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Abstract The recent finding of a fossil entombed in a Late Cretaceous amber — Oculudentavis
khaungraae — was claimed to represent a humming bird-sized dinosaur. Regardless of the
intriguing evolutionary hypotheses about the bauplan of Mesozoic dinosaurs (including birds)
posited therein, this enigmatic animal demonstrates various morphologies resembling lizards. If
Oculudentavis was a bird, it challenges several fundamental morphological differences between
Lepidosauria and Archosauria. Here we reanalyze the original computed tomography scan data of
the holotype of Oculudentavis khaungraae (HPG-15-3). Morphological evidences demonstrated
here highly contradict the avian or even archosaurian phylogenetic placement of the species. In
contrast, our analysis revealed multiple skull morphologies of HPG-15-3 resembling those of
squamates, including pleurodont marginal teeth, an open infratemporal fenestra, and the presence
of palatal dentition. Based on these new morphological information, the phylogenetic position of
Oculudentavis was analyzed in a data matrix sampling across the Diapsida. Taxon sampling of the
data matrix included multiple species of lizards, birds, and major clades in Lepidosauromorpha
and Archosauromorpha. In the strict consensus tree, Oculudentavis is nested within Squamata.
These results show that morphology of the Oculudentavis khaungraae holotype supports a
squamate rather than avian or dinosaurian affinity of the species.
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1 Introduction

Oculudentavis khaungraae (HPG-15-3) was reported to be the smallest bird ever known,
representing a previously unknown bauplan and ecology in Archosauria (Xing et al., 2020a).

However, the holotype of O. khaungraae shows multiple features resembling squamates,
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including shape of the scleral ring and a possibly open infratemporal fenestra (Bolet et al.,
2020; Li et al., 2020; Xing et al., 2020a). Four months later, the original paper (Xing et al.,
2020a) was retracted for providing inaccurate phylogenetic hypothesis of Oculudentavis
(Xing et al., 2020b). However, the authors claimed that their morphological descriptions of O.
khaungraae (HPG-15-3) remained accurate.

In an updated phylogenetic analysis sampling broadly in Diapsida, the authors argued
HPG-15-3 was a bird (O’Connor et al., 2020). They further noted that the palatal dentition and
infratemporal fenestra in the holotype (HPG-15-3) was poorly preserved, which may render
the phylogenetic assessments of the species equivocal (O’Connor et al., 2020).

Here we reanalyzed the original computed tomography (CT) scan data and provide
detailed morphological descriptions of the holotype of Oculudentavis khaungraae (HPG-15-3).
Using three-dimensional reconstructions and CT slices, we reconstructed the complete orbit,
jugal, and quadrate on the right side of the skull. In addition, we reconstructed the marginal and
palatal dentition of HPG-15-3 to compare with the dentition of lizards and early birds. Based on
the new morphological information, we analyzed the phylogenetic position of O. khaungraae
in a data matrix sampling across Diapsida to test whether it belongs to Aves or Squamata.

As the indicated in the title, the current paper in Vertebrata palAsiatica represents a
reevaluation of available CT-data from a withdrawn paper. No new Myanmar amber was

involved in this study.

2 Material and methods

The original CT scan data was obtained upon request from the authors of original paper
(Xing et al., 2020a). Two 3D format files (9.5 G in total) were combined into one and re-
rendered in Drishti 2.7 (Hu et al., 2020). Scan data were analyzed in Avizo 9.0, VG Studio
Max 3.4, and imaged in Adobe photoshop. Re-analysis 3D reconstruction files see Source data
1. More scanning settings, data information and original 3D reconstructions are available in
Xing et al. (2020a).

Phylogenetic position of Oculudentavis khaungraae was analyzed in a morphological
data set sampling across Diapsida, including 70 taxa coded with 337 morphological characters.
Taxon sampling follow Pritchard and Sues (2019) and O’Connor et al. (2020). Morphological
coding of O. khaungraae was based on our observations of the CT data and a newly
reconstructed 3D model of the holotype (HPG-15-3). The morphological matrix is provided as
an executable TNT file in Appendix 1.

The matrix was analyzed in TNT (Goloboff et al., 2008) with Petrolacosaurus
kansasensis as the outgroup. Implied weighting (k=12) was used in the maximum parsimony
analysis of the phylogenetic relationship (Goloboff, 1993). This method is suitable for
analyzing taxa with strong morphological convergences, such as Aves (Zhou and Zhang,
2002; Xu, 2018). The morphological matrix was subjected to two rounds of heuristic searches
in TNT: 1) 1000 replications of TBR, keeping 10 trees in each replication, saving all trees
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to the RAM; 2) for all trees in the RAM, a second round of heuristic search was performed
with 5 rounds of ratchet, 5 rounds of drifting, and 3 rounds of fusing. For the resulting strict
consensus of the most parsimonious trees, branch support was calculated in TNT using 1000

replications of bootstrap (Felsenstein, 1985).
3 Systematic paleontology

Diapsida Laurenti, 1768
Lepidosauria Haeckel, 1866
Squamata Oppel, 1811
Oculudentavis khaungraae Xing et al., 2020a

Holotype HPG-15-3 (Hupoge Amber Museum, Tengchong, China). A complete skull in
amber.

