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Tyrannosaurids—the familiar group of carnivorous dinosaurs in-
cluding Tyrannosaurus and Albertosaurus—were the apex predators
in continental ecosystems in Asia and North America during the
latest Cretaceous (ca. 80–66 million years ago). Their colossal sizes
and keen senses are considered key to their evolutionary and eco-
logical success, but little is known about how these features devel-
oped as tyrannosaurids evolved from smaller basal tyrannosauroids
that first appeared in the fossil record in the Middle Jurassic (ca. 170
million years ago). This is largely because of a frustrating 20+million-
year gap in the mid-Cretaceous fossil record, when tyrannosauroids
transitioned from small-bodied hunters to gigantic apex predators
but from which no diagnostic specimens are known. We describe the
first distinct tyrannosauroid species from this gap, based on a highly
derived braincase and a variety of other skeletal elements from the
Turonian (ca. 90–92 million years ago) of Uzbekistan. This taxon is phy-
logenetically intermediate between the oldest basal tyrannosauroids
and the latest Cretaceous forms. It had yet to develop the giant size
and extensive cranial pneumaticity of T. rex and kin but does possess
the highly derived brain and inner ear characteristic of the latest
Cretaceous species. Tyrannosauroids apparently developed huge
size rapidly during the latest Cretaceous, and their success in the
top predator role may have been enabled by their brain and keen
senses that first evolved at smaller body size.
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Tyrannosaurs were at their heyday during the final ∼20 million
years of the Age of Dinosaurs. Iconic taxa like Tyrannosau-

rus, Tarbosaurus, and Albertosaurus reigned at the top of the food
chain in Asia and North America, endowed with colossal size
and sophisticated senses that set them apart from other carniv-
orous dinosaurs (1, 2). These multiton, ecologically dominant
latest Cretaceous species (tyrannosaurids) evolved from an an-
cestral lineage of basal tyrannosauroids, which originated more
than 100 million years before T. rex but for most of their history
remained second-tier predators, rarely with a mass exceeding
that of a horse (2–4). The ascent of tyrannosaurs from these early
species to the latest Cretaceous giants was one of the seminal
events in dinosaur evolution, establishing the final dinosaur-
dominated faunas that flourished before the end-Cretaceous
mass extinction (5).
Little is known, however, about how tyrannosaurids developed

many of their signature features, such as their gigantic sizes,
highly unusual brains, ears attuned to low-frequency sounds, and
extensively pneumatized skulls. This is due to a vexing gap in the
fossil record that has long frustrated attempts to understand ty-
rannosaur evolution. There are hundreds of specimens of large-
bodied latest Cretaceous tyrannosaurids (1), and now a growing
record of smaller and more primitive Middle Jurassic−Early Cre-
taceous tyrannosauroids (2, 6–8). However, there are no diagnostic
fossils from the intervening 20+ million years of the mid-Cretaceous,
the time when tyrannosauroids transitioned from marginal hunters
to apex predators (1, 2).

We here report the first diagnostic tyrannosauroid from the mid-
Cretaceous, a new species from the Turonian (ca. 90–92 million
years ago) Bissekty Formation of Uzbekistan. This formation has
recently emerged as one of the most important records of mid-
Cretaceous dinosaurs globally (9–11). Possible tyrannosauroid
specimens from the Bissekty Formation were reported more than
a half century ago (12), and, more recently, several isolated fossils
were assigned to the group (9, 13), but none of these has been
particularly complete or diagnostic at the species level, and their
phylogenetic relationships have been difficult to assess. We de-
scribe a remarkably preserved and highly diagnostic braincase that
links together these specimens and reveals the existence of a mid-
sized species phylogenetically intermediate between the oldest,
smallest tyrannosauroids and the largest, last-surviving tyran-
nosaurids, which had already developed many of the apomorphic
features of the tyrannosaurid brain and ear but not the cranial
sinus system.

