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Allometric growth and intraspecific variation of the
craniomandibular bones of Tarbosaurus bataar (Theropoda,
Tyrannosauridae): a geometric morphometric approach
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Since it was first described in 1955, many fossils of the tyrannosaurid theropod
Tarbosaurus bataar have been recovered from the Upper Cretaceous Nemegt Formation
of Mongolia and its contemporaneous units in east Asia. Among these, there were indi-
viduals of different sizes and stages of maturity, but not much research has been done
on the changes that occurred during the growth of this dinosaur. In this work, growth
trajectories in the shape of various, individual craniomandibular bones of Tarbosaurus
bataar are examined through geometric morphometrics. Several major changes in cra-
niofacial anatomy are observed through the growth series, including increases of the
relative heights of the dentary, jugal, maxilla, and nasal; the transition of the lacrimal
from a T-shape to a 7-shape; negative allometric growth in the anteroposterior length
of the orbit; increased sizes of the cornual processes of the postorbital and the ventral
flange of the jugal; broadening of the frontal accompanied by an enlargement of the
dorsotemporal fossa; and widening and thickening of the nuchal crest so that the mid-
length of the parietal appears relatively narrower. Such results indicate the main allo-
metric shape change patterns in craniomandibular anatomy of Tarbosaurus bataar were
broadly congruent with those of other tyrannosaurids, particularly with Tyrannosaurus
rex. It is assumed that many of these changes were related to disproportionate increase
of the bite forces and strengthening the skull structure during growth. Additionally, a
significant amount of variation appears to be uncorrelated with size, suggesting that
Tarbosaurus bataar, like other theropod dinosaurs, had significant intraspecific varia-
tion in craniomandibular anatomy. [ Dinosauria, Evolution, Ontogeny, Development,
Skull, Tyrannosaurus rex, Tarbosaurus bataar.
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Tarbosaurus bataar is a large tyrannosaurid thero-
pod found in the upper Cretaceous (?Maastrichtian)
Nemegt Formation of Mongolia, and the Subashi
Formation of China. Fragmentary large tyrannosau-
rid remains from other upper Cretaceous units of
eastern Asia may be referable to this taxon (Currie
2003a, b; Holtz 2004). Some specimens of this taxon
were initially referred to as a species of the genus
Tyrannosaurus (Maleev 1955a). Tyrannosaurus bat-
aar was based on a large skull (PIN 551-1) from the
Nemegt Formation. In a nearly simultaneous publica-
tion, Maleev (1955b) described Gorgosaurus lancina-
tor, Gorgosaurus novojilovi and Tarbosaurus efremovi
based on three specimens (PIN 553-1, 552-2, and
551-2 respectively) from the same area, as he con-
sidered that differences in overall sizes, dimensions
of the skulls, shapes of the orbits, and proportions of
the postcranial skeletons were sufficient to distinguish

them from Tyrannosaurus bataar and from each
other. However, Rozhdestvensky (1965) recognized
these taxa represent an ontogenetic series of a single
taxon (in which Tyrannosaurus bataar has priority).
Furthermore, he introduced the new combination
Tarbosaurus bataar for this Mongolian tyrannosau-
rid as he considered it to be different enough to be
classified as a distinct genus from the North American
Tyrannosaurus.

The work of Rozhdestvensky (1965) was among
the first to describe the dramatic ontogenetic changes
in cranial and postcranial anatomy of tyrannosau-
rids, from juveniles with slender bauplans, grac-
ile skulls with labiolingually narrow teeth to adults
with robust bauplans, deep skulls and robust teeth.
Since then, growth changes in cranial and skeletal
anatomy of tyrannosaurids have been thoroughly
described, particularly focusing on North American
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taxa (Russell 1970; Carr 1999, 2020; Currie 2003a, b;
Carr & Williamson 2004; Voris et al. 2019, 2022;
Funston et al. 2021; Yun 2023). After the description
and naming of this taxon, many additional specimens
of Tarbosaurus bataar have been recovered, and per-
tain to different stages of growth (Hurum & Sabath
2003; Brusatte et al. 2010, 2012a; Tsuihiji et al. 2011;
Currie 2016; Jerzykiewicz et al. 2021; Yun et al. 2022;
Lee et al. 2023).

Despite this wealth of specimens, however, lit-
tle has been described about the morphological
changes that occurred in the growth of Tarbosaurus
bataar since Rozhdestvensky (1965), who briefly
described the changes in skeletal proportions and
increases in ‘robusticity’ of several bones. This is
partly due to the fact that although large numbers of
Tarbosaurus bataar have been discovered, very few
have been described (Hurum & Sabath 2003; Brusatte
et al. 2010; Currie 2016; Jerzykiewicz et al. 2021;
Lee et al. 2023). Although specimens that pertain
to early stages of ontogeny (two-to-three-year-olds)
of this taxon have been described (Currie & Dong
2001; Tsuihiji et al. 2011), individuals that represent
‘intermediate’ growth stages between small juveniles
and large adults have not been described since the
mid-20th century (Maleev 1955a, b, 1974). As such,
Tsuihiji et al. (2011) suggested that the ontogenetic
trajectory of Tarbosaurus bataar was very similar to
that of any North American tyrannosaurid. This is
based on the fact that two-to-three-year-old individ-
uals of Tarbosaurus bataar (e.g. MPC-D 107/7) show
many similarities to immature individuals of North
American taxa. However, these specimens do not pro-
vide quantitative evidence as it is difficult to compare
individuals corresponding to the ontogenetic stages
between very young offspring and adults. Currie
(2003a) and Delcourt (2016) used different-sized
Tarbosaurus bataar individuals for their bivariate and
morphometric analyses respectively, but their studies
mainly focused on interspecific patterns. Yun et al.
(2022) described ontogenetic allometry of the frontal
bone of Tarbosaurus bataar, but this study involved
only a single cranial element. Furthermore, recent
studies have demonstrated that there is a considerable
amount of intraspecific variation that is unrelated to
growth that is prevalent among non-avian dinosaurs,
which may significantly affect our knowledge about
their palaeobiology (Carpenter 2010; Scannella &
Horner 2011; Smyth et al. 2020). Individual variations
in skeletal morphologies of North American tyranno-
saurids have been thoroughly described (Carpenter
1990; Currie 2003b; Carr 2020; Paulina-Carabajal
et al. 2021; Warshaw & Fowler 2022), but again, little
has been investigated about Mongolian Tarbosaurus

bataar in this respect. The lack of descriptions
regarding allometric, ontogenetic or intraspecific
variation of Tarbosaurus bataar has even led some
scholars to consider several individuals (e.g. PIN 552-2)
as distinct taxa (Carpenter 1992; Olshevsky & Ford
1995), in spite of the work of Rozhdestvensky (1965).
However, most workers on Tyrannosauridae still con-
sider these specimens to represent Tarbosaurus bataar
(Carr 1999; Currie 2003a, b; Holtz 2004).

Geometric morphometric analysis, a method that
quantifies and visualizes shape variation through
homologous landmarks (and the semi-landmarks
between them) keeps the morphological information
in the form of Cartesian coordinates (Bookstein 1991;
O’Higgins & Johnson 1988; Polly 2018). This has
proven to be particularly useful in evaluating allomet-
ric and ontogenetic changes in living and past organ-
isms, including non-avian dinosaurs (Campione &
Evans 2011; Maiorino et al. 2013; Ratsimbaholison
et al. 2016; Knapp et al. 2021; Hedrick 2023). Indeed,
this approach is considered superior to the traditional
morphometric method based on multivariate analy-
sis of several measurements. First, it can capture the
geometric information that is involved in the shape
variation of biological individuals, which is often
ignored in traditional morphometrics. Thereby, it
is able to sieve subtle variations in morphology that
are not easily summarized by simple measurements
(Rohlf & Marcus 1993; Brusatte et al. 2012b; Cooke
& Terhune 2015; Wang & Fang 2023), although this
potentially makes it more susceptible to taphonomic
deformation (Kammerer et al. 2020). Furthermore,
geometric morphometrics itself is designed to com-
plement traditional morphometrics (Adam et al
2013; Cooke & Terhune 2015; Wang & Fang 2023),
in that it allows a comprehensive assessment of shape,
and produces easy visualization of major shape
changes (Hedrick 2023). Based on these advantages,
the geometric morphometric approach is increasingly
being applied to studies of macroevolution, ontogeny,
sexual dimorphism, and systematics of various organ-
isms (Bhullar et al. 2012; Adams et al. 2013; Cooke &
Terhune 2015; Foth et al. 2016; Hedrick 2023; Wang
& Fang 2023).

So far, only a few geometric morphometric stud-
ies include information about ontogenetic variation
of tyrannosaurids, including Tarbosaurus bataar.
And even in these cases, the main focuses are about
the macroevolution of Archosauria or Saurischia on
broad scales (Bhullar et al. 2012; Foth et al. 2016;
Plateau & Foth 2020; Lautenschlager 2022), or com-
pare ecomorphologies of pairs of different theropod
clades (i.e., Ceratosauria and Tyrannosauroidea;
Delcourt 2016). Furthermore, only the overall shapes



of the entire skulls were used in these studies, and as
such the detailed changes in each bone that compose
the skulls were not revealed.

In this work, allometric shape changes in
Tarbosaurus bataar are described using the geometric
morphometric approach, using individual cranio-
mandibular bones from different sized individuals.
Additionally, this provides an opportunity to demon-
strate, and describe the variations within them that
are not related to differences in the sizes of the animals.

