are 
osteologically mature (76%), and the remaining (n = 4) 
are partially osteologically mature.

Leptocleididae

Leptocleidids have a temporal range within the 
Cretaceous from the Berriasian to the Albian and are 
represented in our database by 18 published specimens 
(Fig. 4). Only two specimens are osteologically mature: 
Leptocleidus capensis (SAM-K5822) and Gronausaurus 
wegneri (GMM-A3B.2). These represent only ~11% 
of the dataset. The counts of osteologically immature 
specimens (n = 8) equal those of partially osteologically 
mature specimens (n = 8).

Discussion

Several authors have considered ontogeny in plesiosaurs. 
For example, Andrews (1895) investigated ontogeny 
of the shoulder girdle of Cryptoclidus, Carpenter 
(1999) discussed the ontogenetic series for Styxosaurus 
snowii (p. 162), Carpenter (1996, p. 266) discussed the 
ontogenetic series for Dolichorhynchops, Caldwell 
(1997a) discussed ossification patterns in Cryptoclidus, 
Cruickshank and Long (1997) discussed sexual maturity 
in specimens of Leptocleidus (p. 273), Hiller et al. (2005, 
p. 269) discussed ontogeny in Mauisaurus, Wiffen and 
Moisley (1986) illustrated a growth series of elasmo-
saurid girdles, Wiffen et al. (1995) investigated ontogeny 
of bone structure in plesiosaurs, Talevi and Fernandez 
(2015) investigated microstructure of plesiosaur bone as 
an ontogenetic indicator, O’Keefe et al. (2019) studied 
polycotylid long bone ontogeny, Miller et al. (2020) 
considered ontogenetic variability in the plesiosaur 
pelvis, and Otero et al. (2014, 2018) and O’Gorman et al. 
2014, O’Gorman and Coria 2017) discussed ontogeny in 
elasmosaurids. However, paedomorphism in plesiosaurs 
has not been considered as much.

Paedomorphism in Plesiosauria

Paedomorphism is a common trait among secondarily 
aquatically-adapted organisms (Fordyce and Barnes 
1994; Galatius 2010). It has also been reported in 
stem-group sauropterygians (Carroll and Gaskill 1985; 
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Rieppel 1989a, 1989b; Klein 2010), and is suspected to 
occur also in Plesiosauria (Caldwell 1997a; Wintrich et 
al. 2017). The incongruent external morphology versus 
the histology of the propodials of Angolan specimens 
(Araújo et al. 2015) and Abyssosaurus (Berezin 2019) 
supports the idea of paedomorphism in Plesiosauria. 
Furthermore, as Galatius (2010) noted for some ceta-
ceans, in the Angolan specimens the juvenile morphology 
and the smaller absolute size of the adults (as compared 
to other limb elements, for example) agrees with the idea 
of paedomorphism. However, this statement should be 
considered with caution because it is anchored on the 
small sample of data derived from Wiffen et al. (1995). 
Araújo et al. (2015) and Liebe and Hurum (2012) under-
score that the histology of plesiosaurs is poorly known 
and needs to be systematically surveyed across both taxa 
and ontogeny. For example, the presence of pachyosteos-
lerotic and osteoporotic histology in sections that are a 
few centimeters apart in the same bone complicates the 
interpretation and indicates the need for more compre-
hensive histological analyses. Paedomorphism in whale 
lineages seems to only arise in derived forms (Fordyce and 
Barnes 1994). Analogous evidence for this heterochronic 
condition is most obvious in Late Cretaceous taxa (this 
paper). Thus, ontogenetic assessments should be a crit-
ical basis for taxonomic ascriptions in derived plesiosaur 
lineages. Pending histological analysis, plesiosaur speci-
mens previously considered to be juveniles may simply 
be paedomorphic adults, unless osteologically mature 
specimens of the same species also exist to show this is 
not the case (e.g., Andrews 1910; Brown 1981; Bardet et 
al. 2008). External morphology is not always sufficient to 
determine the ontogenetic status of the specimens.

Implications for plesiosaur systematics

Following Brown (1981), many plesiosaur species were 
considered nomina dubia due to their ‘juvenile’ condition 
(e.g., Tuarangisaurus? cabazai, Gasparini et al. 2007; 
Leurospondylus ultimus, Sato and Wu 2006). However, 
paedomorphism is an equally parsimonious hypothesis to 
explain the osteologically immature external morphology 
seen in many plesiosaur specimens. Brown (1981) did not 
critically assess the confounding heterochronic effects 
and their potential taxonomic implications because he 
was working on a clade with a typical ontogenetic pattern 
with (comparatively) reduced heterochrony and complete 
fossilized ontogenetic sequences. An analysis of external 
morphological characters is necessary, but not sufficient, 
to assess a specimen’s ontogenetic stage, particularly in 
plesiosaurs and other secondarily aquatically-adapted 
organisms. In order to avoid a circular argument, addi-
tional lines of evidence are ultimately required to test 
paedomorphism as an alternative hypothesis.

Our data suggests that not all plesiosaur clades co-os-
sify neural arches and centra at the same rate and extent. 
Thus, in certain clades these differences will bear a 

phylogenetic signal. In other words, the apomorphic 
condition is a paedomorphic trait. For example, neural 
arches remain separated throughout ontogeny in every 
taxon of the rhomaleosaurid clade.

Implications for plesiosaur paleoecology - 
Paedomorphism or nurseries?

The presumption that osteologically immature external 
morphological traits imply a ‘juvenile’ condition led 
several authors to propose breeding ground and nursery 
hypotheses for certain plesiosaur assemblages (Wiffen et 
al. 1995; Kear 2006). For example, Kear (2006) suggested 
that the relatively high number of ‘juvenile’ elasmosau-
rids (and other marine amniotes) in the Bulldog Shale, 
Australia, was a result of favorable ecological conditions 
for ‘safe calving grounds’ and refuges for young animals 
prior to their entering the open sea as adults. Welles and 
Gregg (1971, p. 171) suggested that “infant mortality must 
have been high among the plesiosaurs” when looking at 
the late Campanian-early Maastrichtian elasmosaurid 
fauna of New Zealand. Conversely, other marine reptiles 
from the same assemblage (mosasaurs and turtles) do not 
exhibit the same pattern.

The perception of relative ‘juvenile’ abundance is 
dependent upon the assemblages and taxa under study 
(e.g., “juvenile plesiosaurs are relatively rare in the fossil 
record”, Storrs 1995, p. 75; “complete juvenile plesio-
saurs are indeed relatively rare in the fossil record …”, 
Vincent 2010, p. 45).

The interpretation of these assemblages as plesiosaur 
nurseries rests on the assumption that the osteological 
immature specimens represent sexually immature and 
ontogenetically immature individuals. The hypothesis that 
coastal environments served as nurseries for plesiosaurs 
remains speculative pending histological studies except 
for one outlier: the Aptian-Albian. Kear (2006) proposed 
that an explanation for the high proportion of immature 
specimens in the Bulldog Shale (Early Aptian-Early 
Albian) could be explained by nutrient-rich cold-water 
coastal habitats serving as both ‘safe calving grounds’ 
and refuges for young animals prior to their entering the 
open sea as adults. This hypothesis was first proposed by 
Wiffen et al. (1995) when analysing the unique pattern of 
the osteohistology of Late Cretaceous elasmosaurids from 
New Zealand. Similarly, Sachs (2004) reports various 
specimens with “[neural arches] not fused with the centra” 
from the Late Aptian. In fact, in all our analyses, the 
Aptian time bin was found to be a statistically significant 
outlier. A close look at the dataset reveals that the vast 
majority of specimens are ascribed to the elasmosaurid 
taxon Woolungasaurus glendowerensis which is mostly 
composed of immature specimens (Sachs 2004). However, 
the use of the I/(P+M) ratio is insensitive to the sampling 
quality. Specimen sampling for the Aptian-Albian is poor, 
and although the nursery hypothesis cannot be rejected 
based upon presented evidence, we acknowledge that 
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more findings from this time bin might either eliminate 
this outlier or emphasize and verify the nursery hypoth-
esis. At this point, the Aptian-Albian outlier represents a 
major decrease of fossil record quality. Converse to the 
Aptian-Albian pattern, other better sampled time bins 
show a gradual increase of paedomorphism through time.

The contribution of paleohistology to 
understanding paedomorphism

Paleohistology provides an alternative line of evidence 
for determining paedomorphism in plesiosaurs (Houssaye 
2009). The available literature on plesiosaur histology is 
scarce (see Liebe and Hurum 2012 for a review), although 
there has been some expansion of knowledge on non-ple-
siosaurian sauropterygians (e.g., Klein 2010; Hugi et al. 
2011). Wiffen et al. (1995) presented a thorough analysis of 
plesiosaur histology by analyzing several bones of different 
ontogenetic stages from Late Cretaceous specimens from 
New Zealand. The histology of isolated elasmosaurid 
propodials allowed the contrasting of two different onto-
genetic stages: the ‘juvenile’ humerus is pachyostotic; i.e., 
has a thick layer of cortical bone and the medullary zone 
is pierced by some erosional lacunae; whereas the ‘adult’ 
specimen is cancellous and has intense Haversian remod-
eling, although it bears a relatively compact cortex locally. 
The ‘Wiffen et al. (1995) juvenile’ histological traits 
correlate with the ‘Brown juvenile’ (Brown 1981) external 
morphological traits; i.e., unfaceted propodials, relatively 
small dimensions, undeveloped tuberosity/trochanter, and 
overall propodial proportions. Nevertheless, new evidence 
seems to question the view that this material represents 
different ontogenetic stages and it may represent different 
taxa instead (Talevi and Fernández 2015), but data from 
more specimens needs to be gathered. For example, 
Fostowicz-Frelik and Gaździcki (2001) also compared 
the histology and external morphology of an elasmosaurid 
(cf. Mauisaurus) from the Campanian-Maastrichtian of 
Antarctica. They concluded that the Antarctic specimen 
was a sub-adult based on the presence of the humeral 
trochanter and bone dimensions, which were in accordance 
with the presence of bone remodeling, the proportion of 
cortical versus medullar bone in the humerus, and the 
concentration of secondary osteons.

In Angolan aristonectine specimens the humeri have 
an osteosclerotic histology, there are secondary osteons 
nearly all the way to the outermost regions of the 
sectioned bones, and there is a presence of three lines 
of arrested growth (Araújo et al. 2015). This set of traits 
points to a ‘Wiffen et al. (1995) adult’ condition. In addi-
tion, the muscle scars are formed by deeply grooved and 
reworked periosteum which is indicative of late onto-
genetic stages as observed in other vertebrates (e.g., 
Tumarkin-Deratzian et al. 2006). In contrast, the external 
morphology, in particular the small size, the unfaceted 
distal propodials, the flat articular facets of the vertebrae, 
the non-fusion of the neural arches with the centra, the 

near absence of the posterior cornua of the coracoids, and 
the absence of the pectoral bar, implies a ‘Brown juve-
nile’ condition. The combination of these ontogenetically 
incongruent characters indicates: (1) paedomorphism; 
or (2) that Wiffen et al.’s (1995) ontogenetic classes are 
not fully and appropriately defined. On the other hand, 
Liebe and Hurum (2012) described the internal structure 
and microstructure of various cryptoclidids at different 
ontogenetic states. This is significant for the present 
study as a null hypothesis based on a phylogenetically 
significant outgroup. Liebe and Hurum (2012) detected 
the presence of secondary osteons in ‘adult’ specimens 
and an absence in ‘juvenile’ specimens. Also, the external 
morphology exhibits typically ‘juvenile’ traits, such as 
unfaceted propodials, which contrasts with the condi-
tion in the Angolan specimens. Synchrotron tomography 
techniques offer a modern, non-destructive, and scalable 
approach to assess the histologically maturity of speci-
mens. This could be adopted to test the observed patterns 
of the plesiosaur fossil record as has been done for other 
taxa (e.g., Sanchez et al. 2012).

Early Cretaceous: changing seas, acquisition 
of new life history strategies, or poor specimen 
sampling?

The Early Cretaceous is characterized by elevated climatic 
volatility and major tectonic changes due to the accelerated 
breakup of Pangea (Fischer et al 2016; Föllmi 2012). The 
pre-Aptian Early Cretaceous witnessed a cold greenhouse 
climate with ephemeral ice sheets (Hay and Floegel 2012; 
Hu et al. 2012; Föllmi 2012), followed by one of the hottest 
period of the Mesozoic starting from the Aptian (Kidder and 
Worsley 2010). There were also major reversals of thermo-
haline ocean circulation and a major Oceanic Anoxic Event 
had occurred by the Early Aptian (Kidder and Worsley 
2010; Sames et al. 2016). These major global oceanic trans-
formations oceans could have led plesiosaurs to important 
radiation events and/or the acquisition of new life history 
strategies. During this time some of the most important 
and diverse plesiosaur clades originated: Polycotylidae 
and Elasmosauridae. Indeed, residual diversity for plesio-
saurs, alongside chelonioids and derived ichthyosaurs, 
was high yet unaffected by Lagerstätten effects (Benson 
and Butler 2011). Elasmosaurids are already a paedomor-
phic clade when they originate in the Early Cretaceous. 
The origin of these important Late Cretaceous plesiosaur 
clades coincides with a common pattern detected from 
our models where there were significant changes in the 
I/(P+M) ratio during the Early Cretaceous (see nonlinear 
regression results). However, the Early Cretaceous is also 
the poorest sampled epoch of plesiosaur existence. The 
Early Cretaceous represents ~33% of plesiosaur longevity, 
but only ~11% of the specimens in this analysis are from 
this interval. Conversely, the Late Cretaceous contains 
~37% of the published specimens for ~25% of plesiosaur 
longevity, and the Middle Jurassic specimens are also 
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overrepresented (11% of the published specimens for 8% 
of plesiosaur longevity). The Early Cretaceous seems to be 
inadequately sampled for various Mesozoic marine reptiles 
(Benson et al. 2010, 2013; Fischer et al. 2016). Likewise, 
the “fish” fossil record, which is less prone to sampling 
effort/success biases, shows elevated percentage of ghost 
lineages by the pre-Aptian Early Cretaceous, which is a 
proxy for sampling quality (Guinot and Cavin 2015, 2016). 
Therefore, the sudden increase of the I/(P+M) ratio during 
the Early Cretaceous found by our best models, may be an 
artefact of poor sampling during this period.

The rate of paedomorphic evolution in 
Plesiosauria

By using alternative methods to linear regression model-
ling, the nonparametric LOWESS regression of the I/
(P+M) ratio through time indicates a linear tendency. 
Furthermore, the linear model was retrieved consistently 
among the best statistical modelling techniques. This 
linear tendency implies a steady increase of I/(P+M) 
through geological time, allowing us to speculate about a 
possible rate of paedomorphism. The rate of paedomorphic 
evolution in Plesiosauria as whole is 0.6%/Ma with 95% 
confidence bounds oscillating between 0.3 to 0.9%/Ma. 
Whereas plesiosaurs seem to have a slow rate and gradual 
evolution of paedomorphic traits, a contrasting pattern is 
present in the odontocete phocoenids. Widespread paedo-
morphism seems to have been attained at a relatively 
accelerated rate in phocoenids, whose entire body plan has 
become paedomorphic in less than ~11 Ma (Barnes 1985) 
with heterochronic modifications on the brain (Racicot 
and Colbert 2013), postcranial skeleton (Galatius 2010) 
and skull (Barnes 1985). However, the plesiomorphic 
condition in non-plesiosaurian sauropterygians already 
shows a significant degree of aquatic skeletal paedomor-
phism (Rieppel 2000). The absence of a calcified sternum, 
the reduced number of carpal and tarsal elements, or 
the absence of the neurocentral fusion are some of the 
external morphological traits indicative of paedomor-
phism (Rieppel 2000). Paedomorphism in plesiosaurs is 
an aggregation of the basal sauropterygian condition.

However, some aristonectines represent extreme 
examples of paedomorphism by the Campanian-
Maastrichtian (Araújo et al. 2015; Otero et al. 2015). The 
extremely ‘juvenilized’ external morphology of the skel-
eton, contrasts with the histologically maturity of the long 
bones (Araújo et al. 2015). The typical plesiosaur pattern 
is not as extreme, affecting only skeleton morphology to 
a lesser degree or in a combination of traits. Nevertheless, 
there are some consistent pleiotropic effects of paedomor-
phosis among Mesozoic marine reptiles. In plesiosaurs 
(see dataset), and also in other Mesozoic marine reptiles, 
paedomorphism not only affects vertebral closure, but also 
rib co-ossification, epicondyle morphology, and meristic 
reduction of mesopodial ossification concomitantly 
(Seeley 1908; Carroll 1997; Caldwell 2002; Herrera et al. 
2013). Further study and refinement of the data collected 

here may shed light on the evolutionary patterns of pleio-
tropic effects resulting from heterochronic modifications.

Paedomorphism and secondarily-adapted 
tetrapods

Paedomorphic traits are widespread among tetrapods, 
with salamanders and newts being a quintessential 
example where paedomorphic traits are viewed as adap-
tations to their complex life cycle (e.g., Oromi et al. 
2016). However, paedomorphic characters have been 
linked to various major adaptive events such as flight in 
avian dinosaurs (Bhullar et al. 2012), adaptations to insu-
larity in elephants (Larramendi and Palombo 2015), or 
even the human condition (Godfrey and Sutherland 1996; 
Mitteroecker et al. 2004).

