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1) Materials and Methods
Details of the phylogenetic analysis

The new phylogenetic analysis presented in this paper was conducted by two of us
(Brusatte, Carr), and utilizes a dataset of 307 discrete morphological characters scored for
19 ingroup tyrannosauroids (Table S1) and four outgroup taxa (Allosaurus,
Dromaeosauridae, Ornithomimosauria, Compsognathidae). The dataset includes 123 new
characters (40%) that have been revealed by personal observation of specimens and
descriptive work on new tyrannosauroid taxa. All tyrannosauroid taxa except for
Kileskus, Sinotyrannus, and Xiongguanlong were scored from first-hand observations by
either Brusatte or Carr, but Xiongguanlong was scored from high quality images provided
by Makovicky.

Only unequivocal tyrannosauroids, or taxa that have been recovered as
tyrannosauroids in multiple higher-level phylogenetic analyses, are included. Potential
basal tyrannosauroids such as Coelurus and Tanycolagreus, which have been placed in
this position in one recent phylogenetic analysis (S1), are not included, pending
corroboration of a tyrannosauroid placement in other higher-level studies of coelurosaur
phylogeny. Additionally, taxa based on especially fragmentary material, such as
Aviatyrannis and Bagaraatan (which is also often found as a non-tyrannosauroid in
higher-level studies), are not included. The use of supraspecific outgroup taxa is not ideal
but is considered a better alternative than scoring a single or multiple exemplars for each
outgroup, as most individual taxa are fragmentary and the use of multiple exemplars for
each would lead to a profusion of outgroup taxa that would contribute little to the
analysis. The three supraspecific outgroups are based primarily on Velociraptor
(Dromaeosauridae), Sinornithomimus, Garudimimus, Harpymimus, and Pelecanimimus
(Ornithomimosauria), and Compsognathus, Sinosauropteryx, Huaxiagnathus, and
Juravenator (Compsognathidae).

The dataset was subjected to a parsimony analysis in TNT v 1.1 (S2). As a first
step, we analyzed the matrix under the “New Technology search” option, using sectorial
search, ratchet, tree drift, and tree fuse options with default parameters. The minimum
length tree was found in 10 replicates, which tried to sample as many tree islands as
possible. The generated trees were then analyzed under traditional TBR branch swapping,
to more fully explore each tree island, which resulted in a single most parsimonious tree
of length 555 (consistency index = 0.65; retention index = 0.84). To further check our
results, we also subjected the dataset to a heuristic search in PAUP*, which resulted in
the same single most parsimonious tree. Bremer supports were calculated using TNT by
saving topologies up to 10 steps longer than minimum length.

The single most parsimonious tree (Fig. S1) indicates that tyrannosauroid
phylogeny is well-resolved and most ingroup clades have high Bremer support values.
Some basal clades collapse one step out from the most parsimonious tree, including
Proceratosauridae (and all ingroup clades) and the Eotyrannus + Stokesosaurus clade.
However, this is likely a figment of missing data: all proceratosaurids except Guanlong
are known only from extremely limited material, most of which is cranial. Eotyrannus is
a fragmentary taxon, and Stokesosaurus is especially fragmentary and is known from no
cranial elements. It is noteworthy that more derived clades, which include taxa for which



multiple well-preserved specimens is the norm, are supported by high Bremer values.
Therefore, we conclude that our knowledge of tyrannosauroid phylogeny, especially that
of more derived taxa, is robust.

Character list

The full set of 307 characters is listed here. Previous usage of characters is indicated by
citations in parentheses. Citations previous to 2009 are generally not included, as a recent
comparative phylogenetic study (S3) explicitly listed and discussed all tyrannosauroid
characters used by studies up to that point. All characters used by Carr and Williamson
(2010) (S4) were also utilized by Brusatte et al. (2009) (S5). Other references pertinent to
the citations below include S6-S9.

General Skull Features

1) Skull, occipital region, orientation: posteriorly (0); posteroventrally (1). (Carr and
Williamson 2010: 3)

2) Skull, general shape: long and low, length: height ratio greater than 3.2 (0); deep,
length: height ratio less than 3.2 (1). (Carr and Williamson 2010: 4) Note: Length is
premaxilla-quadrate condyle length; height is maximum height of the upper jaw, not
counting any cranial crests.

3) Skull, anteroposterior length: less (0) or greater than (1) 40% trunk length. New
character, inspired by Sereno et al. 2009. Trunk length is the anterior extremity of the
pectoral girdle to the posterior extremity of the pelvic girdle, as defined by Sereno et al.
2009 (supp info).

4) External naris, less (0) or greater than (1) 20% of skull length. (Carr and Williamson
2010: 54). Note: Sinotyrannus can be scored for the derived state, even though the entire
skull is not known. In Sinotyrannus the external naris long axis is as long as the first
seven teeth of the maxillary tooth row. In Proceratosaurus and Guanlong it is as long as
the first 8-9 teeth, whereas in all other tyrannosauroids it is as long as the first 4-5 teeth.

5) Lateral temporal fenestra, orientation of long axis relative to long axis of orbit:
posterodorsal (0); approximately parallel (1). New character.

Premaxilla

6) Premaxilla, nasal processes of opposing premaxillae, orientation: divergent from each
other, with small process of nasals fitting in between them (0); closely appressed to each
other (1). (Carr and Williamson 2010: 6)

7) Premaxilla, deep foramen or fossa on the lateral surface of the base of the nasal
process, within the anteroventral corner of the narial fossa: absent (0); present (1). (Carr
and Williamson 2010: 7)



8) Premaxilla, main body, dorsoventral depth: less than or equal to (0); between 1-1.9
times (1); greater than 2 times (2) anteroposterior length. ORDERED. Modified from
Carr and Williamson (2009: 8) and Sereno et al. (2009: 1). Note: Previous studies utilized
a binary character, but here we have added a second derived state to encapsulate variation
within Tyrannosauroidea. In the most parsimonious tree derived from this analysis the
first derived state optimizes as a tyrannosauroid synapomorphy and the second a
character of Tyrannosaurus and Tarbosaurus.

9) Premaxilla, maxillary process orientation: mostly laterally (and resultantly widely
visible in lateral view) (0); dorsolaterally (facing almost equally dorsally and laterally)
(1); dorsally (and resultantly mostly hidden in lateral view) (2). ORDERED (Carr and
Williamson 2010: 10). Note: Previous studies utilized a binary character, but we have
added a second derived state to encompass variation within Tyrannosauroidea and
distinguish the slightly reduced processes of Raptorex and albertosaurines from the
basically entirely dorsally facing processes of tyrannosaurines.

10) Premaxilla, orientation of tooth row: strongly parasagitally (anteroposteriorly) (0);
first two teeth oriented mediolaterally and third and fourth teeth oriented parasagitally
(1); entire tooth row oriented mediolaterally and all teeth visible in anterior view (2).
ORDERED (Carr and Williamson 2010: 12). Note: Previous studies utilized a binary
character, but we have added a second derived state to encompass variation within
Tyrannosauroidea. The first derived state is present in all tyrannosauroids and the second
is seen in Xiongguanlong, Raptorex, and more derived tyrannosauroids.

11) Premaxilla, form of narial fossa ventral to external naris: shallowly excavated (0);
deeply excavated, anterior margin invaginated as a deep groove (1). New character.

12) Premaxilla, extent of narial fossa: limited to region immediately ventral to external
naris (0); extensive, covers most of main body of premaxilla (1). New character.

13) Premaxilla, shape of anterior margin: smoothly curved (0); discrete inflection point
between nearly vertical posterior region and more horizontal dorsal region (1). New
character. This is not equivalent to the straight anterior margin of the premaxilla, as
derived tyrannosaurids have a straight anterior margin that more gradually curves as it
continues dorsally, such that there is no discrete inflection point.

14) Premaxilla, position of palatal process: immediately above interdental plates (0);
separated from interdental plates by deep lingual surface of premaxilla (1). New
character.

Maxilla
15) Maxilla, promaxillary fenestra, exposure: visible in lateral view (0); obscured in

lateral view by the lateral lamina of the ascending ramus (fenestra faces completely
anteriorly) (1). (Carr and Williamson 2010: 14)



16) Maxilla, promaxillary fenestra, position: anterior margin of antorbital fossa (0);
extreme anteroventral corner of antorbital fossa (1). New character.

17) Maxilla, maxillary fenestra, location: posterior to (0) or partially overlapped laterally
by (1) the anterior margin of the antorbital fossa (lateral lamina of maxilla). (Carr and
Williamson 2010: 15, 16; Sereno et al. 2009: 12).

18) Maxilla, maxillary fenestra, location: dorsal to (0) or abuts (1) ventral margin of
antorbital fossa. (Sereno et al. 2009: 13).

19) Maxilla, maxillary fenestra, anteroposterior length compared to the distance between
the anterior margins of the antorbital fossa and fenestra: less than half (0); greater than
half (1); greater than half and also greater than half of the length of the eyeball-bearing
portion of the orbit (2). ORDERED (Carr and Williamson 2010: 17; Sereno et al. 2009:
11). Note: Previous studies utilized a binary character, but we have added a second
derived state to encompass variation within Tyrannosauroidea.

20) Maxilla, maxillary fenestra, position within maxillary antrum: does not (0) or does
(1) abut dorsal border of the antrum in medial view. New character.

21) Maxilla, antorbital fossa, extent: reaches (0) or does not reach (1) the nasal suture.
(Carr and Williamson 2010: 20)

22) Maxilla, interfenestral strut, anteroposterior length: greater than (0) or less than (1)
50% long axis of maxillary fenestra. (Carr and Williamson 2010: 22) Note: this character
has been modified from previous usage to make it quantitative.

23) Maxilla, main body, dorsoventral depth at midpoint of antorbital fenestra: less than
(0) 16%; between 16-22% (1); or greater than (2) 22% depth of skull. ORDERED. (Carr
and Williamson 2010: 23). Note: this character has been modified from previous usage to
make it quantitative.

