SUPPLEMENTARY INFORMATION

Late Cretaceous bird from Madagascar reveals unique development of beaks

Patrick M. O’Connor!?3, Alan H. Turner?, Joseph R. Groenke!, Ryan N. Felice®, Raymond R.

Rogers®®, David W. Krause®* & Lydia J. Rahantarisoa’.

!Department of Biomedical Sciences, Heritage College of Osteopathic Medicine, Ohio

University, Athens, Ohio 45701, USA.
2Ohio Center for Ecology and Evolutionary Studies, Ohio University, Athens, Ohio 45701 USA.

3Department of Earth Sciences, Denver Museum of Nature & Science, Denver, Colorado 80205,

USA.

“Department of Anatomical Sciences, Stony Brook University, Stony Brook, New York 11794,

USA.

SCentre for Integrative Anatomy, Department of Cell and Developmental Biology, University

College London, London, WC1E 6AP, United Kingdom.

Geology Department, Macalester College, 1600 Grand Avenue, St. Paul, Minnesota 55105,

USA.

"Département de Sciences de la Terre et de I’Environnement, Université d’ Antananarivo,

Antananarivo (101), Madagascar.

O’Connor et al., 2020—Supplementary Information—https://doi.org/10.1038/s41586-020-2945-x

1



Acknowledgements. We thank faculty, students, and staff at Université d’ Antananarivo (Faculty
of Science, Department of Earth and Environmental Sciences, and the Department of
Sedimentary Basins Evolution and Conservation [Antananarivo, Madagascar]), the Mahajanga
Basin Project field teams, and the villagers of the Berivotra Study Area for support. The
ministries of Mines, Higher Education, and Culture of the Republic of Madagascar provided
guidance and permission to conduct field research. We also thank B. Andriamihaja and the staff
at the Madagascar Institut pour la Conservation des Ecosystemes Tropicaux for support in
multiple facets of this project. N. O. Ratsimbaholison (then a student at Université
d’Antananarivo) and J. R. Groenke (then at Stony Brook University) are noted for the discovery
and collection of UA 10015 during the 2010 field season. Initial scanning was made possible by
the Stony Brook University Department of Radiology. L. M. Witmer and R. Ridgley (Ohio
Univ.) coordinated access to the micro-CT scanner at the Ohio University Edison Biotechnology
Institute, as well as converting sinogram data into the volumetric data used for visualization and
segmentation. M. Hata at the Ohio University Innovation Center was responsible for prototyping
polygon files of segmented morphology critical to research of UA 10015. X. Xing and J. K.
O’Connor are thanked by P.M.O. for access to collections under their care at IVPP (Beijing,
China) and discussions related to Mesozoic avialans more generally. J. A. Clarke, F. J.
Degrange, C. M. Early, M. C. Lamanna, C. R. Torres, and L. M. Witmer provided thoughtful
discussions related to avian cranial anatomy. D. J. Field kindly provided access to phylogenetic
source files from Field et al. (2018). M. Witton skillfully drafted the line drawings used in Fig. 1
and Extended Data Figs. 1 & 2. Funding in support of field research of UA 10015 was derived
from the National Geographic Society (8597-09) and the US National Science Foundation (EAR-
0446488) to D. W. Krause, P. M. O’Connor, and R. R. Rogers. Laboratory support was provided
by the US NSF (EAR-1123642) to P. M. O’Connor and A. H. Turner, US NSF EAR-1664432 to
D. W. Krause, P. M. O’Connor, R. R. Rogers, and A. H. Turner, and US NSF (EAR-1525915) to
P. M. O’Connor, and the Ohio University Heritage College of Osteopathic Medicine to P. M.
O’Connor and J. R. Groenke. Collection of 3D morphometric data was funded by European
Research Council grant no. STG-2014-637171 to Anjali Goswami (Natural History Museum,
London, UK), postdoctoral supervisor (2015-2018) to R.N. Felice.

Table of Contents:
1. Context of Discovery.

2. Specimen and Data Preparation.
2a. Names of segmented materials and anatomical designations (Table S1).

3. Digital Reconstructions.
3a. In-situ and Beauchéne-style position transformations (Tables S2 & S3).
3b. Descriptions for animations (Videos S1 — S8).
3c. Descriptions and links for interactive models (3D PDFs S1 & S2).

O’Connor et al., 2020—Supplementary Information—https://doi.org/10.1038/s41586-020-2945-x

2



3d. Description and link to files available on MorphoSource website.