Type locality and horizon Angbamo site, Kachin Province, northern Myanmar (Xing et
al., 2020a). Cretaceous (Cenomanian) in age (Shi et al., 2012).

Revised diagnosis Oculudentavis khaungraae is a small squamate characterized with
a unique combination of skeletal morphologies: an elongate snout with retract naris; posterior
margin of maxilla terminating at the mid-level of the orbit; more than six posterior maxillary
teeth located beneath the orbit; marginal teeth tightly packed with tooth count exceeding 30;
plicidentine absent at the base of marginal teeth; palatal teeth present as a single row on the
medial branch of the anterior process of pterygoid.

3.1 Morphological descriptions

The skull of O. khaungraae (HPG-15-3) is embedded in amber with all bones preserved
in articulation. Re-analyses of the CT scan data of the holotype skull revealed anatomical
features those are key to understanding the phylogenetic position of O. khaungraae.

At the anterior tip of the snout, the premaxilla is fused with a long nasal process. The
external naris opens dorsally on the snout, surrounded with the premaxilla, nasal, and maxilla
(Fig. 1). The frontal appears to be fused to a single element with no longitudinal suture. In
addition, the frontal demonstrates short ventral downgrowth that do not contact along the
midline of the skull (Fig. 1J). This suggests the olfactory lobe of the brain was not fully
encased in bony structures, which resembles non-burrowing lizards and differs from birds and
dinosaurs (Gauthier et al., 1988; Benton, 2014). Posterior to the frontal, the parietal shows a
possible parietal foramen near the dorsal apex of the skull roof (Fig. 11).

The maxilla contacts the premaxilla anteriorly and extends posteriorly to the mid-level of
the orbit. There are more than 30 tightly packed maxillary teeth; posteriorly in the tooth row, at
least six teeth are located beneath the orbit. The maxilla articulates with the jugal posteriorly.
The jugal is complete on the right side of the skull but broken on the left side (Fig. 1A, B).
The jugal has a smooth posterior margin, lacking contact with the quadrate. The quadratojugal

is absent (Fig. 1A, B), which means the infratemporal fenestra is open in O. khaungraae — a
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condition shared with all squamates but not dinosaurs or birds (Estes et al., 1988; Gauthier et
al., 2012).

In the palate of O. khaungraae, small conical teeth are present on the pterygoids (Figs.
IF, G; 2C, D), contrary to the observations in Xing et al. (2020a) and Bolet et al. (2020).
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Fig. 1 Cranial anatomy of the holotype of Oculudentavis khaungraae (HPG-15-3) based on re-analyses
of the original propagation phase-contrast synchrotron radiation X-ray microtomography data
A, B. three-dimensional CT reconstruction (A) and line drawing (B) of the skull in right lateral view,

showing the absence of quadratojugal; C. ventrolateral view; D. dorsal view, showing the parietal foramen;

E. a two-dimensional CT slice through the dentary, showing a typical pleurodont tooth; F, G. pterygoid tooth
shown in three-dimensional reconstruction (F) and in a coronal plane (G); H. dorsal view; 1. a coronal CT slice
through the skull roof showing the parietal foramen; J. ventral view, with the lower jaw and palate removed to

show the ventral surface of the frontal. A—C, scale bars: 2 mm; D-J, not to scale
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Pterygoid teeth are observed on the right and left pterygoids, forming a single row on the
medial branch of its anterior process (Fig. 2C, D).

The marginal dentition of O. khaungraae is pleurodont (Fig. 2A, B) rather than “acrodont
to pleurodont” suggested by Xing et al. (2020a). Among reptiles, acrodont teeth are ankylosed
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Fig. 2 Dentition of the holotype of Oculudentavis khaungraae (HPG-15-3)
A. three-dimensional reconstruction of the lower jaws showing patterns of tooth attachment
and replacement in the dentary. The line drawing at top right corner depicts the relative position of the
replacement tooth and functional tooth. B. transverse CT slice of the skull showing a cross-section through
the mandibles. C, D. two dimensional (C) and three dimensional (D) sagittal CT slices of the skull through the
right pterygoid, revealing three pterygoid teeth (i-iii) on the anterior process of pterygoid
Abbreviations: lab. wall. labial wall of the groove for tooth attachment;
ling. wall. lingual wall of the groove for tooth attachment. Scale bars: 2 mm
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to the crest of jawbone (Estes et al., 1988), which is present in rhynchocephalians and a
small group of lizards (Chamaeleonidae and Agamidae). In O. khaungraae, the maxillary and
dentary teeth are ankylosed to the jaw with their labial side, demonstrating typical pleurodont
condition (Fig. 2A, B). Furthermore, three-dimensional reconstruction of the dentary shows
that replacement teeth develop posterolingual to the functional teeth (Fig. 2A). This is
consistent with tooth replacement patterns in lizards (Gauthier et al., 2012).