24) Maxilla, antorbital fossa, trend of dorsoventral depth across main body: uniform (0);
diminishes (1). (Carr and Williamson 2010: 25)

25) Makxilla, subcutaneous flange bordering the antorbital fossa laterally on the posterior
end of the main body, resulting in the fossa forming a channel between the flange and the
main body: absent (0); present (1). (Carr and Williamson 2010: 26)

26) Maxilla, dorsolateral process, coverage by antorbital fossa: process absent (0);
process covered by subcutaneous surface only (1); ventral half of process covered by
antorbital fossa (2); antorbital fossa completely excluded (3). ORDERED. (Carr and
Williamson 2010: 28)



27) Maxilla, narrow region of smooth surface texture between anterior margin of
antorbital fossa and the subcutaneous surface: absent (0); present (1). (Carr and
Williamson 2010: 29)

28) Maxilla, ventral margin of the anterior region of the bone, profile: straight (0);
convex (1). (Carr and Williamson 2010: 30; Sereno et al. 2009: 14)

29) Maxilla, joint surface for palatine, depth: shallow, does not obscure the tooth root
bulges from view (0); deep, obscures tooth root bulges from view (1). (Carr and
Williamson 2010: 31)

30) Maxilla, anterior ramus (demarcated by concave step in anterior margin of maxilla):
absent (0); present (1). New character.

31) Maxilla, form of contact with nasal in subadult to adult specimens: smooth (0);
weakly scalloped (1); deeply scalloped with interlocking transverse ridges on both
elements (2). (Sereno et al. 2009: 15). ORDERED Note: Previous studies utilized a
binary character, but we have added a second derived state to encompass variation within
Tyrannosauroidea. The first derived state is present in Raptorex and albertosaurines, and
the second in some tyrannosaurines.

32) Maxilla, form of external subcutaneous surface texturing: random foramina and
shallow grooves and ridges (0); deep, prominent, dorsoventrally trending grooves and
ridges (1). New character.

33) Maxilla, swollen rim separating antorbital fossa and subcutaneous surface: present
(0); absent (1). New character.

34) Maxilla, size of ascending ramus, anteroposterior chord directly above maxillary
fenestra compared to dorsoventral depth of maxilla below anterior edge of antorbital
fenestra: greater than 1.75 times (ascending ramus large) (0); less than 1.60 times
(ascending ramus small) (1). New character.

35) Maxilla, posterior region of the main body (portion including the final 3-5 teeth and
anterior to the jugal process), shape: maintains a relatively constant dorsoventral depth
(0); tapers in depth posteriorly (1). New character.

36) Maxilla, primary row of neurovascular foramina, form: continues as a row posteriorly
(0); transitions into a sharp groove, paralleling the antorbital fossa rim, posteriorly (1).
New character.

37) Maxilla, antorbital fossa, extent on main body: covers more (0) or less (1) than half of
the depth of the main body beneath the anterior margin of the antorbital fenestra. New
character.

Nasal



38) Nasals, shape of dorsal surface: flat or slightly convex (0); convex (vaulted)
anteriorly, above and immediately posterior to the external naris (1); vaulted across most
of their length (2). ORDERED (Carr and Williamson 2010: 37; Sereno et al. 2009: 5).
Note: Previous studies utilized a binary character, but we have added a second derived
state to encompass variation within Tyrannosauroidea. Crested taxa are scored as
inapplicable (*?7).

39) Nasals, midline crest on dorsal surface: absent (0); present (1). (Carr and Williamson
2010: 50)

40) Nasal, external texture of mid section of bone: smooth to slightly rugose (0);
pronounced rugosities and accessory vascular foramina present (1). (Carr and Williamson
2010: 48; Sereno et al. 2009: 7)

41) Nasal, shape in dorsal view: expands in width posteriorly (0); relatively constant
width across the length of the bone, due to subparallel lateral sides (1); tapers in width
posteriorly (2). UNORDERED (Sereno et al. 2009: 6)

42) Nasal, frontal process, mediolateral width: unconstricted (0); constricted, less than %2
width of widest point of nasal (1). (Carr and Williamson 2010: 41)

43) Nasal, internal pneumatic recess: present (0); absent (1). (Carr and Williamson 2010:
39)

44) Nasal, posterolateral process that overlaps the lateral surface of the lacrimal: absent
(0); present (1). (Carr and Williamson 2010: 40; Sereno et al. 2009: 4)

45) Nasal, extent of narial fossa on premaxillary process: limited to ventral margin of
process (0); covers entire process, and thus meets opposite fossa on dorsal midline (1).
(Sereno et al. 2009: 2)

46) Nasal, medial processes of frontal articulation, shape: processes absent (0); lanceolate
(1); tapered (2). UNORDERED (Carr and Williamson 2010: 44)

47) Nasal, thin, low, and laterally projecting crest at the corner where lateral and dorsal
surfaces meet: absent (0); present (1). New character. Note: The derived state describes
the Y-shaped crest of Dilong, originally described as an autapomorphy, which is also
present (albeit in as a much smaller and less pronounced structure) in Eotyrannus.

Lacrimal

48) Lacrimal, shape in lateral view: inverted L (0); 7 shaped (1). (Carr and Williamson
2010: 55).



49) Lacrimal, cornual process on dorsal surface: absent (0); present as a broad, shallow,
dorsally convex, laterally overhanging swelling across most of the length of the anterior
ramus (1); present as a discrete conical projection (2); small, conical, smooth projection
that rises 2-3 millimeters from skull roof (3). UNORDERED (Carr and Williamson 2010:
56; Sereno et al. 2009: 18) Note: Relative to previous studies, a new character state is
added here to take into account the tiny cornual process of Guanlong and Dilong.
Therefore, a cornual process itself is a tyrannosauroid synapomorphy.

50) Lacrimal, cornual process, form: smoothly rounded (0); discrete apex present (1).
(Carr and Williamson 2010: 57) Note: Tyrannosaurus and Tarbosaurus are scored as
inapplicable (*?”), since they do not possess a discrete cornual process.

51) Lacrimal, cornual process, position of apex: dorsal to ventral ramus (0); anterior to
ventral ramus (1). (Carr and Williamson 2010: 59; Sereno et al. 2009: 19)

52) Lacrimal, extent of pneumaticity: limited, partially hollows bone in the region where
the anterior and ventral rami meet (0); extensive, completely hollows bone (1). (Sereno et
al. 2009: 16)

53) Lacrimal, anterior ramus: not inflated (0); inflated by pneumatic recess (1). (Carr and
Williamson 2010: 64; Sereno et al. 2009: 17).

54) Lacrimal, size of primary external opening for lacrimal recess: small, anterior end
located approximately at the same level as the anterior end of the ventral ramus (0); large,
anterior end located far anterior to the ventral ramus (1). (Carr and Williamson 2010: 60)

55) Lacrimal, interaction of primary external opening for lacrimal recess and antorbital
fossa: separate (0); blend (1). (Carr and Williamson 2010: 63)

56) Lacrimal, accessory external openings for lacrimal recess on the anterior ramus:
absent (0); present and proximally located (1); present and distally located (2).
UNORDERED (Carr and Williamson 2010: 67)

57) Lacrimal, pneumatic recess opening internally onto medial surface of bone: absent
(0); present (1). (Carr and Williamson 2010: 68)

58) Lacrimal, dorsal prong of anterior ramus for articulation with maxilla (“anterodorsal
process”): absent or small (0); present and elongate (1). (Carr and Williamson 2010: 65)
Note: We have combined two characters used by Carr and Williamson, referring to the
presence and then the size of the anterodorsal process, into a single character, because the
subtle process can easily be mistaken for absent if it is broken or poorly preserved.

59) Lacrimal, ventral ramus, extent of medial lamina: greater (0) or less than (1) half of
the dorsoventral depth of the ramus. (Carr and Williamson 2010: 72)



60) Lacrimal, orbitonasal ridge on medial surface, position: anterior (0) or adjacent to or
contacting (1) posterior margin of ventral ramus. (Carr and Williamson 2010: 69).

61) Lacrimal, articulation with frontal, form: squamous (0); conical lacrimal process set
into deep pit in frontal (1). (Sereno et al. 2009: 22)

62) Lacrimal, posterior process for articulation with frontal, inflated by pneumatic recess:
no (0); yes (1). New character.

63) Lacrimal, extent of antorbital fossa on ventral ramus: covers greater (0) or less than
(1) 60% of anteroposterior length along the contact with the jugal. New character.

64) Lacrimal, maxillary process of anterior ramus, visibility in lateral view: both dorsal
and ventral margins visible (0); dorsal margin concealed by subcutaneous surface above
antorbital fossa and only ventral margin visible (1). (Carr and Williamson 2010: 66)

Jugal

65) Jugal, maxillary ramus, depth: shallow, not expanded relative to suborbital portion of
bone (0); deep, expanded relative to suborbital portion of bone (1). (Carr and Williamson
2010: 73)

66) Jugal, antorbital fossa, extent on maxillary ramus: edge of fossa undercut and
continues posterodorsal to jugal recess (0); fossa edge does not extend past the jugal
recess (1). (Carr and Williamson 2010:75)

67) Jugal, pneumatic recess, location relative to ventral ramus of lacrimal: ventral (0);
anterior (1). (Carr and Williamson 2010:76)

68) Jugal, pneumatic recess, orientation of long axis: approximately horizontal (0);
inclined at approximately 45 degrees relative to the ventral skull margin (1). (Carr and
Williamson 2010:78)

69) Jugal, secondary fossa for pneumatic recess, position relative to recess: ventral (0);
dorsal (1). (Carr and Williamson 2010:80)

70) Jugal, suture with lacrimal, angle of the posterior half of the contact: low (0); steep
(1). (Carr and Williamson 2010:81)

71) Jugal, fossa on lateral surface of postorbital ramus, depth inset into bone: shallow (0);
deep (1). (Carr and Williamson 2010:82; Sereno et al. 2009:24)

72) Jugal, articulation with postorbital, form of ventral extremity of suture: tapering scarf
joint (0); interlocking notch for postorbital (1). (Carr and Williamson 2010:83; Sereno et
al. 2009:26)



73) Jugal, articulation with postorbital, extent of scarf joint on lateral surface of
postorbital ramus: limited, occupies less than 50% of anteroposterior length of the
process (0); extensive, occupies approximately 50-75% of the anteroposterior length of
the process (1). New character.

74) Jugal, articulation with postorbital, braced by a pronounced ridge on the lateral
surface of the postorbital ramus, which borders the postorbital posteriorly: no (0); yes (1).
New character.

75) Jugal, postorbital ramus, orientation relative to ventral margin of jugal:
approximately perpendicular (0); posterodorsal (obtuse angle between the long axis of the
process and the ventral margin) (1). New character.