Material and methods

The morphological variations in 11 craniomandibu-
lar bones of Tarbosaurus bataar are analysed through
two-dimensional geometric morphometrics by plot-
ting 2D landmarks and semi-landmarks on pub-
lished photographs, rigorous reconstructions, and
unpublished images of some specimens using the
programs tpsDIG and tpsUtil (Rohlf 2015, 2017a,
b). Scale bars were used to scale each digitized spec-
imen. The semi-landmarks were plotted following the
protocol of Ma et al. (2020), which involves drawing
the curves between the landmarks. resampling these
curves through tpsDIG, and changing them to land-
marks by tpsUtil. Landmarks are placed at the inter-
section endpoints of the sutural surfaces of different
bones, or at the maxima or endpoints of the curvature
(e.g. fenestra, fossa), while semi-landmarks are placed
along edges or curves between adjacent landmarks,
with equal distances along a dotted outline, following
the procedures used in previous studies (e.g. Bookstein
1991; Cooke & Terhune 2015; Foth et al. 2016). Due
to inaccessibility of many specimens within exhibit
mounts, as well as postmortem damage, obscured
sutural surfaces in articulated specimens, or the
underdevelopment of key characteristics in immature
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individuals (e.g. cranial ornamentations), some bones
with complex structures, such as the nasal or surangu-
lar, had to be analysed only by their lateral contours.
This suggests that potentially valuable three-dimen-
sional information could be obscured. However, based
on the criteria presented by multiple previous stud-
ies analyzing ontogenetic and allometric changes in
craniomandibular anatomy of non-avian dinosaurs
(Campione & Evans 2011; Maiorino et al. 2013, 2015;
Foth et al. 2016; Ratsimbaholison et al. 2016), most key
allometric growth changes can still be assessed with
a simplified two-dimensional approach. Table 1 and
Supplementary Online Material 1 provides a number
of specimens that are used for analyses of each cranial
bone, and sources of the images used in this study.
Visualization and descriptions of the positions of each
landmark and semilandmark are provided in Figure 1
and Supplementary Online Material 2.

The generated coordinates of landmarks and
semi-landmarks are superimposed using the func-
tion ‘Procrustes fit' through the program Morpho]
(Klingenberg 2011) to generate a covariance matrix.
Superimposing landmark coordinates minimize var-
iations that are caused by non-shape factors such as
position or rotation (e.g. Brusatte et al. 2012b; Foth
& Rauhut 2013). And then, the generated covari-
ance matrices are subjected to Principal Component
Analysis (PCA), also using Morpho] (Klingenberg
2011). The data from all landmarks and semi-
landmarks are summarized into a series of Principal
Component (PC) scores that condense the shapes
of each image, and describe major shape variations
through morphospace.

Additionally, to assess overall allometric shape
changes, regression analyses of Procrustes coordinates
onto log centroid sizes (CS, a proxy for size in geomet-
ric morphometrics that is equal to the square root of
the summed square distances between all landmarks

Table 1. List of craniomandibular elements, number of specimens, landmarks and semi-landmarks used in
this study. See Supplementary Online Material 1 for more details.

Element View Number of specimens Number of Landmarks Number of semilandmarks
Premaxilla Lateral 6 5 6
Maxilla Lateral 13 8 36
Nasal Lateral 7 4 12
Lacrimal Lateral 9 5 17
Jugal Lateral 8 10 11
Postorbital Lateral 8 6 18
Quadratojugal ~ Lateral 8 4 8
Frontal Dorsal 5 10 40
Parietal Dorsal 4 6 38
Dentary Lateral 7 23
Surangular Lateral 5 33
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and their centroid; Mitteroecker et al. 2013) are per-
formed on each of the bones (permutation tests with
10,000 rounds). A growth pattern is considered allo-
metric, or provisionally allometric, when the p-value
of each analysis is significant (p<0.05) or marginally
significant (0.05<p<0.1). Furthermore, the first two
PCs that summarize most of the shape variations are
regressed onto log CS as well. This determines which
shape variations are strongly associated with size, and
if so, how much size changes account for that varia-
tion. When the p-value of each analysis is lower than
0.05 or above 0.05 but below 0.1, allometric growth
is considered to have significantly, or marginally con-
tributed to the variation respectively. The regression
analyses were performed in Morpho] (Klingenberg
2011). Morpho] and tps files including all shapes
and analyses, are provided as Supplementary Online
Material 3. Figures are generated through Morpho]
(Klingenberg 2011) as well as Adobe Photoshop
CS4 software.
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The anatomical nomenclature used in this study
follows Currie (2003b), Carr et al. (2005, 2017), Carr
(2020), Voris et al. (2022), Yun et al. (2022) and Sharpe
et al. (2025).

Institutional abbreviations

AMNH, American Museum of Natural History, New
York, USA; BYU, Brigham Young University Museum
of Paleontology, Utah, USA; LACM, Natural History
Museum of Los Angeles County, Los Angeles, USA;
LH, Long Hao Institute of Geology and Palaeontology,
Inner Mongolia, China; MPC (=GIN, GI SPS), Institute
of Paleontology, Mongolian Academy of Sciences,
Ulaanbaatar, Mongolia; PIN, Palaeontological Insti-
tute of Russian Academy of Sciences, Moscow,
Russia; TMP, Royal Tyrrell Museum of Palaeontology,
Drumbeller, Canada; UMNH, Natural History
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of Palaeobiology, Warszawa, Poland.
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Fig. 1. Tllustrations of the landmarks and semi-landmarks positions on the craniomandibular bones of Tarbosaurus bataar. Landmarks are
shown as red dots, whereas semi-landmarks are marked with a ‘S’ and are shown as grey. See Table 1 and Supplementary Online Material

1, 2 for details.
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Taxonomic referral

Because the Nemegt Formation (and potentially its
contemporaneous strata) have multiple tyrannosaurid
taxa other than Tarbosaurus bataar (Alioramus
remotus, potentially Bagaraatan ostromi and Raptorex
kriegsteini), referral of the specimens analysed in this
work to Tarbosaurus bataar has to be justified. Known
taxa of Alioramini, including Alioramus remotus, are
characterized by numerous synapomorphies includ-
ing an extremely elongated rostrum, increased tooth
count, distinct knobs on the nasal, and a laterally
projecting accessory hornlet on the jugal (Brusatte
et al. 2012a; Foster et al. 2022). None of these fea-
tures are present in specimens analysed in this work.
Raptorex kriegsteini is a controversial tyrannosaurid
taxon because of the immature status of the holotype,
which lacks mature apomorphies (Fowler et al. 2011).
However, it may be distinct from Tarbosaurus bataar
as it possesses some unique characteristics, including
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an extremely thin and straight ventral ramus of the
lacrimal, a distinct, flange-like suborbital ligament
scar of the lacrimal, and unusually tall anteroven-
tral ala of the lacrimal (Carr 2022). Except in cases
where the lacrimal is not preserved, this unique com-
bination of features is not observed in any specimen
analysed in this study. Lastly, Bagaraatan ostromi is
another Nemegt taxon known from a very small juve-
nile and may differ from Tarbosaurus bataar in hav-
ing two surangular foramina (Stowiak-Morkovina et
al. 2024). Such a character is not seen in any of the
specimens analysed in this work. Of note, many of the
craniomandibular features that might be perceived as
autapomorphic for Raptorex kriegsteini or Bagaraatan
ostromi may not be sufficient to sustain the validity
of these taxa, considering the substantial degree of
ontogenetic and intraspecific variation in tyrannosau-
rids (see discussion; e.g. Fowler et al. 2011; Stowiak-
Morkovina et al. 2024). Based on these reasons, we
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Fig. 2. Tarbosaurus bataar premaxilla shape analysed using geometric morphometrics. A, major changes in shape on PC1. B, major changes
in shape on PC2. C, allometric analysis by multivariate regression of shape on log CS. D, two-dimensional morphospace defined by PC1
and PC2. E, scatter plot of regression scores against log CS. Red numbers indicate landmarks and semi-landmarks positions. Light blue
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conservatively refer all the specimens analysed in this
work to as a single taxon, Tarbosaurus bataar, follow-
ing previous idenfitications (e.g. Currie & Dong 2001;
Currie 2003a; Hurum & Sabath 2003; Carr 2005;
Tsuihiji et al. 2011; Delcourt 2016; Yun et al. 2022).
However, we acknowledge that the variation within
the current hypodigm of Tarbosaurus bataar should
be thoroughly examined in the near future, accom-
panied by extensive descriptions and assessments of
the taxonomy of numerous undescribed specimens
that are only provisionally referred to this taxon (see
discussion; e.g. Hurum & Sabath 2003; Currie 2016;
Jerzykiewicz et al. 2021; Lee et al. 2023).

Results

Premaxilla

The regression of Procrustes coordinates onto log
centroid size (CS) for Tarbosaurus bataar premaxillae
shows that 19.3% of the variance is predicted by size
(n = 6), but this result is not statistically significant
(p = 0.4117). A small premaxilla has an anteroposte-
riorly elongate body of the bone, an anteroventrally
elongate external naris, an elongate, dorsoventrally
shallow nasal process that is inclined backwards, and
deep base of the maxillary process (Fig. 2). Large pre-
maxillae have relatively short bodies, short external
nares that have shifted posterodorsally, dorsoventrally
deep, but short nasal processes, and dorsoventrally
shallow maxillary processes (Fig. 2).

The PCA resulted in the first two PCs accounting
for the 78.7% of the total variation (PC1 = 53.1%,
PC2 =25.6%). Negative values of PC1 are associated
with the short premaxillary body, an external naris
that is short and has shifted posterodorsally, a short
but deep nasal process, and a shallow maxillary pro-
cess. Positive values of PC1 describe the anteropos-
teriorly elongate body of the bone; anteroventrally
elongate external naris; a shallow and anteroposte-
riorly elongate nasal process that is inclined poste-
riorly; and a broad maxillary process. PC1 mostly
describes the variation in the relative length of the
premaxilla as well as the length and the anteropos-
terior breadth of the maxillary process (Fig. 2).
Variations described by negative and positive values
of PC2 are broadly similar to those of positive and
negative values of PC1. However, in positive values
of PC2, the ventral part of external naris slopes pos-
teroventrally, whereas negative values of PC2 are
inclined horizontally. The largest proportion of vari-
ation explained by PC2 appears to be in the depth of
the nasal process (Fig. 2).

The regression analysis of the PC1 score against log
CS suggests 14.4% of PC1 can be explained by cen-
troid size (p = 0.4130). The regression of PC2 onto log
centroid size shows that 42.7% of this component is
explained by the size of the bone, and it has slightly
more statistical power compared to PC1 regression
(p=0.1562). Although neither result is statistically sig-
nificant, it is provisionally assumed that the allomet-
ric variation is a subset of the much greater variations
explained by PC1 and PC2. The wireframe graphs
describing the shape differences between specimens
with low and high log CS values are generally simi-
lar to the shape changes associated with low and high
scores of these PCs. Indeed, there seems to a weak
tendency that larger specimens plot in negative PC1,
positive PC2 regions within the morphospace (Fig. 2).