4. Geometric Morphometric Analyses.
4a. Landmarks, semi-landmarks, taxa, and principal components (Tables S4 — S10).
4b. Description and link for interactive plot of rostrum shape used for Extended
Data Fig. 5.

5. Phylogenetic Definitions of Clade Names.

6. Phylogenetic Analyses.
6a. Expanded phylogenetic discussion.
6b. Theropod Working Group (TWIiG) matrix character information and file links.
6¢c. Wang and Zhou, 2019 (WEA) matrix character information and file links.

7. Supplementary References.

1. Context of Discovery.
(return to Table of Contents)

UA 10015 was discovered on July 26", 2010 in the bonebed locality MAD05-42 by N.
0. Ratsimbaholison, and collected as field number MAD 10539 by N.O. Ratsimbaholison and J.
R. Groenke. Locality MADO05-42 is in the Berivotra Study Area of the Mahajanga Basin Project.
The bone-bearing horizon lies within Facies 2 of the Anembalemba Member of the Maevarano
Formation (Rogers et al., 2000). The theropod-dominated bonebed consists of a mix of single
elements to nearly complete skeletons of a variety of vertebrate taxa that span a wide size range,
and includes several avialans (O’Connor and Forster, 2010; O’Connor et al., 2016). Other
paravian materials from the Maevarano Formation include partial skeletons of the unenlagiine
dromaeosaurid Rahonavis ostromi (Forster et al. 1998, 2020) and the ornithuromorph avialan
Vorona berivotrensis (Forster et al. 1996, 2002); both of these partial skeletons were recovered
from locality MAD93-18, ~ 1 km from locality MADO5-42. Approximately 84 m? of quarry
surface has been excavated to date at MADO05-42 over four field seasons (2005, 2007, 2010,
2012) since initial discovery of the site in 2005. Recent monographic work on Rahonavis
(Forster et al., 2020) reaffirmed the unenlagiine affinities of the taxon as well as described new
mandibular remains (the first for the taxon) that presents morphology supportive of its
phylogenetic placement. The dentary of Rahonavis is, in our view, inconsistent with the cranial
morphology of Falcatakely. Exactly how the isolated hind limb material assigned to Vorona
relates to Falcatakely awaits the discovery of more complete material with overlapping regions
of the skeleton. Whereas it is possible that Vorona and Falcatakely pertain to the same taxon,
current data provide no evidence to support that conclusion. Moreover, given the ornithuromorph
affinities supported for Vorona in recent analyses (e.g., Wang et al., 2014; Wang and Zhou,
2019), including that conducted herein, the two taxa present phylogenetically-inconsistent
signals that do not support a cranial/postcranial match. Finally, several additional isolated
postcranial elements, many of which are referable to Enantiornithes (O’Connor and Forster,
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2010), are also known from the Maevarano Formation. Based on available evidence, we predict
that future discoveries of more complete specimens will link the cranium of Falcatakely with
enantiornithine postcranial remains, thereby providing a level of congruence between isolated
cranial and postcranial enantiornithine material known from the formation.

UA 10015 was field-identified as a possible skull based on the exposed tooth (later
determined to be a left premaxillary tooth) and a fragment with dermal ornamentation (later
determined to be part of the right lacrimal). Subsequent mechanical and digital preparation (see
below) revealed the nearly complete rostral portion of a cranium, the right orbital region and
palatal materials as far caudally as the pterygoid and basisphenoid rostrum contact with the
braincase. The rostrum of the specimen was preserved in a right lateral aspect relative to the
quarry surface, whereas the palatal region was rotated ~90 degrees such that the ventral surfaces
of individual palatal elements were facing the quarry surface (Fig. 1a).

The taphonomic circumstances are somewhat curious in that the missing cranial materials
might be expected to be found in close association and immediately beneath materials that were
recovered. However, pre-preparation scanning in the Department of Radiology at Stony Brook
University and subsequent digital preparation of micro-CT data collected at Ohio University’s
Edison Biotechnology Institute confirmed the absence of the left orbital region and braincase.
There is an offset of position of about 30 degrees between right lateral portions of the skull and
the left maxilla, with an increasing degree of separation and fragmentation of right lateral
elements caudally. Curled and torn areas of laminar bone on the jugal process of the right
maxilla and right pterygoid, as well as undulating areas of laminar bone around the mesethmoid,
suggest that bone tissue was impacted and distorted by the forces relating to entombment
(Rogers, 2005; Rogers et al., 2007) and perhaps by other preburial processes (e.g., scavenging).
Interestingly, bones of UA 10015 may have retained enough collagen to flex and tear prior to
final burial.