76) Jugal, cornual process: absent (0); present (1); present and distinctive (mediolaterally
wide and heavily rugose (2). ORDERED (Carr and Williamson 2010:84, 85)

77) Jugal, dorsal prong of quadratojugal ramus, slope in lateral view: horizontal (0);
posterodorsal (1). (Carr and Williamson 2010:91)

78) Jugal, ventral prong of quadratojugal ramus, slope of joint surface in lateral view:
approximately anteroposteriorly oriented, angled less than 45 degrees from horizontal
(0); angled anterodorsally at greater than 45 degrees from horizontal (1). (Carr and
Williamson 2010:90)

79) Jugal, shape of orbital margin, weakly concave, approximately level with lacrimal-
jugal suture (0); U-shaped, extends ventral to lacrimal-jugal suture (1). (Sereno et al.
2009: 26)

80) Jugal, raised rim on the lateral surface, paralleling the ventral margin of the bone and
anteriorly confluent with the antorbital fossa rim of the maxilla: absent (0); present (1).
New character.

Postorbital

81) Postorbital, cornual process: absent (0); limited to rugose rim at posterodorsal corner
of orbit (1); present as a rugose, convex boss (2). ORDERED (Sereno et al. 2009:29)

82) Postorbital, cornual process, position: separated from dorsal margin of postorbital by
a smooth, convex region (0); approaches or extends past dorsal margin of bone (1). (Carr
and Williamson 2010:94).

83) Postorbital, cornual process, position: located at orbital margin (0); located
posterodorsal to orbital margin (1). (Carr and Williamson 2010:95)



84) Postorbital, squamosal ramus, form of posterodorsal margin: uninterrupted convex
arc (0); emarginated by squamosal (discrete concave notch within the margin) (1). (Carr
and Williamson 2010:99)

85) Postorbital, squamosal ramus, extent: reaches or extends posterior to (0) or terminates
anterior to (1) posterior margin of lateral temporal fenestra. (Carr and Williamson
2010:100; Sereno et al. 2009:28)

86) Postorbital, suborbital process that extends into the orbit: absent, ventral ramus tapers
(0); present and large in adults, small and unpronounced (ventral ramus tongue-shaped)
in sub-adults (1); present and large in sub-adults and adults (2). ORDERED (Carr and
Williamson 2010:101; Sereno et al. 2009:30) Note: Previous studies utilized a binary
character, but we have added a second derived state to encompass variation within
Tyrannosauroidea. The first derived state describes the somewhat expanded postorbital
ventral ramii of albertosaurines, Alioramus, and Daspletosaurus (these are tongue-shaped
as juveniles and then, at least in albertosaurines, develop the discrete flange as adults.
State 1 is assumed to be present in Alioramus because it has the characteristic juvenile
shape of albertosaurines and Daspletosaurus), although it is possible that future
discoveries will reveal that Alioramus did not possess a suborbital flange in adults (and
thus would need to be scored as state 0).

87) Postorbital, suborbital process, position: at ventral end of ventral process (0); flange-
like, separated from ventral tip of ventral process by a notch (1). (Carr and Williamson
2010:102)

88) Postorbital, anterior ramus, form: short and stout, long axis is approximately half the
length of the ventral ramus and the thickness at the base is approximately the same as the
thickness of the midpoint of the ventral ramus (0); long and slender, long axis is greater
than 60% of the length of the ventral ramus and the thickness at the base is approximately
half that of the midpoint of the ventral ramus (1). (Li et al. 2010:252).

89) Postorbital, ventral ramus, anteroposterior width at midpoint: approximately the same
width as (0) or substantially wider than (1) ventral ramus of the lacrimal. (Li et al. 2010:
268).

Squamosal

90) Squamosal, lateral ridge delimiting supratemporal fossa, form: ridge unpronounced or
undivided (0); divided (1). (Carr and Williamson 2010:106)

91) Squamosal, supratemporal fossa, surface morphology: flat or concave (0); convex (1).
(Carr and Williamson 2010:107)

92) Squamosal, quadratojugal process, orientation of long axis: dorsoventral or slightly
oblique (0); anteroposterior (1). (Carr and Williamson 2010:111)



93) Squamosal, quadratojugal process, morphology of anterior tip in those taxa with
horiziontal processes: tapered point (0); squared off (1). (Carr and Williamson 2010:110)

94) Squamosal, quadratojugal process, flange that is covered laterally by the
quadratojugal, dorsoventral depth of entire process compared to portion of process that is
exposed in lateral view when in articulation with quadratojugal: flange absent (0); thinner
(1); substantially thicker (2). ORDERED (Carr and Williamson 2010:112)

95) Squamosal, posterior process, inflated by squamosal recess: no (0); yes (1). (Carr and
Williamson 2010:114)

96) Squamosal, posterior process, length of the long axis compared to the long axis of the
quadratojugal process: long, approximately 1/3-1/2 (0); short, approximately 1/6 (1).
(Carr and Williamson 2010:115).

97) Squamosal, anterior process, flange that extends dorsal to the postorbital posterior
process: absent (0); present (1). (Sereno et al. 2009:32)

Quadratojugal

98) Quadratojugal and squamosal, constriction of lateral temporal fenestra: absent,
anterior margins of both bones are approximately vertical (0); present, convex kink along
the suture between the two bones that projects into the fenestra, constricting it to
approximately one half of its maximum anteroposterior length (1); present, dorsal region
of quadratojugal moderately expanded anteroposteriorly relative to the remainder of the
bone, constricting fenestra to approximately one half of its maximum anteroposterior
length (2); present, dorsal region of quadratojugal expanded anteroposteriorly by at least
twice the minimum anteroposterior dimension of the bone, forming a flange that meets
the ventral ramus of the squamosal to nearly divide the fenestra (3). ORDERED (Carr
and Williamson 2010:116; Sereno et al. 2009:35).

99) Quadratojugal, dorsal process, ridge along anterior margin of lateral surface: absent
(0); present, subtle and fades in strength dorsally (1); present, robust and extends to the
dorsal margin of the bone (2). ORDERED. (Carr and Williamson 2010:117) Note:
Previous studies utilized a binary character, but we have added a second derived state to
encompass variation within Tyrannosauroidea.

100) Quadratojugal, form of jugal articulation: dorsal prong of posterior process of jugal
does not (0) or does (1) approach the base of the quadratojugal (the corner where the
anterior and dorsal processes of the quadratojugal meet). (Carr and Williamson 2010:120)

101) Quadratojugal, anterior process for articulation with jugal, form of anterior region:
tapered (0); rounded (1); squared off or double pronged (2). UNORDERED (Carr and
Williamson 2010:121; Sereno et al. 2009:34)



102) Quadratojugal, anterior process, extent: terminates posterior (0) or level with or
anterior (1) to anterior margin of lateral temporal fenestra. (Carr and Williamson
2010:88; Sereno et al. 2009:36)

103) Quadratojugal, curvature of bone: mediolaterally compressed and flat (0); posterior
region flexed so that it curves posteriorly, thus delimiting the lateral edge of a deep
pocket that borders the quadrate foramen laterally in posterior view (1). (Li et al. 2010:
281)

104) Quadratojugal, posterior process, length and orientation: short, oriented mostly
laterally (0); elongate, wraps onto the posterior surface of the quadrate condyles (1). New
character.

Quadrate

105) Quadrate foramen, size: small, long axis approximately 10% of the dorsoventral
depth of the quadrate shaft (0); large, long axis greater than 20% of the dorsoventral
depth of the quadrate shaft (1). (Carr and Williamson 2010:125)

106) Quadrate, pneumaticity: absent (0); present, deep recess on the anterior surface
where the pterygoid wing and condyles meet (1). (Carr and Williamosn 2009:126)

107) Quadrate condyles, position relative to occipital condyle when skull is in
articulation: approximately aligned (0); completely posterior (1). (Carr and Williamson
2010:127; Sereno et al. 2009:42)

108) Quadrate, quadratojugal articulation, extent on lateral surface of lateral condyle:
limited, occupies only part of the surface (0); extensive, covers entire lateral surface and
extends dorsally to partially enclose quadrate foramen laterally (1). New character.

109) Quadrate, articular surface for quadratojugal on quadrate lateral condyle, orientation
of medial margin as seen in posterior view where quadratojugal wraps around quadrate:
vertical or dorsomedial (0); dorsolateral (1). (Carr and Williamson 2010:124)

Prefrontal

110) Prefrontal, contacts nasal: yes (0); no, excluded by frontal-lacrimal contact (1). New
character.

111) Prefrontal, exposure in dorsal view: widely exposed, forms much of orbital rim and
usually separates or nearly separates frontal and lacrimal (0); reduced, not exposed along
the orbital rim and allows for wide contact between frontal and lacrimal (1). (Carr and
Williamson 2010:131; Sereno et al. 2009:20)

112) Prefrontal, ventral process, extent: large, extends more than halfway down the
ventral ramus of the lacrimal to make an extensive contribution to the preorbital bar (0);



reduced or absent, ventral process is a thin flange that is continuous with the crista cranii
of the frontal, and does not extend more than approximately ¥4 of the length of the
preorbital bar (1). (Carr and Williamson 2010:132)

Frontal

113) Frontal, shape: triangular (0); posterior end expanded into a rectangular shape, with
a small anterior triangle (1). (Sereno et al. 2009:38)

114) Frontal, size of single frontal: ratio of anteroposterior length of exposed portion on
skull roof to mediolateral width at midpoint: greater than 2.5 (0); less than 2.0 (1). New
character.

115) Frontal, supratemporal fossa, anteroposterior length compared to overall length of
exposed portion of frontal on skull roof: less than 30% (0); between 30-50% (1); between
50-60% (2); greater than 60% (3). ORDERED (Carr and Williamson 2010:136-137)

116) Frontal, supratemporal fossa, medial extension: fossa restricted to posterolateral
corner of frontal (0); meets opposing fossa at the midline (1). (Sereno et al. 2009:39).

117) Frontal, sagittal crest: absent or subtle, only discernable as a slight midline bulge
(0); present and pronounced (dorsoventrally tall), single structure (1); present and
pronounced (dorsoventrally tall), paired structure (2). UNORDERED (Carr and
Williamson 2010:139).

118) Frontal, sagittal crest: anteroposterior length: absent or subtle and short, less than
15% length of the frontal (0); extensive, approximately 25% of the length of the frontal
(1). (Carr and Williamson 2010:141)

119) Frontal, postorbital suture: dorsoventrally shallow and undifferentiated (0);
dorsoventrally shallow (approximately 6 times longer than deep) and differentiated into a
vertical region anteriorly and a horizontal region posteriorly (1); dorsoventrally deep
(approximately twice as long as deep) and subtly differentiated into vertical and
horizontal regions). (Carr and Williamson 2010:145; Sereno et al. 2009:37). ORDERED
Note: Previous studies utilized a binary character, but we have added a second derived
state to encompass variation within Tyrannosauroidea.