Maxilla

Regression analysis of Procrustes coordinates onto log
CS for Tarbosaurus bataar maxillae reveals that 29.0%
of the variance is predicted by size (n = 13), and the
permutation test indicates the presence of significant
allometric growth (p = 0.0013). In each small maxilla,
the anterior body and the jugal ramus of the bone are
shallow, and the maxillary fenestra is well-separated
from the anterior and ventral margins of antorbital
fossa. Additionally, the alveolar and anterior margins
of the bone are nearly straight, and the angle between
them is relatively low (Fig. 3). In a large maxilla, both
the anterior body and the jugal ramus are dorsoven-
trally deep, both the anterior and alveolar margins
of the bone are convex, and together they meet at a
higher angle, and the maxillary fenestra approaches
the anteroventral corner of the antorbital fossa (Fig. 3).

The first two PCs explain over 67.8% of total shape
variation (PC1 = 45.7%, PC2 = 22.1%). Negative
values of PC1 describe a shallow anterior body and
jugal ramus; nearly straight alveolar margin; gently
inclined, relatively straight anterior margin that meets
the alveolar margin at a shallow angle; and a maxil-
lary fenestra that is well separated from the anterior
and ventral margins of the antorbital fossa. Positive
PC1 scores describe a dorsoventrally deep anterior
body and jugal ramus; a convex anterior margin that
is steeply inclined; a convex alveolar margin; and a
maxillary fenestra that approaches the anterior and
ventral margins of the antorbital fossa. Overall, PC1 is
most closely related to the relative size of the antorbital
fossa and the convexity of the alveolar margin (Fig. 3).
Negative and positive values of PC2 describe the var-
iations that are largely similar to those explained by
corresponding values of PC1, except that the alveolar
margin of the bone is relatively convex, and the dorsal
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Fig. 3. Tarbosaurus bataar maxilla shape analysed using geometric morphometrics. A, major changes in shape on PC1. B, major changes
in shape on PC2. C, allometric analysis by multivariate regression of shape on log CS. D, two-dimensional morphospace defined by PC1
and PC2. E, scatter plot of regression scores against log CS. Red numbers indicate landmarks and semi-landmarks positions. Light blue
wireframes represent the mean of variation, and dark blue wireframes represent major shape variation.

margin of the ascending process is relatively convex in
low PC2 scores; the convexity in the alveolar margin
are most pronounced at anterior region in high PC2
scores; and the maxillary fenestra approaches the ven-
tral margin of the antorbital fossa in high PC2 scores.
Most of PC2 is related to whether the antorbital fossa
is located relatively anteriorly or posteriorly (Fig. 3).

The regression analysis of the PC1 score against log
CS reveals that size explains about 51.0% of PC1, and
this correlation is significant (p = 0.0050). In contrast,
it is revealed that only 21.4% of PC2 is explained by
size, and their relationship is not statistically signif-
icant (p = 0.1169). Indeed, the majority of the large
maxillae are clustered in the greater PC1 morphos-
pace (Fig. 3).

Nasal

The regression of Procrustes coordinates onto log CS
for Tarbosaurus bataar nasals reveals that 32.3% of the
variation is explained by size (n = 7), and a correla-
tion between shape and size is marginally significant
(p =0.0537). In each small nasal, the body of the bone

is dorsoventrally shallow, and its maxillary facet and
dorsal margin are relatively straight. Additionally,
both the premaxillary and subnarial processes are
short, and the external naris is anteriorly positioned.
Finally, the lacrimal facet (line between landmarks
3 and 4; Fig. 1, Supplementary Online Material 2) is
elongate (Fig. 4). In a large nasal, the bone is deep,
and its dorsal margin is convex. Both the premaxillary
and subnarial processes are elongate, and in the case
of the latter the process is shallow. The posterior end
of the external naris has shifted backwards, and the
maxillary facet is deeply concave. Finally, the lacrimal
facet is short (Fig. 4).

In the PCA, the first two PCs represent approxi-
mately 79.5% of the total variation (PC1 = 41.1%,
PC2 = 38.4%). Negative values of PC1 describe short
premaxillary and subnarial processes; a shallow and
anteriorly positioned external naris; a straight max-
illary facet and dorsal margin of the bone; short lac-
rimal facet; and a shallow body of the bone. Positive
values of PC1 describe a deep external naris in which
its posterior end has shifted backwards; elongate pre-
maxillary and subnarial processes; a convex dorsal
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Fig. 4. Tarbosaurus bataar nasal shape analysed using geometric morphometrics. A, major changes in shape on PC1; B, major changes in
shape on PC2; C, allometric analysis by multivariate regression of shape on log CS; D, Two-dimensional morphospace defined by PCI and
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margin of the bone; a deeply concave maxillary facet;
an elongate lacrimal facet; and a deep body. The larg-
est variation explained in PC1 is in the position of the
lacrimal facet (Fig. 4). In negative and positive values
of PC2, the wireframe graphs are broadly similar to
those of positive and negative values of PC1, except
that the subnarial process is deeper; the premaxillary
process is shallower; the lacrimal facet is elongate in
positive values of PC2; and the subnarial process is
shallower, and the lacrimal facet is shorter in nega-
tive values of PC2. Among the variations explained in
PC2, the most significant is whether the most poste-
rior part of the external naris is relatively more ante-
rior or posterior (Fig. 4).

The regression analysis of the PC1 score against the
log CS shows only 2.5% of PC1 is explained by the size,
and its correlation is not significant (p = 0.7690). On
the contrary, the regression of PC2 onto log CS sug-
gests size explains more than 79.1% of PC2, and this is
statistically significant (p = 0.0169). As expected, large

nasals are differentiated from small ones at negative
PC2 values (Fig. 4).

Lacrimal

A regression analysis of Procrustes coordinates onto
log CS for Tarbosaurus bataar lacrimals shows that
35.4% of the variation is explained by size (n = 9), and
its statistically significant nature supports the pres-
ence of allometry (p = 0.0059). In small lacrimals,
the bone is T-shaped, and the anterior and poste-
rior rami are shallow and horizontally oriented. The
ventral ramus is gracile, and relatively tall (Fig. 5). In
large lacrimals, the bone is 7-shaped, and the anterior
ramus is deep and downturned. Additionally, the ven-
tral ramus is broad, but its depth is relatively low in
large lacrimals (Fig. 5).

The first two PCs explain about 83.7% of the total
shape variation (PC1 = 48.3%, PC2 = 35.4%). In
negative values of PC1, the bone is 7-shaped, due to
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dorsoventral inflation of the posterior ramus and the
downturn of the anterior ramus. The overall shape of
the bone is robust due to deepening of anterior and
posterior rami, and the ventral ramus is thick, yet its
relative height is slightly low. In positive values of PC1,
the lacrimal is T-shaped, mainly because the posterior
ramus is dorsoventrally shallow and pointed, and the
anterior ramus is horizontal. Additionally, the ante-
rior, posterior and ventral rami are gracile, and this
is most pronounced at the mid-height of the ventral
ramus. Collectively, PC1 mostly describes the relative
convexity of the posterior ramus, and the orientation
of the anterior ramus (Fig. 5). In negative values of
PC2, the bone is T-shaped, and the anterior ramus
is shallow but elongate. The ventral ramus is slightly
curved posteriorly, and it is relatively low. In positive
values of PC2, the bone is 7-shaped, and the anterior
ramus is deep but relatively short anteroposteriorly.
The ventral ramus curves anteriorly, and it is relatively
tall. The most significant variation described by PC2

appears to be the relative length of the anterior ramus
(Fig. 5).

The regression analysis of the PC1 score against the
log CS shows around 71.3% of PC1 is explained by the
size, and this is statistically significant (p = 0.0023).
In contrast, less than 1.3% of PC2 is found to be
explained by size, but this is not significant statisti-
cally (p = 0.7612). Indeed, within the PC1 versus PC2
morphospace, larger lacrimals tend to have low PC1
values (Fig. 5).

Jugal

The regression of Procrustes coordinates onto log CS
for Tarbosaurus bataar jugals indicates that 27.1%
of the variation is explained by size (n = 8). Given
that a correlation between shape and size is found
to be significant (p = 0.0262), it is clear that allomet-
ric growth was present in the jugal of Tarbosaurus
bataar. In small jugals, the main axis of the bone is



10 Chan-Gyu Yun et al.

MPC-D 100/59
L]
™~
£ oo
g PIN 551-3
5 MPC-D 107/66 o ® ZPAL MgD-1/4
g * MPC-D 107/60 o
o 000
9 2 L]
5 MPC-D 100/65
o
=
‘= 005
a MPC-D 107/7
. ® PIN 552-2

0.05 0.00 0.05 010 015
Principal component 1

MPC-D 100/65
[ ]

log centroid size

small «¢

» (+)

ZPAL MgD-1/4 g
PIN 551-3
MPC-D 100/59 ..

PIN 552-2 ¢ MPC-D 107/60

003

Regression score1

MPC-D 107/66
201 MPC-D 107/7
[

b B B
Log Centroid Size

P large

Fig. 6. Tarbosaurus bataar jugal shape analysed using geometric morphometrics. A, major changes in shape on PC1. B, major changes in
shape on PC2. C, allometric analysis by multivariate regression of shape on log CS. D, two-dimensional morphospace defined by PC1 and
PC2. E, scatter plot of regression scores against log CS. Red numbers indicate landmarks and semi-landmarks positions. Light blue wire-
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relatively horizontal. Additionally, the bone is rel-
atively shallow, and the maxillary ramus is short.
Furthermore, the lacrimal facet (line between
landmarks 3 and 4; Fig. 1, Supplementary Online
Material 2) is anteroventrally positioned, and the
ventral margin of the orbit is elongate. The ascend-
ing ramus is inclined posteriorly, and it appears to
be relatively slender. Lastly, the ventral flange of the
jugal is underdeveloped, and the quadratojugal facet
is dorsoventrally shallow (Fig. 6). In large jugals, the
main axis of the bone slopes posteroventrally; the
bone is dorsoventrally deep; and its maxillary ramus
is elongate. The lacrimal facet is posterodorsally
inclined, and the part that forms the ventral margin
of the orbit is short. The ascending ramus is tall, ver-
tically oriented and anteroposteriorly broad. Lastly,
the ventral flange is well-developed, and the quadra-
tojugal facet is dorsoventrally deep (Fig. 6).