A thin (0.1 — 0.4 mm), roughly oval (~ 4 x 7.5 mm) delamination of material similar in
relative radiodensity to nearby bone is in contact with the lateral aspect of the left maxilla. Given
several examples of preservation of non-bony tissues within the quarry and in the Anembalemba
Member in general (keratin, cartilage, ossified tendons, and presumed feather rachii; Schweitzer
et al., 1999; Krause et al., 2020), it is highly likely that this represents a portion of the
rhampotheca. In relative proximity to the specimen, one small fragment of unidentified bone lies
3.4 mm below the right nasal in matrix, and another is preserved 7.1 mm anterior to the
premaxillary fragments, but neither appear to be related to the specimen. No other identifiable
elements or fragments were found within an approximately 20 cm radius surrounding the
cranium.

In addition to the main block, two small blocks of matrix containing bone exposed in the
field were collected as part of UA 10015 and micro-CT scanned separately. The elements within
these two blocks are figured along with those of the main block in Figure 1b. The position of one
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of the blocks was re-established with a clear contact against the broken edge of the jugal process
of the maxilla, as well as corollary exposed contacts along the right nasal. This block was also
found to contain portions of the right jugal, pterygoid, ectopterygoid, and postorbital, as well as
two scleral ossicles. The exact position of the second small block relative to the other two is
uncertain because the contact between the blocks was lost during subsequent mechanical
preparation. However, as it contains two fragments of the right premaxilla, it is reasonable to
presume that it was separated from the main specimen-bearing block near the preserved left
premaxillary tooth, in a position approximate to where it was placed in the in-situ reconstruction.

Whereas other avialan specimens representing different taxa lie within a several meter
radius at the locality, additional cranial specimens can be deductively excluded due to size or
element overlap. Moreover, there is no clear association with any postcranial materials in the
MADO05-42 quarry.

2. Specimen and Data Preparation.
(return to Table of Contents)

The plaster jacket containing UA 10015 and its surrounding matrix was first scanned on
December 21%, 2010 (by J. R. Groenke) in a GE Lightspeed VCT 64-source medical CT scanner
in the Stony Brook University Department of Radiology. The 16-bit DICOM data were reviewed
using ImageJ (Rasband, 1997-2016) and Avizo 7.1 (Visualization Sciences Group) prior to
mechanical preparation. Resolution was ineffective for identification but revealed the specimen
to be constrained to within several mm of the quarry surface and to occupy only a small volume
of the collected block. Initial surface preparation of the specimen was performed between April
4™ and 5™, 2011 in the Stony Brook University Vertebrate Fossil Preparation Laboratory by J. R.
Groenke. Work was performed under magnification with carbide needles and insect pins, with
applications of Paraloid B-72 (Dow Chemical Company, Midland, Michigan) consolidant at
approximately 5% by volume in acetone. As with initial scanning, initial surface preparation
failed to lead to identification, as only the lateral aspect of the right maxilla, portions of the
nasals, and the exposed portion of the medial aspect of the left maxilla were revealed. In March
of 2017, a second round of surface preparation by J. Groenke (now at Ohio University) revealed
additional (palatal) symmetries supporting the original field identification. A caudally positioned
portion of the rostral process of the right pterygoid, as well as a portion of the lateral region of
the left ectoptyergoid, were damaged during this second round of preparation, which also
included transferring the specimen into a smaller, plaster-wrapped housing for easier study and
to fit into a micro-CT gantry.

To effectively study the specimen, as well as to prevent any further damage caused by
mechanical preparation, the specimen was scanned on April 10", 2017 using a TriFoil eXplore
CT120 Small-Animal X-ray CT Scanner housed in the Edison Biotechnology Institute at Ohio
University. The 120 kV, 32 mA scan had an exposure of 63 ms, a frame average of 4, and a view
count of 1800. R. Ridgley oversaw specimen scanning and conversion to volumetric voxel data.
The scan of the reduced block also included the two smaller fragments of bone and matrix that
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were separated from the specimen during excavation. All voxels in the volumetric
reconstructions are isometric and measure 24.7 um?. The reconstructed volume of the main block
(‘MAD 10539b’) was cropped to 1189 x 560 x 5049 voxels; the matrix fragment containing
portions of the right lateral aspect of the skull (“MAD 10539a top’) was cropped to a volume of
1675 x 730 x 1485 voxels; and the matrix fragment containing portions of the right premaxilla
(‘MAD 10539a bottom*) was cropped to a volume of 1886 x 600 x 1510 voxels.