3.2 Morphological comparisons with other squamates

The Squamata comprises four major clades of lizards: Iguania, Gekkota, Scincomorpha,
and Anguimorpha (higher-taxon names sensu Gauthier et al., 2012). In addition, the Serpentes
(snakes), Amphisbaenia, Dibamidae, and the extinct aquatic clade Mosasauria represent
lineages with highly modified skeletons and controversial relationships with the four lizard
clades (Gauthier et al., 2012; Pyron et al., 2013).

Oculudentavis khaungraae demonstrates an elongate snout with a retracted naris, which
differs from species of Iguania, Gekkota, Scincomorpha, Amphisbaenia, Dibamidae, and
Serpentes. In Squamata, narial retraction is a shared derived feature of Varanoidea (a clade in
Anguimorpha, sensu Gauthier et al., 2012), which is convergently developed in Mosasauria.
However, O. khaungraae differs from varanoids and mosasaurs in multiple skeletal features.
The frontal is fused in O. khaungraae but paired in varanoids. The maxilla extends below the
orbit in O. khaungraae but terminates anterior to the orbit in varanoids. Marginal teeth are
tightly packed in O. khaungraae but loosely arranged in varanoids and mosasaurs. Plicidentine
(enamel infoldings at the base of teeth) is absent in the marginal teeth of O. khaungraae but
present in the teeth of varanoids and mosasaurs (Gauthier et al., 2012). A cemented section at
the base of marginal teeth is a derived feature shared among mosasaurs (Caldwell, 2007), but
this feature is absent in the teeth of O. khaungraae.

3.3 Phylogenetic position of Oculudentavis khaungraae

Phylogenetic analysis using implied weighting found two most parsimonious trees with
60.11 steps. In the strict consensus tree (Fig. 3), O. khaungraae is nested within Squamata,
showing unresolved relationships with crown-group squamates and the fossil Huehuecuetzpalli
mixtecus. Oculudentavis khaungraae shares with other squamates the following characteristics
(character number — state number):

32-1, frontal exhibit gradual transverse expansion throughout anteroposterior length;

58-0, jugal lack posterior process;

85-0, pterygoid lack tooth on the lateral branch;

88-0, pterygoids do not contact along the midline of the skull;

89-1, long axis of the lateral process of pterygoid oriented anterolaterally.

Oculudentavis khaungraae shares with other lepidosauromorphs the following
characteristics (character number — state number):

153-1, pleurodont dentition.



Li et al. — Reanalysis of Oculudentavis shows it is a lizard 101

Petroacoaurus kansasens
Orovenator mayorum

Hypuronector limnaios
65 Vall .

us ¢ i
Dolabrosaurus aquatilis
100 Vieoal. us pr
Avicranium renestoi
Drepanosaurus unguicaudatus
I— Coelurosauravus elivensis
Ii': Rautiania spp.
Weigeltisaurus jaekeli
Claudi us germaini
Tropidostoma Zone Younginiform’
Hovasaurus boulei
I—'— Thadeosaurus colcanapi

Acerosod us piveteaui

7

It
zpalli mixtecus
lud, is kh age <
Shinisaurus crocodilurus
—|__|: Uromastyx acanthinura
Iguana iguana
51 I— Gephyrosaurus bridensis
Diphyd. us avonis
Pl phal us robi;
Sphenodon punctatum
Sphenotitan leyesi
Clevosaurus hudsoni
Clevosaurus brasiliensis
Protorosaurus speneri
I Colobops noviportensi
Me hus browni
Howesia browni
Eohyosaurus wolvaardti
90 Rhynchosaurus articeps
94 Hyperodapedon gordoni
Teyumbaita sulcognathus
I: Macrocnemus fuyuanensis
Macrocnemus bassanii
A saurus rotfeldensi:
53 Tanystropheus longobardicus
Ozimek volans
— Tanytrachelos ahynis
Langobardisaurus pandoflii