The first two PCs explain about 62.0% of the total
variation (PC1 = 40.4%, PC2 = 21.6%). Negative val-
ues of PC1 describe the relatively shallow body of the
bone; short and shallow maxillary ramus; the elongate
lacrimal facet that slopes anteroventrally; the elongate
ventral margin of the orbit; relatively low and slen-
der ascending ramus; and underdeveloped ventral
flange of the jugal. Positive values of PC1 describe
the dorsoventrally deep body of the bone; deep and
elongate maxillary ramus; short lacrimal facet that is
nearly horizontal; short ventral margin of the orbit;
tall and broad ascending ramus; and well-developed
ventral flange of the jugal. Collectively, the variation
described by PC1 is mostly associated with the rela-
tive position of the lacrimal facet, the height of the
ascending process and the depth of the bone (Fig. 6).
Negative values of PC2 describe the deep maxillary
ramus that is inclined anteroventrally; short lacrimal
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facet; shallow suborbital region; elongate ventral
margin of the orbit; anteroposteriorly short ascend-
ing ramus; and short, shallow facet for the quadra-
tojugal. Positive values of PC2 describe the relatively
shallow maxillary ramus that is inclined anteriorly;
elongate lacrimal facet that is nearly horizontal; anter-
oposteriorly short ventral margin of the orbit; broad
ascending ramus; and elongate and deep facet for the
quadratojugal. Most of PC2 are associated with the
relative length of the ventral part of the orbit, and the
morphology of the quadratojugal facet (Fig. 6).

The regression analysis of the PC1 score against the
log CS shows 44.1% of this component is explained
by the size, and statistically it is marginally significant
(p = 0.0621). The regression of PC2 onto log CS sug-
gests 26.5% of PC2 is explained by the size, but this
result is not significant (p = 0.2042). Certainly, there is
a tendency for large jugals to have higher PC1 values

(Fig. 6).
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Postorbital

The regression of Procrustes coordinates onto log
CS for Tarbosaurus bataar postorbitals indicates
that 46.8% of the variation is explained by the size
(n = 8), and this relationship is statistically significant
(p = 0.0048). In small postorbitals, the anterior ramus
is dorsoventrally shallow and anterodorsally inclined;
the cornual process is underdeveloped; the ventral
ramus is anteroposteriorly short, and its suborbital
process is underdeveloped and ventrally positioned.
This morphology results in a relatively large orbit in
such small specimens. Finally, the posterior ramus is
shallow, horizontal and posteriorly elongate (Fig. 7).
In large postorbitals, the anterior ramus is deep and
ventrally inclined, and its cornual process is tall and
subcircular. Additionally, the ventral ramus is broad,
and its suborbital process is well-developed and is
positioned dorsally. This results in a relatively anter-
oposteriorly short orbit in large specimens. Lastly, the
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posterior ramus is deep, but it is short and slopes ven-
trally (Fig. 7).

The first two PCs explain approximately 71.7%
of the total variation (PC1 = 55.8%, PC2 = 15.9%).
Negative values of PC1 describe a shallow anterior
ramus with an underdeveloped cornual process; large
orbit; slender ventral ramus with underdeveloped
suborbital process; and shallow yet elongate posterior
ramus. Positive values of PC1 describe a deep ante-
rior ramus with well-developed, subcircular cornual
process; anteroposteriorly narrow orbit; broad ventral
ramus with well-developed suborbital process; and
deep but short posterior ramus that curves ventrally.
Collectively, PC1 mostly describes the variation in
the relative size of the cornual process as well as the
shape of the anterior ramus (Fig. 7). Negative values
of PC2 describe a deep, dorsally inclined anterior
ramus; shallow cornual process; anteroposteriorly
short, anteriorly inclined ventral ramus with a small,

A

PC1

log centroid size

small < . P large

Regression score1

ventrally located suborbital process; and short pos-
terior ramus that is inclined dorsally. Positive values
of PC2 describe a shallow anterior ramus with sub-
circular cornual process, vertically inclined ventral
ramus with dorsally located suborbital process, and
an anteroposteriorly short posterior ramus that slopes
ventrally. The most significant variation described by
PC2 appears to be related to how much the posterior
ramus curves downward (Fig. 7).

The regression analysis of the PC1 score against
the log CS shows about 79.2% of PCl1 is explained
by the size of the bone, and this relationship is sta-
tistically significant (p = 0.0074%). In contrast, size
explains about 12.3% of the variation represented by
PC2, and this relationship lacks statistical significance
(p =0.4137). Indeed, large postorbitals are distributed
within the greater PC1 region of the morphospace
(Fig. 7).
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Quadratojugal

The regression of Procrustes coordinates against log
CS suggests 23.4% of the variation of Tarbosaurus
bataar quadratojugals can be explained by size (n = 8).
In small quadratojugals, the squamosal facet slopes
posterodorsally, the anterior process is shallow, and
the jaw joint is inclined dorsally (Fig. 8). In large
quadratojugals, the squamosal facet slopes anterodor-
sally, and the anterior process is dorsoventrally deep.
Finally, the jaw joint has shifted ventrally (Fig. 8).
However, the correlation between the shape and size
for the quadratojugal is found to have a weak statisti-
cal support (p = 0.1006).

The first two PCs explain about 65.5% of the total
variation (PC1 = 35.4%, PC2 = 30.1%). Negative values
of PC1 describe a broad squamosal facet that slopes
posterodorsally; an anteroposteriorly long midheight
of the vertical process; a shallow, short anterior pro-
cess that is slightly inclined dorsally; and a jaw joint
that has shifted posteroventrally. Positive values of
PC1 describe an anteroposteriorly short squamosal
facet that slopes anterodorsally; a short midheight
region of the bone; a deep and elongate anterior pro-
cess that is inclined anteroventrally; and a dorsally
shifted jaw joint. Together, PC1 mostly describes a rel-
ative thickness of the midheight region and the depth
of the anterior process (Fig. 8). Negative values of PC2
describe a broad squamosal facet that strongly slopes
posterodorsally; a shallow, elongate anterior process
in which its tip is slightly inclined dorsally; and a
dorsally positioned jaw joint. Positive values of PC2
describe an anteroposteriorly short squamosal facet
that slopes anterodorsally; a deep anterior process in
which its tip is slightly inclined ventrally; and ven-
trally positioned jaw joint. Collectively, PC2 is mostly
associated with the shape of the squamosal facet
(Fig. 8).

The regression analysis of the PCI score against the
log CS suggests only about 2.0% of PC1 is explained
by the size, and this relationship is not statistically sig-
nificant (p = 0.6873). In contrast, size explains more
than 63.4% of the variation described by PC2, and the
correlation between them is statistically significant
(p = 0.0177). Certainly, small quadratojugals are dif-
ferentiated from the larger ones at negative PC2 val-
ues (Fig. 8).

Frontal

The regression of Procrustes coordinates against
the log CS for Tarbosaurus bataar frontals indicates
that around 81.9% of total shape variation can be
accounted for by allometry (n = 5). In small frontals,
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the body of the bone is triangular, and is anteroposteri-
orly elongate but mediolaterally narrow. Additionally,
the nasal process is mediolaterally wide; the prefron-
tolacrimal process is short and inclined laterally; the
lacrimal socket is elongate but mediolaterally narrow;
the orbital slot is long; the width between the lat-
eral edge of the postorbital buttress and the midline
is significantly narrower compared to that between
the most lateral point of the posterior shelf and the
midline; and the dorsotemporal fossa is short and
inclined anterolaterally (Fig. 9). In large frontals, the
overall body of the bone is rectangular, and is broad
but relatively short. Additionally, the nasal process
is mediolaterally narrow; the prefrontolacrimal pro-
cess is mediolaterally wide and inclined medially;
the lacrimal socket is short but mediolaterally wide;
the orbital slot is short; the width between the lat-
eral edge of the postorbital buttress and the midline
is nearly equal to that between the most lateral point
of the posterior shelf and the midline; and the dor-
sotemporal fossa is broad, and its anterior margin
is oriented mediolaterally (Fig. 9). The correlation
between the size and shape is found to be significant
(p = 0.0096).

The first two PCs account for about 94.9% of the
total variation (PC1 = 90.0%, PC2 = 4.9%). Negative
values of PCI1 describe a mediolaterally narrow but
anteroposteriorly elongate, triangular body of the
bone; a mediolaterally broad nasal process; a short,
triangular prefrontolacrimal process that is inclined
laterally; an anteroposteriorly elongate but mediolat-
erally narrow lacrimal socket; an elongate orbital slot;
a width between the lateral edge of the postorbital
buttress and the midline that is significantly narrower
compared to that between the most lateral point of the
posterior shelf and the midline; and a short dorsotem-
poral fossa in which the anterior margin is inclined
anterolaterally. Positive values of PC1 describe a
broad but short, rectangular body of the bone; a
mediolaterally narrow nasal process; a mediolater-
ally wide, triangular prefrontolacrimal process that
is inclined medially; a short but mediolaterally wide
lacrimal socket; a width between the lateral edge of
the postorbital buttress and the midline that is nearly
equal to that between the most lateral point of the
posterior shelf and the midline; a short orbital slot;
and a broad dorsotemporal fossa in which its anterior
margin extends mediolaterally. Together, PC1 mostly
describes the relative length and width of the bone,
and the broadness of the dorsotemporal fossa (Fig. 9).
Negative values of PC2 describe a broad nasal process;
underdeveloped prefrontolacrimal process; a short
but mediolaterally wide lacrimal socket in which
the posterior margin is inclined anteromedially; a
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short orbital slot; an anteriorly positioned concavity
at the area between the postorbital buttress and the
posterior shelf; and a dorsotemporal fossa in which
the medial part extends posteriorly. Positive values of
PC2 describe a mediolaterally narrow nasal process;
a mediolaterally narrow, triangular prefrontolacrimal
process that is inclined anteriorly; a relatively long but
narrow lacrimal socket; a relatively long orbital slot; a
posteriorly positioned concavity at the area between
the postorbital buttress and the posterior shelf; and
a dorsotemporal fossa in which its anterior margin
is nearly horizontal. Most of PC2 is associated with
the shape of the medial part of the anterior margin
of the dorsotemporal fossa, and the shape of the area
between the postorbital buttress and the posterior
shelf (Fig. 9).