While gravity is a primary constraint for tetrapod archi-
tecture (e.g., Clack 2012), buoyancy and water viscosity 
play a major controlling role in aquatic organisms (Fish 
2000). Paedomorphism, as manifested in reduced ossi-
fication, is among the most common convergent trends 
among secondarily-adapted tetrapods at the level of 
bone histology and external morphology (de Ricqlès 
1975; Rieppel 1989a; Houssaye et al. 2016). Aquatic 
skeletal paedomorphism is a passively selected modular 
trait caused by the hydrostatic balance provided by the 
aquatic medium. In contrast to their terrestrially-adapted 
counterparts, the formation of additional surface area 
for muscular and tendinous attachment via additional 
osseous processes is ineffectual in aquatic tetrapods. 
Aquatic paedomorphism is manifested in several ways, 
ranging from decreased degree of skeletal ossification 
in non-plesiosaurian sauropterygians (Rieppel 2000), to 
osteologically immature bone histology in ichthyosaurs 
and mosasauroids (De Buffrénil and Mazin 1990; Sheldon 
and Bell 1998), delayed neurocentral fusion in thalatto-
suchian crocodyliforms and ichthyosaurs (Seeley 1908; 
Herrera et al. 2013), overall skull morphology in baleen 
whales (neobalaenines) (Tsai and Fordyce 2014), reduc-
tion of the carapace ossification in sea turtles (Kordikova 
2000, 2002), and the reduction of pectoral musculature in 
the Galápagos cormorants (Livezey 1992). Such disparate 
patterns result from different aquatic locomotory styles 
and clade-specific developmental constraints. Among the 
most thoroughly studied cases of skeletal paedomorphism 
are the phocoenids (Galatius and Kinze 2003; Galatius 
et al. 2006; Galatius 2010). These odontocete cetaceans 
show a retardation of the fusion of the vertebral epiph-
ysis, pectoral girdle elements, and propodial epiphyses 
(Galatius and Kinze 2003). However, even in porpoises 
the neurocentral suture is always fused, which is the 
general condition in mammals. This shows that heteroch-
ronic shifts are deeply constrained by the phylogenetic 
patterns and developmental programmes of the group in 
question. For instance, not all pelagic secondarily-adapted 
tetrapods are selected towards increasing paedomorphism 
through their evolutionary history. Most mysticete whales 
are notable examples that do not show any particular trend 
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towards increasing paedomorphism (Tsai and Fordyce 
2014). These disparate trends among secondarily-adapted 
amniotes can be related to phylogenetic incumbency, 
different life-history patterns, habitual biomechanical 
demands, or degree of terrestrial dependency. For instance, 
the degree of cranial sutural closure may vary significantly 
within pinnipeds with walruses showing nearly complete 
closure whereas elephant seals show almost no co-ossi-
fication (Goswami et al. 2013). Nevertheless, it is clear 
that sauropterygians, and plesiosaurs in particular, show 
an overall pattern towards increasing paedomorphism. 
The proportion of osteologically immature specimens 
increases significantly through time and this can only be 
explained by a long-term trend towards delayed or trun-
cated growth. Despite the relatively small size compared 
to other contemporaneous plesiosaurs, microcleidids 
seem to be an exception, with most specimens being oste-
ologically mature (Großmann 2006, 2007). The purported 
‘juvenile’ specimens (Großmann 2006, 2007) seem to be 
true ontogenetically immature individuals. Microcleidids 
can be viewed as an example where dwarfism is not 
attained by heterochronic processes, but rather constrained 
by phylogenetic and ecological factors.

Conclusions

Paedomorphism is a major confounding factor in deter-
mining the ontogenetic stage in plesiosaur skeletons, with 
subsequent taxonomic implications. As a consequence, 
many ontogenetic stage determinations for different 
plesiosaur taxa may be mistaken. Although our results 
suggest that the ontogenetic stage in early plesiosaurs 
(Early to Middle Jurassic) may be identifiable based on 
external morphological features, external morphology 
alone renders interpretation more difficult in later 
plesiosaurs, because a high proportion of osteologically 
immature specimens prevail. Nevertheless, even in basal 
and early plesiosaur clades, such as rhomaleosaurids, 
morphological features indicative of osteological imma-
turity are pervasive, such as unfaceted propodials and 
lightly co-ossified vertebrae and neural arches. To help 
tackle these issues we propose:

1.	 To replace the sexual maturity terminology by Brown 
(1981) used in ontogenetic assessments, with terms 
that denote external morphology and osteological 
maturity instead: osteologically immature, partially 
osteologically mature, and osteologically mature.

2.	 Ontogenetic assessments remain hypothetical until 
backed up with paleohistological data.
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Abstract

The Jurassic vegetation of Antarctica remains poorly known and, while there have been several reports of large fossil trees from that 
time period across the continent, detailed anatomical studies of their wood are extremely scarce. Here we describe new silicified 
woods of Early Jurassic (probably Toarcian) age from Carapace Nunatak, South Victoria Land. The genera Agathoxylon and Brachy-
oxylon are formally recognized for the first time in the Jurassic of Antarctica. The preservation of the woods is imperfect, which is 
likely explained by the presence in some of the specimens of fungi, whose anatomical structures are described in detail. Combined 
with previous reports of pollen, leaves, and cones from South and North Victoria Land, these new specimens support the presence of 
several conifer families in the Early Jurassic floras of the region.

Key Words
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Introduction

Abundant fossils indicate that Antarctica was vegetated 
for most of its history. Permineralized trunks, some of 
them preserved in situ, demonstrate the establishment 
of forests on the continent from the Permian and their 
persistence in some areas until the late Miocene (e.g. 
Cantrill and Poole 2012). Dwarf trees (Notofagus) are 
also documented in the Transantarctic Mountains during 
the Pliocene (Francis and Hill 1996). Detailed studies of 
permineralized wood conducted since the early 1900s 
have provided valuable information on the taxonomic 
affinities but also on the growth and physiology of these 
trees (e.g. Kraüsel 1962; Francis 1986; Falcon-Lang and 
Cantrill 2001; Taylor and Ryberg 2007; Gulbranson et al. 
2014; Miller et al. 2016). However, most of these studies 
have focused on Permian, Triassic, and Cretaceous spec-
imens. Fossil wood and tree trunks are also known from 

Jurassic deposits of Antarctica, but they have received 
comparatively less attention and only a small number of 
specimens have been described to date. The first detailed 
description was that of Early Jurassic trunks from the Mesa 
Range region, in Northern Victoria Land, by Jefferson 
et al. (1983). The trees were engulfed in lava and are 
preserved in growth position. They reach 1 meter in diam-
eter. Based on their secondary xylem anatomy, they were 
compared to the morphogenus Protocupressinoxylon, a 
nomenclatural synonym of Protobrachyoxylon Holden, 
1913 (Philippe 1993), which might belong to the 
Hirmeriellaceae (or Cheirolepidiaceae, see Paclt 2011; 
Doweld 2020 for discussion), i.e. an extinct family of 
conifers. In the Antarctic Peninsula, del Valle et al. (1997) 
reported the presence of fossil stems and trunks, some 
of them up to 50 cm in diameter, within volcaniclastic 
rocks of the Early to Late Jurassic age from Brebbia 
Nunatak and Ramírez Nunatak. However, they did not 
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provide an anatomical description of the specimens. Late 
Jurassic – early Cretaceous anatomically preserved wood 
fragments were also reported from Hope Bay (Torres et 
al. 2000). Large woody axes are also known to occur 
in Middle Jurassic cherts at Storm Peak, in the Central 
Transantarctic Mountains (Kellogg and Taylor 2004), 
but again these specimens have never been formally 
described. In Northern Victoria Land, new Early Jurassic 
fossil woods have been collected recently and are under 
study (Bomfleur et al. 2011; Harper et al. 2012). In 
Southern Victoria Land, Garland et al. (2007) described 
an Early Jurassic coniferous stump preserved in a basalt 
flow at Coombs Hills. The specimen is about 40 cm in 
diameter and was compared to the Podocarpaceae.

Carapace Nunatak, located about 10 km from Coombs 
Hills, is known for its well-preserved Early Jurassic 
fossils plants and animals occurring in lacustrine deposits 
intercalated between lava flows of the Kirkpatrick Basalt 
Formation. Various arthropods are present in the deposits, 
with an abundance of conchostracans and other crusta-
ceans indicating a shallow and/or ephemeral freshwater 
environment (Ballance and Watters 1971; Ball et al. 1979; 
Shen 1994). Palynofloras include a relatively high count 
of Classopollis pollen (Bomfleur et al. 2014), which has 
been related to the Hirmeriellaceae (e.g., Taylor et al. 
2009; Thévenard et al. 2022). Plant macrofossils iden-
tified to date correspond to fern leaves and rhizomes, 
isolated ovules, cycadophyte leaves, and conifer foliage 
and cones. Among the conifers, Townrow (1967a) listed 
the presence of several fossils of putative podocarpa-
ceous affinities: shoots and seed cones of Nothodacrium 
warrenii and the pollen cone Masculostrobus warrenii. 
He also noted the presence of Brachyphyllum- and 
Pagiophyllum-like shoots (Townrow 1967b). More 
recently, two new pollen cones have been described from 
Carapace Nunatak: Classostrobus elliotii, which has been 
assigned to the Hirmeriellaceae (Hieger et al. 2015), and 
Chimaerostrobus minutus, with characters reminiscent of 
both Voltziales and Araucariaceae (Atkinson et al. 2018). 
Here we describe fossil woods collected at the locality 
during the austral summer 2014–2015. We discuss their 
affinities and how they fit within our knowledge of conifer 
diversity in Antarctica during the Early Jurassic.

Materials and methods
Locality and age of the specimens

The fossil woods described in this study were collected 
from the moraine located on the E-NE side of Carapace 
Nunatak, southern Victoria Land, Central Transantarctic 
Mountains, Antarctica (76°53'S, 159°25'E, eleva-
tion 2150 m, Convoy Range Quadrangle; Fig. 1). Two 
formations outcrop at Carapace Nunatak, the Carapace 
Sandstone Fm and the overlaying Kirkpatrick Basalt Fm. 
Radiometric dating and palynological analyses indicate 
an Early Jurassic age for both formations, with an early 
Toarcian (ca. 180 Ma) age for the Kirkpatrick Basalt 

Fm (Elliot 2013 and references therein; Bomfleur et al. 
2014). The woods occurred on the moraine together with 
blocks of silicified chert containing plant material from 
the lacustrine beds of the Kirkpatrick Basalt Fm. Based 
on the matrix surrounding some of the specimens, their 
location on the moraine, and their co-occurrence with 
blocks of silicified chert, we consider the specimens to 
be derived from the Kirkpatrick Basalt Fm and thus to be 
Toarcian in age.

Specimen preparation and imaging

Of the 10 putative wood specimens collected, four (#270, 
271, 272, 274) were preserved well enough to observe all 
the characters important for wood taxonomy. Specimens 
273, 275, 276 and 279 are more distorted and, while qual-
itative characters can be observed, obtaining a significant 
number of measurements proved more difficult. Finally, 
specimen 277 is insufficiently preserved to allow its 
anatomy description and taxonomic analysis. Specimen 
278 lacked anatomical preservation: it consisted of 
a wood impression on a piece of sedimentary rock 
containing small fusains.

The specimens are heavily silicified and were prepared as 
thin-sections in the transverse, tangential, and radial planes 
following the classical technique (Hass and Rowe 1999). 
Images were taken in reflected light using ArchiMed soft-
ware (Microvision Instruments, Evry, France) with Sony 
XCD-U100CR digital cameras attached to an Olympus 
SZX12 stereomicroscope and to an Olympus BX51 
compound microscope, except for Fig. 4A–C, which were 
taken with a Keyence VHX 7000 digital microscope and 
the associated imaging software. Plates were composed 
with Adobe Photoshop version 21.0.1 (Adobe Systems, 
San José, California, USA). Transformations made in 
Photoshop included cropping, rotation, and adjustment of 
exposure, contrast, when needed.

Statistical analyses

Statistical analyses were performed to describe ray 
height and its variability across the specimens, to better 
distinguish between wood morphospecies. They were 
performed using Rstudio software (version 4.0.3; R Core 
Team 2020, Boston, USA). For each specimen, thirty ray 
heights were measured on tangential or radial sections. 
Data normality was tested by a Shapiro-Wilk test and 
homoscedasticity, with a Levene test (package car, 
version 3.0-10, Fox and Weisberg 2019). Since normality 
and variance homogeneity hypotheses were most of 
the time not respected, only non-parametric tests were 
used to compare ray heights. Differences between spec-
imens were evaluated using Mann-Whitney-Wilcoxon. 
Kruskal-Wallis and Multiple Comparison Kruskal-Wallis 
tests (package agricolae, version 1.3-3, de Mendiburu 
2020) were used to compare specimens (Fig. 5). For the 
different tests, a significance level, α, of 0.05 was chosen.
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Figure 1. Location of the fossil wood locality. Aerial view of Carapace Nunatak (Source: Google Earth); the red square represents 
the area where the specimens were collected. Geological map modified after Bradshaw (1987). F: fault, U: up, D: down.

Results
With the exception of specimen 271, which corresponds 
to a branch about 7 x 5 cm in diameter (Fig. 2A), all the 
specimens represent pieces of wood with no indication 
of their origin within the plant. All wood specimens are 
composed of tracheids and parenchymatous rays. They 
share a number of characters but differ by ray height and 
type of radial pitting.

Anatomical characters shared by all samples

Specimen 271 shows several growth rings boundaries 
(Fig. 2B, C). In all other specimens, the limited extent 

of non-distorted wood prevents the detection of potential 
growth rings. The woods typically appear distorted and 
poorly preserved, often with the rays darker, more conspic-
uous, than the tracheids both in transverse (Fig. 2E, F) and 
in tangential (Fig. 2G–I) sections. The average diameter 
of tracheids range 25–30 µm depending on the specimens 
(Fig. 2D–F). Rays are uniseriate (Fig. 2D–I), rarely partly 
biseriate, and a few, i.e. up to 10, cells high (Figs 2G–I, 3). 
They have thin, straight unperforated cell walls and often 
have a dark brown to black content. In radial section, the 
end wall is perpendicular to sub-perpendicular to the ray 
(e.g. Fig. 3). There are rare instances of axial parenchyma 
with no particular organization. When preserved, cross-
field pitting is araucarioid, i.e. pits are mostly cupressoid, 
often in groups of 3 or more, organized in a relatively 
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Figure 2. Early Jurassic woods from Carapace Nunatak in transverse and tangential section: A. General view of specimen 271 in 
the field; B. Transverse section of the previous specimen showing several growth ring boundaries. Slide 30781; C. Detail of two 
rings with a small amount of late wood. Slide 30,781; D. Close up of wood anatomy in transverse section showing tracheids and two 
uniseriate rays. Slide 30781; E. Transverse section of specimen 270 showing poorly preserved tracheids and several uniseriate rays. 
Slide 30775; F. Transverse section of specimen 276 showing extremely distorted tracheids and several uniseriate rays. Slide 35934; 
G. General view of specimen 274 in tangential section showing numerous uniseriate and low rays. Slide 35924; H. Detail of rays in 
274. Slide 35924; I. General view of specimen 276 in tangential section showing numerous uniseriate and low rays. Tracheid walls 
are almost completely degraded. Slide 35931. Scale bars: 2 mm (B); 500 µm (C); 50 µm (D, F, H, I); 100 µm (E, G).
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Figure 3. Early Jurassic woods from Carapace Nunatak with mixed pitting in radial section. Specimens 270 (A–D), 271 (E–H), 272 (I–
J) and 274 (K). A. General view of specimen 270 in radial section showing the low rays. Slide 35913; B. Cross-field region in specimen 
270. Slide 35913; C. Other detail showing the cross-field and relatively crowded radial pitting. Slide 35913; D. Detail of a tracheid with 
abietinean pitting. Slide 35913; E. General view of specimen 271 in radial section showing the low rays and mixed radial pitting. Slide 
30784; F. Detail showing the cross-field and radial pitting. Slide 30783; G. Detail of E, showing araucarian and abietinean radial pitting. 
Slide 30784; H. Detail showing araucarian radial pitting. Slide 30784; I. General view of specimen 272 in radial section showing the 
low rays and mixed radial pitting. Slide 35915; J. Detail of abietiean pitting. Slide 35915; K. General view of specimen 274 in radial 
section showing the low rays and mixed radial pitting. Slide 35925. Scale bars: 100 µm (A, E); 25 µm (B–D, J); 50 µm (F, H, I, K).
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Figure 4. Early Jurassic woods from Carapace Nunatak with only araucarian pitting in radial section. Specimen 276. A. Tracheids 
with araucarian pitting. Slide 35937; B. Rays and tracheids with araucarian pitting. Slide 35937; C. Rays and tracheids with arau-
carian pitting. Slide 35938. Scale bars: 50 µm (A–C).

crowded alternate fashion (Fig. 3B, C). Resin canals are 
absent (e.g. Fig. 2B–F).

Radial pitting

Two major morphotypes of wood can be distinguished 
based on the pitting on the radial wall of their tracheids:

	– n°270, 271, 272, and 274 have mixed pitting, with 
the presence of both araucarian and abietinean 
pitting (Fig. 3). The proportion is about 55–60% 
of araucarian pits on the tracheids where pitting is 
visible. The distribution of the two types of pitting 
is not homogeneous through the wood, especially in 
specimen 270.

	– n°273, 275, 276, and probably 279 have araucarian 
pitting (Fig. 4). Pits appear contiguous in 90% of 
the cases and are often flattened. When multiseriate, 
pits are always arranged alternately.

Ray height

Ray height typically ranges 1–10 cells (Figs 2G–I, 3A, 
F, I, Suppl. material 1). Because the number of cells 
composing a ray was not easy to assess on all the spec-
imens, comparisons were made using ray height in µm. 
It ranges 25.5–310.6 µm, with average heights of 61.0–
166.6 µm (see Fig. 5). Significant height differences 
are visible between specimens (Kruskal-Wallis test: 
chi-squared = 71.148, df = 7, p-value = <0.001; Figs 3, 
5A). Ray height is on average higher in specimens with 
mixed radial pitting than with araucarian radial pitting, 
with mean heights of 85.5 and 107.2 µm respectively 
(Wilcoxon test: W = 5758, p-value = <0.001; Fig. 5B). 

However, the important across-specimen variability does 
not enable the use of this anatomical feature to distin-
guish between the morphogenera (Fig. 5A).

Fungal remains

One of the possible reasons for the poor preservation 
of the material is that the woods were already partly 
decayed when they were silicified. This is supported 
by the presence of abundant fungal remains in some of 
them (Fig. 6A–N). Direct evidence of fungal remains 
occurs in highest concentration in the rays and adja-
cent cells. Fungi consist of fragmented hyphae that are 
smooth and narrow (2–5 µm in diameter; Fig. 6A) to 
wider forms (≥6 µm in diameter; Fig. 6I), both types 
are connected (Fig.  6I) are sparsely septate (arrow in 
Fig. 6A; black arrow in Fig. 6E). Hyphae frequently 
produce perpendicular branching at uneven intervals 
(white arrow in Fig. 6C). Some hyphae are fractured 
and disarticulated (Fig. 6B; black arrow in Fig. 6C), 
which is likely a result of preservation. Clamp connec-
tions are rare but present (Fig. 6D). Small ellipsoidal 
(6–8 µm long by 3–5 µm high) to spherical propa-
gules occur terminally (Fig. 6E) or intercalary (Fig. 
6F) on hyphae, which can be dark in color (Fig. 6E) 
to opaque (Fig. 6F). Similar structures do co-occur, or 
are connected, with fungal mycelia, but it is possible 
that they may represent preservational artifacts (arrow-
heads in Fig. 6G) or possible tyloses (Fig.  6H). Like 
the host wood, fungal mycelia are poorly preserved 
and degraded (Fig.  6G, I, J1–J2, K), which may have 
happened before burial or during the taphonomic 
process. Wide hyphae have a rough, crystalline texture 
(Fig. 6J1–J2); it is possible that the thin, smooth hyphae 
could have been covered in mineral precipitates during 
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Figure 5. Ray height and pitting type in the specimens from Carapace Nunatak. Ray height across specimens and wood morpho-
genera (µm). Specimens with mixed (i.e., araucarian and abietinean) and araucarian radial pitting are represented by caffè latte and 
blue-gray colors respectively. A. Size group distinction between specimens based on the Multiple Comparison Kruskal-Wallis test. 
Groups sharing letters are not characterized by significantly different sizes. Specimens are ordered in ascending order of their medi-
an value; B. Average ray height within the different wood morphogenera. Significance of the mean ray height was evaluated with a 
Wilcoxon test. Central black dots and lines indicate means and standard deviation of ray height measurements.

preservation (arrow in Fig. 6J2), and ‘wide’ hyphae 
represent a biomimetic structure. Mycelia occur in 
multiple orientations in radial and tangential sections 
and traverse from tracheid to adjacent tracheid via the 
pits (Fig. 6K, arrows in 6L). Indirect evidence of fungi 
includes areas in transverse sections of wood that are 
highly degraded with numerous, and large, erosional 
notches and cavities (Fig. 6M), which gives lumina 
a ‘starburst’-like appearance. At higher magnifica-
tion, erosional troughs are present in all wall layers 
in adjacent tracheids (Fig. 6N). Although it is impos-
sible to confidently determine the systematic affinity 
of the fungus (or fungi because there may be multiple 
species co-occurring within the wood), based on pres-
ence of clamp connections, at least one of the fungi 
is a basidiomycete. The degradational pattern within 
the wood is similar to decay by some extant soft rot 
fungi (Schwarze 2017: see figs 52, 54–55, 62–63, 68, 
70), which makes the wood soft and spongy, thus, less 
conducive to preservational processes and making 
wood anatomical features difficult to discern.