120) Frontal, contribution to orbital rim: extensive (0); present but limited to a small
notch (1); excluded by postorbital-lacrimal contact in large specimens (2); excluded by
postorbital-lacrimal articulation and novel “palpebral” ossification (3). ORDERED (Carr
and Williamson 2010:104; Sereno et al. 2009:21)

Parietal

121) Parietal-frontal suture, form: transversely smooth (0); tab-like wedge from parietal
extends anteriorly to overlie frontal on midline (1). (Carr and Williamson 2010:147)



122) Parietal, sagittal crest: absent (0); present (1). (Carr and Williamson 2010:148)

123) Parietal, sagittal crest, form: comprised of two parallel crests (0); comprised of a
single midline crest (1). (Carr and Williamson 2010:150)

124) Parietal, skull table between supratemporal fossae, width: broad, 10-30% of the
mediolateral width of the fossa (0); extremely reduced, sagittal crest or crests pinched
between opposing fossae (1). (Sereno et al. 2009:40)

125) Parietal, sagittal crest, dorsoventral depth: consistent across length of crest (0);
peaked anteriorly at frontal-parietal suture (1). (Carr and Williamson 2010:146)

126) Parietal, nuchal crest, dorsoventral depth: as low as or lower (0) or extends higher
(1) than the dorsal surface of the interorbital region. (Carr and Williamson 2010:149;
Sereno et al. 2009:41)

127) Parietals, fusion: unfused (0); fused on the midline in sub-adults and adults (1). New
character.

Vomer

128) Vomer, shape of anterior end: lanceolate (lateral margins parallel-sided) (0);
expanded into a diamond (1). (Carr and Williamson 2010:176; Sereno et al. 2009:45).

Ectopterygoid

129) Ectopterygoid, extent of internal recess: does not (0) or does (1) inflate the body of
the bone and the pterygoid process. (Carr and Williamson 2010:178; Sereno et al.
2009:44)

130) Ectopterygoid, jugal process, external pneumatic foramina leading into jugal recess:
absent (0); present (1). (Carr and Williamson 2010:180)

131) Ectopterygoid, jugal process, is not (0) or is (1) inflated by the internal recess. (Carr
and Williamson 2010:181)

132) Ectopterygoid, external opening of pneumatic recess, shape: thin ovoid slot (0);
larger, round or triangular (1). (Carr and Williamson 2010:183)

133) Ectopterygoid, surface posteriorly adjacent to external opening of pneumatic recess,
form: flat, recess grades smoothly into the floor of the lateral temporal fenestra
(=subtemporal fenestra) (0); lip, recess separated from lateral temporal fenestra
(=subtemporal fenestra) (1). (Carr and Williamson 2010:185)

Palatine



134) Palatine, vomeropterygoid process, anteroposterior length of dorsal margin ratio to

length of greatest constriction of process neck: greater (0) or less than (1) 2.0. (Carr and

Williamson 2010:188) Note: This character has been modified relative to previous usage
to make it quantitative.

135) Palatine, vomeropterygoid process, orientation of neck: inclined anterodorsally (0);
vertical (1). (Carr and Williamson 2010:189)

136) Palatine, pneumaticity: absent (0); present (1). (Carr and Williamson 2010: 190)

137) Palatine, pneumatic recess, number of external pneumatic openings: one (0); two
(1). (Carr and Williamson 2010: 190) Note: What some authors have considered a second
external pneumatic opening is actually the posterior region of the internal antorbital
fossa. Two pneumatic openings, along with the posterior fossa, are only present in
Daspletosaurus, Tarbosaurus, and Tyrannosaurus.

138) Palatine, primary external opening of palatine recess, location of posterior margin:
level with or extends posterior to (0) or located far anterior to (1) posterior margin of the
vomeropterygoid process neck. (Carr and Williamson 2010:194)

139) Palatine, primary opening of palatine recess, location of anterior margin: level with
or posterior to (0) or anterior to (1) anterior margin of the vomeropterygoid process neck.
(Carr and Williamson 2010:195)

140) Palatine, jugal process, location of contact surface for lacrimal: posterior (“distal”),
separated from opening of palatine recess by wide margin (0); anterior (“proximal”),
closely approaches opening of palatine recess (1). (Carr and Williamson 2010:196)

141) Palatine, maxillary process, form of maxillary articulation: flat (0); deeply
excavated as a slot, demarcated dorsally by a pronounced lip of bone (1). (Carr and
Williamson 2010:197)

142) Palatine, extension of pneumatic recess into jugal process: no (0); yes, process
visibly inflated (1). (Carr and Williamson 209:199)

143) Palatine, maxillary articulation, form: maxilla abuts lateral surface of maxillary
process and anterior region of jugal process (0); contact reinforced by a “brace” at the
anteroventral corner of the jugal process, which sits within internal antorbital fossa (1).
New character.

144) Palatine, morphology of maxillary articulation brace: projects ventrally due to a
jugal process that extends further ventrally than the maxillary process, such that there is a
discrete corner between the two processes in lateral view (0); projects laterally, with no
discrete corner between the smoothly confluent jugal and maxillary processes in lateral
view (1). New character.



Palatal Openings

145) Internal choana, shape: anteroposteriorly elongate oval (0); nearly circular (1). New
character.

146) Suborbital fenestra, shape: anteroposteriorly elongate oval (0); nearly circular (1).
New character.

Braincase

147) Braincase, orientation of occipital surface: faces posteriorly (0) or posteroventrally
(1). (Sereno et al. 2009:46) Note: This character differs slightly from character 1, which
refers to the orientation of the entire posterior surface of the skull and not just the
braincase; as a result, some taxa are scored differently for these two characters.

148) Supraoccipital, contribution to dorsal rim of foramen magnum: forms entire rim (0);
makes limited contribution to rim via triangular ventral process (1); completely excluded
from rim (2). UNORDERED (Carr and Williamson 2010:158) Note: Previous studies
utilized a binary character, but we have added a second derived state to encompass
variation within Tyrannosauroidea. The first derived state is present in most
tyrannosauroids, but the second derived condition is only seen in Guanlong and Dilong,
although often it is erroneously considered a tyrannosauroid synapomorphy. The proper
tyrannosauroid synapomorphy, therefore, is a limited supraocciptal contribution to the
foramen magnum.

149) Supraoccipital, form of dorsal margin: smoothly convex and undivided (0); divided
into two processes (“forked”) (1). (Carr and Williamson 2010:172)

150) Exoccipital-opisthotic, paroccipital process, ventral flange at distal end: absent (0);
present (1). New character.

151) Exoccipital-opisthotic, paroccipital processes, deep fossa on posterior surface
dorsolateral to the foramen magnum: present (0); absent (1). New character.

152) Exoccipital-opisthotic, crista tuberalis (=metotic strut), extent in posterior view:
limited, mediolateral width across opposing cristae less than one half the dorsoventral
depth of the braincase from the dorsal tip of the supraoccipital to the ventral tip of the
basal tubera (0); extensive, width greater than one half the braincase depth (1). New
character.

153) Exoccipital-opisthotic, fossa for cranial nerves X-XII: shallow (0); deep (1). New
character.

154) Basioccipital, basal tubera, dorsoventral depth: less than (0) or greater than (1) depth
of occipital condyle. New character.



155) Basioccipital, basal tubera, concave notch ventrally between opposing tubera,
dorsoventral depth: shallow, less than 40% depth of tubera (0); deep, approximately 50%
depth of tubera (1). New character.

156) Basioccipital, subcondylar recess, depth of pneumatic fossae on posterior surface of
basal tubera: absent or shallow (0); deep (1). (Carr and Williamson 2010:168)

157) Basisphenoid, basipterygoid recess (pneumatic recess above basipterygoid processes
on lateral surface of braincase), absent or present as shallow pneumatic fossa (0); present
as a large rectangular fenestra (1). (Carr and Williamson 2010:160) Note: The derived
state refers solely to the large, window-like pneumatopore and not subtle pneumatic
fossae, the latter of which are often difficult to recognize on fossils.

158) Basisphenoid, basisphenoid recess, orientation of central axis: vertical, recess
obscured in posterior view (0); posteroventral, recess partially visible in posterior view
(2); extremely posteroventral, recess compressed anteroposteriorly and widely visible in
posterior view, and basipterygoid processes located beneath the basal tubera (2).
ORDERED (Carr and Williamson 2010:163,165; Sereno et al. 2009:50) Note: Previous
studies utilized a binary character, but we have added a second derived state to
encompass variation within Tyrannosauroidea. The second derived state refers to the
highly modified condition of Tyrannosaurus and Tarbosaurus.

159) Basisphenoid, basisphenoid recess, inflation of the ceiling of the recess: absent (0);
present (1). (Carr and Williamson 2010:166)

160) Basisphenoid recess, shape in ventral view: funnel-like, expands in mediolateral
width posteriorly (0); ovoid or circular, no posterior expansion (1). New character.

161) Basisphenoid, shape of basicranium (rectangle defined by positions of both basal
tubera and both basipterygoid processes): anteroposteriorly longer than mediolaterally
wide (0); wider than long (1). (Carr and Williamson 2010:169; Sereno et al. 2009:49; Li
et al. 2010: 272)

162) Parasphenoid, shape of rostrum: anteroposteriorly expanded, ventral margin is a
smooth concave arch (0); dorsoventrally expanded, ventral margin is nearly vertical
posteriorly and then abruptly transitions to horizontal trend anteriorly (1). New character.

163) Prootic, dorsal tympanic recess: present (0); absent (1). New character.

164) Laterosphenoid, antotic crest separating lateral wall of braincase from orbital and
temporal spaces: absent or indistinct (0); present and robust and rugose (1). (Carr and
Williamson 2010:152, 155).

165) Laterosphenoid, antotic crest, form: single structure (0); bifurcates ventrally (1).
New character.



166) Laterosphenoid, fossa on lateral surface that houses head of epipterygoid: absent or
shallow (0); present, deep and rugose (1). New character.

167) Ossified sphenethmoid and mesethmoid (when not fossilized, can be inferred by
presence of scars on ventral surface of frontal): absent (0); present (1). New character.