Regression of PC1 against the log CS indicates that
PC1 is significantly correlated with size (p = 0.0099),
and more than 90.7% of PC1 can be explained by

allometry. In contrast, less than 0.2% of PC2 is found
to be explained by size, and the correlation between
them is insignificant (p = 0.9926). Unsurprisingly,
within the PC1 versus PC2 morphospace, the smallest
specimen in the sample (MPC-D 107/7) is differen-
tiated from the larger specimens by its exceptionally
low PC1 value (Fig. 9).

Parietal

The regression of Procrustes coordinates against
the log CS for Tarbosaurus bataar parietals suggests
48.8% of the total shape variation can be accounted
for by allometry (n = 4), and this correlation is statis-
tically significant (p = 0.0370). In small parietals, the
median spur is mediolaterally narrow and anteropos-
teriorly elongate; the sutural surface for the frontal
is mediolaterally wide; the midlength region of the
bone is thick; and the nuchal crest is anteroposteriorly
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thin, transversely narrow and inclined anterolater-
ally (Fig. 10). In large parietals, the median spur is
thick but short; the sutural surface for the frontal is
relatively narrow; the midlength region of the bone
is mediolaterally narrow, and its lateral margin is
strongly concave; and the nuchal crest is thick, medi-
olaterally wide and slightly inclined posterolaterally
(Fig. 10).

The first two PCs explain about 87.5% of the total
variation (PC1 = 53.5%, PC2 = 34.0%). Negative val-
ues of PC1 describe a broad but short median spur;
relatively narrow sutural surface for the frontal; a
transversely narrow midlength region of the bone
with strongly concave lateral margin; and mediolat-
erally wide nuchal crest that is long anteroposteriorly.
Positive values of PC1 describe a narrow, anteroposte-
riorly elongate median spur; a relatively wide sutural
surface for the frontal; broad midlength region of the

bone with weakly concave lateral margin; and medio-
laterally narrow nuchal crest that is anteroposteriorly
thin. Collectively, the variations described by PCl1
are mostly associated with the width and anteropos-
terior length of the nuchal crest, and the width of
the midlength region of the bone (Fig. 10). Negative
values of PC2 describe a broad and elongate median
spur; posterolaterally oriented sutural surface for the
frontal; mediolaterally narrow midlength region of
the bone in which two-thirds of the lateral margin
is nearly straight; and a nuchal crest that is slightly
inclined posteromedially. Positive values of PC2
describe a short and narrow median spur; mediolat-
erally oriented sutural surface for the frontal; medi-
olaterally broad midlength region of the bone; and a
nuchal crest in which its medial part is inclined ante-
riorly. Collectively, PC2 mostly describes the relative
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in shape on PC2. C, allometric analysis by multivariate regression of shape on log CS. D, two-dimensional morphospace defined by PC1
and PC2. E, the scatter plot of regression scores against log CS. Red numbers indicate landmarks and semi-landmarks positions. Light blue
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length of the median spur, and the orientation of the
sutural surface for the frontal (Fig. 10).

The regression of PCI1 against the log CS suggests
approximately 87.0% of PC1 is explained by size, and
this correlation is statistically significant (p = 0.0411).
In contrast, only about 2.8% of PC2 can be accounted
for by allometry, and the relationship between PC2 and
size is not statistically significant (p = 0.7541). Indeed,
large specimens have lower PC1 values, whereas small
parietals exhibit high PC1 scores (Fig. 10).

Dentary

The regression of Procrustes coordinates against the
log CS for Tarbosaurus bataar dentaries suggests
approximately 69.4% of the total shape variation can
be accounted for by allometry (n = 7). In small den-
taries, the overall body of the bone is shallow; the

anterior margin is short, weakly convex and slopes
posteroventrally; there is an anteriorly positioned
inflection point (‘chin’) where anterior and ventral
margins meet; the alveolar margin is weakly con-
cave; the ventral margin is weakly sigmoidal; and the
posterior region is elongate but shallow (Fig. 11). In
large dentaries, the bone is dorsoventrally deep; the
anterior margin is convex, elongate and slopes poster-
oventrally; the inflection point is more posterior; the
alveolar margin is deeply concave; the ventral margin
is sigmoidal; and the posterior region is short but dor-
soventrally deep (Fig. 11). The correlation between the
shape and size is statistically significant (p = 0.0127).
The first two PCs account for about 93.5% of the
total shape variation (PC1 = 78.2%, PC2 = 15.3%).
Negative values of PC1 describe a dorsoventrally deep
body of the bone; a deep, convex anterior margin
that slopes posteroventrally; a posteriorly positioned
inflection point; a strongly concave alveolar margin;



a sigmoidal ventral margin; and a dorsoventrally
deep but anteroposteriorly short posterior region of
the bone. Positive values of PC1 describe a dorsoven-
trally shallow body of the bone; a shallow, weakly
convex anterior margin that slopes posteroventrally;
an anteriorly positioned inflection point; a weakly
concave alveolar margin; a weakly sigmoidal ventral
margin; and an elongate but shallow posterior region.
Together, PC1 mostly describes the variation in the
relative depth of the bone, especially in the posterior
region (Fig. 11). Negative values of PC2 describe a
relatively shallow body of the bone; a convex anterior
margin that strongly slopes posteroventrally; a con-
cave alveolar margin in which the anterior part slopes
anterodorsally; a posteriorly positioned inflection
point; a sigmoidal ventral margin; and relatively long
but shallow posterior region. Positive values of PC2
describe the relatively deep body of the bone; a weakly
convex anterior margin that is oriented subvertically;
a concave alveolar margin in which the anterior part

PC1
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slopes anteroventrally; an anteriorly positioned inflec-
tion point; a sigmoidal ventral margin; and a relatively
deep but short posterior region. The majority of PC2
is related to the shape of the anterior part of the alveo-
lar margin, and the orientation of the anterior margin
of the bone (Fig. 11).

The regression of PC1 against log CS suggests more
than 88.2% of PCI is explained by size, and this corre-
lation is significant (p = 0.0123). In contrast, no signif-
icant relationship is found between PC2 and log CS (p
= 0.7563), and allometry accounts for less than 1.8%
of this principal component. Certainly, large dentaries
are clustered in the negative PC1 region within the
PC1 versus PC2 morphospace (Fig. 11).

Surangular

The regression of Procrustes coordinates against the
log CS for surangular bones of Tarbosaurus bataar
suggests about 23.5% of the variation is explained by
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size (n = 5), but this correlation is not statistically sig-
nificant (p = 0.5806). In small surangulars, the bone
is dorsoventrally shallow; the dorsal margin is gently
convex; the glenoid is short and deep; the posterior
margin of the retroarticular process is shallow and
slopes posteroventrally; the posteroventral margin is
short and weakly convex; the ventral margin is hori-
zontal; and the surangular foramen is small and pos-
terodorsal in position (Fig. 12). In large surangulars,
the bone is dorsoventrally deep; the dorsal margin is
convex; the glenoid is elongate and relatively shallow;
the posterior margin of the retroarticular process is
deep and subvertical; the posteroventral margin is
concave; the ventral margin is relatively short and
slopes anteroventrally; and the surangular foramen is
slightly enlarged and more anteroventral in position
compared to small individuals (Fig. 12).

The first two PCs explain approximately 69.9%
of the total shape variation (PC1 = 40.6%, PC2 =
29.3%). In negative values of PCI, the bone is dor-
soventrally shallow; the dorsal margin is weakly
convex; the glenoid is deeply concave; the posterior
margin of the retroarticular process is deep and rel-
atively straight; the posteroventral margin is shallow,
weakly concave and horizontal; the ventral margin
is relatively straight; and the surangular foramen is
enlarged and is positioned anteriorly. In positive val-
ues of PC1, the bone is dorsoventrally deep; the dor-
sal margin is strongly convex; the glenoid is shallowly
concave; the posterior margin of the retroarticular
process is shallow and convex; the posteroventral
margin is deep and slopes anteroventrally; the ven-
tral margin is concave and slopes anteroventrally;
and the posterior surangular foramen is diminutive
and is posterior in position. The most significant
variation described by PC1 appears to be related to
relative position and the size of the posterior suran-
gular foramen (Fig. 12). In negative values of PC2,
the bone is dorsoventrally deep; the dorsal margin is
convex; the glenoid is short and weakly concave; the
posterior margin of the retroarticular process is rel-
atively shallow and straight; the posteroventral mar-
gin is relatively long and slopes anteroventrally; the
ventral margin is short, concave and slopes anter-
oventrally; and the posterior surangular foramen
is located anteroventrally relative to the posterior
margin of the bone. In positive values of PC2, the
bone is dorsoventrally shallow; the dorsal margin is
gently convex; the glenoid is elongate and concave;
the posterior margin of the retroarticular process
is deep and weakly convex; the posteroventral mar-
gin is short and slopes weakly anteroventrally; the
ventral margin is elongate and nearly horizontal;
and the posterior surangular foramen is positioned

more posterodorsally. The most significant varia-
tion described by PC2 appears to be related to the
orientation of the ventral margin (Fig. 12).

The regression of PC1 against log CS suggests less
than 0.3% of PC1 is explained by size, and this corre-
lation is not statistically significant (p = 0.9272). The
regression of PC2 onto log CS indicates more than
46.0% of this PC can be explained by size, and even
though it is also not significant, it has a slightly higher
statistical power than the case of PC1 (p = 0.1928).
Indeed, there seems to be a tendency for large
specimens to have lower PC2 scores (Fig. 12).

Discussion

Allometric shape change in individual elements

Analyses of various craniomandibular bones of
Tarbosaurus bataar reveal that major allometric
shape changes include dorsoventral deepening of
maxilla, nasal, jugal and dentary; the transition from
a T-shape to a 7-shape of the lacrimal (most likely
due to inflation of the posterior ramus; e.g. Hurum
& Sabath 2003; Tsuihiji et al. 2011); anteroposterior
relative shortening of the orbit (=transitioning from
oval to keyhole-shape) accompanied by broadening
of the postorbital as well as the development of the
suborbital process of the bone; enlargement of the
cornual processes of the postorbital and the ventral
flange of the jugal; widening and relative shortening
of the frontal accompanied by a broadening of the
dorsotemporal fossa; and widening and thickening
of the nuchal crest accompanied by the narrowing of
the midlength region of the parietal. Although three
of the examined parts (premaxilla, quadratojugal,
surangular) are found to be not statistically different
from isometry, it is possible that these cases represent
instances of ‘soft isometry’ that is imposed by small
sample size or the nature of the dataset that is heavily
skewed to relatively large specimens (Brown & Vavrek
2015), or the result of two-dimensional simplifica-
tion of three-dimensional bones. According to Carr
(2020), elements like the premaxilla, quadratojugal
or surangular went through relatively small numbers
of changes during growth compared to many other
craniomandibular bones (maxilla frontal, dentary)
in Tyrannosaurus rex. Given that Tarbosaurus bataar
and Tyrannosaurus rex are closely related, it is rea-
sonable to assume that general trends in growth were
largely similar as well (Carr 2020). If this is the case,
this may be the reason why no significant allometric
growth pattern was observed in these elements com-
pared to other craniomandibular bones in this work.