Systematic Paleontology
Dinosauria Owen, 1842; Theropoda Marsh, 1881; Coelurosauria
Huene, 1914; Tyrannosauroidea Osborn, 1905; Timurlengia euotica
gen. et sp. nov.

Holotype
ZIN PH (Paleoherpetological Collection, Zoological Institute,
Russian Academy of Sciences, Saint Petersburg, Russia) 1146/16,
a well-preserved braincase missing only the paroccipital processes
and much of the parabasisphenoid (Figs. 1 and 2 and Figs. S1−S3).

Significance

Tyrannosaurs—the iconic group of dinosaurian carnivores that
includes Tyrannosaurus rex—dominated latest Cretaceous
ecosystems with their colossal sizes and sophisticated senses. A
gap in the mid-Cretaceous fossil record between these giant
apex predators and their older, smaller relatives makes it dif-
ficult to understand how the characteristic body size and eco-
logical habits of T. rex and kin developed. A new species from
Uzbekistan fills this gap. This horse-sized animal shows that
tyrannosaurs had yet to achieve huge size at this time but had
already evolved key brain and sensory features of the gigantic
latest Cretaceous species. Tyrannosaurs apparently developed
giant body size rapidly, late in the Cretaceous, and their success
may have been enabled by their early-evolving keen senses.
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Etymology
Timurlengia, in reference to the fourteenth-century Central Asian
ruler Timurleng (English: Tamerlane), and euotica, meaning “well-
eared” in reference to the large inner ear of the holotype.

Referred Specimens
ZIN PH 854/16 is the right side of a partial braincase that shares
unique apomorphies with, and is otherwise identical to, the ho-
lotype (Fig. S4). We also refer to T. euotica a series of isolated
cranial and postcranial bones described by Averianov and Sues
(9) and identified as belonging to indeterminate tyrannosauroids
(Fig. 1). These bones possess tyrannosauroid characters, are
from the same horizon as the holotype of T. euotica, and belong
to individuals of approximately the same body size. Furthermore,
separate phylogenetic analyses place the braincase and the series
of additional bones in the same position as an “intermediate”-
grade tyrannosauroid (see Systematics). We therefore consider it
most parsimonious that all of these specimens belong to the
same taxon. If later discoveries show this to be incorrect, then
the name bearer of T. euotica is the highly diagnostic braincase.

Horizon and Locality
Dzharakuduk, central Kyzylkum Desert, Navoi Viloyat, Uzbe-
kistan. Bissekty Formation, Upper Cretaceous, Middle-Upper
Turonian (ca. 90–92 million years ago).

Diagnosis
The following diagnosis focuses on the holotypic braincase only
(Fig. 2 and Figs. S1 and S2). T. euotica is a tyrannosauroid the-
ropod with the following autapomorphies among tyrannosau-
roids (those unique among all theropods are denoted by an
asterisk): a diamond-shaped ventral projection of the supra-
occipital that is excluded from the dorsal rim of the foramen
magnum*; extremely short basal tubera on the basioccipital, which
are approximately one third the depth of the occipital condyle; a
deep funnel-like otic recess (combined fenestrae ovalis and ves-
tibuli) that widely opens onto the lateral surface of the braincase
and extends far medially into the ear region; and large inner ear
with robust semicircular canals*.

Body Size
The holotypic braincase of T. euotica is nearly identical in size to
that of the holotype of Xiongguanlong baimoensis (based on
nearly equal widths of the occipital condyle and supraoccipital
above the foramen magnum, and depth of the proximal end of
the paroccipital process). Along with the phylogenetic proximity
of the two taxa, this suggests that the holotypic individual of
T. euotica was roughly the same body size as Xiongguanlong,
whose mass has been estimated at 170–270 kg (14, 15). Al-
though most sutures on the holotype of T. euotica are fused, part
of the broken parabasisphenoid was not fused to the remainder
of the braincase, perhaps suggesting that the individual was not
yet osteologically mature and adults of the species may have
been somewhat larger. However, almost all other tyrannosau-
roid specimens from the Bissekty Formation are of the same
size, or smaller, than corresponding bones in the holotype of
X. baimoensis (9). The one possible exception is a fragment of
the posterior end of the lower jaw that was described as be-
longing to a fully grown adult, which cannot be directly com-
pared with Xiongguanlong (the lower jaw of which is unknown)
but is of the approximate size of the corresponding bones in
subadult tyrannosaurids (16). Taken together, the known record
of Bissekty tyrannosauroids indicates a single taxon that, at
adult size, was far smaller than the derived tyrannosaurids of the
latest Cretaceous.