Lower Jaw

168) Mandibular ramus, dorsoventral depth of dentary at level of dentary-surangular
contact on the dorsal margin of the lower jaw: less (0) or greater than (1) 18% of the total
anteroposterior length of the lower jaw (1). (Carr and Williamson 2010:200)

169) External mandibular fenestra, dorsoventral depth relative to depth of mandible at
midpoint of fenestra: greater (0) or less than (1) 25%. (Carr and Williamson 2010:217;
Sereno et al. 2009:51)

170) Lower jaw, articulation, glenoid position relative to level of alveolar margin of
dentary: level or ventral (0); dorsal (1). (Sereno et al. 2009:54) Note: This character is not
equivalent to character 168 (shallow vs. deep lower jaw) because Alioramus has a
shallow lower jaw but a dorsally positioned glenoid.

Dentary

171) Dentary, position of the transition point between the ventral and anterior margins of
the bone in lateral view: below alveoli 1-3, anterior margin rounded (0); below alveolus
4, anterior margin nearly straight and projects posteroventrally (1). (Carr and Williamson
2010:215).

172) Dentary, ventrally projecting rugose process (“chin”) where the anterior and ventral
margins of the dentary meet: absent (0); present, visible as a pointed projection in lateral
view and convex in medial view, braces dentary symphysis (1). New character.

173) Dentary, symphysis, texture: generally smooth (0); strongly rugose and beveled,
with interlocking ridges and convexities for articulation with the opposing symphysis (1).
New character.

174) Dentary, articular surface for splenial along ventral region of dentary ramus below
the Meckelian fossa, form: dorsoventrally shallow and smooth (0); dorsoventrally deep
(nearly as deep as anterior depth of fossa) and rugose (1). New character.

175) Dentary, anterior alveoli, size in comparison to alveoli in middle of tooth row:
approximately same size (0); first two alveoli substantially smaller (1); first alveolus
substantially smaller (2). UNORDERED. New character.



176) Dentary, primary neurovascular foramina, arrangement: distinct foramina or set into
a shallow groove posteriorly (0); set into a deep and sharp groove across the middle and
posterior regions of the dentary (1). New character.

177) Dentary, dorsal margin of bone in lateral view, profile: straight (0); strongly
concave (1). New character.

178) Dentary, Meckelian groove, form: dorsoventrally deep and shallowly inset into
medial surface of bone (0); dorsoventrally shallow and deeply inset into bone, groove
appears as a thin, sharp structure (1). New character.

Surangular

179) Surangular, posterior foramen, size: absent or small foramen (0); large fenestra,
approximately 30% depth of posterior surangular (1). (Carr and Williamson 2010:204;
Sereno et al. 2009:52)

180) Surangular, surangular shelf on lateral surface, form: low ridge (0); prominent ridge
that is offset laterally from the bone but dorsoventrally thin (1); prominent shelf that is
dorsoventrally deep (2). ORDERED (Carr and Williamson 2010:209; Sereno et al.
2009:53)

181) Surangular, surangular shelf, position and form: placed far dorsal to posterior
surangular foramen (0); foramen abuts shelf but shelf projects laterally and does not
overhang foramen (1); shelf projects ventrolaterally to overhang foramen (2). ORDERED
(Carr and Williamson 2010:208)

182) Surangular, surangular shelf, orientation relative to the long axis of the lower jaw:
anterodorsal (0); anteroventral (1); straight anteroposteriorly (2). New character.

183) Surangular, pneumatic fossa posterodorsal to posterior surangular foramen: absent
(0); present and shallow (1); present and deeply invaginated (2). ORDERED New
character.

184) Surangular, adductor muscle attachment site dorsal to surangular shelf, orientation:
faces primarily dorsally (0); faces almost equally dorsally and laterally (1); faces
primarily laterally (2). ORDERED New character.

185) Surangular, triangular fossa on the lateral surface of the surangular shelf
immediately anteroventral to glenoid: absent (0); present (1). New character.

186) Surangular, fossa on the lateral surface of the bone immediately ventral to, and
separated from, the glenoid: absent (0); present (1). New character.



187) Surangular, anteroposterior length of anterior flange (region anterior to anterior
margin of external mandibular fenestra) compared to overall length of surangular: less
than (0) or greater than (1) 30%. New character.

Angular

188) Angular, ventral margin, form: smoothly convex (0); anterior region “flexed”
relative to posterior region, such that there is a discrete step between them (1). New
character.

Articular

189) Articular, mediolateral width of jaw muscle attachment site: less than (0) or equal to
or greater than (1) width of glenoid for articulation with quadrate. New Character,
inspired by Rauhut et al. (2010).

190) Articular, smooth non-articular region between glenoid and attachment site for
depressor mandibular muscles: present (0); absent (1). New character, inspired by Rauhut
et al. (2010).

Splenial

191) Splenial, anterior mylohyoid foramen, shape and size: small circular or ovoid
opening (0); large, anteroposteriorly ovoid shape (1); extremely large, approximately as
deep dorsoventrally as the anterior process of the splenial (2). ORDERED (Carr and
Williamson 2010:210).

192) Splenial, dorsal region overlapped medially by prearticular: absent (0); present (1).
New character.

Prearticular

193) Prearticular, ventral bar, series of ridges on lateral surface to strengthen articulation
with angular: absent (0); present (1). New character.

Supradentary and Coronoid

194) Supradentary ossification, shape: elongate, shallow strip (0); deep, crescentic shape
(1). New charcter.

195) Supradentary and coronoid ossifications, form of contact at their zone of fusion:
smoothly confluent (0); offset by a concave notch (1). New character.

Dentition



196) Premaxillary teeth, position of mesial carina: offset mesial to distal carina on all
teeth (teeth ziphodont) (0); rotated distally on premaxillary teeth 1 and 2 (anterior teeth
“D-shaped” and posterior teeth ziphodont) (1); rotated distally on all teeth (2). (Carr and
Williamson 2010:219; Sereno et al. 2009:56-58). ORDERED Note: Previous studies
utilized a binary character, but we have added a second derived state to encompass
variation within Tyrannosauroidea, as made explicit by Sereno et al. (2009).

197) Premaxillary tooth crown 4, apicobasal height relative to largest maxillary crown:
subequal (0); approximately 50% (1). (Sereno et al. 2009:59)

198) Premaxillary teeth, median vertical ridge on lingual surface: absent (0); present as
subtle structure in anterior (mesial) premaxillary teeth (1); present as pronounced
structure in all premaxillary teeth (2). ORDERED (Sereno et al. 2009:60)

199) Premaxillary teeth, curvature of distal (posterior) teeth: recurved (0); straight (1).
New character.

200) Maxillary teeth, number: 13 or more (0); less than 13 in the largest adult specimens
(1). (Carr and Williamson 2010:220; Sereno et al. 2009:61)

201) Maxillary and dentary teeth, form: ziphodont, transverse width of base less than
60% of mesiodistal length (0); incrassate, width greater than 60% of length (1);
incrassate, width nearly equal to length (2). ORDERED (Sereno et al. 2009:62)

Cervical Vertebrae

202) Axis and postaxial cervicles, anteroposterior length of centrum compared to
dorsoventral height of posterior centrum face: greater (0); less than or equal to (1).
Originally used by Holtz (2001). Note: It is possible that this character is related to size
and ontogeny (larger and/or older individuals may possess deeper centra), but we retain it
here in the absence of explicit data on how vertebral morphology changes throughout
ontogeny in a single tyrannosauroid taxon.

203) Axis, pneumatic foramen (pleurocoel), position: near midheight of centrum (0);
dorsally located, directly underneath neurocentral suture and directly posterior to
diapophysis (1). New character.

204) Axis, pneumatic foramen, extent of surrounding fossa: limited to margins of
foramen (0); extensive, occupies most of lateral surface of centrum (1). New character.

205) Axis, ridge on ventral surface of axis: absent (0); present (1). New character.

206) Axis, pneumatic foramina and fossae on each side of the anterior ridge on the neural
spine: absent (0); present (1). New character.



207) Axis, neural spine, texture of dorsal region of anterior surface: generally smooth or
with subtle texture (0); highly rugose, with series of grooves, ridges, and eminences (1).
New character.

208) Axis, dorsal region of neural spine, number of projections on “crown” region: two
lateral projections, dorsal surface of spine smoothly concave (0); two lateral projections
and one dorsal projection on the midline (1). New character.

209) Axis, supradiapohyseal fossa (fossa posterodorsal to diapophysis): absent or shallow
(0); deeply excavated and funnel-like (1). New character.

210) Axis and anterior-middle postaxial cervicals, epipophysis, form: small, pyramidal
mound that extends only slightly posterior to postzygapophysis (0); large, rugose flange
that extends far posterior to postzygapophysis (1). New character.

211) Cervical vertebrae, neural spines in middle-posterior cervicals, shape: elongate
rectangle, much longer anteroposteriorly than wide transversely (0); stout rectangle, base
is essentially square shaped due to nearly equal anteroposterior and transverse
dimensions (1). New character.

212) Cervical vertebrae, neural spines in middle-posterior cervicals, dorsoventral height:
substantially shorter (0); or approximately the same length as or longer (1) than posterior
centrum face. Originally used by Holtz (2001).

213) Cervical vertebrae, morphology of posterior centrodiapophyseal laminae in anterior-
middle cervicals: absent or present as a weak ridge (0); present as a thick, laterally offset
lamina that demarcates a deep infradiapophyseal fossa anteriorly (1). New character.

214) Cervical vertebrae, hypapophysis on anterior region of ventral surface: absent (0);
present (1). New character.

215) Cervical vertebrae, position of prezygapophysis in middle cervicals: slightly
overhangs centrum laterally (0); strongly overhangs centrum laterally, entire
prezygapophyseal facet placed lateral to centrum (1). New character.

216) Cervical vertebrae, orientation of posterior centrodiapophyseal lamina in anterior-
middle cervicals: projects posteroventrally, infrapostzygapophyseal fossa located
primarily posterior to lamina (0); nearly horizontal, fossa located primarily dorsal to
lamina (1). New character.

Dorsal Vertebrae
217) Cervical and dorsal vertebrae, rugose ligament attachment scars in pre- and

postspinal fossae: absent or weakly developed (0); present as prominent, rectangular
flanges that extend outside of the fossae and are visible in posterior view, but on the



dorsal vertebrae only (1); prominent in dorsals and cervicals (2). ORDERED New
character.