Digital preparation and segmentation of volumetric data was performed between April
24% 2017 and January of 2018 by J. R. Groenke. The work was performed using the
Segmentation Editor in Avizo 7.1 (Visualization Sciences Group, Boston, MA), 9.2 (Thermo
Scientific), and Avizo Lite 2019 (Thermo Scientific). After reviewing the data and finding no
additional materials beyond those already largely exposed by mechanical preparation, significant
areas of matrix were masked out (given a value of 0) using the Arithmetic module prior to
specimen segmentation to eliminate noise from threshold propagation at areas distant to the
specimen’s occupied volume. Threshold values encompassing bone were then cocooned in a
volume roughly 5-7x greater than actual volume, with all voxel histogram values falling
physically outside that volume also masked to 0. The net “cocoon” minimized threshold
propagation noise to a level that, along with the limited threshold range option on the brush tool,
allowed for physically and biologically realistic segmentation of voxels into a final total of 157
materials between the three volumes (Table S1). Whereas the ‘MAD 10539a top’ and ‘MAD
10539a bottom’ volumes were segmented from their entire volume, the ‘MAD 10539b’ dataset
was cropped into five sub-volumes to ease digital preparation, and subsequently recombined into
a single master label set.

Segmented materials were generally defined as physically distinct volumes of bone,
generally fragmentary in nature (i.e., transition of voxel histogram values outside the range of
bone across a boundary), with combinations of materials ultimately comprising fragments of a
given anatomical element. However, some materials (for instance, the scleral ossicles) were split
into additional materials only subsequent to anatomical identification. Not all materials were able
to be identified to element, particularly in the volume between the two maxillae.

Generation of polygon outputs of fragments and elements, as well as 2D imaging
protocols, have been detailed in recent Mahajanga Basin Project publications (Evans et al., 2014;
Krause et al., 20144, b, 2020). For the UA 10015 datasets, smoothing protocols were altered
slightly. Segmented materials were not subjected to an iteration of volume growth before
smoothing. The surface-area-to-volume ratio of many materials was such that an appreciable
difference in mediolateral thickness change resulted by growing the volume, since many
elements are no more than a few voxels across. Also in an attempt to preserve fidelity, the
smoothing setting was reduced to 2 from the default 3 value in the Avizo segmentation editor.
The resultant polygon files were therefore an attempt to balance accuracy of shape, sharpness of
edges, and a biologically realistic appearance. The result, however, did create holes in models in
some areas that do not in fact exist on the actual specimen. These tended to occur on
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exceptionally thin bone, such as on the vascularized areas of the lateral surfaces of the maxillae,
and the divot-like texture on dorsal and lateral portions of the nasals.

To facilitate study and reconstruction of UA 10015, some polygon files were exported as
stl files and printed by M. Hata at three times natural size on a Stratasys Objet350 Connex 3D
prototyper housed at the Ohio University Innovation Center.

2a. Names of segmented materials and anatomical designations.
(return to Table of Contents)

Table S1. Reference names of segmented materials and their anatomical designations.

Material Name CT dataset Element or Material Grouping Name
Crop 2 1 10539b left_and_midline_premaxilla
Crop_2 2 10539b left_and_midline_premaxilla
Crop 31 10539b left_and_midline_premaxilla
Crop_4 51 10539b left_and_midline_premaxilla