Description and Comparisons
The supraoccipital bears a pronounced midline ridge with a deep
fossa on each side, as in basal tyrannosauroids (14) and close
outgroups (17, 18) but unlike the flatter supraoccipital of derived
tyrannosaurids that expands dorsally into tab-like processes (19,
20). Ventrally, the supraoccipital terminates in a large diamond-
shaped process that does not extend to the dorsal rim of the
foramen magnum. A similar process is present in Xiongguanlong
and tyrannosaurids, but it contributes to the foramen rim (14,
20–22). The process is absent and the supraoccipital is broadly
separated from the rim in Guanlong and Dilong (20), whereas
noncoelurosaurian outgroups have a tiny squared-off projection
that enters into the rim (17, 18), and more derived coelurosaurs

Fig. 1. Skeletal reconstruction of T. euotica, with known bones colored in red. Individual bones come from different individuals, as they were surface-
collected as isolated specimens in the Bissekty Formation of Uzbekistan. The proportions of the skeleton are based on an intermediate body type between
Xiongguanlong and Tyrannosaurus but should be considered provisional until associated material is found. Bones are as follows: A, left frontal, ZIN PH 2330/
16; B, holotypic braincase, ZIN PH 1146/16; C, cervical vertebra, ZIN PH 671/16; D, cervical vertebra, USNM (National Museum of Natural History) 538131;
E, dorsal neural arch, USNM 538132; F, dorsal vertebra, CCMGE (Chernyshev’s Central Museum of Geological Exploration) 432/12457; G, anterior caudal ver-
tebra, ZIN PH 951/16; H, middle caudal vertebra, ZIN PH 120/16; I, distal caudal vertebra, ZIN PH 507/16; J, pedal ungual, USNM 538167; K, manual ungual, ZIN PH
619/16; L, right articular and surangular (reversed), ZIN PH 1239/16; M, left quadrate, ZIN PH 2296/16; N, right dentary, ZIN PH 15/16; and O, right maxilla
(reversed), ZIN PH 676/16. (Individual scale bars, 2 cm.) Skeletal drawing courtesy of Todd Marshall.
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such as dromaeosaurids have a supraoccipital that broadly con-
tributes to the foramen magnum (23). The supraoccipital is solid
internally and lacks the enlarged extensions of the posterior
tympanic recesses that fill the bone in tyrannosaurids, including
juveniles (20, 24–26).
The bases of the paroccipital processes are entirely hollowed

out by enormous posterior tympanic recesses. Only coelurosaurs
possess such extensive recesses (20, 27), as outgroups have either
a tiny sinus penetrating the anterior edge of the paroccipital
process (28) or lack a recess in this region altogether (29, 30).
There is a deep fossa on the posterior surface of each parocci-
pital process, lateral to the foramen magnum, as in basal tyran-
nosauroids such asGuanlong and Dilong but not in tyrannosaurids
(2, 20). A paracondylar pocket housing three foramina—two for
cranial nerve XII and a multipurpose vagal foramen for cranial
nerves X and XI and associated features—invades the otoccipital
and basioccipital dorsolateral to the occipital condyle. The pocket
is shallow as in basal tyrannosauroids, not deeply concave as in
tyrannosaurids (2, 20). There is no such pocket in dromaeosaurids
and other derived coelurosaurs, in which the nerve foramina are
flush with the external surface of the otoccipital (23, 31–33).
The basal tubera are autapomorphically small. This is an ex-