Taxonomic affinities of the woods

Philippe and Bamford (2008) published a key to 
Mesozoic conifer-like woods that summarizes the diver-
sity known at that time and the characters considered 

significant to distinguish the different morphogenera. 
The new specimens from Carapace Nunatak share the 
following characters from Philippe and Bamford’s key: 
(1) all rays uniseriate, except for some local biseriation, 
(2) radial pits never scalariform, (3) axial parenchyma 
present or absent, neither particularly associated with 
the rays nor inflated, and (4) all ray cell walls thin and 
smooth, unpitted. Although ray height is sometimes used 
to distinguish taxa, this criterion is not included in the 
key of Philippe and Bamford (2008) and does not seem to 
carry additional information in the analysis of our spec-
imens. In addition, since the position within the whole 
plants of the different wood specimens from Carapace 
Nunatak is unknown, it is very likely that these varia-
tions represent at least in part the normal heterogeneity of 
wood. Differences in radial pitting on the tracheid walls 
are taxonomically significant and visible. They are used 
hereafter to distinguish two types of wood. Because of 
the small number of specimens and their poor and vari-
able preservation, we choose here to only identify them 
at the generic level.

Specimens with araucarian pitting on radial 
wall of tracheids: Agathoxylon sp.

Within the group with araucarian pitting specimens, 
273, 275, and 276 share the following characters: 
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Figure 6. Fungal remains in Early Jurassic woods from Carapace Nunatak. A. Perpendicularly branching hyphae with septum (ar-
row). Slide 30780; B. Disarticulated hypha with single fracture. Slide 30780; C. Branching hypha (white arrow) with single fracture 
(black arrow). Slide 35923; D. Hypha with clamp connection. Slide 35923; E. Septate hypha (black arrow) with terminal propagule 
(white arrow). Slide 30780; F. Intercalary propagule (arrow). Slide 30780; G. Multi-branching hyphae with terminal swellings (ar-
row heads) in rays. Slide 35923; H. Ellipsoidal structure, possible tylosis (arrow). Slide 30780. Scale bars: 10 µm (A–H).

(1) cross-fields of the araucarian type, i.e. with numerous 
contiguous unordered cupressoid to taxodioid oculi-
pores, (2) spiral thickening absent, and (3) end wall of 
ray cells perpendicular or subperpendicular to the ray. 
They are thus assigned to the genus Agathoxylon Hartig, 
1848 (Philippe and Bamford 2008; Rößler et al. 2014 and 
references therein). Specimen 279 also seems to fit this 
diagnosis but given its poor preservation we assign it to 
this genus with caution. More than 400 morphospecies 

of Agathoxylon have been reported, dating from the 
Carboniferous to the present (Rößler et al. 2014), and 
Agathoxylon-type wood has been associated with various 
taxa, including cordaites, conifers, and several groups of 
pteridosperms. Although Agathoxylon is known to occur 
in Gondwana during the Jurassic and in Antarctica during 
the Cretaceous, it is the first time to the extent of our 
knowledge that the genus is formally reported from the 
Jurassic of Antarctica.
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Figure 7. Fungal remains in Early Jurassic woods from Carapace Nunatak. A. Wide hypha with branching narrow hyphae (arrow). 
Slide 274 (radial B1); B1, B2. Multiple focal planes of wide hyphae; note thin structure inside of wide hypha (arrow). Slide 30780; 
C. Degraded hyphae traversing between two adjacent tracheids with abnormal Y-branch (arrow). Slide 30780; D. Hypha traversing 
through pits (arrows). Slide 30780; E. Highly degraded tracheids in transverse section. Note starburst pattern in lumina from mul-
tiple, and coalescing, erosional cavities. Pattern is similar to extant soft rot fungi. Slide 30781; F. Prominent erosional troughs in 
adjacent tracheids (arrows). Slide 30781. Scale bars: 50 µm (A, E); 10 µm (B1, B2, C, D).

Specimens with mixed pitting: Brachyoxylon sp.

The three specimens with mixed pitting (araucarian and 
abietinean; n°270, 271, 272, and 274) share the following 
characters: (1) in the earlywood oculipores always cupres-
soid, i.e. with an aperture narrower than one margin, and 
(2) cross-fields of the araucarian type, i.e. with contiguous 
unordered and often alternate oculipores. They are thus 
assigned to the genus Brachyoxylon Hollick & Jeffrey, 
1909 (Philippe and Bamford 2008). Brachyoxylon was 
originally established for Late Cretaceous woods from 
the USA (Hollick and Jeffrey 1909). It has since been 
reported in Jurassic and Cretaceous localities of Europe, 
Asia, South America and North America (Philippe et 
al. 2004; Tian et al. 2018; Greppi et al. 2021 and refer-
ences therein). Kurzawe and Merlotti (2010) also 
reported Brachyoxylon from the Permian of Brazil. 
Brachyoxylon wood has been linked to various conifer 
families, including Araucariaceae, Cupressaceae, and 
Hirmeriellaceae. It is, however, more frequently associ-
ated with Hirmeriellaceae remains (leaves, Classopolis 
pollen, or Classopolis producing cones; e.g. Alvin et al. 
1981; Alvin 1982; Machhour and Pons 1992; Limarino 
et al. 2012; Tian et al. 2018). This is the first report of 
Brachyoxylon from the Jurassic of Antarctica. Like 
Agathoxylon, the genus is known elsewhere in Gondwana 
during the Jurassic (Philippe et al. 2004; Greppi et al. 
2021). In Antarctica, it was only reported previously in 
Early Cretaceous deposits of the South Shetland Islands 
(Philippe et al. 1995; Torres et al. 1997).

Discussion
Comparisons with previously described Early 
Jurassic woods from Antarctica

The woods assigned to Protocupressinoxylon (= 
Protobrachyoxylon Holden, 1913 (Philippe 1993)) 
described by Jefferson et al. (1983) from the Mesa Range 
region in North Victoria Land have a distinct anatomy from 
the ones of Carapace Nunatak. A major difference is their 
cross-field pitting, with 3–6 non-contiguous cupressoid pits 
vs. crowded pits in the new specimens. Rays are also higher 
in Jefferson specimens (up to 40 cells) and axial paren-
chyma is absent while it occurs in some of our specimens.

The stump from Coombs Hills, Southern Victoria Land, 
reported by Garland et al. (2007) shares numerous char-
acters with the woods from Carapace Nunatak, including 
uniseriate rays, ray cells that are thin-walled with no pits 
in horizontal walls, and araucarioid cross-fields with up 
to 9 crowded cupressoid pits (Garland et al. 2007). Radial 
pitting in the Coombs Hill stump consists of “mainly 
non-contiguous” bordered pits that are always unise-
riate. Tracheid diameter is very small, 11–15 µm. Rays 
are slightly higher than in the Carapace Nunatak speci-
mens, with a maximum height of 15 cells with an average 
height of 66 µm, i.e. 990 µm for an average ray. Garland 
et al. (2007) compared the stump from Comb Hills to 
Podocarpaceae but without indicating which character(s) 
they based this affinity on. Given the lack of data on the 
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frequency of abietinean vs. araucarian pitting on the wall 
of the tracheids, it is difficult to rule out a similarity with 
some of the new woods from Carapace Nunatak. The 
only notable differences are quantitative: ray height and 
tracheid diameter, which could have been affected by the 
mode of preservation, the number of rows of radial pits 
(which is likely linked to tracheid diameter), and the orig-
inal position of the sample within the log (e.g., inner vs. 
outer, basal vs. apical, normal vs. reaction wood).

The specimens from Carapace Nunatak described 
in this paper indicate that at least three distinct wood 
morphotypes occurred in Victoria Land during the Early 
Jurassic: Protocupressinoxylon (= Protobrachyoxylon 
Holden), Agathoxylon, and Brachioxylon. The trunk from 
Coombs Hills reported by Garland might represent addi-
tional diversity. Very few wood types are reported from 
the high latitudes of Gondwana during the Jurassic. The 
cosmopolitan genus Agathoxylon was the only taxa listed 
by Philippe et al. (2004) in their cold temperate region 
-which included Antarctica- for the Early Jurassic, based 
on specimens from Australia. Reports are also extremely 
scarce for the Middle and Late Jurassic. This low diver-
sity is to be compared with, for example, what is reported 
in the same region during the Cretaceous, when at least 
6 wood morphogenera are present in the high-latitude 
belt: Agathoxylon, Araucariopitys, Circoporoxylon, 
Podocarpoxylon, Protocircoporoxylon, and Taxodioxylon 
(Philippe et al. 2004). The small number of wood morpho-
taxa in the Jurassic of Antarctica could be caused by a 
variety of factors, including paleoenvironmental constraints 
(climate, strong volcanism) and limited sampling. It is 
indeed important to consider that, while the presence of 
fossil wood is often mentioned in field reports, it is rarely 
sampled as extensively as other plant organs for which the 
presence of various genera can be assessed directly in the 
field, such as leaves or reproductive structures. In addi-
tion, among the sampled specimens, only a few have been 
the subject of taxonomic studies. The apparent scarcity 
of Jurassic woods in Antarctica is thus at least in part due 
to a collecting/study bias, a situation already reported for 
Triassic woods from this region (Oh et al. 2016).

Early Jurassic conifers in Antarctica

The new woods from Carapace Nunatak supports the 
evidence provided by other types of plant fossils regarding 
the presence of several groups of conifers in the Early 
Jurassic of Antarctica. In North Victoria Land, gymno-
sperm material occurring in the Early Jurassic Shafer 
Peak Fm includes conifers’ remains with the voltzialean 
bract-scale complex Schizolepis and three types of foliage 
with preserved cuticle assigned to cf. Allocladus, cf. 
Elatocladus, and cf. Pagiophyllum (Bomfleur et al. 2011). 
In South Victoria Land, the presence at Carapace Nunatak 
of wood assignable to Brachyoxylon further supports the 
presence of the Hirmeriellaceae, already documented 
by abundant Classopolis pollen (e.g. Bomfleur et al. 
2014) and the permineralized Hirmeriellaceae pollen 

cone Classostrobus elliotii (Hieger et al. 2015). While 
Agathoxylon is a wood known to occur in a wide range 
of gymnosperm taxa, it is interesting to note that it is 
found in Araucariaceae and Voltziales (Philippe, 2011). 
It is thus possible that the Agathoxylon specimens from 
Carapace Nunatak are linked to the plant that produced 
Chimaerostrobus minutus, a pollen cone with a combi-
nation of characters reminiscent of these two groups of 
conifers (Atkinson et al. 2018).

Conclusions

The scarcity of information available on Early Jurassic 
environments of Antarctica suggests the presence 
of a vegetation dominated by conifers belonging to 
the Araucariaceae, Hirmeriellaceae, and possibly 
Podocarpaceae, with an understory of ferns and seed plants 
including Benettitales, Caytoniales and Peltaspermales 
(Bomfleur et al. 2011). The new fossil woods from 
Carapace Nunatak constitute, to the extent of our knowl-
edge, the first report of Agathoxylon and Brachyoxylon 
in Antarctica and further support the presence of several 
groups of conifers. This is especially important considering 
that modern conifer clades including the Podocarpaceae, 
Cupressaceae, Araucariaceae, and Taxaceae diverged and 
diversified during the Late Triassic–Early Jurassic period 
(e.g. Rothwell et al. 2012; Leslie et al. 2018; Contreras et 
al. 2019 and references in these papers). In addition to a 
better reconstruction of Early Jurassic floras and environ-
ments, new studies of fossil woods from Antarctica will 
undoubtedly contribute to our understanding of conifer 
evolution during this key period.
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Abstract

Early Cretaceous (late Barremian – early Aptian) fissure fill deposits near Balve, North Rhine Westphalia, Germany, have yielded 
a rich continental vertebrate fauna over the course of the last two decades. More than 250 fragmentary specimens, including more 
than 150 osteoderms (i.e., granicones), represent the late Early Cretaceous helochelydrid Helochelydra nopcsai, which had previ-
ously been reported from the UK, France, and Spain. The new material mostly differs from that from the type section by exhibiting 
a reduced to absent entoplastral scute and by displaying distinct cranial scute sulci, both of which are interpreted as intraspecific 
variation. Although morphological insights are limited, the new material reveals that the visceral cavity extends anteriorly and pos-
teriorly to the bridge, a relatively novel feature previously reported for an eclectic mix of compsemydids, pleurosternids, and other 
helochelydrids. The available sample of granicones reveals great shape diversity, but a morphometric analysis concludes that no 
distinct morphotypes exist.

Key Words

granicones, Helochelydridae, Testudinata

Introduction

Helochelydra nopcsai is a helochelydrid turtle from the 
Lower Cretaceous of Europe (Joyce, 2017). The type spec-
imen, NHMUK R171, a fragmented shell and associated 
girdles from the Early Cretaceous (Barremian) Wessex 
Formation of the Isle of Wight, England, was originally 
described by Nopcsa (1928) as a new taxon, but only 
given the genus name Helochelydra. Nopcsa (1928) real-
ized that rare turtles from the Cretaceous of Europe and 
North America, including the German Helochelys danu-
bina Meyer, 1855 and the North American Naomichelys 
speciosa, are unified by a highly unusual shell surface 
texture consisting of pin-like tubercles, a grouping for 
which he proposed the name Helochelydrinae. Nopcsa 
(1928) provided a relatively detailed description of 

NHMUK R171, but the associated figures insufficiently 
document the apparent morphology. As the ICZN (1999) 
demands that all valid genera include at least one named 
species, Lapparent de Broin and Murelaga (1999) many 
decades later named the new species Helochelydra 
nopcsai, which is based on NHMUK R171 as well and 
now serves as the type species of Helochelydra.

Joyce et al. (2011) more recently provided description 
of IWCMS 1998.21, a nearly complete cranium and asso-
ciated postcranial fragments from the Wessex Formation 
of the Isle of Wight, England, which they referred to as 
Helochelydra nopcsai based on apparent similarities in shell 
surface texture and its provenience from the type formation. 
As fragmentary helochelydrids had been reported from 
numerous localities across Europe in the previous decades, 
Joyce et al. (2011) also provided a taxonomic review of 
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the group that focused on shell surface texture, as this is 
the only characteristic that can be studied in fragmentary 
shell material. This review concluded that many specimens 
are known from across the Cretaceous of Europe that show 
a surface texture similar to that of Helochelydra nopcsai, 
but also that it is prudent to restrict this taxon to the 
Early Cretaceous (Barremian) Wessex Formation and its 
correlates. Following this recommendation, Joyce (2017) 
attributed fragmentary material from the Early Cretaceous 
(Hauterivian/Barremian) of France (Néraudeau et al. 2012) 
and the Early Cretaceous (Barremian) of Spain (Pérez 
García 2009; Pérez-García et al. 2012, 2013; Scheyer et 
al. 2015) to Helochelydra nopcsai, thereby extending the 
range of this taxon across western Europe.

The evolutionary relationships of helochelydrids with 
other turtles are not fully understood. Although early 
phylogenetic assessments of the group differed with regard 
to placing helochelydrids as stem-cryptodires (Hirayama 
et al. 2000) or stem-turtles (Joyce et al. 2011), this was 
largely due to the variable interpretation of multiple 
relatively closely related turtle clades with a Mesozoic 
origination as either crown or stem turtles. Since then, 
most studies interpret these clades (e.g., meiolaniforms, 
paracryptodires) as perichelydian stem turtles (e.g., Joyce 
2017). Latest studies agree that helochelydrids are placed 
more crownwardly than meiolaniforms or sichuanchelyids 
(e.g., Joyce et al. 2016; Rollot et al. 2021, 2022a, b; Tong 
et al. 2022, 2023), although it is not clear if they represent 
an evolutionary lineage distinct from other clades (Joyce 
et al. 2016; Tong et al. 2022, 2023), or if they constitute a 
subclade of paracryptodires (Rollot et al. 2021, 2022a, b).

In addition to the unusual shell surface texture and 
several cranial and postcranial characteristics (e.g., 
Rollot et al. 2022b), at least some helochelydrids are 
characterized by the presence of textured osteoderms 
called granicones (Owen, 1878). These elements had 
initially been collected in isolation from Early Cretaceous 
(Berriasian) sediments of the English Purbeck Limestone 
Formation, but their identity as helochelydrid osteoderms 
had not been established until they were found associated 
with the near complete skeleton of the North American 
helochelydrid Naomichelys speciosa (Barret et al. 2002; 
Joyce et al. 2014). A single granicone had previously been 
reported from the Wessex Formation of the Isle of Wight 
(Sweetman, 2007), which likely represent Helochelydra 
nopcsai (Joyce et al. 2011; Joyce 2017), but as the turtle 
fauna from this formation remains poorly known, this 
association remains tentative for the moment.