Indeed, although not being statistically significant,
the allometric shape change trends observed in these
bones, such as the increase of height accompanied by
a posterodorsal shift of the external naris in the pre-
maxilla; concealment (narrowing) of the maxillary
process in lateral view of the premaxilla; shortening
of the premaxilla in lateral view that is assumed to be
the result of mediolateral widening and reorientation
of the bone; increase of the depth of the surangular;
and a posteroventral shift of the jaw joint of the quad-
ratojugal are very similar to those observed in other
tyrannosaurids (Carr 1999, 2020; Voris et al. 2022) or
potentially other archosauriformes (Carr 2020). Thus,
it is provisionally assumed that allometric growth
changes were indeed present in these parts, although
this assumption will need to be tested through reanal-
ysis by including more specimens from a broader size
range in the future.

Collectively, the major growth change patterns
in craniomandibular bones of Tarbosaurus bataar
are largely in accordance with those seen in North
American tyrannosaurids (Carr 1999; Currie 2003a,
b; Voris et al. 2019, 2022), particularly Tyrannosaurus
rex as seen in the transformation of the lacrimal from
a T-shape to 7-shape, an increase of the convexity of
the alveolar margin of the maxilla, development of
the subcircular cornual process of the postorbital,
and the medial inclination of the prefrontolacrimal
process of the frontal (Carr & Williamson 2004; Carr
2020). These results most likely reflect their close evo-
lutionary relationship (Brusatte & Carr 2016; Carr
et al. 2017) as well as great resemblance in external
morphology (Hurum & Sabath 2003). Furthermore,
it provides another quantitative support to prevailing
orthodoxy that overall sequence of growth changes in
craniofacial anatomy of tyrannosaurids is fairly con-
servative within this clade (Carr 1999, 2020; Currie
2003a, b; Carr & Williamson 2004; Voris et al. 2022).
Finally, Tsuihiji et al. (2011) indicated Tarbosaurus
bataar went through an ontogenetic trajectory that
is similar to North American tyrannosaurids like
Tyrannosaurus rex, although no quantitative evidence
was provided. This hypothesis, however, is supported
by our analyses, based on the expanded morpholog-
ical dataset.

The vast majority of these changes are most
likely related to a disproportionate increase of the
bite forces during growth (e.g. Carr 2020). The
increases of the heights of bones that compose the
snout (maxilla, nasal, dentary) indicate an improve-
ment of resistance to loads imposed by biting, tear-
ing or growth-related increases in bite force (Carr &
Williamson 2004; Rayfield 2004; Bates & Falkingham
2012; Brusatte & Carr 2016; Carr 2020; Rowe &
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Snively 2022; Johnson-Ransom et al. 2024). Another
indicator of enhanced bite forces are increases in the
heights and widths of the teeth, which are extreme
in Tarbosaurus bataar and Tyrannosaurus rex in that
the basal widths of the crowns are nearly equal to the
basal lengths (Currie & Azuma 2006; Brusatte & Carr
2016). Increase of depth is also seen in the jugal and
the postorbital, which reflects an increase in height of
the adductor region of the skull, indicating an expan-
sion of the temporal musculature complex (Molnar
2013). Furthermore, these bones provide structural
support of the postorbital region of the skull (e.g.
Rayfield 2004; Sullivan & Xu 2017), and dorsoven-
tral deepening and anteroposterior broadening of
these bones would have made the skull mechanically
stronger. Shape changes in the orbit, such as negative
allometry in anteroposterior length and transition
from oval to keyhole shape that are accompanied
by allometric shape changes of the adjacent bones
(lacrimal, postorbital, jugal), would have made the
skull more beneficial in dissipating and mitigating
feeding-induced stresses, and provide more cranial
strength (Henderson 2002; Lautenschlager 2022). The
changes are also correlated with the negative allomet-
ric growth of the eyeball and brain (Currie 2003b;
Yun et al. 2022). Carr (2020) regarded ontogenetic
transition from T-shape to 7-shape of the lacrimal in
Tyrannosaurus rex was correlated with an increase of
bite force of this taxon, and the shared growth trend
in Tarbosaurus bataar is assumed to be related to the
same phenomenon. The results of this work reaf-
firm those of Yun et al. (2022), who found allometric
increases in the width of the frontal and the extension
of dorsotemporal fossa onto it, and a negative allom-
etry of the relative length of the frontal. The length of
the brain scaled with negative allometry with the body
size in tyrannosaurids (Currie 2003b), and given that
the frontal length is strongly correlated with the size
of the brain, it is no surprise that the length of this
bone grows with negative allometry (Yun et al. 2022).
Widening and expanding of the frontal and the dorso-
temporal fossa, indicate the disproportionate increase
of the jaw adductor musculature and its attachment
area onto the skull roof as the animal grew (Carr
2020; Yun et al. 2022). In this study, the midlength
region of the parietal was found to become propor-
tionally narrower and its lateral edges become more
concave as the animal size increased. Given that this
area represents the medial part of the dorsotemporal
fenestra, which was filled with an enormous volume
of jaw adductor muscles in life (Gignac & Erickson
2017); the narrowing of the parietal midlength region
is probably associated with the broadening of the dor-
sotemporal fenestra as the animals increased in size.



20 Chan-Gyu Yun et al.

Based on these observations, it is probable that shared
allometric growth trends in various craniomandibu-
lar bones (skull deepening, and increased robusticity)
between Tarbosaurus bataar, and other tyranno-
saurids like Tyrannosaurus rex are consequences of
strengthening the skull structure in response to
increased loads imposed by bite forces as well as the
size increases of the adductor musculature during
growth. Observed allometric shape change patterns
suggest that in Tarbosaurus bataar, the relative depth
of the surangular increased and the quadratojugal
jaw joint angled downward during growth, similar
to other tyrannosaurids (Carr 1999, 2020, Voris et al.
2022). However, given that these changes are statisti-
cally indistinguishable from isometry, such interpre-
tation warrants caution.

The fact that some of the allometric shape change
patterns of individual craniomandibular elements
that are related to strengthening the skull struc-
ture in Tarbosaurus bataar (e.g. transition of the
lacrimal from a T-shape to a 7-shape) are similar
to Tyrannosaurus rex over other tyrannosaurids,
indicates the cranium of mature individuals of this
taxon was mechanically stronger than most other
tyrannosaurids, and perhaps capable of generating
higher bite forces. This is provisionally supported
by greatly expanded width of the maxillary and den-
tary tooth crowns of this taxon, which is nearly equal
to the basal length and shared with Tyrannosaurus
rex (Samman et al. 2005; Currie & Azuma 2006;
Brusatte & Carr 2016). Indeed, a study of Sakamoto
(2022) showed that the bite force of Tarbosaurus bat-
aar was significantly higher than other tyrannosau-
rids (Daspletosaurus torosus, Gorgosaurus libratus,
Teratophoneus curriei), even if was not at the level
of adult Tyrannosaurus rex. This may contradict the
results of Johnson-Ransom et al. (2024), which found
the bite force of an adult Tarbosaurus bataar is lower
than that of smaller Daspletosaurus torosus in both
relative and absolute terms. The adult Tarbosaurus
bataar used in that work is based on ZPAL MgD-1/4,
after Hurum & Sabath (2003; E. Johnson-Ransom,
personal communication, 2023). However, the skull
of ZPAL MgD-1/4 is too narrow as reconstructed in
Hurum & Sabath (2003), and in reality, the cranium
of Tarbosaurus bataar is as broad as in Daspletosaurus
torosus (Currie 2003a; Hurum & Sabath 2003, fig. 15;
Paul 2008; Loewen et al. 2013). This may have signif-
icantly affected the results of Johnson-Ransom et al.
(2024), as it would have effects on mechanical strength
of the snout, cross-sectional area of the adductor
chamber, and consequently estimated jaw muscle
forces. Indeed, bending strength analyses of theropod
mandibles have found that the largest albertosaurines

and Daspletosaurus torosus were capable of generating
similar bite forces with similar-sized Tyrannosaurus
rex individuals (Therrien et al. 2005, 2021). Consider-
ing that the mandibular anatomy of Tarbosaurus bat-
aar is largely similar to other tyrannosaurids (Hurum
& Currie 2000; Currie 2003a; Hurum & Sabath
2003), it is expected that the dorsoventral bending
force of the lower jaw (a valid proxy for a bite force;
Therrien et al. 2005, 2021) of an adult Tarbosa-
urus bataar would be similar to equivalently-sized
individual of Tyrannosaurus rex.

The relative size of the cornual process on the pos-
torbital increased as the animals grew. Unless there is
compelling counter-evidence, such as cranial orna-
mentations in non-avian dinosaurs, including thero-
pods, are best interpreted as socio-sexual display
structures (Hone et al. 2012). It is recognized that the
general growth patterns of many sexually selected
traits have positive allometry; the fact that cranial
ornamentations in at least some dinosaurs had such
growth patterns have been suggested as evidence that
they likely evolved as a result of pressures favoring
socio-sexual display signals (Gates et al. 2016; Hone
et al. 2016; Knapp et al. 2021). The positive allometry
in cornual processes in the postorbital in Tarbosaurus
bataar may imply cranial ornamentations in this
taxon, and other tyrannosauroids (for example,
see Brusatte & Carr 2016), were primarily used for
socio-sexual display. Indeed, relative increases of the
sizes of cornual processes in craniofacial bones such
as the postorbital during growth (=positive allome-
try) is observed in other tyrannosaurids as well (Voris
et al. 2019).