treme version of the basal tyrannosauroid condition, in which the
basal tubera are shallower than the occipital condyle, in contrast
to the longer tubera of tyrannosaurids (2, 20) and derived man-
iraptorans (23). The basioccipital is not invaded by a subcondylar
recess: the interior of this bone is solid, and there are no large
pneumatic foramina ventrolateral to the occipital condyle. This
recess is characteristic of derived tyrannosaurids (20, 26) and other
coelurosaurs (27), but is absent in Xiongguanlong (14) and other
basal tyrannosauroids (2, 20). As in most theropods, there is a
deep basisphenoid recess on the ventral surface. Its internal

structure is complex: posteriorly, it is divided into two large ovoid
chambers, and, anteriorly, it is traversed by many small bony struts.
Anterior to the recess, much of the parabasisphenoid is missing, as
indicated by an open crescentic suture.
A thick crista tuberalis (= metotic strut) separates the poste-

rior and lateral surfaces of the braincase. In posterior view, the
width across the opposing cristae is greater than half the depth of
the braincase as in Guanlong, Dilong, and Xiongguanlong, but un-
like the narrower cristae in tyrannosaurids (20), other coelurosaurs
(23, 31–33), and outgroups (17, 18). The otic recess (= columellar
canal) is a deep funnel whose wide external opening trends me-
dially into the braincase interior, where it is divided into a pneu-
matic opening supplying the posterior tympanic recess and the
fenestrae vestibuli and pseudorotunda. A deep otic recess with an
internal fenestra vestibuli is characteristic of tyrannosauroids (20,
26), and Timurlengia is most similar to Dilong in having a large
external opening of the recess, whereas, in tyrannosaurids, the re-
cess is partially concealed by the superficial lamina of the prootic (20).
Extending anterodorsal from the otic recess is a pronounced

otosphenoidal–antotic crest on the lateral braincase surface, as
in derived tyrannosaurids (2). Anteroventral to this crest are
three prominent foramina: one opening for cranial nerve VII and
separate openings for the ophthalmic and maxillary–mandibular
branches of cranial nerve V. There are no pneumatic foramina in
this region. This structure is common among theropods but differs
from the highly derived condition of tyrannosaurids, in which a
deep prootic fossa houses the nerve openings and a pneumatic
opening leading into the anterior tympanic recess (20). The tri-
geminal nerve (V) emerges from the endocast as a single stalk and
bifurcates within the prootic, as is typical for theropods but differs
from tyrannosaurids in which the two branches arise from the
endocast separately (20, 26). A small portion of the prootic is filled

Fig. 2. Holotypic braincase of T. euotica (ZIN PH 1146/16). (A) Posterior view. (B) Anteroventral view. (C) Right lateral view. (D) CT reconstruction in posterior
view. (E) CT reconstruction of endocast, ear, nerves, and vessels in posterior view. (F) CT reconstruction of endocast in right lateral view. (G) CT reconstruction
in right lateral view. Abbreviations are as follows: ac, antotic crest; asc, anterior semicircular canal; bsr, basisphenoid recess; bt, basal tubera; cc, common crus;
cd, cochlear duct; ct, crista tuberalis; fl, flocculus; fm, foramen magnum; lsc, lateral semicircular canal; mdp, median dural peak; oc, occipital condyle; or, otic
recess; otc, otosphenoidal crest; pcp, paracondylar pocket; pmcv, posterior middle cerebral vein; psc, posterior semicircular canal; ptr, posterior tympanic
recess; sor, supraoccipital ridge; sovp, supraoccipital ventral process; ts, transverse sinus; vf, vagal foramen. Roman numerals designate cranial nerves.
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by what may be part of the anterior tympanic recess, but this sinus
was probably mostly within the missing parabasisphenoid.
The brain endocast is strikingly similar to those of tyranno-