Element 10 10539a_bottom right_premaxilla_a_bottom
Element 11 10539a_bottom right_premaxilla_a_bottom
Crop_4 14 10539b left_maxilla_keratin
Crop_4 12 10539b left maxilla outer table
Crop_4 13 10539b left maxilla inner table
Crop_4_28 10539b left maxilla inner table
Reconcile_27 10539b left maxilla inner table
Reconcile_33 10539b left maxilla inner table
Reconcile_36 10539b left maxilla inner table
Reconcile_37 10539b left maxilla inner table
Reconcile_38 10539b left maxilla inner table
Crop_4 27 10539b right maxilla outer table
Crop_4_19 10539b right maxilla inner table
Crop_4_29 10539b right maxilla inner table
Crop_4_39 10539b right maxilla inner table
Crop_4_42 10539 right maxilla inner table
Crop_4_43 10539b right maxilla inner table
Crop_4_44 10539 right maxilla inner table
Crop_4_52 10539b right maxilla inner table
Reconcile_21 10539b right maxilla inner table
Reconcile_22 10539b right maxilla inner table
Reconcile_23 10539b right maxilla inner table
Reconcile_24 10539b right maxilla inner table
Reconcile_39 10539b right maxilla inner table
Reconcile_28 10539b right maxilla inner table
Reconcile_29 10539b right maxilla inner table
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Reconcile_30 10539b right maxilla inner table
Reconcile_31 10539b right maxilla inner table
Reconcile_32 10539b right maxilla inner table
Crop 5 14 10539b right maxilla posterior process
Element 4 10539a_top right_maxilla_a_top_posterior_process
Crop 41 10539b left_anterior_portion_of nasal
Crop_4 48 10539b left_anterior_portion_of_nasal
Crop_4 8 10539b left_anterior_portion_of nasal
Crop_ 4 6 10539b left_posterior_portion_of nasal
Crop 4 2 10539b right_anterior_portion_of nasal
Crop_ 4 4 10539b right_posterior_portion_of nasal
Crop 5 7 10539b right nasal
Element_1 10539a_top right nasal
Element_2 10539a_top right nasal
Reconcile 34 10539b left_vomer
Reconcile_26 10539b left_vomer
Crop_4 41 10539b right_vomer
Crop_4 45 10539b right_vomer
Reconcile 35 10539b right_vomer
Reconcile_25 10539b right_vomer
Crop_4_32 10539b mesethmoid
Crop_4_37 10539 mesethmoid
Crop_4_38 10539b mesethmoid
Crop_5_67 10539 mesethmoid
Reconcile_16 10539b mesethmoid
Reconcile_17 10539 mesethmoid
Reconcile_8 10539b mesethmoid
Crop_4_46 10539 mesethmoid
Crop 5 6 10539b palatal_arc
Crop 5 55 10539b palatal_arc
Crop_4 24 10539b palatal_arc
Crop 5 26 10539b palatal_arc
Crop_5 59 10539b palatal_arc
Crop_4 30 10539b left_lacrimal
Crop_4 20 10539b right_lacrimal
Crop 5 10 10539b right_lacrimal
Crop 5 2 10539b right_lacrimal
Crop 5 3 10539b right_lacrimal
Crop 5 4 10539b right_lacrimal
Crop 5 5 10539b right_lacrimal
Crop_5_22 10539b right_lacrimal
Crop 5 24 10539b right_lacrimal
Crop_5_25 10539b right_lacrimal
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Crop_5 27 10539b right_lacrimal
Crop_5 28 10539b right_lacrimal
Crop 5 34 10539b right_lacrimal
Crop_ 5 35 10539b right_lacrimal
Reconcile 1 10539b right_lacrimal
Crop_4_5 10539b right_lacrimal
Crop_5 29 10539b right_lacrimal
Crop_5_30 10539b right_lacrimal
Crop 5 31 10539b right_lacrimal
Crop_5 32 10539b right_lacrimal
Crop_5 38 10539b right_lacrimal
Reconcile_2 10539b right_lacrimal
Reconcile 3 10539b right_lacrimal
Reconcile_4 10539b right_lacrimal
Reconcile 5 10539b right_lacrimal
Crop_4 15 10539b left_palatine
Crop_5 46 10539b left_palatine
Crop_5 50 10539b left_palatine
Crop_4 35 10539b right_palatine
Crop 5 42 10539b right_palatine
Crop_5 53 10539b right_palatine
Crop_5 56 10539b right_palatine
Crop_5 47 10539b left_pterygoid
Crop 5 57 10539b left_pterygoid
Crop_5 58 10539b left_pterygoid
Crop_5 60 10539b left_pterygoid
Crop_5 64 10539b left_pterygoid
Crop 5 65 10539b left_pterygoid
Crop_5 66 10539b left_pterygoid
Crop 5 48 10539b right_pterygoid
Crop_5 54 10539b right_pterygoid
Crop 5 61 10539b right_pterygoid
Reconcile_9 10539b right_pterygoid
Crop 51 10539b right_pterygoid
Crop_5_62 10539b right_pterygoid
Crop 5 63 10539b right_pterygoid
Reconcile_6 10539b right_pterygoid
Reconcile 7 10539b right_pterygoid
Crop_5_39 10539b right_pterygoid
Crop 5 40 10539b right_pterygoid
Crop_5 43 10539b right_pterygoid_and_ectopterygoid
Crop 5 44 10539b right_pterygoid_and_ectopterygoid
Crop_5_45 10539b right_pterygoid_and_ectopterygoid
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Element_7 10539a_top a_top_right_pterygoid_and_ectopterygoid
Element 5 10539a_top a_top_right_pterygoid_and_ectopterygoid
Crop_5 15 10539b right_jugal
Crop_5_17 10539b right_jugal
Element_6 10539a_top a_top_right_jugal
Element 9 10539a_top a_top_right_jugal
Element 9 folded over a 10539a_top a_top_right_jugal
Element 9 folded_over b 10539a_top a_top_right_quadratojugal
Crop_5 52 10539b basisphenoid_rostrum
Crop_5 51 10539b left_ectopterygoid
Reconcile_19 10539b left_ectopterygoid
Crop_5 49 10539b left_ectopterygoid
Element_8 10539a_top right postorbital
Crop 5 11 10539b right scleral ring
Crop_5 12 10539b right scleral ring
Crop_5_16 10539b right scleral ring
Crop_5 18 10539b right scleral ring
Crop 5 19 10539b right scleral ring
Crop_5 23 10539b right scleral ring
Crop 5 37 10539b right scleral ring
Reconcile_10 10539b right scleral ring
Reconcile_11 10539b right scleral ring
Reconcile_12 10539b right scleral ring
Reconcile_13 10539b right scleral ring
Reconcile_14 10539b right scleral ring
Reconcile_15 10539b right scleral ring
Reconcile_20 10539b right scleral ring
Element 10 10539a_top right scleral ring
Element_3 10539a_top right scleral ring
Crop 11 10539b unknown_b
Crop_4 36 10539b unknown_b
Crop_4_40 10539b unknown_b
Crop_4_47 10539b unknown_b
Crop_4_49 10539b unknown_b
Crop_5_20 10539b unknown_b
Crop_5_21 10539b unknown_b
Crop_5_33 10539b unknown_b
Crop_5_36 10539b unknown_b
Crop 5 41 10539b unknown_b
Reconcile_18 10539h unknown_b
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3. Digital Reconstructions.
(return to Table of Contents)