218) Dorsal vertebrae, extent of pneumaticity, presence of pneumatic foramina on lateral
centrum surface: absent or limited to anterior dorsals (0); present throughout dorsal
column (1). (Carr and Williamson 2010:226)

219) Dorsal vertebrae, neural spine, level of posterior termination: at approximately the
same level as the posterior centrum face (0); far posterior to the posterior centrum face
(1). (Carr and Williamson 2010:227)

220) Dorsal vertebrae, anteroposterior length of middle-posterior dorsal centra compared
to dorsoventral height of posterior centrum face: greater (0); less than or equal (1). New
character, modified from Carr and Williamson 2010: 228)

221) Dorsal vertebrae, middle-posterior dorsals, position of postzygapophysis relative to
prezygapophysis: at same level (0); elevated dorsally (1). New character.

222) Dorsal vertebrae, middle-posterior dorsals, form of anterior and posterior
centrodiapophyseal laminae: make contact on ventral surface of transverse process,
demarcating a triangular infradiapophyseal fossa (0); do not make contact but roughly
parallel each other, infraprezygapophyseal and infradiapophyseal fossa merged into a
single fossa (1). New character.

Sacral Vertebrae

223) Sacral vertebrae, pneumatic foramina on lateral surfaces of centra: absent (0);
present (1). (Carr and Williamson 2010:229)

224) Sacral vertebrae, fenestrae between fused neural spines: neural spines unfused (0);
spines fused but fenestrae absent (1); spines fused and fenestrae present (2). ORDERED
New character.

225) Sacral ribs, position of central ribs on sacrum: span two sacrals (0); limited to a
single sacral (1). New character.

226) Sacral ribs, position of rib attachment for central ribs on individual sacrals: span
centrum and neural arch (0); limited to neural arch only (1). New character.

227) Sacral vertebra five, position of ventral margin of posterior articular face in lateral
view: at same level as (0) or positioned ventral to (1) ventral margin of anterior articular
face. New character.

228) Sacral vertebrae, form of hyposphene in posteriormost sacral: absent or present as a
single midline structure (0); present and comprised of two parallel-sided sheets (1). New
character.



Caudal Vertebrae

229) Caudal vertebrae, anterior caudals, position of base of neural spine: anterior to (0) or
level with or posterior to (1) posterior surface of centrum. New character.

230) Caudal vertebrae, anterior caudals, shape of transverse processes in dorsal view:
rectangular, with parallel anterior and posterior sides, or slightly ovoid with a gradual
expansion in width distally (0); distal end expanded into a spatulate bulb (1). New
character.

231) Caudal vertebrae, anterior caudals, two laminae linking prezygapophysis and
transverse process, between which is a deep, triangular fossa: absent (0); present (1). New
character.

Scapula

232) Scapula, angle between posterior margin of glenoid and dorsal margin of blade:
greater (0) or approximately (1) 90 degrees. (Carr and Williamson 2010: 234; Sereno et
al. 2009: 68).

233) Scapula, acromion, dorsoventral depth: less (0) or greater (1) than 3.0 times
minimum dorsoventral depth of blade. (Sereno et al. 2009: 67).

234) Scapula, ratio of anteroposterior length of bone to minimum dorsoventral depth of
blade: less (0) or greater (1) than 10.0. (Sereno et al. 2009: 69)

235) Scapula, ratio of dorsoventral depth of distal expansion to minimum dorsoventral
depth of blade: less (0) or greater (1) than 2.5. (Sereno et al. 2009: 70)

236) Scapula and coracoid, glenoid, position relative to posteroventral margin of blade:
offset posteroventrally (approximately by the width of the neck of the blade) (0); offset
only slightly posteroventrally (less than 50% the width of the neck of the blade) (1).
(Sereno et al. 2009: 66)

Coracoid
237) Coracoid, anteroposterior length at midpoint: approximately 100-150% (0) or 200%
or greater (1) than the length of the scapular acromion at midheight. (Sereno et al. 2009:

71)

238) Coracoid, coracoid foramen: present (0); absent or extremely small (1). New
character.

Humerus



239) Humerus, length relative to the femur: 50-70% (0); 40-30% (1); 25-30% (2).
ORDERED (Carr and Williamson 2010: 235; Sereno et al. 2009: 72). Note: Previous
studies utilized a binary character, but we have added a second derived state to
encompass variation within Tyrannosauroidea. The first derived state refers to an
“intermediate” condition exhibited by Eotyrannus and Dryptosaurus, relative to the
longer humeri of basal tyrannosauroids and the atrophied humeri of tyrannosaurids and
Raptorex. In cases where the femur is unknown, tibial length or length of the scapular
blade can be used as a rough proxy.

240) Humerus, head, form: low, poorly differentiated, crescentic shaped in proximal
view, overhangs posterior surface and does not overhang anterior surface (0); enlarged,
occupies the majority of the proximal end, bulbous in proximal view, overhangs both
posterior and anterior surfaces (1). (Sereno et al. 2009: 73).

241) Humerus, apex of deltopectoral crest, location from proximal end: 40-50% (0); 25-
35% (1); less than 25% (2) of the length of the humerus. ORDERED (Sereno et al. 2009:
74) Note: Previous studies utilized a binary character, but we have added a second
derived state to encompass variation within Tyrannosauroidea.

242) Humerus, rotation along shaft, orientation of long axis of proximal end relative to
that of distal end: approximately 30-45 degree angle (0); approximately parallel, shaft
rotation absent (1). (Carr and Williamson 2010: 236)

243) Humerus, additional muscle attachment tubera at the corner of the anterior and
lateral surfaces distal to the deltopectoral crest: absent (0); present (1). New character.

244) Humerus, concave notch between external tuberosity and deltopectoral crest:
present, two structures clearly separated (0); absent, two structures smoothly confluenet
(1). New character.

245) Humerus, form of distal condyles: lateral and medial condyles expanded equally
(offset from shaft in anterior or posterior view is equal) (0); medial condyle expanded
further medially than the lateral condyle is laterally (1). New character.

Ulna

246) Ulna, shaft axis, form: bowed (0); straight (1). (Sereno et al. 2009: 75) Note: The
supposed ulna of Eotyrannus is actually a distal tibia, so this taxon cannot be scored for
this or the following character.

247) Ulna, distal articular surface, form: convex (0); flat (1). (Sereno et al. 2009: 76)

Carpus and Manus



248) Principal distal carpal, shape: semilunate in lateral view with trochlear proximal
surface (0); discoid with flat proximal surface (1). (Carr and Williamson 2010: 238; Li et
al. 2010: 276).

249) Manus, number of functional digits: three or more (0); two, metacarpal 111 is absent
or rudimentary, without phalanges (1). (Carr and Williamson 2010: 239; Sereno et al.
2009: 82) Note: We consider Dryptosaurus and Raptorex to possess the derived state, as
the preserved digits I-11 of both taxa are extremely similar in morphology to those of
tyrannosaurids with only two functional digits. It is possible, however, that a functional
digit 111 may have been present but is only missing due to poor preservation.

250) Metacarpal I, medial distal condyle, form: well formed and large (0); rudimentary
(1). (Sereno et al. 2009: 78)

251) Metacarpal I, medial margin, shape in proximal view: concave (0); smooth
convexity (1). New character.

252) Metacarpals, ratio of the length of metacarpal Il:length of metacarpal I: 2-1.8 (0);
1.8-1.6 (1). (Sereno et al. 2009: 79)

253) Metacarpals, metacarpal 11, mediolateral width at midpoint: equal to or narrower
than (0); or more robust than (1) metacarpal 1. (Carr and Williamson 2010: 240)

254) Manual phalanx I1-1, length: longer (0); or subequal to (1) the length of metacarpal
1. (Sereno et al. 2009: 81)

255) Manual unguals, flexor tubercle, form: large, robust, rugose, conical structure (0);
reduced to a small convexity (1). New character.

256) Manual unguals, degree of recurvature: extensive, flexor margin deeply concave (0);
reduced, flexor margin shallowly concave (1). New character.

Ilium

257) llium, anteroposterior length compared to length of femur: 70-85% (0); 95-105%
(1); 105-115% (2). ORDERED. (Carr and Williamson 2010: 251; Sereno et al. 2009: 83)

258) Ilium, linear ridge dorsal to the acetabulum on the lateral surface of the blade:
absent or low convexity (0); present and vertical or anterodorsally oriented (1); present
and posterodorsally oriented (2). UNORDERED (Carr and Williamson 2010: 246-248;
Sereno et al. 2009: 84)

259) Ilium, preacetabular process, anteroventral corner, form: subtriangular (0);
subquadrate with recurved anterior margin, projecting farther anteriorly than remainder
of anterior end (“hook” present) (1). (Carr and Williamson 2010: 249; Sereno et al. 2009:
87)



260) Ilium, dorsal margin of blade, position relative to sacral neural spines: separated by
a gap (0); lies against neural spines and opposing iliac blades may make contact above
neural spines in some individuals (1). (Sereno et al. 2009: 85)

261) llium, acetabular antitrochanter at posterior end of supraacetabular shelf: absent or
limited in extent (0); present and visible in lateral view as an extensive flange, which is
deeply inset from the remainder of the ischial peduncle (1). (Sereno et al. 2009: 90)

262) llium, acetabular crest, maximum lateral projection relative to ischial peduncle:
significantly greater (0); subequal (1). (Sereno et al. 2009: 91)

263) Ilium, acetabular crest, extent on pubic peduncle: extensive, extends along most or
all of the edge of the peduncle (0); limited, discretely offset from acetabular edge of
pubic peduncle (1). (Li et al. 2010: 278)

264) llium, pubic and ischial peduncles, anteroposterior lengths at dorsal base: pubic
peduncle much larger than ischial peduncle (0); both peduncles approximately the same
length (1). New character, inspired by Li et al. (2010: 292) but with different scores.

265) Ilium, ventral margin of postacetabular process, shape: straight to slightly convex
(0); highly convex, forming a discrete “lobe”-like flange (1). New character.

266) llium, dorsal margin, shape: smoothly convex or flat across entire length (0); convex
anteriorly and straightens out posteriorly (1). New character.

267) llium, postacetabular process, form of posterior margin: tapering, posterior margin
convex (0); squared-off, posterior margin vertical (1). New character.

268) Ilium, ratio of anteroposterior length to dorsoventral depth above acetabulum:
greater than 3.00, ilium is long and low (0); less than 2.8, ilium is subovoid shape (1).
New character.

Pubis

269) Pubis, shaft, anterior margin: straight or convex (bowed anteriorly) (0); concave
(bowed posteriorly (1). (Carr and Williamson 2010: 252)

270) Pubis, pubic tubercle: absent (0); present as a convexity on the anterior margin of
the pubis (1); present as a rugose flange that is discretely offset from the anterior margin
of the pubis and is bordered posteriorly by heavy rugosities on the lateral surface on the
obturator region of the pubis (2). ORDERED (Carr and Williamson 2010: 255) Note:
Previous studies utilized a binary character, but we have added a second derived state to
encompass variation within Tyrannosauroidea.