saurids, particularly Alioramus (20, 26, 34, 35). There is only a
slight midbrain flexure, resulting in a fairly shallow endocast
that would have been tubular if complete. This is a synapo-
morphy of tyrannosauroids (26), differing from the deeper and
more flexed (S-shaped) endocasts of noncoelurosaurian (26, 29)
and coelurosaurian (31, 32) outgroups. There is a pronounced
midbrain peak (probably related to the transverse and longitudinal
venous sinus) anterior to the posterior middle cerebral vein, which
is present in tyrannosauroids but absent in most outgroups (20, 26).
The flocculus is indistinct and barely crosses the plane of the anterior
semicircular canal, as in tyrannosauroids and noncoelurosaurian
theropods but contrasting with the enlarged bulbous shape in
more derived coelurosaurs (20, 26).
The inner ear endocast is triangular in lateral view with an

expanded anterior semicircular canal, as is typical for theropods
(26, 29). The semicircular canals and cochlear duct are extremely
robust compared with all other theropods with comparative CT
data, including both juvenile and adult tyrannosaurids (20, 26,
29). This is an autapomorphy of Timurlengia whose functional
implications are unclear, but it could potentially be related to
increased agility (36). The cochlear duct is elongated, such that it

extends far ventral to the brain endocast and is approximately as
long dorsoventrally as the depth of the semicircular canals. A
long duct is a synapomorphy of tyrannosauroids (20, 26), dif-
ferent from the much shorter ducts of most other theropods, and
would have increased sensitivity to lower-frequency sounds (37,
38) and may possibly have been related to complex vocalizations
and sociality (38).

Systematics
To test the phylogenetic relationships of T. euotica broadly among
theropods, we added it to the most recent version of the Theropod
Working Group dataset (33), which includes a wide sample of
coelurosaurs and outgroups scored for over 850 anatomical characters.
We first ran an analysis in which only the holotypic braincase

was used to score Timurlengia, which resulted in 99,999 most
parsimonious trees (the memory limit of the program; individual
trees: length = 3,364, consistency index = 0.322, retention index =
0.777). The strict consensus places Timurlengia as an intermediate-
grade tyrannosauroid, nested between the basal proceratosaurids
and the derived large-bodied tyrannosaurids (Fig. S5A). We then
undertook a second analysis in which Timurlengia was scored based
only on the series of referred specimens described by Averianov and
Sues (9). This produced 99,999 most parsimonious trees (length =
3,364, consistency index = 0.322, retention index = 0.777), the strict
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consensus of which (Fig. S5B) recovered Timurlengia and Xiong-
guanlong as a sister-taxon pair of intermediate-grade tyrannosau-
roids. Finally, we ran a third analysis in which Timurlengia was
scored based on the holotypic braincase and all additional material
described by Averianov and Sues (9). This produced 99,999 most
parsimonious trees (length = 3,367, consistency index = 0.322, re-
tention index = 0.777), the strict consensus of which (Fig. 3) places
Timurlengia as an intermediate tyrannosauroid, immediately outside
the clade of Xiongguanlong and tyrannosaurids.
We interpret these results as supporting two main conclusions.

First, the braincase and referred specimens belong to the same
taxon, given their nearly identical phylogenetic placement when
run separately and the absence of any fossils indicating the
presence of more than one tyrannosauroid taxon in the Bissekty
Formation. Second, this taxon, T. euotica, is an intermediate-grade
tyrannosauroid that is phylogenetically proximal to Xiongguanlong,
and the two may or may not form their own distinct subclade.