In the Busche quarry near Balve-Beckum, North 
Rhine Westphalia, Germany, mining operations have 
cut into a cave system whose origin can be traced back 
to deep hydrothermal karst. The cavities are completely 
filled with late Early Cretaceous (late Barremian–early 
Aptian) sediments, which have yielded a rich vertebrate 
fauna, including turtles, still being excavated and eval-
uated at present (Schwermann et al. 2018). Only a few 
larger objects (up to a maximum of 30 cm) have been 
found to date. Work so far has mainly focused on isolated 
theropod teeth (Lanser and Heimhofer 2015), salamanders 

(Skutschas et al, 2020), sauropods (Hornung et al. 2023), 
and mammals (Martin et al. 2021, 2022). A preliminary 
analysis of several hundred turtle fragments from this 
quarry highlights the presence of more than 200 isolated 
specimens, including more than 150 granicones, that can 
be attributed to Helochelydra nopcsai. The primary goal of 
this contribution is to describe this material and to discuss 
its attribution to Helochelydra nopcsai. The remainder of 
the turtle fauna, which preliminarily is thought to include 
Chitracephalus dumonii, Peltochelys duchastelii, and a 
new species of pleurosternid, will be provided elsewhere.

Institutional abbreviations: IWCMS, Dinosaur Isle 
Museum, Sandown, United Kingdom; NHMUK, Natural 
History Museum, London, United Kingdom; WMNM, 
LWL-Museum of Natural History, Münster, Germany.

Materials and methods
Geological settings

The Busche Quarry is located just to the northeast of the 
village of Beckum within the commune of Balve, North 
Rhine-Westphalia, Germany (Fig. 1). The rock being quar-
ried there is a Devonian limestone, which is punctured by 
fissures filled with sand rich clays (Lanser and Heimhofer 
2015). Palynological evidence suggests that the fissures 
were filled during the late Barremian to early Aptian 
(Lanser and Heimhofer 2015). Most of the Helochelydra 
nopcsai remains presented herein were collected over the 
course of the last 20 years from two distinct fissures, of 
which the smaller one is a relatively narrow passage no 
more than 4 m wide, while the large one represents a large 
cavern that may reach 35 m in diameter. All specimens 
can therefore be traced back to a spatially confined area. 
As the turtle fauna appears homogenous across the fossil-
iferous deposits and as systematic collecting failed to find 
plausible associations among elements, we here treat the 
fauna as being homogeneous, while acknowledging that 
it may be affected by time averaging. Specimens range 
from black to tan in color, reflecting variation in mineral 
overgrowth and weathering (Fig. 2).

Visualization

A fragment of a left parietal and a selection of the best-pre-
served carapace and shell fragments and granicones were 
subjected to scanning at the CT Image Core Facility of the 
Department of Geosciences, University of Fribourg, using a 
microcomputed tomography (µCT) scanner Bruker Skyscan 
2211. Three scanning sessions were performed for the grani-
cones. The first scan was performed with a voltage of 110 kV, 
a current of 475 µA, an exposure of 120 ms, and a titanium 
filter, resulting in 4279 coronal slices with a voxel size of 
12 µm. The second scan was performed with a voltage of 
110 kV, a current of 450 µA, an exposure of 120 ms, and a 
titanium filter, resulting in 4743 coronal slices with a voxel 
size of 12 µm. The third granicone scan was performed with 
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Figure 1. A simplified map of Germany highlighting location of the Busche quarry (black star) near Balve, North Rhine 
Westphalia, Germany.

a voltage of 110 kV, a current of 450 µA, an exposure of 
50 ms, and a titanium filter, resulting in 3750 coronal slices 
with a voxel size of 12 µm. The scanning of the carapace 
and shell fragments required 4 scanning sessions. The first 
scan was performed with a voltage of 190 kV, a current of 
210 µA, an exposure of 200 ms, and a molybdenum filter. 
The second scan was performed with a voltage of 190 kV, 
a current of 95 µA, an exposure of 180 ms, and a molyb-
denum filter. The third scan was performed with a voltage 
of 189 kV, a current of 600 µA, an exposure of 220 ms, 
and a molybdenum filter. The fourth scan was performed 
with a voltage of 190 kV, a current of 95 µA, an exposure 
of 220 ms, and a molybdenum filter. A total of 1997, 2230, 
2079, and 3150 coronal slices were obtained, respectively, 
all with a voxel size of 45 µm. The left parietal fragment was 
scanned separately, with a voltage of 110 kV, a current of 
450 µA, an exposure of 37 ms, and a titanium filter, resulting 
in 2110 coronal slices with a voxel size of 31 µm.

All specimens were segmented in Amira 3D (2021.2; 
https://www.fei.com/software) using the magic wand 
tool. The 3D models were exported as .ply files and visu-
alized in Meshlab (2022.02; https://www.meshlab.net). 
All models are available at MorphoSource (https://www.
morphosource.org/projects/000497160).

Morphometric analysis

A qualitative assessment of all available granicones 
suggested that three informal morphotypes can be recog-
nized: cone-shaped granicones, hook-shaped granicones 
with offset apices, and flat, plate-like granicones (see 
Description below). We used Principal Components Analysis 
(PCA) to investigate if the pre-assigned morphotypes form 
separate clusters in morphospace. For this purpose, we 
took four basic measurements from the 136 best preserved 

granicones: the maximum length of the base, the minimum 
width of the base, height of the apex, and offset of the apex 
relative to the center of the base. All measurements were 
taken in right angles relative to another using digital cali-
pers with an accuracy to 1/100 of a millimeter (see Suppl. 
material 1 for data). We conducted a PCA using the prcomp 
function in R 4.2.2 (R Core Team 2022). Specimens were 
scaled to have unit variance before analysis. We calculated 
re-scaled proportions of variance explained for PC2–4 to 
the exclusion of PC1, as the latter was associated with size.

Systematic paleontology

Testudinata Klein, 1760
Helochelydridae Chkhikvadze, 1970

Helochelydra nopcsai Lapparent de Broin & 
Murelaga, 1999

Type material. NHMUK R171 (holotype), a fragmen-
tary shell associated with limb and girdle elements 
(Nopcsa 1928).

Type locality. Isle of Wight, United Kingdom 
(Nopcsa, 1928).

Type stratum. Wessex Formation, Wealden Group, 
Barremian, Early Cretaceous (Joyce et al. 2011).

Diagnosis. Helochelydra nopcsai can most easily 
be diagnosed as a helochelydrid by the presence of a 
secondary pair of occipital tubercles that are formed by the 
pterygoids, a triangular fossa that is formed by the squa-
mosal at the posterior margin of the skull, a shell covered 
by a surface texture consisting of distinct tubercles, 
expansion of the visceral cavity to the front and back of 
the peripheral series (also present in some compsemydids 
and pleurosternids), and presence of an entoplastral scute. 
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Helochelydra nopcsai can be distinguished from other 
helochelydrids by a shell surface texture consisting of 
evenly spaced tubercles that easily dislocate (also present 
in Helochelys danubina), cone-, hook-, and plate-shaped 
osteoderms (also present in Naomichelys speciosa), and 
pterygoids that fully cover the parabasisphenoid ventrally. 
No other helochelydrid is known to possess compound 
granicones. Helochelydra nopcsai currently cannot be 
distinguished from Helochelys danubina using morpho-
logical features, because the latter is poorly known and its 
holotype lost. Stratigraphic criteria (i.e., an age difference 
of more than 20 Ma) nevertheless suggest that they repre-
sent distinct taxa.

Referred material. Early Cretaceous (Barremian), 
Wessex Formation, Isle of Wight, United Kingdom 
(material referred by Lapparent de Broin and Murelaga 
1999 and Joyce et al. 2011; Pleurosternidae of Sweetman 
and Insole 2010); Early Cretaceous (Hauterivian–
Barremian), Nouvelle-Aquitaine, France (Solemydidae 
of Néraudeau et al. 2012); Early Cretaceous (Barremian), 
Aragon, Castile and León, La Rioja, and Valencia, Spain 
(Solemydidae of Pérez García 2009; Pérez-García et al. 

2012, 2013; Scheyer et al. 2015); Early Cretaceous (late 
Barremian – early Aptian), Balve, Germany (all material 
described herein).

Description. Although the available sample consists 
of more than 250 specimens, including more than 150 
granicones, only a small number of specimens provide 
useful anatomical information. This description is there-
fore focused on the most informative specimens.

Surface texture. The surface of all available shell mate-
rial and granicones is evenly covered by distinct tubercles 
(Figs 2–5). Each tubercle is columnar and clearly sepa-
rated from neighboring tubercles. The tubercles of the 
shell easily dislocate at their base, where they leave behind 
a circular scar, which can easily be recognized under the 
microscope. Although some variation is apparent across 
the shell (e.g., tubercles are less densely spaced over the 
neurals), most are about 0.5 to 1 mm wide, about 0.5 to 
1.5 mm tall, and separated from neighboring tubercles by 
about 1.5 to 2 mm. The tubercles are less distinct on the 
available cranial fragment and all granicones, but similar 
in dimensions. In all regards, the surface texture closely 
approximates to that of Helochelydra nopcsai material 
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Figure 2. Shell remains of Helochelydra nopcsai from the Early Cretaceous (late Barremian – early Aptian) of Balve, North 
Rhine-Westphalia, Germany. Photographs of select specimens highlighting variation in preservation. (a) WMNM P88818, a right 
epiplastron (also see Fig. 5b); (b) WMNM P88824, a right partial hypoplastron (also see Fig. 5k); (c) WMNM P88823, a partial left 
hypo- and xiphiplastron (also see Fig. 5i); (d) WMNM P88808, a partial, anterior neural (also see Fig. 3a); (e) WMNM P88813, 
a partial nuchal (also see Fig. 4b); (f) WMNM P88816, a partial left peripheral XI (also see Fig. 4h). All specimens are to scale.
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from the Wessex Formation of England (NHMUK R171, 
R5195–5199, R5201, R5205, R5238).

Carapace. The available material (Figs 3, 4) suggests 
that the carapace had a length of up to 70 cm (see 
Costals below), a nuchal notch extending laterally up to 
peripheral II (see Nuchal below), and that deep grooves 
decorated the neural-costal contacts along the posterior 
half of the shell (see Costals and Neurals below). The 
carapace is 5 to 6 mm thin along the peripherals and 
costals, but thickens to 8 mm at the neurals. All parts of 

the carapace are evenly covered by distinct tubercles that 
disarticulate easily (Figs 3, 4).

Neurals. We are able to identify six elements as 
neurals: WMNM P88808 (Fig. 3a), P49476 (Fig. 3b), 
P49351 (Fig. 3c), P88809 (Fig. 3h), and P88807 (Fig. 3e). 
WMNM P88807 is a larger shell fragment that consists 
of two neural elements in addition to costal remains 
including two neural elements that are up to 8 mm thick 
(Fig. 3e). The posteriorly angled orientation of the asso-
ciated rib heads relative to the neural column suggest that 
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Figure 3. Neural and costal remains of Helochelydra nopcsai from the Early Cretaceous (late Barremian – early Aptian) of Balve, 
North Rhine-Westphalia, Germany. All images were obtained from CT generated 3D models. (a) WMNM P88808, a partial, ante-
rior neural; (b) WMNM P49476, a partial, posterior neural; (c) WMNM P49351, a partial, posterior neural; (d) WMNM P88809, a 
partial, posterior neural; (e) WMNM P88807, a carapacial fragment consisting of two neurals and remnants of three adjacent costals; 
(f) WMNM P88810, a partial left costal I; (g) WMNM P88812, a partial costal; (h) WMNM P88811, a partial costal; (i) WMNM 
P49470, a partial right costal. Anatomical direction are placed in quotes for elements with uncertain orientation. With the exception 
of the illustrations, all specimens are to scale. Abbreviations: co = costal; ne = neural.
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the elements represent neurals V, VI, or VII. Their outline 
is hexagonal with short anterolateral sides. The anterior of 
the two neural shows faint traces of a midline keel, as has 
also been reported for neurals of Naomichelys speciosa 
(Joyce et al. 2011). WMNM P88808 (Fig. 3a) is the largest 
available neural, flat, about 5 mm thick, and has a hexag-
onal outline (i.e., contacts with six surrounding bones are 
apparent). Its dorsal surface is badly eroded: there are 
faint traces of an intervertebral sulcus, but only the bases 
remain of the surface tubercles. The orientation of this 
element is not clear, but its size suggests that it originates 
from the anterior half of the shell. WMNM P49351 (Fig. 
3c) is only half as long anteroposteriorly as the previous 
element, but about 7 mm thick. A sharp median depres-
sion crosses its surface. WMNM P49476 (Fig. 3b) has 
similar dimensions to WMNM P49351, but it is only 
about 4 mm thick and flat. The equilateral, hexagonal 
outline of the last two elements suggests an origin from 
the back of the shell. WMNM P88809 (Fig. 3d) is the 
smallest available neural and only about 2 mm thin. Only 
the right two thirds are preserved. Its small size and equi-
lateral, hexagonal outline suggest that it originates from 
the posterior portions of the shell of a juvenile.

Costals. A number of elements can be diagnosed as 
costals, of which the following seven are the most infor-
mative: WMNM P88807 (Fig. 3e), a shell fragment that 
includes remains of three costals, WMNM P88810, a 
partial left costal I (Fig. 3f), P88811 (Fig. 3h) and P88812 
(Fig. 3g), two large costal fragments, and P49470, the 
median portion of a midsized costal (Fig. 3i). The dermal 
portion of these costals is about 4 mm thick. The ribs, 
when present, are broad, about a quarter of the anteropos-
terior width of the costal, but only add about 2–3 mm to 
the thickness of each element. The three costal remains 
preserved in WMNM P88807 (Fig. 3e) are in articula-
tion with two neurals and, therefore, best document the 
medial aspect of these elements. The slight posteriorly 
angled orientation of the ribs suggest that they originate 
from the mid-posterior part of the shell. All elements 
have two contacts with the adjacent neurals. The free, 
medial portion of one costal rib is well preserved. It is 
relatively narrow, about 2 mm across, and delimits a 
relatively low costovertebral tunnel. WMNM P88810 
(Fig. 3f) can be identified as a partial left costal I by the 
presence of the articular scar for dorsal rib I. The sulcus 
between vertebral I and pleural I diagonally traverses 
the dorsal surface of this element. A rounded anterome-
dial facet for articulation with the nuchal suggests that 
the nuchal deeply inserted between the anterior costals. 
WMNM P88811 (Fig. 3h) is significant, as it possesses 
intact anterior and posterior margins. The greatest antero-
posterior “width” of this element is 56 mm, which is a 
little greater than the greatest costal width that can be 
observed for the only known complete skeleton of the 
helochelydrid Naomichelys speciosa (Joyce et al. 2014). 
Assuming similar proportions, the full carapace may 
therefore have reached a length of over 70 cm. WMNM 
P49470 (Fig. 3i) only has an anteroposterior “width” of 

3 cm and, therefore, likely originates from the back of 
the shell of a smaller individual. It is notable for exhib-
iting a concavity just above the rib head, near its medial 
articulation with the neurals. Together with the grooved 
neurals, this suggests some meso-scale sculpturing of the 
shell surface towards the back of the shell.

Nuchal. Two specimens preserve remains of the nuchal: 
WMNM P88813, the right half of a large nuchal (Fig. 4a), 
and WMNM P88814, a smaller nuchal fragment, which 
remains articulated with remnants of the adjacent right 
costal I and peripherals I and II (Fig. 4b). The two speci-
mens suggest that a broad nuchal notch was present that 
was framed by peripherals II, as is typical for helochely-
drids (Joyce et al. 2014; Pérez-García et al. 2020a). The 
oblique anterolateral contact of the nuchal with peripheral 
I is oriented more to the anterior than the side. There is no 
evidence for costiform processes. The right portion of a 
cervical scute is preserved in WMNM P88813 (Fig. 4a). 
As this specimen broke near the midline, we estimate 
that the complete cervical was at least twice as wide than 
long. Lateral to the cervical scute, a sulcus is apparent 
that delimits the contact between marginal I and vertebral 
I. There is no evidence for the presence of a prepleural on 
the nuchal. The skin-scute sulcus runs on the underside 
of the nuchal just behind the anterior margin of the bone.

Peripherals. A number of peripherals are preserved, 
of which we present the six most informative. WMNM 
P88814 includes a nearly complete right peripheral 
I articulated with remnants of the adjacent element 
(Fig. 4b). WMNM P88815 is a first peripheral I as well, 
but lacks much of its dorsal surface (Fig. 4c). These two 
elements document that peripheral series articulated with 
the nuchal laterally along an oblique (WMNM P88814) 
to straight (WMNM P88815) suture, costal I posteriorly, 
and peripheral II laterally. The scute-skin sulcus runs 
diagonally across the underside of the peripheral, thereby 
bridging the location of this sulcus near the margin of the 
shell at the nuchal with the deep location on the second 
peripheral. Although damaged, these bones also docu-
ment that the visceral cavity extends all the way from the 
bridge region to the medial fifth of peripheral I, as had 
previously been documented for other helochelydrids 
(Joyce et al, 2014; Pérez-Garcia et al, 2020a). WMNM 
P88816 is a relatively large peripheral element that 
we tentatively interpret as the right peripheral XI, as it 
displays a small, but elongate facet on its visceral side 
best interpreted by reference to Naomichelys speciosa 
(Joyce et al. 2014) as the articulation site for thoracic rib 
IX (Fig. 4h). This element shows faint traces of an inter-
marginal scute sulcus and documents that the visceral 
cavity extends posteriorly from the bridge region to reach 
the pygal. The visceral cavity of Helochelydra nopcsai, 
therefore, extended all the way from the medial fifth of 
peripheral I to the pygal, much as in Aragochersis lignit-
esta (Pérez-Garcia et al, 2020a), but also Pleurosternon 
bullockii (Joyce et al. 2022). However, three finger-like 
pockets within the cavity of WMNM P88816 suggests 
that the visceral cavity is not developed evenly across the 
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Figure 4. Nuchal and peripheral remains of Helochelydra nopcsai from the Early Cretaceous (late Barremian – early Aptian) of 
Balve, North Rhine-Westphalia, Germany. All images were obtained from CT generated 3D models. (a) WMNM P88813, a par-
tial nuchal; (b) WMNM P88814, a carapacial fragment consisting of remnants of a nuchal, rights peripheral I, remnants of right 
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a partial peripheral; (h) WMNM P88816, a partial left peripheral XI. Anatomical direction are placed in quotes for elements with un-
certain orientation. With the exception of the illustrations, all specimens are to scale. Abbreviations: CE = cervical scale; co = costal; 
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fr.pensoft.net

Walter G. Joyce et al.: Helochelydra nopcsai from the Early Cretaceous fissure fills of Balve, Germany124

shell (see arrows in Fig. 4h). The waning visceral cavity 
combined with minor asymmetries suggest that WMNM 
P41690 is a damaged right peripheral X as well (Fig. 4f). 
As the most anterior and most posterior peripherals show 
evidence of a visceral cavity, it is not possible to identify 
the serial identity of the damaged, remaining periph-
eral elements. Three notable remains, WMNM P47259 
(Fig. 4g), P49051 (Fig. 4d), and P88817 (Fig. 4e) never-
theless document variable development of a low gutter. 
WMNM P49051 and P88817 furthermore highlight that 
the dorsal and ventral branches that make up each periph-
eral are thin-walled and meet each other just medial to the 
edge of the carapace. The peripherals of the bridge region 
are therefore extremely fragile.