After digital preparation and initial study, two digital reconstructions of UA 10015 were
performed. An in-situ (taphonomic) model reconstructed the relative positions of the fossil
elements and fragments from the three collected blocks of matrix prior to collection. A
Beauchéne-style model recombined fragments into constituent anatomical elements and arrayed
those elements in approximation of their relative positions within the living animal’s cranium.
The work was performed by J. R. Groenke between December 2017 and July 2019, using the
Transform Editor in Avizo 7.1 (Visualization Sciences Group, Boston, MA) and 9.2 (Thermo
Scientific).

To effectively reconstruct and figure all elements recovered from the three scanned
blocks of matrix, the combined in-situ digital reconstruction was established. First, polygon files
from the ‘MAD 10539a top’ and ‘MAD 10539a bottom’ blocks were positionally transformed in
digital space to (or near to) their contact (or presumed contact) with ‘MAD 10539b” materials.
As previously described (see Context of Discovery section), clear contacts existed between
fragments of the right maxilla and nasal, uniting block ‘“MAD 10539a bottom’ to ‘MAD
10539h.” This contact was reconstructed to the degree possible in digital space. The remaining
smaller block (‘MAD 10539a bottom”), shown to have two fragments of the right premaxilla,
was placed in an area where contacts most likely did exist with ‘MAD 10539b,” but for which
the matrix-matrix contact had been incidentally mechanically prepared away. The resultant
coordinate changes for materials within the two smaller blocks relative to ‘MAD 10539b’ are
listed in Table S2; note these changes are relative to the default coordinate system of the scanner
for the two scans performed (a and b), and are therefore not taphonomically meaningful, but are
provided here for the purposes of repeatability of the reconstruction. New polygon files
representing the in-situ reconstruction for the ‘a block’ materials in their in-Situ positions were
then created. The resultant polygon outputs comprise Fig. 1b and were utilized in additional
supplementary materials (see below).