Discussion
The discovery of the braincase ZIN PH 1146/16, with its un-
ambiguous tyrannosauroid features but lack of synapomorphies
of large-bodied tyrannosaurids, helps tie together disparate speci-
mens of small tyrannosauroids found over many years in the Bis-
sekty Formation of Uzbekistan (9, 12, 13). It reveals the presence
of a new taxon that fills a major gap in the evolutionary history of
tyrannosauroids, which has long frustrated attempts to understand
the phylogeny and evolution of these most iconic of dinosaurs.
Critically, the new taxon, T. euotica, is the first diagnostic tyranno-
sauroid from the middle part of the Cretaceous, an ∼20-million-year
window spanning the end of the Albian to the early Campanian.
Previous reports of tyrannosauroids from this interval have been
limited to fragmentary and undiagnostic specimens (12, 13), have
uncertain stratigraphic ages and may be from the latest Cretaceous
(39), or are specimens whose ages are poorly constrained and
whereabouts currently unknown (40).
Timurlengia helps clarify trends in tyrannosauroid body size

evolution, particularly the origin of colossal sizes in latest Cre-
taceous tyrannosaurids, which, at 10+ m long and 5+ tons in
mass, were among the largest carnivores to ever live on land. Some
basal tyrannosauroids, such as Yutyrannus (41), evolved fairly large
size (∼8–9 m long, 1.5 tons in mass) in the Early Cretaceous, but
these were phylogenetically basal taxa that developed their large
size independently of the latest Cretaceous species (4). There is a
general increase in body size across tyrannosauroid phylogeny (4,
14), but a marked change occurred sometime in the Middle Cre-
taceous gap, when tyrannosauroids ascended into an apex predator
role. The last-known species before the gap, about 100–125 million
years ago, were about the size of a horse, and the first ones
appearing after the gap, about 80 million years ago, are gigantic
taxa such as Lythronax and Gorgosaurus (2, 3). The new mid-
Cretaceous Uzbek taxon is also approximately horse-sized, far
smaller than the end-Cretaceous giants. Although it is currently
only a single data point, Timurlengia indicates that tyrannosauroids
remained small-to-medium-sized well into the Middle Cretaceous,
during a time when late-surviving large allosauroids remained at
the top of food chains in Asia and North America (42–44).
Tyrannosauroids apparently developed huge size and ecological
dominance suddenly, sometime around the start of the Campa-
nian, but the trigger remains unclear. It is tempting to speculate
that the Cenomanian−Turonian extinction event ca. 94 million
years ago may have played a role, but this may have occurred many
millions of years before the allosauroid−tyrannosauroid turnover.
Unfortunately, the currently poorly known mid-Cretaceous fossil
record makes testing extinction and radiation scenarios difficult.
The new Uzbek taxon is an intermediate tyrannosauroid,

within a grade of species between the oldest and most primitive
proceratosaurids (Guanlong, Proceratosaurus, and kin: refs. 6–8) and
the derived, large-bodied tyrannosaurids (Tyrannosaurus,Albertosaurus,

and kin: refs. 21–22, 25). Timurlengia shares many similarities with
another intermediate taxon, Xiongguanlong from the Aptian−Albian
of western China, which is the last-known diagnostic tyrannosauroid
before the mid-Cretaceous gap (14). Their braincases are almost
identical in size, they possess nearly identical diamond-shaped
ventral processes of the supraoccipital (differing only in whether the
process makes contact with the dorsal rim of the foramen magnum),
and both have short basal tubera without large external pneumatic
openings leading into a subcondylar recess. Furthermore, one of the
referred specimens of Timurlengia is a gracile and elongate maxilla,
remarkably similar in proportions to that of the long-snouted
Xiongguanlong. We hypothesize that these two taxa, and, potentially,
a long-snouted skull from the Bayan Shireh Formation previously
assigned to Alectrosaurus but unavailable for study (40), belong to a
grade or clade of longirostrine tyrannosauroids immediately outside
of the clade of derived, large-bodied, latest Cretaceous forms. This
midsized, long-snouted bauplan may have been the ancestral stock
from which the gigantic tyrannosaurids arose.
The holotypic braincase of T. euotica is a keystone specimen