Epiplastron. The only available epiplastron, WMNM 
P88818, is near complete, but mineral precipitations on the 
external surface partially conceal its sulci (Fig. 5b). The 
epiplastron formed the anterior aspects of the transversely 
oriented anterior plastral lobe. The epiplastron has a convex 
posteromedial contact with the entoplastron. The epiplas-
tron hereby slightly underlaps the entoplastron, which, as 
a result, would have appeared smaller in ventral than in 
dorsal view. An equally broad contact is present postero-
laterally with the hyoplastron. Though damaged, deep 
pockets along the posterolateral margin of the epiplastron 
suggest that at least two peg-like processes of the hyoplas-
tron inserted into the epiplastron. A short median contact 
is furthermore apparent with its counterpart. A notch along 
the anterior margin of the epiplastron signifies the location 
of the gular-extragular sulcus. A faint trace of this sulcus 
can be gleaned on the ventral surface that runs posteriorly 
from the notch (Fig. 5b). A similar notch for the extragu-
lar-humeral sulcus is apparent on the lateral margin of the 
epiplastron (Fig. 5b). On the dorsal side, the extragular-hu-
meral sulcus veers posteriorly to cross the lateral side of 
the epiplastron (see arrows in Fig. 5b). Its posterior end is 
not preserved, as this was likely located on the hyoplastron. 
As a result of this arrangement, the extragular covered only 
part of the epiplastron in ventral view, but most of it in 
dorsal view. The dorsal side of the epiplastron is character-
ized by a thickened epiplastral lip.

Entoplastron. Two partial entoplastra are available, 
WMNM P48296 (Fig. 5a) and P88819 (Fig. 5c), of which 
the former is better preserved. The posterior half of the 
entoplastron is lacking in either specimen, but comparison 
with Helochelydra nopcsai (NHMUK R171) suggests 
that the entoplastron was slightly longer than wide. The 
entoplastron slightly overlaps the epiplastron along its 
slightly convex anterolateral contact. The posterolateral 
contact, as far as preserved, broadly underlapped the 
hyoplastron. Traces of the embryonic interclavicle are 
apparent on the dorsal side of both available elements, 
much as in other helochelydrids. The gulars only cover 
a small triangular surface on the ventral side of WMNM 
P48296, but about a third of the ventral surface of P88819. 
The extragulars minutely overlapped both elements. 
Only a minute entoplastral scute is apparent in WMNM 
P48296. An entoplastral scute seems to be absent in 

WMNM P88819, in which the humeral-gular junction is 
just about preserved.

Hyoplastron. Two partial hypoplastral remains can be 
identified with confidence. WMNM P47721 (Fig. 5d), the 
more complete of the two, documents the lateral margin of 
the anterior plastral lobe, just posterior to the articulation 
of the hyoplastron with the epiplastron, while WMNM 
P88820 (Fig. 5e) documents a segment slightly further to 
the back. The two fragments combined indicate that the 
skin-scute sulcus is barely located on the visceral side of 
the hyoplastron, but converges with its margin towards the 
back. Indeed, the sulcus terminates in WMNM P88820 
near the margin, which suggests that this element broke 
at the humeral-pectoral sulcus. The resulting lip is only 
lightly developed towards the back, as seen in WMNM 
P88820, but becomes pronounced anteriorly to form a 
finger-like process that inserted anteromedially into the 
epiplastron, as seen in WMNM P47721.

Two additional, fragmentary specimens, WMNM 
P48226 (Fig. 5f) and P88821 (Fig. 5h), exhibit radiating, 
pin-like tubercles on their visceral sides that are reminis-
cent of those found on the hyoplastron of Naomichelys 
speciosa, but they may also represent remains of the 
mesoplastra or hypoplastra. A third fragment, WMNM 
P88822 (Fig. 5g), is a fragment of the bridge that may 
similarly represent part of the hyo- or hypoplastron. A 
rib-like thickening on the visceral side of this fragment is 
the remnants of a buttress. A series of clearly delineated 
sulci form the outlines of at least two inframarginals, two 
marginals, and the neighboring plastral scutes.

Mesoplastron. No mesoplastral remains could be 
identified as such.

Hypoplastron. We are able to identify at least three 
remains as hypoplastra, WMNM P88823 (Fig. 5i), 
P88825 (Fig. 5j), and P88824 (Fig. 5k), all of which 
preserve the thickened inguinal notch, but can be recog-
nized as hypoplastra by remnants of the xiphiplastral 
articulation. WMNM P88823, the best of the three 
preserved elements, documents the transverse contact 
with the mesoplastron and the slightly oblique posterior 
contact with the xiphiplastron, which is dorsally stabi-
lized by two xiphiplastral processes that dorsally cover 
the hypoplastron and a hypoplastral process that dorsally 
covers the xiphiplastron (Fig. 5i). The relatively intact 
medial margin suggests that central and posterior plas-
tral fontanelles are present (see arrows in Fig. 5i) and 
that the hypoplastra only contacted one another along 
rib-like processes that radiate from the inguinal notch, 
features otherwise found in Naomichelys speciosa (Joyce 
et al. 2014), but not in the holotype of Helochelydra 
nopcsai (NHMUK R171). The relatively small size of 
this specimen opens the possibility, however, that these 
are juvenile features. As preserved, the abdominal/
femoral sulcus crosses the hypoplastron diagonally from 
the inguinal notch to the central plastral fontanelle, but 
otherwise runs posterior from the notch to meet with 
the skin-scute sulcus on the dorsal side (Fig. 5i). In this 
area, the hypoplastron is thickened to nearly 2 cm in 
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the smallest available specimen (WMNM P88823), but 
reaches 2.5 cm in the largest (WMNM P88825). In the 
area of the notch, the skin-scute sulcus runs onto the 
dorsal side of the hypoplastron to form a semi-lunate lip, 
but runs near parallel to the margin once it reaches the 
xiphiplastron (Fig. 5j).

Xiphiplastron. The remnants of a xiphiplastron are 
preserved in WMNM P88823 attached to the hypoplastron 
(Fig. 5i). Its contact with the hypoplastron is described 
above, as is the development of the skin-scute sulcus. A 
comparison with Naomichelys speciosa suggests that the 
xiphiplastron broke close to the femoral-anal sulcus. The 
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Figure 5. Plastral remains of Helochelydra nopcsai from the Early Cretaceous (late Barremian – early Aptian) of Balve, North 
Rhine-Westphalia, Germany. All images were obtained from CT generated 3D models. (a) WMNM P88819, a partial entoplastron; 
(b) WMNM P88818, a right epiplastron; (c) WMNM P48296, a partial entoplastron; (d) WMNM P47721, a partial right hyoplas-
tron; (e) WMNM P88820, a partial left hyoplastron; (f) WMNM P48226, a plastral fragment; (g) WMNM P88822, a plastral frag-
ment; (h) WMNM P88821, a plastral fragment; (i) WMNM P88823, a partial left hypo- and xiphiplastron; (j) WMNM P88825, a 
partial right hypoplastron; (k) WMNM P88824, a right partial hypoplastron. With exception of the illustrations, all specimens are to 
scale. Abbreviations: AB = abdominal scale; EG = extragular scale; EN = entoplastral scale; FE = femoral scale; GU = gular scale; 
HU = humeral scale; hyp = hypoplastron; xi = xiphiplastron.
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anal scute, therefore, did not cross the hypoplastra-xiphi-
plastral suture.

Granicones. More than 150 granicones are available 
for study (Fig. 6). With few exceptions (see below), all 
granicones are singular, conical elements that consist of a 
flat base, which anchored the element into the skin, and an 
apex, which protruded from the body (Joyce et al. 2014). 
The external surface of all elements is covered by surface 
texture that closely mirrors that of the shell. A qualitative 
assessment suggests that three morphotypes are present: 
cones (ca. 35%), hooks (ca. 43%), and plates (ca. 22%). 
As the name implies, cones are conical elements where 
the apex is situated above the base (e.g., Fig. 6: P88864, 
P88873). These elements tend to be smaller. Hooks 
greatly resemble cones, but the apex is offset beyond the 
surface of the base (e.g., Fig. 6: P88922, P88856). Plates, 
finally, resemble hooks in that the base is offset from 
the base, but that are notably flat (e.g., Fig. 6: P88939, 
P88921). These tend to be the largest available elements. 
Our morphometric analysis (see below) suggests that 
these morphotypes do not populate discrete parts of the 
morphospace, but rather grade into each other. We none-
theless retain this terminology for convenience. As all 
elements were found in isolation, we do not know which 
parts of the body they once covered. A complete skeleton 
of Naomichelys speciosa that includes numerous articu-
lated granicones, however, suggests that plates covered 
the external surfaces of the lower limbs while the spur-
like hooks were located on the walking surfaces of the 
limbs (Joyce et al. 2014).

A total of five elements deviate strongly from the three 
morphotypes described above (Fig. 6). Two of these 
(WMNM P88935 and P88940) resemble large hooks by 
having an apex that is offset relative to the base, but the 
base in itself is not flat and round, but rather folded along 
the long axis of the element. We speculate that this type 
of element may have covered folds on the outside of the 
limbs. The three other unusual granicones are remnants 
of compound granicones. WMNM P88974 consists of a 
single, conical apex, but open sutures on at least one side of 
its base suggest that it was laterally sutured to at least one 
more granicone. WMNM P88964 consists of two conical 
apices that are broadly sutured to one another at their bases. 
Although the outline of the jointly formed base is somewhat 
angular, the element appears to be intact. WMNM P88962 
also consists of two conical apices, but numerous angularly 
arranged sutures on both sides of the jointly formed base 
suggest that it formally articulated with at least two, but 
likely up to five additional granicones, to form a compound 
element with at least four to seven apices.

PCA of all measurements indicates that 65.7% of the 
overall variance can be explained by size or allome-
tric differences between specimens, explained by PC1 
(Table 1). No differentiation of morphotypes is apparent 
based on size differences alone. Our morphospace plot 
of size-adjusted principal components (Fig. 7) shows 
that PC2, which explains 71.9% of shape variation after 
correcting for size, is the only principal component along 

which separate clusters of specimens may be determined, 
as plated granicones plot at low PC2 values with minimal 
overlap of specimens pre-assigned to other morphotypes. 
Cones and hooks have broad overlap across PC3 (20% of 
variance; Fig. 7a) and PC4 (8.0% of variance; Fig. 7b). 
The absence of separation for these morphotypes and 
the broad spread of values across PC3 can be explained 
by shape variation within the pre-assigned hook or cone 
condition. For example, hooks exist that have large 
basal measurements but low tip height (Table 1), such as 
WMNM P88873 (Fig. 7a), the positive extreme point on 
PC3, but simultaneously hooks exist that have high tip 
heights compared to relatively small bases (e.g., WMNM 
P88864, which plots at low PC3 values for the hooked 
morphotype; Fig. 7a). Similarly, cones with strongly 
asymmetrical bases plot at extreme negative PC3 values 
(e.g., WMNM P88940), whereas cones with similar tip 
offset but symmetrical bases plot at extreme positive PC3 
values (e.g., WMNM P88921). The relatively close asso-
ciation in morphospace of hooks like WMNM P88873 
and cones like WMNM P88921 is thus primarily caused 
by similar base dimensions paired with low tip heights 
(Table 1), regardless of their difference in tip offset which 
is the primary distinction of cones and hooks based on 

qualitative comparisons.
Cranium. A three-dimensionally preserved, partial, left 

parietal (WMNM P88806) is the only skull bone in the 
sample (Fig. 8). The anterolateral and medial margins of 
its dorsal plate, which formerly contacted the left postor-
bital and the right parietal, are intact, but the anterior and 
posterior margins show signs of damage. Striations on the 
posteromedial side of the element, contained within the area 
that constituted the cavum cranii, could plausibly represent 
the articulation area with the supraoccipital, which is usually 
overlain by the parietal in this area. A short posterolateral 
facet may represent the former contact with the left squa-
mosal. A comparison with IWCMS 1998.21, a complete 
Helochelydra nopcsai skull from the Isle of Wight (Joyce et 
al. 2011), suggests that only the anterior half of the element 
is preserved. The two specimens likely originated from 
individuals of the same size, as WMNM P88806 has an 
anteroposterior length of about 2.7 cm, while the equivalent 
area measures about 2.8 cm in IWCMS 1998.21. The two 
skulls differ notably in that WMNM P88806 exhibits clear 
cranial sulci which outline at least 12 polygonal cranial 
scutes. Their great number, however, obscures homology 

Table 1. PCA results (n = 136).

PC1 PC2 PC3 PC4
Eigenvalues 2.628 0.987 0.275 0.110
Proportion of total variance explained 0.657 0.247 0.069 0.028
Proportion of shape variance explained – 0.719 0.200 0.080
Eigenvector coefficients

height 0.170 0.963 -0.155 0.140
minimum base 0.575 -0.010 0.551 0.597
maximum base 0.591 0.045 0.229 -0.772
tip offset 0.540 -0.24 -0.788 0.166
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with the cranial scutes of other Cretaceous turtles, as these 
typically exhibit only four scutes in the equivalent area (Sterli 
and de la Fuente 2013; Evers et al. 2021). On the ventral 

side, traces remain of the heavily damaged descending 
process. What remains is an outwardly convex crest of bone 
that documents the greatest width of the cavum cranii.

P88939P88942 P88950

P88926

P88895P88894P88889P88839

P88921

P88905

P88922 P88930

P88935 P88940

1cm

P88956

P88864 P88873

P88944P889444

P88962P88964P88974

P88899

Figure 6. A selection of granicones, Helochelydra nopcsai from the Early Cretaceous (late Barremian – early Aptian) of Balve, 
North Rhine-Westphalia, Germany. All images were obtained from CT generated 3D models. All specimens are shown to scale in 
lateral (top), apical (bottom left), and basal view (bottom right) and associated with their WMNM catalog number. Specimens were 
in part chosen to highlight the morphological extremely highlighted by the PC plots (see Fig. 7).
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Discussion
Alpha taxonomy

The vast majority of helochelydrid remains cannot be 
identified rigorously, in part because the true diversity 
of helochelydrid turtles is not yet understood, but also 
because fragmentary remains rarely yield diagnostic 
characters beyond shell surface texture. For these reasons, 
Joyce et al. (2014) developed a preliminary taxonomy 
that is focused on shell surface texture, but further 
recommends assigning material to named taxa based on 
biogeographic and temporal considerations. Using these 
criteria, the fossil turtle material presented herein can be 
assigned to Helochelydra nopcsai, as it closely mirrors its 

shell surface texture consisting of evenly spaced tuber-
cles that easily dislocate, as it originates from sediments 
broadly coeval with the type stratum (i.e., Barremian–
Albian), and because northern Germany and southern 
England are typically reconstructed to have been part of 
the same depositional system at that time (e.g., Aguado et 
al. 2022; Sanjuan et al. 2022).

Although comparisons are limited, we are able to 
highlight two notable differences between the new mate-
rial from Balve and previously described postcranial 
(Nopcsa 1928; Lapparent de Broin and Murelaga 1999) 
and cranial material (Joyce et al. 2011) from the Wessex 
Formation of England. First, while the only available 
entoplastron from the Wessex Formation exhibits are 
relatively large entoplastral scutes, the two entoplastra 
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Figure 7. Morphospaces of four granicone measurements from PCA ordination (N = 165). (a, b), bivariate morphospaces including 
size variation. (c, d), morphospaces corrected for size and allometry. A, PC1 vs. PC2. B, PC2 vs. PC3. C, PC2 vs. PC3. D, PC2 
vs. PC4. The proportion of variance explained by PC axes are indicated in the axis labels, whereby values in A, B represent total 
variance (including size) and values in B, C represent shape variance (re-scaled to exclude PC1). An identical plot with unique point 
labels is provided in Suppl. material 2.
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from Balve appear to have no, or only a small entoplastral 
scute. And second, while the only available skull from 
the Wessex Formation lacks evidence of cranial scutes, 
the parietal fragment from Balve is clearly marked by 
numerous cranial scute sulci.

Large entoplastral scutes have been reported for 
some helochelydrids, notably Naomichelys speciosa 
and Solemys spp. (Hay 1908; Lapparent de Broin and 
Murelaga 1999; Joyce et al. 2014; Tong et al. 2023), but 
this scute is relatively small to absent in others, including 
not only Aragochersis lignitesta and Plastremys rutteri 
(Pérez-García et al. 2020a; Joyce 2022) but also 
Helochelydra nopcsai. As the scutes of other turtles are 
known to vary widely, including the entoplastral scute of 
specimens referred to Naomichelys speciosa (Hay 1908; 
Ostrom 1970; Joyce et al. 2014), we here attribute the 
observed differences to intraspecific variation, as we find 
the difference between a small and very small entoplastral 
to absent entoplastral scute to be minor.

We are unaware of any studies that explicitly docu-
ment variation to the development of cranial scute sulci 
in turtles. We are therefore unable to assess if the differ-
ence we observe in the development of cranial scute sulci 
has taxonomic differences. We suspect nonetheless that 
cranial scute sulci are developed more distinctly in juve-
nile material, perhaps suggesting that the parietal from 
Balve originates from a less mature individual.

Morphology

The type material of Helochelydra nopcsai is a partial 
skeleton that remains poorly described to date. Though 
fragmentary as well, the new material from Balve yields 
important new insights regarding the morphology of 
helochelydrids in general and Helochelydra nopcsai 
specifically. We here focus on two characters: the expan-
sion of the visceral bridge cavity to the front and back of 
the shell and the presence and development of granicones.