The taphonomically fragmented and distorted fossil material precluded an accurate in-life
reconstruction. To avoid idealizing (retro-deforming, filling gaps, etc.) the preserved
morphology, a partially exploded, Beauchéne-style digital reconstruction was created for study
and display. Segmented materials that could not be identified with certainty (e.g., presumed
portions of the maxillo-palatal regions and internarial/mesethmoid regions) were included in the
in-situ reconstruction but not in the Beauchéne-style reconstruction. In all, eighty-one of the
polygon outputs derived from segmented materials were utilized in the Beauchéne-style
reconstruction. The positions of all polygon files were transformed relative to the left maxilla.
These coordinate changes are shown in Table S3. The resultant reconstruction was used to
generate Fig. 1c, as well as for Extended Data Figs. 1 & 2.

To provide a conceptually straightforward means of representing changes of fragments
from in-situ to Beauchéne-style positions, the transformations were animated as Videos S1 — S8
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using the Avizo Movie Maker and Animation Producer modules. The tiff stack outputs were
compiled at 50 fps and edited in Adobe Premiere Pro (Creative Cloud). The changes animated
are not intended to represent hypotheses about taphonomy, but rather to intuitively present the

lengthy process of creating the Beauchéne-style reconstruction from the in-situ materials.

The two digital reconstructions were also assembled into interactive Supplementary 3D

PDFs S1 & S2 by converting exported u3d files into Adobe Acrobat DC (Creative Cloud),

Adobe Acrobat Pro DC (Continuous Release) Version 2020.

3a. In-situ and Beauchéne-style position transformations.

(return to Table of Contents)

Table S2. Coordinate changes to move ‘MAD 10539a top’ and ‘MAD 10539a bottom’ materials
into ‘MAD 10539b’ context for in-situ reconstruction of segmented materials. Abbreviations:

Trans., Translation.

Transformed Surface Name Trans. | Trans. | Trans. | Rotation Rotation | Rotation | Rotation

X Y Z (degrees) X Y A
10539atop_moved.surf -9.84038 5.77955 83.3622 66.9633 0.124139 0.947919 0.293324
MAD_10539a_top_right_frontal_moved.surf -20.384 7.53933 82.1374 66.9633 0.124139 0.947919 0.293324
MAD_10539a_top_right_jugal _moved.surf -7.94223 467634 86.1241 66.9633 0.124139 0.947919 0.293324
MAD_10539a_top_right_scleral_ring_moved.surf -12.8317 5.3769 85.9294 66.9633 0.124139 0.947919 0.293324
MAD_10539a_top_unknown_moved.surf -2.48301 3.97609 86.0766 66.9633 0.124139 0.947919 0.293324
atopblock_moved.surf -13.9692 7.32218 80.1243 66.9633 0.124139 0.947919 0.293324
Element_1_moved.surf -20.798 7.80816 81.4438 66.9633 0.124139 0.947919 0.293324
Element_2_moved.surf -16.9773 6.1569 85.1632 66.9633 0.124139 0.947919 0.293324
Element_3_moved.surf -13.1399 5.35795 86.1211 66.9633 0.124139 0.947919 0.293324
Element_4_moved.surf -7.94223 4.67634 86.1241 66.9633 0.124139 0.947919 0.293324
Element_5_moved.surf -5.79525 3.70915 88.341 66.9633 0.124139 0.947919 0.293324
Element_6_moved.surf -7.72622 4.19398 87.5914 66.9633 0.124139 0.947919 0.293324
Element_7_moved.surf -4.03708 4.2829 85.7428 66.9633 0.124139 0.947919 0.293324
Element_8 moved.surf -0.157284 3.38929 86.9886 66.9633 0.124139 0.947919 0.293324
Element_9_moved.surf -3.95609 2.94709 90.0254 66.9633 0.124139 0.947919 0.293324
Element_9 folded_over_moved.surf -3.4741 2.64214 90.8069 66.9633 0.124139 0.947919 0.293324
Element_9_folded_over_a_moved -3.95693 2.75596 90.6503 66.9632 0.124138 0.947921 0.293318
Element_9_folded_over_b_moved -2.39904 2.36464 91.2556 66.9632 0.124138 0.947921 0.293318
Element_10_moved.surf -12.6636 5.39607 85.7963 66.9633 0.124139 0.947919 0.293324
MAD_10539a_bottom_right_premaxilla_moved.surf -13.9662 5.99815 22.5481 143.862 -0.159082 0.985548 -0.058198
Element_10_working_moved.surf -15.2819 5.3414 15.0228 143.862 -0.159082 0.985548 -0.058198
Element_11_moved.surf -12.5446 6.73224 31.0934 143.862 -0.159082 0.985548 -0.058198
Element_11 w_impression_moved.surf -10.4102 7.13519 32.0829 143.862 -0.159082 0.985548 -0.058198

O’Connor et al., 2020—Supplementary Information—https://doi.org/10.1038/s41586-020-2945-x

12




Table S3. Coordinate changes to move all materials relative to left maxilla for Beauchéne-style

reconstruction of segmented materials. Abbreviations: Rotat., Rotation; Trans., Translation.