for understanding how the highly derived brains, sensory organs,
and endocranial sinuses of large-bodied tyrannosaurids evolved.
Braincase material is known for only a few other basal tyran-
nosauroids, but has yet to be CT scanned or studied in detail,
making Timurlengia the oldest and most basal tyrannosauroid with
a well-documented braincase. Aside from its autapomorphically
robust inner ear, the brain of Timurlengia resembles a smaller
version of the brain of Gorgosaurus or Tyrannosaurus (25, 26). It
reveals that many apomorphic features of the tyrannosaurid brain
and ear were already present in midsized, nontyrannosaurid taxa,
including a tubular endocast with a slight midbrain flexure, a
pronounced midbrain peak, and an elongate cochlear duct. It has
been suggested that some of these features may have been in-
strumental in the evolutionary success of the large-bodied, latest
Cretaceous tyrannosaurids, particularly the long cochlear duct that
imparts heightened ability to hear lower-frequency sounds than in
other theropods, which would have been useful for an apex
predator (2, 26). These features, however, developed long before
large body size. In this regard, the brains and keen senses of early
tyrannosauroids may have predisposed them to become successful
apex predators when the opportunity arose. This has parallels to
the “head-first” model, in which characteristic features of the
oversized and robust tyrannosaurid skull evolved before those of
other regions of the skeleton, noted by some authors (41, 45).
On the other hand, the pneumatic sinuses of Timurlengia are

nowhere near as elaborate as in the largest tyrannosaurids. The
baseline sinus system of coelurosaurs is present, but Timurlengia
lacks the supraoccipital and subcondylar recesses so character-
istic of tyrannosaurids, and also seemingly possesses a less ex-
tensive anterior tympanic recess in the prootic. It may be that
these recesses developed in concert with large body size, either to
lighten the skull or, in the case of the tympanic sinuses, to help
tyrannosaurids maintain the ability to hear lower-frequency sounds
at larger size (26).

Conclusions
Timurlengia is a long-awaited diagnostic tyrannosauroid from the
middle part of the Cretaceous. It indicates that these predators
were still far from giants during this time, but had already
evolved signature brain and sensory features that may have been
tied to the extraordinary success of the last-surviving, latest Creta-
ceous species like Tyrannosaurus. However, Timurlengia remains a
single data point from a still murky interval in dinosaur history, and
future discoveries from this gap will undoubtedly lead to a better
understanding of how tyrannosauroids rose from marginal crea-
tures into some of the largest terrestrial predators in Earth history.
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Materials and Methods
To visualize and study the internal structures of the braincase, ZIN PH 1146/16
was subjected to an X-ray computed microtomography scan at the School of
GeoSciences, University of Edinburgh (μCT instrument constructed in-house).
Data were acquired using a Feinfocus transmission X-ray source at a peak
energy of 120 kV and a Perkin-Elmer XRD0822 flat panel X-ray detector
using 3,000 exposures of 2 s each and an aluminum energy filter. Octopus
v8.7 was used for tomographic reconstruction. The final slice datasets were
imported into Mimics v.17 for segmentation and digital reconstruction.

To assess the phylogenetic relationships of T. euotica, we added it to the
data matrix of Brusatte et al. (33), which is the latest iteration of a 20+ y
research program [Theropod Working Group (TWiG)] that has been building
progressively larger datasets of theropod phylogeny based on direct exam-
ination of specimens. The dataset includes 153 taxa scored for 853 discrete
morphological characters, representing a broad spread of theropods and
their anatomical features. Three versions of the analysis were run in which

T. euotica was scored based on (i) the holotypic braincase only, (ii) the series
of specimens described by Averianov and Sues (9) only, or (iii) both the
braincase and the series of referred specimens. In each case, the matrix was
run in TNT v1.1 (46) under maximum parsimony. We first used a “new
technology search” in which the shortest tree was found in 10 replicates,
and then those trees were subjected to a “traditional” round of tree bi-
section and reconnection branch swapping. For further details, see SI Text.
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