Expansion of the visceral bridge cavity

In the vast majority of turtles, the peripherals are modified 
into two basic shapes: while the peripherals anterior and 
posterior to the bridge are flat, as they only connect to 
the carapacial disk medioventrally, the bridge peripherals 
are V-shaped in cross section to allow articulating with 
the carapace dorsolaterally and the plastron ventrolater-
ally. As a result, the visceral cavity of the shell is laterally 
defined by the bridge peripherals. Lapparent de Broin and 
Murelaga (1999) documented for the first time that the 
visceral cavity of the late Late Cretaceous helochelydrids 
Solemys gaudryi and Solemys vermiculata extends from 
the bridge region to the most lateral aspects of the nuchal. 
The anterior peripherals therefore exhibit a V-shape: 
the dorsal branch remains articulated with the carapace 
while the ventral branch creates a shelf that projects 
towards the visceral cavity. Joyce et al. (2014) extended 
this observation to the late Early Cretaceous helochely-
drid Naomichelys speciosa, highlighting that this feature 
may be a more general feature of helochelydrids. More 
recently, Pérez-García et al. (2020a) documented that 
the visceral cavity not only extends anteriorly, but also 
posteriorly in the late Early Cretaceous helochelydrid 
Aragochersis lignitesta. The presence of a visceral cavity 
that extends along the full peripheral margin of the shell, 
however, was soon after documented as well for the early 
Cretaceous compsemydids and pleurosternids Peltochelys 
duchastelii, Pleurosternon bullockii, and Tongemys enig-
matica (Joyce et al. 2022). The presence of this character 
is particularly surprising for Pleurosternon bullockii, as 
this taxon had historically been known from numerous 
shells, but never been shown to display this feature (e.g., 
Owen 1853; Lydekker 1889; Milner 2004; Guerrero and 
Pérez-García 2021). The primary reason for this oversight 
is because this taxon is typically preserved as complete, 
but flattened shells. The anterior and posterior periph-
erals are therefore compressed to obscure the presence 
of a cavity. The presence of this cavity is nevertheless 

Figure 8. Helochelydra nopcsai from the Early Cretaceous (late Barremian – early Aptian) of Balve, North Rhine-Westphalia, 
Germany. WMNM P88806, a partial parietal in dorsal (a), ventral (b), medial (c), and lateral view (d). All images were obtained 
from CT generated 3D models.
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clearly revealed in relatively rare disarticulated remains 
of this taxon, which allow viewing the peripherals in 
cross section, but also hinted at as a step-like ridge also 
apparent in compressed individuals (Joyce et al. 2022).

Our limited sample of peripherals from Balve docu-
ments that the visceral cavity of Helochelydra nopcsai 
not only extends from the bridge anteriorly to peripheral 
I, but also posteriorly to peripheral XI. While the anterior 
extension looks to be continuous, the posterior extension 
is achieved through a series of pockets best documented 
for peripheral XI. It is unclear to us if these pockets are 
developed in other helochelydrids as well.

We here also note that the step-like ridge apparent in 
many individuals of Pleurosternon bullockii is apparent 
in the posterior peripherals of Naomichelys speciosa as 
well. We therefore speculate that the visceral cavity of this 
taxon is more extensive than noted by Joyce et al. (2014).

The phylogenetic relevance of this relatively novel 
character complex has not yet been explored in full, in 
part as its distribution remains poorly documented, but 
it provides evidence for the moment for the hypothesis 
that helochelydrids are a subclade of Paracryptodira, 
perhaps closely linked with pleurosternids (Rollot et 
al. 2021, 2022a, b). However, the possible presence of 
similar expansions of the visceral cavity into the anterior 
or posterior peripherals of Triassic turtles (pers. comm. 
Tomasz Szczygielski 2023) suggests that this feature may 
also be plesiomorphic for the group.

Granicones

A preliminary assessment of the turtle fauna from Balve 
suggests that four turtles are present, in particular the enig-
matic Chitracephalus dumonii, the small compsemydid 
Peltochelys duchastelii, a new species of pleurosternid, 
and Helochelydra nopcsai, the focus of this study. Our 
visual inspection of all granicones from Balve concludes 
that all display the same surface texture, regardless of 
shape or size, which closely mirrors the shell surface 
texture of Helochelydra nopcsai. We, therefore, conclude 
with confidence that Helochelydra nopcsai is the only 
taxon at Balve that possessed osteoderms.

To date, helochelydrid granicones (i.e., osteo-
derms) have only been reported from a relatively small 
number of localities. A handful of conical elements were 
initially described during the 19th century from the Early 
Cretaceous (Berriasian) Purbeck Limestone Formation 
of England (Owen 1878; Barrett et al. 2002). Despite 
their greater age, these broadly correspond in their 
morphology with the cone-shaped granicones we here 
report from Balve. A single granicone was previously 
reported from the Early Cretaceous (Barremian) Wessex 
Formation of England (Sweetman, 2007), which, unsur-
prisingly, resembles closely the cone-shaped granicones 
we here report from Balve. This supports its taxonomic 
assignment to Helochelydra nopcsai (Joyce et al. 2011). 
A large sample of granicones found in articulation with a 
skeleton of the Early Cretaceous Naomichelys speciosa 

(Barrett et al. 2002; Joyce et al. 2014) also resembles 
those from Balve by variously consisting of cones, hooks, 
and plates. This may suggest particularly close phyloge-
netic relationships between Helochelydra nopcsai with 
Naomichelys speciosa.

A small number of additional granicones have been 
reported from other formations that strongly deviate in 
their morphology from those from Balve. Lapparent de 
Broin and Murelaga (1999) referred a single late Late 
Cretaceous (Maastrichtian) element to Solemys vermic-
ulata that resembles the granicones of H. nopcsai and 
N. speciosa by being covered by a helochelydrid surface 
texture, but differs by looking to be a compound element 
consisting of sutured plates, not cones. Pérez-García et 
al. (2020b) similarly referred an early Late Cretaceous 
(Cenomanian) element from Spain to Plastremys lata, 
which differs from the granicones of H. nopcsai and 
N. speciosa by having a less distinct surface texture 
and by looking to be a composite element consisting of 
two unevenly sized cones. Future finds may prove these 
differences to have taxonomic significance.

The dearth of material is surprising given that helo-
chelydrids broadly occur from throughout the Cretaceous 
of North America and Europe. We suspect that three 
factors may play a role. First and foremost, the notable 
absence of granicones in the well-preserved skeletons 
of Aragochersis lignitesta (Pérez-García et al. 2020a) 
suggest that granicones may perhaps not be present in 
all helochelydrids. Second, we suspect that few conti-
nental localities are systematically screen washed for 
small sized fossils, such as granicones. And, third, even 
if small sized fossils are systematically collected, we 
would not be surprised if the granicones either remain 
unidentified as such or unreported. We hope that the large 
set of images and 3D models associated with this contri-
bution will ease their identification and comparisons in 
the future.

Paleoecology

The paleoecology of helochelydrids is generally assumed 
to be terrestrial because they are mostly found in conti-
nental sediments, exhibit shell bone density similar 
to extant tortoises, and because osteoderms are other-
wise only associated with terrestrially adapted turtles, 
including, among others, the Late Triassic Proganochelys 
quenstedtii, Late Cretaceous nanhsiungchelyid Basilemys 
spp., the Pleistocene meiolaniform Meiolania platy-
ceps, and extant testudinids (Lapparent de Broin 1999; 
Joyce et al. 2011, 2014; Scheyer et al. 2015). Yet, the 
best preserved helochelydrid skull, that of Helochelydra 
nopcsai, lacks characteristics typical of terrestrial turtles, 
such as an inflated nasal cavity (Paulina-Carabajal et al. 
2017), but instead possesses broad triturating surfaces, 
which are otherwise mostly associated with aquatic 
feeding preferences (Foth et al. 2017; Hermanson et al. 
2022). Although Joyce et al. (2014) attempted to resolve 
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this conundrum by suggesting that H. nopcsai may have 
fed on hard terrestrial food items, such as grubs and 
snails, additional insights are called for to further resolve 
this question. It should also be noted that osteoderms 
are ubiquitously known in aquatic non-turtle reptiles, 
such as phytosaurs, crocodyliforms, or placodonts 
(Romer, 1956).

The taphonomic setting of the Balve fissure fill 
deposits is still under investigation. Fissure fills often 
create taphonomic filters that prefer terrestrial versus 
aquatic taxa. An informal census of several hundred shell 
fragments from Balve concludes that less than 1% of finds 
represent Chitracephalus dumonii, about 10% Peltochelys 
duchastelii, about 35% the new species of pleurosternid, 
and then the remaining 45% Helochelydra nopcsai. The 
remains of Helochelydra nopcsai are notable for being 
particularly fragile, but complete, but this only suggests 
to us that these remains were not transported, not that 
this turtle was necessarily terrestrial versus aquatic. The 
presence of unambiguously aquatic versus terrestrial taxa 
(Lanser and Heimhofer 2015; Schwermann et al. 2018; 
Skutschas et al. 2020; Martin et al. 2021, 2022; Hornung 
et al. 2023) conversely suggests that the fissure fauna at 
Balve is mixed. We, therefore, conclude that we cannot 
gain further insights regarding the paleoecology of this 
animal using taphonomic considerations.
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Abstract

Taxonomic and morphological approaches on Eocene sirenians from Catalonia (Spain) benefit from a newly discovered specimen 
found in a quite unusual locality, the pedestrian zone in the city of Girona. Two fossil-bearing limestone slabs from middle Eocene 
(Bartonian) layers of a quarry in the wider surrounding area north-west of Barcelona, were CT-scanned in the Clínica Girona to en-
hance more detailed investigations. Post-processing of the scans and, as far as possible, 3D-reconstruction of the preserved elements 
in the slabs was performed at Museum für Naturkunde Berlin. Thereby, a skull of a Dugong specimen was used as a reference point. 
Based on the combined analysis of macroscopic and CT-data, the specimen most likely represents Prototherium ausetanum Balaguer 
& Alba, 2016 and complements the available information of the holotype and hitherto only known specimen of that species. The 
Girona specimen is an adult, but small individual that corroborates P. ausetanum as a generally small-sized species compared to other 
known Prototherium taxa.
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Introduction

In a preceding study (Voss et al. 2019), one of the oldest 
sirenian remains in Europe found under peculiar circum-
stances was introduced to the scientific community and 
the wider audience of citizen scientists and the general 
public interested in geological heritage and geotourism.

Two limestone slabs from the late middle Eocene of 
Sant Vicenç de Castellet (Catalonia, NE Spain, Fig. 1) 
were once processed in a pedestrian pavement in the city 
of Girona and were recently detected to contain remains of 
an extinct sirenian, a large, herbivorous marine mammal. 
Based on macroscopic investigations and first CT-data, 
the fossil find could be confirmed as belonging to a single 
specimen (Voss et al. 2019). As such, it is a particularly 
lucky circumstance that the two fossil-bearing slabs have 

been placed precisely next to each other. Furthermore, 
Voss et al. (2019) could limit the relative age of the spec-
imen and its taxonomic identity. Mainly judging from the 
dental formula, this sea cow material represents a young 
adult belonging to the genus Prototherium.

The objective of this follow-up article is to verify the 
preliminary results from Voss et al. (2019) by resolving 
other still outstanding issues. The latter refers especially 
to the taxonomic assignment on the species level. For the 
time being, the Girona sea cow is tentatively assigned to 
P. ausetanum considering the palaeobiogeographic and 
stratigraphic background. If this can be confirmed, this 
specimen would complement the available information 
of the holotype, and hitherto only known specimen, of 
P. ausetanum described by Balaguer and Alba (2016). 
Based on CT-data and subsequent 3D-reconstruction of 
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the preserved sea cow remains, the identification of addi-
tional diagnostic features referring to the snout region, 
the dentition, and the basicranium is uncovered. As a 
consequence, this allows a more accurate morphological 
and taxonomic interpretation of the Girona specimen. In 
light of the wider picture, this study will help to better 
understand the evolutionary history and diversity espe-
cially of Eocene sirenians.

Material and methods

For this subsequent and complementing article on fossil 
remains of a sea cow found in two slabs in the pedestrian 
zone in the city of Girona, CT-scans made at the Clínica 
Girona were analyzed in detail as best as possible. The CT 
used here was a GE light speed Optima CT520 (General 
Electric Company, GE Healthcare, Chalfont St Giles/UK) 
and was utilized under the following protocol parameters: 
slice thickness 0.625 mm; space 0.31 mm; pitch 0.56 mm; 
single collimation width 0.625 mm; pixel spacing 0.4 × 
0.4; matrix 512 × 512; field of view 250 mm; convolution 
kernel: Boneplus; tube voltage and stabilizer 120 kVp, 
140 mA. Post-processing of the scanned slabs, i.e., 
segmentation of the individual bones and the combina-
tion of the separate section planes in 3D, is hampered by 
inclusions of iron-rich minerals and by the characteristic 

thick and dense sirenian bones itself keeping the contrast 
between bone and surrounding limestone relatively low. 
Nevertheless, the individual bones could be segmented 
and combined in 3D allowing further morphological 
examination of the skull. Analysis and visualization of 
the CT-data were performed with VGStudio MAX 2.2.

The taxonomic-morphological comparisons of the 
Girona specimen MAC GIR-042375 are based almost 
solely on personal investigations of the taxa for compar-
ison. This refers to P. veronense De Zigno, 1875 and 
P. intermedium Bizzotto, 1983 from the Bartonian and 
Priabonian of North Italy, respectively, stored at MGPD 
(MV). In each case, the holotype and associated specimens 
were investigated as is provided by Voss (2013: appendix 2). 
One of the results of Voss’ (2013) study is a phylogeny 
of Sirenia based on a revised character-taxon matrix. This 
implies that the character coding of all considered sire-
nian taxa, including P. veronense and P. intermedium, was 
verified and, if necessary due to personal observations, 
adjusted. Morphological characters that are relevant here 
and scored contrary to other studies (e.g., Domning 1994; 
Díaz-Berenguer et al. 2018, 2022) are also stressed in the 
comparative Description chapter. Moreover, the holotypes, 
and hitherto only known specimens, of P. montserratense 
and P. solei Pilleri et al., 1989 were personally examined at 
MGSB (MV, OH). The holotype MGSB 44892 of P. mont-
serratense from Castellbell i el Vilar (Catalonia, Spain) is 

Figure 1. Panoramic view of the SW side of the limestone quarry southeast of Sant Vicenç de Castellet showing the massive blocks 
of Bartonian carbonates bound by micritic matrix, and containing besides macroforaminifers, such as nummulites and discocycli-
nids, bryozoans, corals, and bivalves vertebrate remains (here described: MAC GIR-042375).
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embedded in the surrounding sediment, but still reveals a 
number of cranial and postcranial elements that represent 
“probably a complete animal” (Pilleri et al. 1989: 37). 
Reference to selected material is provided in the chapters 
Description and Discussion when relevant for compar-
ison. The holotype MGSB 48657 of P. solei from Tona 
(Catalonia, Spain) represents a partially preserved spec-
imen. Thereof, the following elements were investigated: 
a skullcap including the frontal, parietal, supraoccipital, 
and the left zygomatic process of the squamosal (MGSB 
48657-1), the left mandibular ramus with M1-3 (MGSB 
48657-2), a premaxillary fragment (MGSB 48657-3), the 
partially preserved maxilla with molars (MGSB 48657-4), 
and the left humerus (MGSB 48657-8). Comparisons with 
Prototherium ausetanum are based on the morphological 
descriptions from Balaguer and Alba (2016).

Institutional abbreviations

MAC, Museu d’Arqueologia de Catalunya, Girona, 
Spain; MGPD, Museo di Geologia e Paleontologia, 
Padova, Italy; MGSB, Museu Geològic del Seminari de 
Barcelona, Spain; RGHP, Réserve géologique de haute 
Provence, Digne-les-Bains, France; ZMB, Museum für 
Naturkunde Berlin, Zoological Collection, Germany

Systematic palaeontology
Class Mammalia Linnaeus, 1758
Afrotheria Stanhope et al., 1998
Tethytheria McKenna, 1975
Pan-Sirenia O’Leary et al., 2013
Genus Prototherium de Zigno, 1887

Prototherium cf. ausetanum Balaguer & Alba, 2016

Nomenclatural remark. The present systematic palae-
ontology considers the quite recently established clade 
Pan-Sirenia, O’Leary et al., 2013. Thereby, O’Leary et 
al. (2013: supplementary material, table 4) apply the total 
group concept (Jefferies 1979) and distinguish between 
Pan-Sirenia as representing the total clade of Sirenia 
Illiger, 1811, whereas Sirenia is redefined and restricted 
to the node-based crown group as the least inclusive 
clade containing all living sirenians, their last common 
ancestor, and all of its descendants. The same concept is 
introduced later again by Vélez-Juarbe and Wood (2018). 
Therefore, priority, and hence reference for Pan-Sirenia, 
is given here to O’Leary et al. (2013).

Material. MAC GIR-042375, partial skull and rib 
remains documented in urban paving stones of Girona, 
Catalonia, Spain.

Locality. Limestone quarry south of Sant Vicenç de 
Castellet, central Catalonia, Spain.

Stratigraphic position. Late Bartonian, middle 
Eocene. The age of the find is corrected from early 

Bartonian (Voss et al. 2019) to late Bartonian (Galindo 
et al. 2003).

Description

The sirenian remains are embedded in a shallow carbonate 
platform sediment consisting of an alternation of biomi-
critic limestones, lutites and bluish-grey claystones 
(Figs 1, 2), and are distributed on two slabs, each measuring 
2 cm in thickness. The preserved elements mainly belong 
to the skull of a single specimen and include parts of the 
rostrum (premaxilla and maxilla), frontal, vomer, basi-
cranium, and fragments of the zygomatic arch (jugal 
and squamosal). From the teeth, the upper molars M1-M3 
including crowns and roots are preserved. Otherwise, 
the dentition is indicated by the presence of alveoli. In 
addition to the macroscopic analysis, CT-scanning and 
post-processing allow more detailed morphological exam-
ination of the preserved skull parts. As already performed 
in Voss et al. (2019), the slab preserving a relative upper 
region of the skull roof and snout is designated as slab 1, 
the other representing a relatively deeper level within the 
skull is designated as slab 2 (Fig. 3).

The first new observation refers to the orientation of 
the single fossil-bearing slabs. With the help of an adult 
skull of the extant dugong (Dugong dugon, ZMB_MAM 
69306), the partial skull was aligned in an anatomically 
correct position mainly considering the slope of both, 
the jugal and the rostrum. As a result, each slab shows 
oblique angles in the transversal plane, hence do not lie 
one-to-one at that specific level. For slab 1, the angles are 
28.22° in lateral view, and 4.3° in frontal view; for slab 2, 
the angles are 28.22° in lateral view, and 6.0° in frontal 
view, respectively (Fig. 3a, b). This explains, amongst 
others, why each slab preserves skull elements from a 
vertically higher level on the right side and from a some-
what lower level on the left side. The same applies to the 
antero-posterior orientation of the slabs, which accord-
ingly show skull elements from a lower level anteriorly 
and cranial parts from a higher level posteriorly. As it 
will be outlined below, the oblique orientation sometimes 
impedes the correlation of specific structures between the 
slabs, which resulted in amendments as to some observa-
tions made in Voss et al. (2019).

The distance between both slabs could be ascertained 
to be 11.4 mm (Fig. 3). As such, a total of 50 mm, i.e., 
40 mm fossil-bearing stone plus circa 10 mm non-pre-
served interspace, is the basis for this study. This equals 
about 50% to 77% of the height of a typical Eocene-
Oligocene sirenian skull (Voss 2013: appendix 3, 
Measurements of crania: top of supraoccipital to ventral 
sides of occipital condyles (de)).