271) Pubis, pubic tubercle, position: distally positioned, located ventral to the level of the
obturator notch (0); proximally positioned, located level with or dorsal to the obturator
notch (1). New character.

272) Pubis, pubic boot, anteroposterior length relative to total long axis length of pubis:
less than (0) or greater than (1) 60%. New character.

273) Pubis, pubic boot, anterior ramus, length relative to posterior ramus: 10-40% (0);
subequal (1). (Carr and Williamson 2010: 256-258; Sereno et al. 2009: 97).

274) Pubis, pubic boot, position of anterior process relative to posterior process:
displaced dorsally, resulting in a highly convex ventral margin of the boot (0); placed at
the same level, ventral margin of the boot essentially straight (1). (Carr and Williamson
2010: 259)

275) Pubis, orientation of shaft relative to long axis of ilium when pelvis is in
articulation: perpendicular, shaft approximately vertical (0); oblique, shaft is propubic
(1). New character.

276) Pubis, anteroposterior expansion of proximal obturator plate region relative to the
anterior edge of the pubis shaft at its midpoint: less than (0) or greater than (1) twice the
anteroposterior thickness of the shaft at its midpoint. New character.

277) Pubis, obturator notch, form: discrete structure, demarcated ventrally by extensive
obturator flange (0); essentially absent, no ventral flange (1). New character.

Ischium

278) Ischium, ischial tubercle ventral to iliac peduncle: absent or present as a groove (0);
present as a convex bulge on the posterior surface of the ischium (1); present as a rugose,
ovoid or triangular flange whose lateral surface is depressed relative to the remainder of
the ischium (2). ORDERED (Carr and Williamson 2010: 261; Sereno et al. 2009: 93)

279) Ischium, distal end, expansion relative to midshaft: expanded, “foot” present (0);
tapering, “foot” absent (1). (Carr and Williamson 2010: 264; Sereno et al. 2009: 95)

280) Ischium, midshaft diameter (anteroposterior) relative to pubic midshaft diameter:
60-100% or ischium is greater (0); 30-50% (1). (Carr and Williamson 2010: 265; Sereno
et al. 2009: 94)

281) Ischium, position of apex of obturator flange, distance between apex and proximal
end of ischium: approximately 40% of ischium length (“distal flange™) (0); less than 30%
of ischum length (“proximal flange”) (1). New character.

282) Ischium, position of medial apron: along posterior margin of shaft (0); along
anterior margin of shaft (1). New character.



Femur

283) Femur, circular scar on posterior surface of shaft distal to fourth trochanter,
position: absent, low, or positioned approximately centrally on the shaft (0); abuts medial
edge of shaft (1). (Carr and Williamson 2010: 268)

284) Femur, lesser trochanter, height relative to greater trochanter: shorter, terminates
further distally (0); subequal or slightly taller, the two structures extend to approximately
the same level proximally (1). (Carr and Williamson 2010: 269; Sereno et al. 2009: 98)

285) Femur, proximal margin in posterior view: approximately straight (0); concave, due
to a greater trochanter that is elevated substantially relative to the lateral portion of the
proximal surface of the head (1). New character.

286) Femur, fossa on the medial surface of the head, lateral to the trochanteric fossa,
form: absent or shallow (0); deep fossa (1); deep, extensive triangular depression that
covers most of the medial surface of the femur proximally and is demarcated medially
and ventrally by a pronounced, curving, swollen ridge (2). ORDERED New character.

287) Femur, lesser trochanter, accessory trochanter along the anterior margin, form:
present as a pronounced flange ventrally, which is distinguishable from the remainder of
the lesser trochanter in lateral view (0); reduced to a subtle convexity, barely
distinguishable from the remainder of the trochanter (1). New character.

288) Femur, fourth trochanter, position, measurement from proximal margin of head to
distal termination of trochanter relative to total length of the femur: 35% or less (0); 40%
or greater (1). New character.

289) Femur, lateral condyle, shape in distal view: circular or ovoid (0); ovoid, but with an
anterior bulge that is slightly separated from the remainder of the condyle (1). New
character.

290) Femur, extensor groove on anterior surface of distal end, form: absent or extremely
shallow, anterior surface flat between the condyles in distal view (0); groove present but
shallow, expressed as a broad concave anterior margin in distal view but present as an
extensive depression on the anterior surface of the femur (1); groove present and deep,
expressed as a deep, U-shaped cleft in distal view and present as an extensive depression
on the anterior surface of the femur (2). ORDERED New character.

291) Femur, mesiodistal crest, form: single structure (0); bifurcates distally to enclose
fossa on the medial surface of the medial condyle (1). New character.

Tibia



292) Tibia, length relative to the femur: 1.05 or greater (0); less than 1.00 (1). (Sereno et
al. 2009: 99)

293) Tibia, lateral condyle of proximal end, anterior process: absent (0); present (1).
(Carr and Williamson 2010: 270)

294) Tibia, lateral malleolus, lateral extent: limited, mediolateral measure is less than
40% of mediolateral width of adjacent shaft (0); extensive, mediolateral measure greater
than 40% of mediolateral width of adjacent shaft (1). (Carr and Williamson 2010: 271)

295) Tibia, lateral malleolus, position relative to medial malleolus: extend to
approximately the same level distally (0); lateral malleolus extends significantly further
distally than medial malleolus (1). New character.

Fibula

296) Fibula, iliofibularis tubercle, form: single crest (0); large, rugose, and formed by two
crests separated by a depressed fossa (“bipartite” condition) (1). (Carr and Williamson
2010: 272)

Astragalus

297) Astragalus, ascending process, mediolateral width of base compared to width of
entire bone: half or less (0); greater than half (1). (Carr and Williamson 2010: 273)

298) Astragalus, fossa on anterior surface of ascending process, form: shallow concavity
that covers most of the ventral region of the ascending process (0); deep, triangular or
ovoid fossa immediately above midpoint of condyles, set within a broad fossa that covers
most of the ventral region of the ascending process (1). New character.

Pes

299) Pes, arctometatarsalian condition, form of shaft of metatarsal 111: pes not
arctometatarsalian, mt 111 subcylindrical and its proximal end is exposed anteriorly (0);
pes arctometatarsalian, mt 111 wedge-shaped and its proximal end is covered anteriorly by
contact between metatarsals Il and 1V (1). (Carr and Williamson 2010: 276; Sereno et al.
2009: 100)

300) Pes, metatarsal 111, form of medial surface in anterior or posterior view: straight or
subtly convex (0); with medial convex expansion forming a bulge along the distal part of
the shaft (1). (Li et al. 2010: 289)

301) Pes, metatarsal 111, ventral nonarticular surface immediately proximal to the distal
condyles, form: concave (0); raised subtriangular platform (1). (Sereno et al. 2009: 101)



302) Pes, metatarsals I1-1V, distal separation when in articulation: metatarsals closely
appressed and distance between I1-111 and 11I-1V is approximately equal (0); distal ends of
Il and 1V diverge from 111, and distance between I11-1V greater than that between Il-111
(1). New character.

303) Pes, metatarsal 11, articular scar for metatarsal 111 on distal portion of lateral surface
of shaft, form: subtle (0); enlarged as a rugose fossa that occupies more than half of the
proximodistal length of the shaft and expands in anterposterior width distally (1). New
character.

304) Pes, metatarsal 11, lateral surface in proximal view, shape: flat or weakly concave
(0); strongly concave (1). New character.

305) Pes, metatarsal 1V, distal end, ratio between anteroposterior long axis (measured
from midpoint of condyles posteriorly to anterior surface of bone) and mediolateral width
(measured at midpoint): greater than 1.40, distal surface is elongate anteroposteriorly (0);
between 1.40 and 1.20 (1); less than 1.20, distal surface nearly square-shaped with nearly
flat anterior surface (2). ORDERED New character.

306) Pes, proximal pedal phalanges, ratio of length to midshaft width: greater than (0) or
less than (1) 3.0. New character.

307) Pes, pedal unguals, lip overhanging proximal articular surface dorsally (on extensor
surface): present (0); absent or reduced to a subtle tuber (1). New character.

Data matrix

We here present a copy of our TNT matrix. An excel spreadsheet, with characters and
taxa separated into columns and rows, is available from the authors by request.

xread

307 23
Allosaurus010000000000010100000010000001000110000000000210210001000000100
01????0000000001?0??100?00000?70000000000000110000010000000070?10000000000
???2?000?0001001000000001000000000000000000000200000000000000000000100000
010000002001000[0,1]00001000000000100000000000010010100000000001007000101
000100000010201100000000000110

Maniraptora00000?0000000000000?00100?00700011100000001000000??000000000?0
17007??000000000070?7010701000?000000001001000????000000000070?0?0000??001
000?0?0?00000[0,1]000000[0,1]010000000000000000000000001[0,1]0000000?000000[
0,1]0000000[0,1]0[0,1]000017111100[0,1]1000?00000000000010000000000000000000
0000000001100??01100000000100000000010000000000

Ornithomimos0000001000000?00000?00000?00700010000000001?700000??00000?007??
00?0000?00000000007077010?00?00??00000701000000?000000000?000?0?00007??000



01000?????0?00000100000000[0,1]00???000000???00000000000000000???000000000
?00?000000000000100[1,2]00000000000000001000000[0,1]000[0,1]0101000100100[0,
1]000070[0,1]00011001100000000000000100100?70000

Compsogs?000000000000000000700100?00?0?0000?000000??020007??00000700??00?70

??00000?000?0?0??0000010000?0??001007[0,1]0000000[0,1]0?00000000700?0010000?
?0??007??0??007000?0???00

Kileskus???1?71101111001007??0700?000070000707?77?22?277?2727?2727272722722727727727
D222 D2D2PD2P227222279227222272227222722277277

00100000101000070?000000100000010000000000001000000000001000000000000?00
1000000001000000070000

Proceratosaurus0071001101111701000710100700717000010?17?7?070777?2??777772?777777?
071000100000110001?????0??0??0?0???1000000007707707??77??777??77?0000??0007?

?7777?