According to Sharpe et al. (2025), the ventral
flange of tyrannosaurid jugal, which is often termed
as the ‘cornual process’ or ‘jugal horn’ (Carr et al.
2017; Coppock et al. 2024) and interpreted as a horn-
like, cranial display feature in previous literature
(Sullivan & Xu 2017; Carr et al. 2017), actually repre-
sents a ventral part of an attachment area for the ‘exo-
paria’ muscle or ligament connecting the zygoma and
the mandible. The positive allometry in the ventral
flange of the jugal in Tarbosaurus bataar observed in
this work, would be consistent with a relatively large
‘exoparia’ soft tissue in large individuals. Considering
that a connective tissue bridging the zygoma and the
mandible would be helpful to stabilize the mandible
during jaw movement (Sharpe et al. 2025), a propor-
tionally large ‘exoparia’ in large individuals may have
been helpful to endure high loadings during powerful
bite, feeding and hunting. Such observation is poten-
tially corroborated by an ontogeny of the lateral rugos-
ity of the jugal: a lateral rugosity of the jugal, which
extends anterodorsally from the ventral flange, most



likely represents an anterolateral attachment area of
the ‘exoparia’ (Sharpe et al. 2025). Intriguingly, in
immature tyrannosaurid individuals, including those
of Tarbosaurus bataar (Tsuihiji et al. 2011, fig. 8),
such rugosities are largely underdeveloped or absent,
unlike the adults with highly rugose nature of this
region (Brusatte et al. 2012a; Voris et al. 2022, fig. 6;
Coppock et al. 2024, fig. 5).

Results of this work suggest allometric increases in
the width and anteroposterior thickness of the nuchal
crest of the parietal in Tarbosaurus bataar. Tsuihiji
et al. (2011) also noted an ontogenetic increase of the
height of the crest in Tarbosaurus. Similar trends have
been noted for North American tyrannosaurids as
well (Carr 1999; Voris et al. 2022). Considering that
the nuchal crest served as an attachment area for the
cranial dorsoflexor neck muscles, it is probable that
changes in this area are related to shifts in strength,
mobility of the neck musculature or feeding behav-
ior (Snively & Russell 2007; Tsuihiji 2010; Voris et al.
2022). Note, however, that our sample size of the pari-
etal is small (N = 4), and therefore the observed allo-
metric growth pattern for this element ideally should
have a larger sample size in subsequent studies.

Ontogenetic allometry of Tarbosaurus bataar
craniomandibular bones in comparison with
other tyrannosaurids

The results of this work suggest the main shape
change patterns in craniomandibular anatomy of
Tarbosaurus bataar are broadly congruent with those
of other tyrannosaurids. However, at least some of
the observed modifications deserve some further
discussion as they appear to be unique to this taxon.
These are characters that were unrecognized in pre-
vious works (Tsuihiji ef al. 2011; Yun et al. 2022) that
addressed the ontogeny of Tarbosaurus bataar or bear
some implications about our current knowledge about
growth in tyrannosaurids. In their extensive descrip-
tion about craniofacial ontogeny of Gorgosaurus
libratus, Voris et al. (2022) noted the substantial dor-
soventral expansion of the posterior region of the
dentary during growth, and regarded this as a unique
feature of this taxon. However, it appears that as the
animals increased in size, the posterior region of the
dentary in Tarbosaurus bataar deepened to the extent
that is comparable to, or perhaps even more than what
is observed in Gorgosaurus libratus (Voris et al. 2022,
fig. 9). All tyrannosaurids had an allometric increase
in the depth of the dentary in mature individuals
(Currie 2003a, b; Funston et al. 2021). Given that
some other tyrannosaurids like Daspletosaurus spp.,
Tyrannosaurus rex and Zhuchengtyrannus magnus
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had relative mandibular depths that are no different
from what is observed in adults of Tarbosaurus bat-
aar (Currie 2003b; Hurum & Sabath 2003; Hone et al.
2011), disproportionate increase in the depth of the
posterior part of the dentary is probably more wide-
spread within the clade.

In Gorgosaurus libratus, the maxillary fenestra is
small, and is widely separated from the antorbital
fossa by a bony apron (Currie 2003b). This morphol-
ogy remained constant through the growth series of
this taxon (Carr 1999; Currie 2003b; Voris et al. 2022).
In Tyrannosaurus rex, young individuals have a small
maxillary fenestra that is widely separated from the
antorbital fossa, similar to Gorgosaurus libratus (Carr
1999, 2020; Carr & Williamson 2004). In immature
Tarbosaurus bataar, however, the maxillary fenestra
is widely separated from the antorbital fossa, even
though it is large and is no different in relative size
compared to adults. It appears that it just approached
the anteroventral corner of the antorbital fossa as
the animal grew, like adults of Tyrannosaurus rex
(Carr 1999, 2020; Currie 2003b; Carr & Williamson
2004; Tsuihiji et al. 2011). The recognition of little
change in relative size of the maxillary fenestra dur-
ing growth in Tarbosaurus bataar reaffirms some
of the previous observations (Currie & Dong 2001;
Larson 2013) and provides quantitative support to
them. An early emergence of an enlarged maxillary
fenestra in the growth of Tarbosaurus bataar may
suggest predisplacement peramorphosis occurred in
the development of this feature in this taxon (Carr
2011). Of note, in their description of MPC-D 107/7,
a two- to three-year-old Tarbosaurus bataar, Tsuihij
et al. (2011) noted that while the length of the max-
illary fenestra is longer than the height in the imma-
ture growth stages of this taxon, the height is equal
to the relative length in adults. This growth pattern
was suggested be a unique feature of Tarbosaurus
bataar (Tsuihiji et al. 2011). In regression analysis of
Procrustes coordinates onto log CS for Tarbosaurus
bataar maxillae of this work, however, no clear trend
of the relative increase of the height of the maxillary
fenestra is observed during growth. Given the broad
range of variation in the proportions of the maxillary
fenestra in other tyrannosaurids like Daspletosaurus
spp., or Tyrannosaurus rex (Carpenter 1990; Carr
et al. 2017; Delcourt 2017), this trait may have simply
been a part of individual variation that is unrelated to
growth in Tarbosaurus bataar.

Analysis of the frontal bone shape changes indi-
cates that as the length of the bone increased, the
prefrontolacrimal process widened, and its anterior
tip became hooked medially in Tarbosaurus bataar.
Such ontogenetic variation is noted in Tyrannosaurus
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rex by Carr (2020), and this observation suggests this
growth pattern is shared between these two taxa. This
pattern might be unique to the Tarbosaurus bataar
+ Tyrannosaurus rex clade, because in many other
tyrannosaurids (Gorgosaurus libratus, Teratophoneus
curriei), the prefrontolacrimal process is narrow and
points anteriorly (Voris et al. 2022; Yun 2022). In
Daspletosaurus spp., the process is wide, but points
anterolaterally (Voris et al. 2022).

Intraspecific variation of craniomandibular
anatomy of Tarbosaurus bataar

Given the limited sample size, it is not possible to
fully assess shape changes associated with ontogeny
in Tarbosaurus bataar. While some aspects of the cra-
niomandibular variation observed in this study may
be attributable to differential allometry, the absence
of significant correlations between many PCs and
size suggests that much of the variation is better
interpreted as intraspecific. However, future analy-
ses incorporating a larger number of specimens may
show some variations discussed here are indeed linked
to growth. PC2 of the dentary, which describes the
shape of the anterodorsal tip and the anterior margin
of the bone, is not correlated with size. The differences
in the form of the anterior margins of the dentaries
among tyrannosaurids might have taxonomic signif-
icance (Mallon et al. 2020), but it was argued that a
considerable amount of intraspecific variation is pres-
ent about this feature (Yun 2020a). Indeed, significant
individual variation in the morphology of the dentary,
including the anterior part, was previously reported
in adults of Tyrannosaurus rex (Carpenter 1990). The
results of the analyses in this work, may eliminate
allometry or ontogeny as explanations for the variable
shapes between different tyrannosaurid individuals.

PC2 for the morphometric analysis of the max-
illa shape, is mainly about the relative position of the
antorbital fossa along the anteroposterior axis of the
bone, and is not correlated with size. The positions of
the antorbital fossae would affect the relative lengths
of the subcutaneous regions that are anterior to them.
Some tyrannosaurid maxillae have truncated anterior
regions, and although it has been argued that such
morphological differences indicate taxonomic distinc-
tion (Carpenter 1990), it is now recognized that var-
ious individuals of Daspletosaurus spp., Gorgosaurus
libratus, and Tyrannosaurus rex have such morphol-
ogies (Carr & Williamson 2000). Results of this work
may imply that intraspecific variation in Tarbosaurus
bataar is largely similar to those of North American
tyrannosaurids.

PC2 for the shape of the jugal is not correlated with
the size, and mostly describes the relative length of the
ventral margin of the orbit. Similar intraspecific vari-
ation is present among adults of Tyrannosaurus rex: in
some specimens (LACM 23844), the region is narrow
whereas it is wide in other specimens (AMNH 5027,
TMP 81.6.1; Carpenter 1990, fig. 10.1). Considering
that Allosaurus also shows the same variation that
is unrelated to allometry (Carpenter 2010), such
variation might have been common among large
theropods.

PC2 regarding the shape of the lacrimal is mostly
associated with the relative length of the anterior
ramus, and it lacks correlation with size. Intraspecific
variation of the relative length of this region appears
to be present in Allosaurus (Carpenter 2010, figs 4, 5),
suggesting this might be another case of a widespread
pattern of individual variation among large-bodied
theropods. Apparently, this variation in the lacrimal
is reflected in that of the nasal: PC1 for the nasal shape
mostly describes the position of the lacrimal facet,
and it is not correlated with size.

PC2 of the postorbital shape analysis mostly
describes the degree of the ventral curvature of the
posterior ramus, which contacts the squamosal
in intact skulls (Currie 2003b). Paulina-Carabajal
et al. (2021) suggested that the nature of the contact
between the postorbital and the squamosal is poly-
morphic in Gorgosaurus libratus, Tarbosaurus bat-
aar and Tyrannosaurus rex, but Voris et al. (2022)
considered this to be monomorphic (i.e., different
specimens of the same taxon exhibit a constant mor-
phology). The results of this work lend support to
the argument of Paulina-Carabajal et al. (2021), and
suggest caution is needed about the usage of this fea-
ture to establish taxonomic identity of controversial
specimens. Indeed, similar individual variation is
present in Allosaurus (Carpenter 2010). Given that
all the specimens examined in that work are from
a single locality of the upper part of the Morrison
Formation, they are likely monospecific (Smyth
et al. 2020). This indicates a polymorphic nature of
the postorbital-squamosal contact, exemplified by
Allosaurus (Carpenter 2010) and tyrannosaurids
such as Tarbosaurus bataar, suggest this is a common
pattern among large theropods.