Furthermore, the preliminary results by Voss et al. 
(2019) on the individual age and the taxonomic assign-
ment of the Girona find can be verified.

Voss et al. (2019) determine the Girona specimen as 
representing at least a young adult based on the advanced 



fr.pensoft.net

Manja Voss et al.: Prothotherium from Girona138

state of wear of the M3 and its position at the level of 
the posterior margin of the zygomatic orbital bridge 
(Mitchell 1973). At this point, an amendment to the 
preceding description in Voss et al. (2019) is necessary. 
While the position of the M3 is confirmed in macroscopic 
view and in the CT-scans (Voss et al. 2019: fig. 6b, c), 
the position of M1-2 as shown in slab 1 (Voss et al. 2019: 
fig. 6a) has to be adjusted. The two visible alveoli in the 
latter figure belong most certainly to P4-P3 considering 
the higher anatomical level of slab 1 combined with the 
transversally non-planar cut of the slabs (Fig. 4a).

For relative age determination, it is also highly indic-
ative whether sutures between certain bones are open, 
fused or even obliterated (Pocock 1940; Mitchell 1973). 
The contact between the basisphenoid and basioccipital 
is especially important for the identification of adult-
hood. Elements of the basicranium are clearly and best 
visible on the unpolished bottom side of slab 1 (Fig. 4a) 
showing parts of the basisphenoid, the spheno-occipital 
eminences, and the basioccipital that is mainly preserved 
with its left extension. The anterior ends of the sphe-
no-occipital eminences mark the approximate contact 
between basisphenoid and basioccipital. Both bones are 
considered as being firmly fused, since there is no indica-
tion of a suture. This is also confirmed in the respective 
CT-Scan (Fig. 4b) despite interferences that reduce the 
scan quality. Consequently, the Girona specimen defini-
tively belongs to an adult individual.

With respect to the taxonomic assignment, Voss et 
al. (2019) identified the Girona sea cow as a represen-
tative of the Eocene genus Prototherium (and finally 
P. ausetanum) based on the antemolar dental formula. 

This is corroborated also in this study and observable in 
slab 2 (Fig. 5). Thereby, Fig. 4a reflects mainly alveoli 
in macroscopic dorsal view of slab 2 and Fig. 4b shows 
the corresponding CT-scan with teeth in ventral view of 
slab 2. As a result, four alveoli for single-rooted premo-
lars (P1-4) can be unambiguously ascertained (Fig. 5a). 
The complete number of premolars reflects plesiomorphic 
conditions and is characteristic for Eocene sirenians (e.g., 
Voss 2013). The most important feature is the absence 
of a persistent DP5, a molariform upper deciduous fifth 
premolar, which is a peculiarity in the dental formula 
of Prototherium (e.g., Domning 1994; Bizzotto 2005; 
Balaguer and Alba 2016). While also the lack of DP5 can 
be deduced directly from the preserved maxillary parts 
on the slabs, the presence and absence of alveoli is hardly 
observable in the corresponding CT-Scan even after 
careful post-processing and evaluation of the ventral side 
of the slab (Fig. 5b). This is primarily based on the fact 
that the contrast between sirenian bone and surrounding 
matrix is relatively low. Additionally, inclusions of iron-
rich minerals cause harmful interferences.

Nevertheless, the present results support the Girona spec-
imen as belonging to the genus Prototherium. As such, its 
identification on the species level focusses on comparisons 
with three Prototherium species generally considered valid: 
P. veronense De Zigno, 1875 from the late middle Eocene 
(Bartonian) of Verona (Italy), P. intermedium Bizzotto, 
1983 from the late Eocene (Priabonian) of Possagno 
(north-east from Verona, Italy), and the recently established 
P. ausetanum Balaguer & Alba, 2016 from the Bartonian of 
Tona (Catalonia, Spain). Additionally, the taxonomic-mor-
phological comparisons are complemented by two further 

Figure 2. Modified extract from the geological map (Mapa geològic de Catalunya 1:25 000, Monistrol de Montserrat 392-1-1 
(71-29)) showing the position of the limestone quarry (circle: SE Sant Vicenç de Castellet, E of Llobregat river) from which the 
pavement slabs containing the MAC GIR-042375 Prototherium cf. ausetanum remains came from. All sediments from this area are 
dated to the late Bartonian.
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Figure 3. Spatial orientation of the fossil-bearing slabs in A. Lateral view; B. Frontal view. CT-scans of the upper slab 1 and the 
lower slab 2 (both in color) are aligned in an anatomically correct position using the extant dugong as reference (grey-scaled CT-
scan of Dugong dugon ZMB_MAM 69306).



fr.pensoft.net

Manja Voss et al.: Prothotherium from Girona140

Prototherium species from the Bartonian of Catalonia, P. 
solei Pilleri et al., 1989 and P. montserratense Pilleri et al., 
1989. As it will be discussed later, their status and affinities 
are uncertain (e.g., Domning 1996; Bizzotto 2005; Balaguer 
and Alba 2016). However, the geographic and stratigraphic 
occurrence of both species raise particular relevance for the 
comparison with specimen MAC GIR-042375 from Girona.

The subsequent new results on the morphology and 
taxonomy of the Girona specimen include additional 
data on the premaxilla, the maxilla (zygomatic-orbital 
bridge), the basicranium, and the dentition. All compara-
tive descriptions rely on the preserved features only.

For the premaxilla, plesiomorphic conditions of the 
dental formula have been assumed by Voss et al. (2019). 
However, analyses of the CT-scans do not allow drawing 
further conclusions on this. While one pair of upper incisor 
tusks (I1) is clearly indicated by distinct alveoli and verified 

by both, macroscopic and CT-data (Fig. 5a, b), further 
alveoli, i.e., for a second and third upper incisor (I2-3), 
cannot be ascertained from the CT-scans. Although the 
premaxillary dental formula is known to be complete in P. 
veronense and P. intermedium and hence would not provide 
a distinctive feature on species level here, the morpholog-
ical information of the Girona specimen remains limited 
in this regard. As such, the available data of the holotype 
of P. ausetanum cannot be complemented assuming that 
the Girona sea cow is a representative of that species. The 
same applies to P. solei and P. montserratense. While P. 
solei shows an incomplete premaxilla that does not reveal 
informative characters relevant here, the premaxilla of P. 
montserratense is temporarily not accessible, because the 
holotype specimen is still embedded in sediment.

Further preserved diagnostic features of the premaxilla 
refer to the length of the alveolus for the first upper incisor 

Figure 4. Prototherium cf. ausetanum, MAC GIR-042375. A. Photograph; B. Corresponding CT-scan of slab 1 with focus on the basi-
cranium. The unpolished bottom side of slab 1 (A) shows parts of the basisphenoid, the spheno-occipital eminences, and the basioccip-
ital, all of which being firmly fused indicating adulthood. The CT-Scan of the basicranium (B) shows interferences, however, the suture 
between basisphenoid and basioccipital is unequivocally obliterated and estimated to be more or less level with the vertical interference 
(indicated by arrows). Abbreviations: BO, basioccipital; BS, basisphenoid; J, jugal; M, maxilla; PF, pharyngeal fossa; PM, premaxilla; 
P3-4, third and fourth upper permanent premolars; SOE, spheno-occipital eminences; ZOB, zygomatic-orbital bridge of maxilla.
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(I1). Slab 2 reveals the alveoli of both I1 (Fig. 5a, b). While 
the alveolus on the right side is distorted by inclusions, the 
one on the left side is already shown to be tapered dorsally 
indicating the uppermost part of the alveolus (Fig. 5c). 
Slab 2 represents the lower 2 cm of the preserved partial 
skull with the left side reflecting a more ventral level than 
the right side. Hence, it is plausible to conclude that the 

left I1 alveolus definitively did not exceed half the length 
of the premaxillary symphysis considering slab 1 and the 
interspace between slab 1 and 2, both commencing at least 
3 cm (Fig. 5c). Moreover, it is likely that the I1 alveolus 
extends even less than half the length of the symphysis 
similar to P. veronense and P. intermedium (re-scored by 
Voss 2013: character 157), even though it is not exactly 

Figure 5. Prototherium cf. ausetanum, MAC GIR-042375. A. Photograph showing the dorsal side of slab 2; B. Corresponding CT-scan 
showing the ventral side of slab 2 focusing on the dentition; C. CT-scans of anatomically correct combined slab 1 and 2 in lateral view. 
The CT-scan of the lower side of slab 2 (B) reveals the crowns of the upper molars 1–3 (M1-3) with the M3 fully erupted and clearly 
in wear. Abbreviations: BS, basisphenoid; C, upper canine; FI, foramen incisivum; I1, first upper incisor; J, jugal; M, maxilla; M1-3, 
first to third upper molars; P1-4, first to fourth permanent upper premolars; PM, premaxilla; ZOB, zygomatic-orbital bridge of maxilla.
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clear how much of the dorsalmost and ventralmost parts 
of the premaxilla are missing in MAC GIR-042375.

Another morphological feature with diagnostic value is 
related to the position of the zygomatic-orbital bridge of 
the maxilla with respect to the palate (e.g., Domning 1994: 
character 11; Voss 2013: character 21; Springer et al. 
2015). According to Balaguer and Alba (2016), it is more 
or less level with the alveolar plane in P. ausetanum (about 
6 mm above the tooth arcade). This is also the case with 
the Girona specimen as can be inferred from the CT-Scan 
shown in Fig. 4c. In fact, the zygomatic-orbital bridge 
in MAC GIR-042375 is even on the same level with the 
tooth arcade. While this condition is also observable in P. 
solei, this is a strong contrast compared to P. veronense 
and, according to personal observations also to P. inter-
medium, where the zygomatic-orbital bridge is elevated 
above the palate, with its ventral surface lying more than 
15 mm above the alveolar margin (Voss 2013). In P. mont-
serratense, the zygomatic-orbital bridge is not accessible.

The morphology of the basicranium may have very 
likely diagnostic value. As stated above, the basisphe-
noidal-basioccipital region is preserved, which is best 
visible in macroscopic view of slab 1 (Fig. 4a). Amongst 
sirenians, the shape of the spheno-occipital eminences 
varies in either being concave or convex, and therefore, 
may provide differences at species level (Voss 2013). 
While these are convex in P. veronense and P. montser-
ratense, they are concave in P. intermedium. This is a 
similarity with the Girona sea cow MAC GIR-042375. 
The postulated concavities at this level in macroscopic 
view are supported by the respective CT-scan (Fig. 4b). In 
P. ausetanum, this character cannot be assessed, because 
the respective area is incomplete, covered by sediment 
and deformed insofar that bony material from the right 
side overlay the posteroventral region of the skull (Jordi 
Balaguer 2023, pers. comm.). In P. solei, the basicranium 
is not preserved.

At this point also a correction as to the presence of 
a hypoglossal foramen is made (Voss et al. 2019: fig. 
6a). CT-scanning and post-processing do not confirm a 
hypoglossal foramen on the left side of the basioccip-
ital. Instead, the visible “foramen” in Fig. 4 is either the 
result of an inclusion or it could be a ventral excavation 
in the basioccipital, a pharyngeal fossa (PF). However, a 
hypoglossal foramen, if present in that species, would be 
positioned more caudad within the basioccipital.

Moreover, our examination of the preserved M1-3 
crowns in deeper levels of slab 2 further helps to substan-
tiate the taxonomic identity of the Girona specimen 
(Fig. 5a). Compared with the species of Prototherium, 
it shows differences in the mesiodistal length of the 
molars (Table 1). The M1 in MAC GIR-042375 is gener-
ally smaller than in the three Prototherium taxa hitherto 
considered valid with a deviation of about 16% and 
21% in P. veronense and P. intermedium, respectively, 
but only 2% in P. ausetanum if the M1 from the left side 
is compared. The M2 is also distinctly smaller than in 
P. veronense and P. intermedium having a difference of 

18% and 9.5%, respectively, but it is about 5% larger than 
in P. ausetanum. With the exception of P. intermedium, 
which lacks respective information (presumably, because 
both M3 in the holotype are not fully measurable according 
to personal observations), the mesiodistal length of the 
M3 in the Girona sea cow is 11% and 5% smaller than in 
P. veronense and P. ausetanum, respectively.

Extending the comparisons upon the preserved M2-3 

in P. solei and P. montserratense from Spain unveils 
interesting results. The M2-3 in MAC GIR-042375 (and 
in P. ausetanum) is about 13% and 12% larger than 
in P. solei, respectively, making the latter species the 
smallest in terms of the molar dimensions. However, 
compared with P. montserratense, the M2-3 are almost as 
large as in MAC GIR-042375 (Table 1). Taken together, 
these measurements point to a sirenian that is rather small 
compared with the Prototherium taxa from Italy, but that 
is very similar in size compared with P. ausetanum and 
P. montserratense from Spain.

Another molar feature to distinguish MAC GIR-042375 
refers to the shape of the M2-3. Except for P. ausetanum, 
all taxa for comparison show a trapezoid M2, with the 
protoloph each wider than the metaloph, whereas in both, 
MAC GIR-042375 (Fig. 5b) and P. ausetanum (Balaguer 
and Alba 2016: fig. 4), the proportions of the lophs are 
similar resulting in a rather rectangular outline of the M2. 
Similarly, the M3 is trapezoid in all Prototherium species 
from Italy and Spain, but not in MAC GIR-042375 
(Fig. 5b) and P. ausetanum (Balaguer and Alba 2016: 
fig. 4) where the M3 is rather oval and tapering distad.

In the following, the description of specimen MAC 
GIR-042375 is complemented with regard to the 
preserved morphology visible in slab 1 (Fig. 6) in order 
to provide overall insights to the reader.

The CT-scan of the slab represents a relatively deep 
level of the upper part of the skull (Fig. 6b).

After post-processing, the nasal area could be made 
well visible by reconstructing the extension of the vomer. 
The vomer is a mediolaterally thin element and triangular 

Table 1. Mesiodistal length of molars M1-3 of the “Girona spec-
imen” MAC GIR-042375 compared to other Prototherium spe-
cies: data for P. veronense and P. intermedium are taken from 
Pilleri et al. (1989: table VII), and data for P. ausetanum are 
from Balaguer and Alba (2016: table 2). Measurements for 
P. solei and P. montserratense were taken personally and are 
similar or correspond, respectively, to Pilleri et al. (1989: table 
on page 19 and table XIII). l and r correspond to measurements 
from the left and right side, respectively.

mesiodistal length in mm
M1 M2 M3

P. veronense (cast of holotype) 16 21 23
P. intermedium (holotype) 17 19 /
P. ausetanum (holotype) 13.8 l / 

15.5 r
16.3 l / 
16.6 r

21.6 l / 
21.4 r

Girona specimen (MAC GIR-042375) 13.5 17.2 20.5
P. montserratense (holotype) / 17 21
P. solei (holotype) / 15 18 
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in cross section as in other sirenians. It passes through most 
of the internal narial passage, contacts the maxilla later-
ally (and most likely the palatine, that, however, cannot be 
distinguished here) and extends in a longitudinal groove 
on the dorsal surface of the maxilla slightly forward into 
the mesorostral fossa (external nasal opening). Anteriorly, 
the vomer builds up the nasal septum. Posteriorly, the 
vomer runs indistinctly out into the basicranium.

On the left side, parts of the frontal are visible with 
the slightly downturned supraorbital process. A complex 
of remnants of the left jugal anteriorly and the left zygo-
matic process posteriorly indicate the zygomatic arch of 
the squamosal.

Discussion

The analysis of the CT-Scans resulted in a genuine added 
value in terms of supplemented morphological data that 
allow for a more coherent taxonomic assignment of the 
Girona sea cow.

First of all, this specimen is undoubtedly considered 
as representing a Prototherium species. As mentioned 
above, the key characteristic for the genus Prototherium 
is the lack of a persistent DP5/ DP5 (e.g., Domning 1994; 
Bizzotto 2005; Balaguer and Alba 2016) that is also 
supported in this study.

Taking into account observations in more derived sea 
cows, i.e. members of the Dugonginae that show mesial 
drift of their molars and, as a consequence, lose preceding 
teeth in lifetime, one can argue that there may have been 
an unreplaced DP5 that was worn out and shed given the 
advanced age of the Girona specimen. The gap between 
P4 and M1 would then have been closed by mesial 
drift. Although this is an interesting perspective, it is 
likewise a difficult one. For example, there are two spec-
imens known from Eocene strata representing adults of 
“Halitherium” taulannense that show irregular resorption 
of DP5/DP5 (holotype skull RGHP D040 and paratype 
mandible RGHP E.7.096a (Voss 2013)). The respective 
specimens reveal traces of resorption in so far that the 
area between P4/P4 and M1/M1 is roughened and spongy, 

Figure 6. Prototherium cf. ausetanum, MAC GIR-042375. A. Photograph; B. Corresponding CT-scan of slab 1 providing data on 
the overall morphology of the specimen. Abbreviations: BC, basicranium; F, frontal; M, maxilla; PM, premaxilla; V, vomer.
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but still retracing the former alveoli. Mesial drift however 
is not indicated in those specimens.

Traces of resorption are commonly present in spec-
imens that are known to have lost teeth due to mesial 
drift, especially amongst members of the subfamily 
Dugonginae that are characterized by the reduction of 
the antemolar dentition (e.g., Domning 1989). According 
to Luckett (1993), resorption can take place in different 
degrees. For example, this is observable in the maxilla 
of Dioplotherium manigaulti Cope, 1883 in which the 
antemolar area is characterised by bone-filled, degener-
ated alveoli indicating the former presence of deciduous 
premolars; the only distinct socket remaining in this 
roughened area is for the lingual root of the originally 
three-rooted DP5 (Domning 1989). Exactly such traces of 
resorption are missing in the Girona specimen. Instead, 
the area between P4 and M1 appears to be unsuspicious 
as are the roots of the preserved molars that do not indi-
cate mesial drift (Fig. 5a, b). Consequently, the lack of a 
persistent DP5/DP5 as a generic distinguishing feature for 
Prototherium is not questioned here.