Xiongguanlong00100?1102000???70??1??00?0170?01700010010107?0010?00100?707?
0770?777707?70100070777007010007??0021711111001071777710071?1117?1007100777

Raptorex?11007111200?0000010110001010010111012011010020010?10101?700?00000
0011000000100000770007010007?00127011777171771101110000111117?2??7777?077??
??977707??7772?777?7?1007077??001000001011121211??0011??0??212100000700000007??
100110771??77707?011000021210111171177?1111011111000100117??1112101?71??17
12?0717711171?77777?

111111101170
Albertosaurus01101011120000000000[0,1]12001[0,1]1001011101201201111002111[0,
1]1[0,2]17017001000000100010201002001110010010171131011111111101101210011
1111111000([0,1]000110[0,1][0,1]11110000101101111011111101111111100101112121
11111111101211111012111771??717771111111111111201
Gorgosaurus01101011120000000000[0,1]120010100101110120120111200211101[0,2]1
001000100000010001020100200111001001010113101111111110110121001111111110
001000110111117?00110110101101111110111111110010111212111100112710?21210
101211170107117271111111111171201
Alioramus001011?7?2?????0000011110111110?011101201101012012101010211101011
100010000102000010000100101110011320111111110011012100111111111710111001
0011101000110110111111011011111011110010111212211110??10000????000001000
01111217700?11111711?01
Daspletosaurus0110101122000110112011200211102111101201211012012101101[1,2]
1111111111111011010200002110011011[0,1]1111113212111111100171121012211111
11110111001101111[0,1]100111110111111011111111111110010111222211101112?10

?1711111?12111?71°?777271177?171117117?7?



Tarbosaurus11101112220001101121012113011021111012012110120107?11012111111
101111101111021010211002101111111113212111111100101131212301111111111111
01101111111111111011100201111111111111112011122212?101112111121211211111
17111117?102111111771??1?11111110212111011111?111112111111111101211111112
11111112111211111111111111211

Tyrannosaurus11101112220001101121012[0,1]0[1,3]011021111012012111120107?110

121011111011[0,1]1101111021010211002101111111113[1,2]121111111001111312123
0111111111117110110111111111111101110020111111111111111201112222211011121
111212112111111011111110211110121111111111111021211101111111111121111111
1110121111111211111112111211111111111111211

Bistahieversor?0701011120000000007102101017010111012011011010020110001001??
?10000?700000020000211001001000007?1311111171?100110121001211111117010007

;:code - 0.250;

2) Text
Synapomorphy List from Phylogenetic Analysis

The following synapomorphy list was compiled in TNT using the “list synapomorphies”
command.

Tyrannosauroidea
Char. 6: 0 --> 1
Char. 7: 0 --> 1
Char. 9: 0 -—> 1
Char. 20: 0 --> 1
Char. 75: 0 -—> 1
Char. 97: 0 --> 1
Char. 121: 0 --> 1
Char. 157: 0 --> 1



Char. 174: 0 --> 1
Char. 195: 0 --> 1
Char. 197: 0 --> 1
Char. 215: 0 --> 1
Char. 237: 0 --> 1
Char. 244: 0 --> 1
Char. 257: 0 --> 1
Char. 269: 0 --> 1
Char. 285: 0 --> 1
Proceratosauridae

No unequivocal synapomorphies

Sinotyrannus + Proceratosaurus + Guanlong
Char. 29: 0 --> 1

All Tyrannosauroidea more derived than Proceratosauridae
Char. 88: 0 --> 1
Char. 105: 0 -->
Char. 123: 0 -->
Char. 168: 0 --—>
Char. 188: 0 --—>
Char. 189: 0 -->
Char. 198: 0 -->
Char. 252: 0 -->

All Tyrannosauroidea more derived than Proceratosauridae and Dilong
Char. 32: 0 --—> 1
Char. 40: 0 --> 1
Char. 48: 3 --> 1
Char. 79: 1 --> 0

RPRRRRRR

Char. 179: 1 --> 2
Char. 180: 0 --> 1
Char. 195: 1 --> 2
Char. 197: 1 --> 2
Char. 220: 0 --> 1
Char. 238: 0 --> 1
Char. 240: 0 --> 1
Char. 243: 0 --> 1
Char. 256: 0 --> 1
Char. 273: 0 --> 1
Char. 280: 0 --> 1
Char. 288: 0 --> 1
Char. 289: 0 --> 1

Stokesosaurus + Eotyrannus

Char. 257: 1 --> 2
All Tyrannosauroidea more derived than Proceratosauridae, Dilong,
Stokesosaurus, and Eotyrannus

Char. 9: 1 --> 2

Char. 27: 0 -—> 1

Char. 42: 0 --—> 1

Char. 104: 0 --> 1

Char. 213: 0 --> 1

Char. 215: 1 --> 0

Char. 259: 0 --> 1

Char. 261: 0 --> 1

Char. 266: 0 --> 1

Char. 289: 1 --> 2
Dryptosaurus + Raptorex + Appalachiosaurus + Bistahieversor +
Tyrannosauridae

Char. 286: 0 --> 1



Raptorex + Appalachiosaurus + Bistahieversor + Tyrannosauridae

Char. 238: 1 --> 2
Char. 239: 0 --> 1
Char. 240: 1 --> 2
Char. 293: 0 --> 1
Appalachiosaurus + Bistahieversor + Tyrannosauridae
Char. 48: 1 --> 2
Char. 167: 0 --> 1
Char. 170: 0 --> 1
Char. 171: 0 --> 1
Char. 279: 0 --> 1
Bistahieversor + Tyrannosauridae
Char. 22: 1 --> 2
Char. 138: 0 --> 1
Char. 140: 0 --> 1
Char. 142: 0 --> 1
Char. 190: 1 --> 2
Char. 302: 0 --> 1
Char. 306: 0 --> 1
Tyrannosauridae
Char. 21: 0 --> 1
Char. 49: 0 -—> 1
Char. 73: 0 --> 1
Char. 91: 0 --> 1
Char. 130: 0 --> 1
Char. 304: 1 --> 2
Albertosaurinae
Char. 68: 1 --> 0
Char. 69: 0 --> 1
Char. 77: 0 --> 1
Char. 83: 0 --> 1
Char. 84: 0 --> 1
Char. 108: 0 --> 1
Char. 134: 0 --> 1
Char. 158: 0 --> 1
Char. 200: 0 --> 1
Tyrannosaurinae
Char. 8: 1 --> 2
Char. 28: 0 --> 1
Char. 57: 0 --> 1
Char. 64: 0 --—> 1
Char. 90: 0 --> 1
Char. 92: 0 --> 1
Char. 98: 1 --> 2
Char. 128: 0 --> 1
Char. 131: 0 --> 1
Char. 132: 0 --> 1
Char. 163: 0 --> 1
Char. 228: 0 --> 1
Utah Taxon + Daspletosaurus + Tarbosaurus + Tyrannosaurus
Char. 53: 1 --> 0
Char. 100: 1 --> 2
Char. 112: 0 --> 1
Char. 117: 0 --> 1
Char. 118: 1 --> 2
Char. 209: 0 --> 1

Daspletosaurus +

Tarbosaurus + Tyrannosaurus



Char. 16: 0 --> 1
Char. 17: 0 -—> 1
Char. 18: 0 --> 2
Char. 52: 0 --> 1
Char. 54: 0 --> 1
Char. 59: 0 --> 1
Char. 70: 0 -—> 1
Char. 89: 0 --> 1
Char. 94: 0 --> 1

Char. 119: 1 --> 2
Char. 148: 0 --> 1
Char. 200: 0 -—> 1
Tarbosaurus + Tyrannosaurus
Char. 0: 0 --> 1
Char. 7: 1 -—> 2

Char. 20: 1 --> 0
Char. 48: 2 --> 0
Char. 72: 0 --> 1
Char. 76: 0 --> 1
Char. 78: 0 --> 1
Char. 85: 1 --> 2
Char. 114: 2 --> 3
Char. 116z 0 --> 2
Char. 119: 2 --> 3
Char. 120: 1 --> 0
Char. 129: 0 --> 1
Char. 133: 0 --> 1
Char. 144: 0 --> 1
Char. 145: 0 --> 1
Char. 155: 1 --> 0
Char. 172: 0 --> 1
Char. 173: 0 --> 1
Char. 174: 1 --> 2
Char. 183: 1 --> 2
Char. 193: 0 --> 1
Char. 194: 0 --> 1
Char. 200: 1 --> 2
Char. 202: 0 --> 1
Char. 203: 0 --> 1
Char. 208: 0 --> 1

Specimen numbers for the panels in Figure 1: (A) Alioramus (Institute of Geology,
Ulaan Baatar, Mongolia 100/1844); (B) Guanlong (Institute of Vertebrate Paleontology
and Paleoanthropology, Beijing, China, V14531); (C) Dilong (Institute of Vertebrate
Paleontology and Paleoanthropology, Beijing, China, VV14243); (D) Bistahieversor (New
Mexico Museum of Natural History and Science, Albuquerque, P-27469); (E) juvenile
Tyrannosaurus (Burpee Museum of Natural History, Rockford, Illinois, 2002.4.1); (F)
adult Tyrannosaurus (American Museum of Natural History, New York, 5027).
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Fig. S1. Single most parsimonious tree recovered by the phylogenetic analysis, showing
Bremer support values for each node.



Table S1: Listing of tyrannosauroid genera included in the phylogenetic analysis, as well
as additional taxa that belong to the tyrannosauroid clade (denoted by asterisk), with
information on their temporal and spatial distribution. E and W denote eastern and
western North America, respectively.

Genus Distribution Age Year of Description
Albertosaurus North America (W) Campanian 1905
Alectrosaurus™ Asia Campanian 1933
Alioramus Asia Maastrichtian 1976
Appalachiosaurus ~ North America (E) Campanian 2005
Aviatyrannis* Europe Kimmeridgian 2003
Bistahieversor North America (W) Campanian 2010
Daspletosaurus North America (W) Campanian 1970
Dilong Asia Barremian 2004
Dryptosaurus North America (E)  Maastrichtian 1877
Eotyrannus Europe Barremian 2001
Gorgosaurus North America (W) Campanian 1914
Guanlong Asia Oxfordian 2006
Kileskus Asia Bathonian 2010
Proceratosaurus Europe Bathonian 1910
Raptorex Asia E. Cretaceous 2009
Sinotyrannus Asia Albian 2009
Stokesosaurus North America (W), L.Jurassic 1974
Europe

Tarbosaurus Asia L. Cretaceous 1955
Tyrannosaurus North America (W) Maastrichtian 1905
Xiongguanlong Asia Albian 2010
Utah Taxon North America (W) Campanian  ---
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