Boreopricea funerea
86 Kuehneosaurus latus
Icarosaurus siefkeri

70 Teraterpeton hrynewichorum_full
92 Spinosuchus caseanus_(combined)
Trilophosaurus buettneri

60 [ Pamelaria dolichotrachela

Shringasaurus indicus
67 Azendohsaurus laaroussi
Azendohsaurus madagaskarensis

Prolacerta broomi

95 —— Proterosuchus yuani
Y— Proterosuchus fergusi
Erythrosuchus africanus
Euparkeria capensis
Batrach s kupfer
Plateosaurus engelhardti
Coelophysis bauri
Archaeopteryx

Sapeornis cha
Rapaxavis pani
Pterygornis dapingfangensis
Enantiornithes sp.
Ichthyornis dispar
Llallawavis scagliai
Parahesperornis

7
1

eydiowomesoprdo

erjyedaooyoukiy erewenbg

51

eydiowomesoyory

SOULIOJLINESOYITY

Fig. 3 Phylogenetic position of Oculudentavis khaungraae
The data matrix follows Pritchard and Sues (2019) and O’Connor et al. (2020, preprint). In the strict
consensus of the two most parsimonious trees, O. khaungraae is nested within Squamata. Tree length = 60.11,
consistency index = 0.273, retention index = 0.674. Branches with bootstrap values above 50% are labeled

4  Discussion

Instead of demonstrating unequivocal synapomorphies of the Aves, O. khaungraae shows
multiple characters that have rarely been found in any previously known Mesozoic birds or
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non-avian dinosaurs. One of the most controversial characters is the absence of an antorbital
fenestra (Fig. 1A, B). Closure of the antorbital fenestra is widely distributed in various
archosaurs such as crocodilians, ornithischian, and a few crown birds (e.g., shoebills) (Baumel
and Witmer, 1993; Carpenter, 2011; Turner, 2015; Xing et al., 2017); however, presence of
antorbital fenestrae is likely plesiomorphic among paravians, as all the known Cretaceous
birds as well as their closest non-avian paravian relatives (e.g., dromaeosaurids, troodontids)
preserve separate antorbital fenestrae (Rauhut, 2003; Norell et al., 2006; Turner et al., 2012;
Wang and Hu, 2017).

New reconstructions of the mandibles show O. khaungraae has pleurodont dentition. The
dentary of O. khaungraae shows a shallow wall lingual to the tooth row, but this wall does not
encase the base of dentary teeth (Fig. 2B). In Diapsida, pleurodont dentition occurs primarily in
lepidosaurian-line reptiles, including early rhynchocephalians and the majority of lizards (Bertin
et al., 2018). Dinosaurs and crocodylomorphs have thecodont teeth (Fig. 4) that develop in tooth
sockets and grooves (Bertin et al., 2018). For instance, the Late Cretaceous ornithuromorph bird
Hesperornis retain teeth in a groove formed from tooth sockets fusing together and set along the
crest of the tooth-bearing bone (Dumont et al., 2016). The labial and lingual walls of the dental
groove extend dorsally to the same height in Hesperornis (Dumont et al., 2016). However, the
marginal teeth of O. khaungraae are set in a shallow groove whose lingual wall is distinctly
lower than the labial wall (Fig. 2B). In Xing et al. (2020a), non-archosaurian dentition of O.
khaungraae was interpreted as the result of miniaturization. To our best knowledge, there is no
concrete evidence suggesting such drastic change of dentition in miniaturized archosaurs.

The phylogenetic analysis recovered O. khaungraae in Squamata with unresolved
relationship with crown-group squamates and the fossil Huehuecuetzpalli mixtecus. The
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[Nlustrative drawings show comparisons of Oculudentavis khaungraae,
a squamate (green lizard Lacerta bilineata) with a Cretaceous bird (Sapeornis chaoyangensis)
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unique combination of long snout, retracted naris, and tightly arranged marginal teeth in O.
khaungraae finds few parallels among squamates, which renders its phylogenetic position
difficult to resolve in Squamata. In future analyses, adding crown squamates will help resolve
the phylogenetic position of O. khaungraae within Squamata.

5  Conclusion

Oculudentavis means “eye-teeth bird”, yet neither the eyes (scleral ring) nor the teeth
suggest this new species was a bird. Xing et al. (2020a) assigned this enigmatic animal to
Aves based on superficial resemblances, such as the exterior contour of the dome-shaped
cranium and slender rostrum (Xing et al., 2020a). However, our reanalysis of the CT data of O.
khaungraae confirms multiple unambiguous characteristics supporting the squamate affinity
of this animal, including the loss of the infratemporal bar, pleurodont marginal teeth, and
presence of palatal teeth (Figs. 1-4). Our phylogenetic analysis with these new morphological
information supports O. khaungraae as a squamate rather than bird or even archosaur.
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The morphological matrix is provided as an executable TNT file in Appendix 1, which can be found on
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