Although the data basis remains limited not at least 
due to the lack of material between and in each of the 
two fossil-bearing slabs, the present study provides a 
combination of characters that argues with the utmost 
probability for the Girona specimen as being a represen-
tative of P. ausetanum. Two characters corroborate that 
hypothesis on the species level and refer to the shape of 
the M2 and M3. As outlined above, only MAC GIR-042375 
and P. ausetanum share a rectangular M2 as well as an 
oval M3. Three further characters that do not argue unam-
biguously for a taxonomic assignment to P. ausetanum, 
but can be put into perspective, refer to the mesiodistal 
length of the molar crowns, the position of the zygomat-
ic-orbital bridge, and the shape of the spheno-occipital 
eminences. Of all taxa for comparison, the mesiodistal 
length especially of M2-3 is most similar between MAC 
GIR-042375, P. ausetanum, and P. montserratense. A 
zygomatic-orbital bridge nearly level with the alveolar 
margin is congruent only in MAC GIR-042375, P. auset-
anum, and P. solei. While P. montserratense differs from 
MAC GIR-042375 in having convex spheno-occipital 
eminences (a morphological feature that is also present 
in P. veronense), personal observations of the holotype 
specimen also reveal that it is not fully grown. This is 
indicated by the non-obliterated spheno-occipital suture 
and the only slightly worn M3. As such, the subadult age 
may qualify the current results on the mesiodistal length 
of M2-3 in P. montserratense. The material basis of P. solei 
does not provide further morphological characters that 
can be compared here. However, three differing dental 
characters as mentioned above versus one shared cranial 
character, i.e. the level of the zygomatic-orbital bridge, 
question a taxonomic assignment of MAC GIR-042375 to 
P. solei. Against that background, the feature of concave 
spheno-occipital eminences in the Girona specimen may 
potentially supplement the morphological information of 
the holotype of P. ausetanum, which lacks respective data. 

In fact, these eminences are likewise concave in P. inter-
medium, but the latter differs from MAC GIR-042375 in 
the dental features outlined above and in that the zygo-
matic-orbital bridge is clearly elevated above the alveolar 
margin. As such, the fossil sea cow remains from Girona 
resp. Sant Vicenç de Castellet contribute to more and new 
information that enhance and supplement our knowledge 
on the morphology and, considering the similar age and 
area, distribution of P. ausetanum.

In addition to the morphology, the stratigraphy 
and palaeogeography implicate, at least in part, new 
hypotheses on the taxonomic identity of the species for 
comparison, which, conversely, support the assignment 
of MAC GIR-042375 to P. ausetanum. In the Bartonian, 
potentially four Prototherium taxa are present in southern 
Europe: P. ausetanum (including MAC GIR-042375), 
P. montserratense and P. solei, each from Spain, and 
P. veronense from Italy. For the latter species, different 
and sometimes contradictory information on its geolog-
ical age exist throughout the literature, and therefore, 
this issue shall be clarified first. Apart from Bizzotto 
(1983: 106) and Balgauer and Alba (2016), for example, 
who provided a Bartonian age for P. veronense, it is 
also indicated as coming from late Eocene (Priabonian) 
strata (Domning 1994, 1996; Zalmout and Gingerich 
2012: table 1). Meanwhile, the age of the find locality 
of P. veronense, Monte Duello in the Italian Province of 
Verona, is considered to pertain to the middle Eocene, 
i.e. Bartonian (Zorzin et al. 2012; Zorzin and Frisone 
2013), making this taxon synchronous with the sirenians 
from Spain. The only Prototherium species coming from 
stratigraphically younger sediments, i.e. Priabonian, is 
P. intermedium from Italy (Bizzotto 1983; Domning 
1996). Interestingly, the stratigraphically older and palaeo
geographically more distant species, P. montserratense 
and P. solei (Pilleri et al. 1989), are considered synony-
mous with P. intermedium, either both (Domning 1996) 
or only P. solei (Sagne 2001; Balgauer and Alba 2016). 
New hypotheses about the validity of the synonymously 
treated species are discussed as follows.

As outlined above, the present study provides morpho-
logical information from the not yet fully prepared holotype 
of P. montserratense that is even now valuable for compar-
ison. For the time being, the morphological characters of 
it presented here argue for a species distinct from P. inter-
medium, hence, neither supporting a synonymy (Domning 
1996: 388) nor the status of a subspecies (Bizzotto 2005) 
with the latter taxon. While Sagne (2001) already refuted 
the synonymy of P. montserratense with P. intermedium on 
a morphological basis, the distinction of both is also rein-
forced by their stratigraphic and palaeogeographic data. 
Moreover, P. montserratense is not considered a nomen 
dubium (Balguer and Alba 2016) though this treatment 
is well noted as being only provisional pending further 
investigations. Instead, similarities with P. veronense 
(and differences with P. intermedium) like convex sphe-
no-occipital eminences, may argue for the hypothesis 
that P. montserratense is a subadult representative of the 
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former, hence potentially synonymous with P. veronense. 
Such synonymy that was also pondered by Balaguer and 
Alba (2016) would be additionally in accordance with 
the stratigraphic occurrence of both and the consideration 
of sirenians as migrating species. This hypothesis finds 
support through a number of other morphological features 
that are, however, not present in the object of this study. 
Taking into account that a taxonomic revision of the genus 
Prototherium is not the scope of the present study, this 
shall nevertheless be shortly outlined here. For example, 
P. veronense and P. montserratense show a ventral border 
of the horizontal mandibular ramus that is tangent to the 
angle as well as a posterior border of the mandible that has 
a distinct steplike process below the condyle, both char-
acter states contrasting with P. intermedium (Voss 2013: 
appendix 4). Therefore, it shall be emphasized here that 
it is highly relevant to examine the holotype specimen of 
P. montserratense completely in order to clarify its status, 
either as a distinct, and hence valid species, or a synonym 
of P. veronense.

Similarly, P. solei is questioned here to be either a 
junior synonym (Domning 1996; Sagne 2001; Balaguer 
and Alba 2016) or a subspecies (Bizzotto 2005) of P. 
intermedium. On the one hand, the stratigraphic and 
palaeogeographic data provide arguments for a distinction 
of both species. On the other hand, morphological differ-
ences like the position of the zygomatic orbital bridge 
argue against an assignment of P. solei to P. intermedium. 
Considering again characters beyond those preserved in 
the object of this study, the mandibular morphology in 
P. solei reveals an interesting combination of characters. 
The course of the ventral border of the horizontal ramus 
that is most likely tangent with the angle resembles that in 
P. montserratense and P. veronense, whereas the posterior 
border of the mandible seems to lack a distinct process 
below the condyle similar to P. intermedium. In summary, 
P. solei demonstrates similarities and, at the same time, 
differences with all taxa for comparison, including P. ause-
tanum (and MAC GIR-042375). These incongruences 
illustrate that P. solei needs to be carefully reinvestigated 
in consideration of the other Prototherium species aiming 
at a thorough revision of the genus in total. As such, and 
for the time being, P. solei is provisionally treated as a 
distinct species according to Pilleri et al (1989).

Further studies could also help to fix the issue of the 
controversially discussed interrelationships of the genus 
Prototherium, which is shown as para- and polyphy-
letic in Balaguer and Alba (2016) as well as in the first 
(Domning 1994) and the most recent (Díaz-Berenguer et 
al. 2022; Heritage and Seiffert 2022) cladistic analyses of 
sirenians. In Vélez-Juarbe and Wood (2018), the interre-
lationships of Eocene sirenians, including Prototherium, 
are not resolved at all, showing a large polytomy. 
Domning (1996: 388) already assumed that P. interme-
dium is probably generically distinct from P. veronense, 
a hypothesis that has not further developed until to date. 
Therefore, this issue should be rather addressed after a 
thorough taxonomic-morphological revision of the genus, 

including the clarification of the status and affinities of 
P. solei and P. montserratense as outlined above.

This approach is particularly suggested in light of 
an alternative phylogenetic hypothesis that supports the 
monophyly of Prototherium by showing a sister group 
relationship between P. veronense and P. intermedium 
(Voss 2013). This sister grouping is confirmed by a 
unique combination of homoplasies and a good agree-
ment between the phylogeny and stratigraphy (Voss 
2013: fig. 75). Except character 21 referring to the level 
of the zygomatic-orbital bridge (Voss 2013), none of the 
features supporting the sister grouping are preserved in 
MAC GIR-042375. Therefore, Voss’ (2013) data set and 
cladistic analysis shall be updated and tested for stability 
first before further conclusions on the phylogenetic inter-
relationships are drawn.

Considering the bigger picture, better-resolved intra- 
and intergeneric relationships based on new informative 
fossils such as MAC GIR-042375 have the potential to 
contribute to a better understanding of the interrelation-
ships of Eocene taxa and sirenians in total. Although 
this task is beyond the scope of this paper, it shall be 
outlined here that the classification of Sirenia has long 
been controversial. In other words: the traditional clas-
sification concept of Sirenia, which distinguishes four 
families (e.g., Domning 1996), is incongruent with the 
results of phylogenetic analyses of the order. This refers 
especially to the Dugongidae, the family that P. auset-
anum is traditionally referred to according to Balaguer 
and Alba (2016). While only two dugongid groups are 
consistently revealed as monophyletic, the derived 
Dugonginae and Hydrodamalinae, Eocene dugongids are 
conspicuously paraphyletic as well as most of the genera 
(e.g., Domning 1994; Springer et al. 2015). Additionally, 
some approaches (e.g. Vélez-Juarbe et al. 2012; Springer 
et al. 2015) reveal Dugongidae as a clade, whereas other 
studies, including one of the latest (Domning 1994; Voss 
2013; Díaz-Berenguer et al. 2018), do not affirm this 
hypothesis. Consequently, Eocene sirenians, and Eocene 
dugongids from the traditional point of view, represent 
one of the most controversially discussed taxa.

In order to solve this drastic paraphyly problem, Voss 
(2013) proposed the total group concept (Jefferies 1979) 
and distinguishes a stem group, which, by definition, is 
consistently paraphyletic, and a monophyletic crown 
group within the clade Sirenia, hence setting aside the 
traditional classification concept of four sirenian families. 
In the same year, and as already outlined in the Systematic 
palaeontology chapter, O’Leary et al. (2013) introduced 
Pan-Sirenia as the most inclusive group comprising all 
species more closely related to crown-Sirenia than to any 
other living species. This finds also consideration in the 
very latest and total evidence phylogenetic analysis by 
Heritage and Seiffert (2022). As such, Eocene dugongids 
in the traditional sense (compare previous studies cited 
above) fall into the stem group of Pan-Sirenia. Most of 
the more derived dugongids are part of crown-Sirenia and 
form the more exclusive, but monophyletic Dugongidae 
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as defined by Heritage and Seiffert (2022). In terms of 
P. ausetanum, this species has to be considered now as a 
stem-group representative, i.e., a pan-sirenian that falls 
outside crown-Sirenia.

Palaeobiogeographic overview

Fig. 7 shows a comprehensive selection of Eocene pan-si-
renian findings from Central and South Europe, and North 
Africa, providing an overview on the distribution of that 
group in this region and time frame.

There is a rough SW-NE direction or tendency of distri-
bution regarding the geological ages of the records. In the 
southwestern Tethyan area, ear bones from the early Eocene 
(Ypresian) of Tunisia represent the oldest sea cow remains 
(Benoit et al. 2013). Although the taxonomic identity of 
these periotics remains unclear, the morphology of these is 
even more primitive compared to those from the hitherto 
earliest known prorastomids (Prorastomus and Pezosiren), 
and pan-sirenians at all, from Jamaica (Benoit et al. 2013). 
There are also stratigraphically old pan-sirenians known 
from the early middle Eocene (Lutetian) of the Pyrenean 
Basin with taxonomically not further defined postcrania 

from Navarre (late Lutetian of Spain; Astibia et al. 2010) 
as well as the recently established and even older species 
Sobrarbesiren cardieli from Huesca (middle Lutetian of 
northeastern Spain; Díaz-Berenguer et al. 2018). The latter is 
especially interesting since it represents the first adequately 
known quadrupedal sea cow from Eurasia, including several 
skulls and diverse postcranial elements (Díaz-Berenguer et 
al. 2020). In the deepest embayment of the Pyrenean Basin, 
P. ausetanum is documented from younger middle Eocene 
sediments, i.e., Bartonian. This refers to the likely repre-
sentative from Girona described by Voss et al. (2019) and 
reviewed herein, and the holotype specimen from Tona 
(Balaguer and Alba 2016). These records are followed up 
northeastwards by on trend younger fossils such as several 
skulls, mandibles and postcranial material of Eotheroides 
sp. (late Lutetian to Priabonian) and “Halitherium” 
taulannense (Priabonian), both from Taulanne (Alpes-
de-Haute-Provence, France; Domning et al. 1982; Sagne 
2001), and the Bartonian P. veronense (de Zigno 1875) 
and the Priabonian P. intermedium (Bizzotto 1983), both 
from within the Helvetian trough of North Italy. The known 
pan-sirenian fossils from the Eocene of Hungary still show 
a stratigraphic range. While the partial skull and mandibular 
fragment of Sirenavus hungaricus (Kretzoi 1941) as well 

Figure 7. Palaeogeographic map of Europe during the Eocene based on templates of Ron Blakey (2020) showing relevant sirenian 
findings. 1, Pan-Sirenia indet., Ypresian-Lutetian of Jebel Chambi, Tunisia (Benoit et al. 2013); 2, ?Dugongidae indet. (according 
to the traditional classification concept – but most likely Pan-Sirenia indet.), Lutetian of Navarre, Western Pyrenees, Spain (Astib-
ia et al. 2010); 3, Sobrarbesiren cardieli, middle Lutetian of Castejón de Sobrarbe, Huesca, Spain (Díaz-Berenguer et al. 2018); 
4, Prototherium ausetanum, Bartonian of Tona, Catalonia, Spain (Balaguer and Alba 2016); 5, Prototherium cf. ausetanum, late 
Bartonian of Sant Vicenç de Castellet, Catalonia, Spain (this paper); 6, Eotheroides sp., late Lutetian-Priabonian of Taulanne, Alpes-
de-Haute-Provence, France (Domning et al. 1982); 7, “Halitherium” taulannense, Priabonian of Catellane, Alpes-de-Haute-Provence, 
France (Sagne 2001); 8, Prototherium veronense, Bartonian of Monte Duello, N Italy (De Zigno, 1875); 9, Prototherium intermedium, 
Priabonian of Possagno, N Italy (Bizzotto 1983); 10, Sirenavus hungaricus, Lutetian of Felsőgalla, Hungary (Kretzoi 1941); 11, Aniso-
siren pannonica, Lutetian of Oroszlány, Hungary (Kordos 1979); 12, Paralitherium tarkanyense, Priabonian of Felsőtarkány, Hungary 
(Kordos 1977); 13, Sirenia indet. (most likely Pan-Sirenia, see Discussion), Priabonian of Cluj-Napoca, Romania (Fuchs 1970).
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as the maxilla of Anisosiren pannonica (Kordos 1979) are 
recorded from the Lutetian, the mandibles of Paralitherium 
tarkanyense (Kordos 1977) are Priabonian in age. Apart 
from that, a single cranial roof documents a Priabonian 
occurrence in the northeast-most European Tethyan realm 
of the Carpathian Basin and is determined as Sirenia indet. 
from Romania (Fuchs 1970).

In light of this stratigraphic and taxonomic back-
ground, the hypothesis on a Tethyan origin of sea cows 
is reinforced. Pan-Sirenia form a well-substantiated clade 
called Tethytheria together with their extant sister group 
Proboscidea (McKenna 1975; McKenna and Bell 1997). 
While the origin of the latter is well-recorded in Africa, 
the earliest pan-sirenians have long been only known 
from the Eocene of Jamaica (Savage et al. 1994; Domning 
2001a, b). The periotics from the late Ypresian-early 
Lutetian (late early-early middle Eocene) of Tunisia do 
not only represent the oldest sea cow remains from Africa 
(Benoit et al. 2013), but can be now also considered to 
predate Prorastomus sirenoides from Jamaica according 
to Heritage and Seiffert (2022). Additionally, the 
morphology of the ear bones reflects more plesiomorphic 
conditions than those of P. sirenoides (Benoit et al. 2013), 
which is also shown by Heritage and Seiffert (2022), who 
phylogenetically identify the Tunisian find as the basal-
most pan-sirenian. Thus, the morphological, stratigraphic 
and biogeographic evidence corroborates a North African 
origin of Pan-Sirenia that, in turn, contributes to a better 
understanding of the Tethytheria hypothesis (e.g., Tassy 
and Shoshani 1988; Murphy et al. 2001).

Although a fast dispersal remains a solid hypothesis in the 
evolutionary history of stem pan-sirenians (e.g., Domning 
1994), this no longer includes the Jamaican prorastomids 
alone, but also a number of European fossils and taxa from 
the early middle Eocene (Lutetian) as mentioned above. 
Especially the Pyrenean Basin appears to be a kind of hot 
spot that yielded a number of stem sea cows limited to the 
middle Eocene. On the one hand, Sobrarbesiren cardieli is 
the hitherto oldest record of western Europe and the only 
quadrupedal form of Eurasia (Díaz-Berenguer et al. 2018), 
hence providing one of the rare examples for dispersal 
amongst early pan-sirenians that probably had an already 
fully aquatic lifestyle (Díaz-Berenguer et al. 2020: 672). 
On the other hand, the Bartonian P. ausetanum including 
the Girona specimen (Balaguer and Alba 2016; Voss et al. 
2019) indicates further diversification in this area. With 
emphasis on the North African – Eurasian Tethyan realm 
considered here (Fig. 7), the southwestern Tethys is hypoth-
esized as the evolutionary center for Eocene Pan-Sirenia, 
from where they dispersed westwards through the Atlantic 
(Benoit et al. 2013; Heritage and Seiffert 2022) as well as 
northwards through the Tethyan Ocean.

Conclusions

The present study incorporates the non-invasive anal-
ysis of CT-scans and macroscopic data generated from 

a sirenian find embedded in two paving slabs. On the 
basis of these data, and supplementing the results from 
Voss et al. (2019), the Girona sea cow MAC GIR-042375 
belongs to the genus Prototherium and most likely 
represents P. ausetanum Balaguer & Alba, 2016 from 
the middle Eocene of Catalonia (Spain). Morphological 
results on the maxilla, the basicranium, and the dentition 
confirm and complement the available information of 
the holotype of that species. Against the background that 
MAC GIR-042375 is determined as adult, it is especially 
the mesiodistal length of the molar crowns that outline 
P. ausetanum as a small-sized species in general, hence 
distinct from other Prototherium taxa.

Considering the distribution of stem pan-sirenians 
across Eurasia in total, the records not only reflect a rough 
southwest-northeast oriented trend towards younger 
geological ages, but also mark the Pyrenean Basin as one 
of the centers of abundant and well-preserved pan-sire-
nians, including nearly complete skulls and skeletons even 
of a plesiomorphic evolutionary stage like Sobrarbesiren 
cardieli (Díaz-Berenguer et al. 2018).

Data availability

The paving stones containing the fossil sea cow remains 
are being exhibited in the Museu d’Arqueologia de 
Catalunya (Archaeology Museum) in Girona and have 
the collection number MAC GIR-042375.

All CT images of this sirenian are archived in the 
Museum für Naturkunde and accessible through the 
Department of Science Data Management under https://
doi.org/10.7479/c65w-cj22 (Voss et al. 2022; Cranial 
CT-data of Eocene Prototherium ausetanum from 
Catalonia compared to a Dugong skull [Dataset], shared 
under a CreativeCommons CC-BY license).
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