PC1 for the shape analysis of the quadratojugal is
mostly associated with the broadness of the midheight
region and the depth of the anterior process, and it is
not correlated with the size. Although the intraspe-
cific variation of the quadratojugal has received little
attention in the literature, considerable variation in
various cranial bones within a single population of



Allosaurus (Carpenter 2010) provisionally suggests
almost every single bone in the entire theropod skull
exhibited a substantial degree of individual variation
(Smyth et al. 2020), while some of them may repre-
sent taphonomic distortions (Kammerer et al. 2020).
Indeed, it appears that considerable variation in the
morphology of the quadratojugal is present among
adult Tyrannosaurus rex (Carpenter 1990, fig. 10.1;
Warshaw & Fowler 2022). Therefore, it is no surprise
that the quadratojugal of Tarbosaurus bataar exhib-
ited significant intraspecific variability.

PC2 for the frontal shape analysis mostly describes
the orientation of the medial portion of the dorsotem-
poral ridge, and the shape of the area between the pos-
torbital buttress and the posterior shelf. Considerable
variation in the orientation of the anterior edge of the
dorsotemporal fossa is reported in Daspletosaurus
spp. and Tyrannosaurus rex (Carr et al. 2017; Voris
et al. 2020); the results of this work suggest this was
the case for Tarbosaurus bataar as well. The region
between the postorbital buttress and the posterior
shelf is subject to ontogenetic and individual variation
in tyrannosaurids (Carr & Williamson 2004; Lehman
& Wick 2013; Yun 2020b, 2023), and this paper shows
that this was also true for Tarbosaurus bataar. This
suggests caution must be exercised when using this
character to make taxonomic distinctions (McDonald
et al. 2018; Yun 2020b, c).

PC2 regarding the shape of the parietal is mostly
associated with the length and shape of the median
spur that separates the frontals posteriorly, and no
correlation between it and size was found. In adults
of Tyrannosaurus rex, the spur is relatively broad and
wedge-like in some specimens, whereas in others it
is relatively short and narrow (Carr 2020). Results of
this work suggest this region of the skull is subject to
a high degree of intraspecific variation in Tarbosaurus
bataar as well and calls into question of the usage of
the shape of this character in diagnosing tyrannosau-
rids (Fiorillo & Tykoski 2014; Yun 2022; Perry 2023).

PC1 regarding surangular morphology is mostly
associated with the size and the position of the sur-
angular foramen, and it is not correlated with size.
Although diminutive size of the posterior surangular
foramen is sometimes used as an autapomorphy of
Tarbosaurus bataar (Holtz 2004; Tsuihiji et al. 2011),
the results of this work imply polymorphism of this
character within this taxon. Indeed, at least one adult
Tarbosaurus bataar has a significantly enlarged suran-
gular foramen (ZPAL MgD-1/4; Hurum & Sabath 2003,
fig. 1) compared to other individuals of this taxon,
indicating the polymorphic nature of this character
is likely real (e.g. PIN 551-3; Carr et al. 2022, fig. 2).
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A bivariate linear regression analysis of Stowiak-
Morkovina et al. (2024) also found no clear evidence
for relatively diminutive size of the posterior suran-
gular foramen of Tarbosaurus bataar compared with
other tyrannosaurids, and the polymorphic nature of
this character has been noted by these authors as well
(Stowiak-Morkovina et al. 2024, p.34). Furthermore,
considering the fact that the posterior surangular
foramen of tyrannosaurids is most likely a result of
bone resorption induced by a pneumatic divertic-
ulum (Gold et al. 2013), it may be no surprise that
the size, or even the number of the foramen varied
between individuals (Stowiak-Morkovina et al. 2024).

A possibility of polymorphism in the size of the
surangular foramen of Tarbosaurus bataar, may bear
some implications about the taxonomic validity of
the controversial tyrannosaurid taxon, Raptorex
kriegsteini. Initially, Raptorex kriegsteini was erected
as an early-diverging tyrannosauroid with a tyran-
nosaurid-like bauplan, based on incorrect assump-
tions that the holotype (LH PV18) is a subadult
and originated from the early Cretaceous Yixian
Formation of China (Sereno et al. 2009). Later, it
turned out that the holotype is actually from the
upper Cretaceous Nemegt Formation of Mongolia,
and represents a two- to three-year-old juvenile
tyrannosaurine (Fowler et al. 2011). Based on this
information, this taxon has usually been attributed
to a juvenile Tarbosaurus bataar (Fowler et al. 2011;
Snively et al. 2019; Mallon et al. 2020), although
other studies have argued for the distinctiveness of
this taxon (Tsuihiji et al. 2011; Carr 2022). One of
the grounds for claiming LH PV18 is not a juvenile
Tarbosaurus bataar in Tsuihiji et al. (2011), is that
the posterior surangular foramen of this specimen
is relatively enlarged compared to that of a simi-
larly-sized, definitive juvenile Tarbosaurus bataar
(MPC-D 107/7). However, if the size of the posterior
surangular foramen is polymorphic in Tarbosaurus
bataar, this character would be insufficient to be
used to distinguish Raptorex kriegsteini from this
taxon. Additionally, at least some of the charac-
ters that Carr (2022) used to support the validity
of Raptorex kriegsteini deserve some commentary.
Carr (2022) noted that LH PV18 possesses an unu-
sual concavity at the anterolateral corner of the dor-
sotemporal fossa of the frontal that is not seen in
other tyrannosaurids, but such a feature is present
in at least one tyrannosaurid individual (UMNH
VP 16690) that has been assigned to Teratophoneus
curriei (Loewen et al. 2013, fig. 3E). As the holo-
type of that taxon (BYU 8120/9396, in part) lacks
such a feature (Yun 2022), the presence/absence of
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this character may alternatively be interpreted as
intraspecific variation within tyrannosaurids. Lastly,
Carr (2022) noted that LH PV18 lacks a key auta-
pomorphy (the subcutaneous flange of the maxilla)
of Tarbosaurus bataar (Carr & Williamson 2010;
Carr et al. 2022). However, at least some specimens
(MPC-D 100/77, PIN 551-1, 553-1) referred to that
taxon also do not possess such a feature (Carr 2005,
p-685), raising a possibility of polymorphism of this
character. Overall, these may suggest that the differ-
ences between Raptorex kriegsteini and Tarbosaurus
bataar are fewer than previously recognized, and
that the former belongs to the latter taxon. However,
it is probably best to keep these taxa separate, as
at least some characters (extremely thin, nearly
straight ventral ramus of the lacrimal, distinct sub-
orbital ligament scar, and unusually tall anteroven-
tral ala of the lacrimal) do seem to be unique to LH
PV18 (Tsuihiji et al. 2011; Carr 2022). Furthermore,
BYU 8120/9396 and UMNH VP 16690 may pertain
to different taxa, as it is possible that not all tyran-
nosaurid material from the Kaiparowits Formation
are referable to a single taxon (Titus et al. 2023).
Ultimately, numerous undescribed specimens of
Tarbosaurus bataar (Hurum & Sabath 2003; Currie
2016; Jerzykiewicz et al. 2021; Lee et al. 2023) may
resolve this problem by either refuting or corrobo-
rating their synonymy.

Collectively, these results suggest that non-al-
lometric variations in craniomandibular bones of
Tarbosaurus bataar are largely in accordance with
those of other tyrannosaurids or large-bodied thero-
pods. At present, it is not clear what factors con-
tributed to these differences, and they could reflect
simple individual variation, sexual dimorphism,
and perhaps taxonomic variations or even in a low
degree taphonomic distortions. Obviously, it would
be difficult to attribute the wide range of variation
in different bones as the result of just one of these
potential factors, and it is possible that more than
one may have contributed. Unfortunately, the cur-
rent sample size is simply too small to say whether
any factor is plausible or not. Even the sample size
as large as 100 may fail to detect sexual dimorphism
as great as 28% (Mallon 2017). The work of Hone
& Mallon (2017) found that the sample sizes of at
least 15 and 35 individuals per sex are required to
statistically detect sexual dimorphism for organisms
exhibiting rhea and crocodile dimorphism respec-
tively. Furthermore, even in cases where sufficient
sample sizes are present, statistically demonstrating
sexual dimorphism is extremely difficult without a
priori knowledge of sexes, or obvious sex-specific

characters (Hone et al. 2020). Given this situation,
it may be more difficult to find variation at the spe-
cies level in analyses based on small sample sizes
(e.g. Carr et al. 2022). To summarize, at present, it
cannot be said for certain whether these variations
are simply intraspecific, related to sex, or even sug-
gest taxonomic differences. Only the description of a
sufficient number of additional specimens, and their
inclusion in the morphometric analyses, will ulti-
mately resolve this problem.

Conclusions

Geometric morphometrics suggest the ontoge-
netic changes in the skull structure of Tarbosaurus
bataar include deepening of the craniomandibu-
lar elements, broadening of the area where the jaw
adductor musculature attached onto the skull roof
(frontal), and increase in size of the cornual pro-
cesses of the postorbital and the jugal. Such ontoge-
netic trajectory is similar to that of North American
tyrannosaurids, particularly Tyrannosaurus rex, and
the results of this work reaffirm and supplement the
previous hypothesis that overall sequence of growth
changes in craniomandibular anatomy of tyranno-
saurids is fairly conservative within this clade. Most
of these growth changes are presumably related to
structural strengthening of the skull and increase of
the bite force through ontogeny. Finally, although
much of the variation in the skull and lower jaw of
Tarbosaurus bataar appears to be due to growth-re-
lated changes, a large amount of variation is found to
be not correlated with the size. These variations may
be due to simple individual variation, sexual dimor-
phism, taxonomic variation, or deformation through
taphonomic processes, and it is expected that the
relative significance of each variation has to be clar-
ified through future descriptive studies of multiple
Tarbosaurus bataar specimens.
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