Transformed Surface Name Trans. | Trans. | Trans. | Rotation | Rotat. | Rotat. | Rotat.
X Y Z (deg.) X Y Z

Crop_2_1 BEAUCHINE.surf 4.2058 5.9870 4.2030 247.6340 0.1669 -0.1274 | 0.9777
Crop_2_2 BEAUCHINE.surf 1.0745 -0.9006 11.1427 26.5934 -0.1763 -0.9843 0.0028
Crop_3_1_BEAUCHINE.surf 4.4176 6.1649 1.3310 46.5929 -0.0051 | -0.9138 | -0.4061
Element_10_working_moved_BEAUCHINE.surf -4.4483 12.9798 12.1115 267.9670 -0.0903 | 0.9934 | -0.0707
Element_11 _moved BEAUCHINE.surf -2.6647 13.3198 -2.7249 53.9502 0.2819 -0.9026 0.3252

MAD_10539b_left_maxilla.surf N/A N/A N/A N/A N/A N/A N/A
MAD_10539b_right_maxilla_no_postproc. BEAUCHINE.surf 5.9405 12.2837 21171 15.8134 -0.2196 0.7119 0.6670
Crop_5_14 BEAUCHINE.surf 18.7488 17.1851 -7.4407 36.1799 -0.2028 0.8228 0.5309
MAD_10539a_top_right_maxilla_BEAUCHINE.surf 24.8359 | 18.5871 -7.2883 36.1798 -0.2028 | 0.8228 | 0.5309
Crop_4_2 BEAUCHINE 3.3887 8.2175 -2.7848 13.5784 -0.1764 | -0.3332 | 0.9262
Crop_4_4 BEAUCHINE 2.9576 8.6754 -2.9549 44.6199 -0.1087 | 0.0910 | -0.9899
Crop_5_7_BEAUCHINE.surf 6.2065 7.5190 -4.5139 57.4174 0.1368 0.1888 -0.9724
MAD_10539a_top_right_nasal_moved_BEAUCHINE.surf 8.2236 7.4241 -4.4472 56.8327 0.0115 0.2574 | -0.9662
Crop_4_6_BEAUCHINE -1.1663 2.9892 -0.3208 67.5309 -0.0567 | 0.1336 | -0.9894
Crop_4 1 BEAUCHINE 0.1193 41534 -0.6131 63.9122 0.2032 -0.0424 | -0.9782
vomers_ BEAUCHINE 5.3925 7.6271 -5.1364 8.1051 -0.1388 0.9800 0.1423
MAD_10539b_left_pterygoid_BEAUCHINE.surf 10.4406 | 6.2675 -6.0071 54,6947 -0.2349 | 0.3295 | -0.9145
Crop_4_15 BEAUCHINE.surf 43174 2.6285 -1.3077 87.7295 -0.1222 0.1800 -0.9760
Crop_5_50_BEAUCHINE.surf 15.6238 6.2830 -5.9277 68.9912 -0.3134 | 0.3049 | -0.8993
Crop_5_46_BEAUCHINE.surf 11.3993 7.8601 -3.9087 68.9918 -0.3135 | 0.3049 | -0.8993
Crop_5_49_BEAUCHINE.surf 12.5582 4.1270 -5.5972 68.9912 -0.3134 | 0.3049 | -0.8993
Crop_5_51_BEAUCHINE.surf 15.0548 5.9887 -5.8311 68.9912 -0.3134 | 0.3049 | -0.8993
Reconcile_19_BEAUCHINE.surf 13.6875 5.6783 -5.4549 68.9912 -0.3134 | 0.3049 | -0.8993
Crop_4_35_BEAUCHINE.surf 10.7150 | 12.3530 2.8158 87.6603 0.0735 0.1766 | 0.9815
Crop_5_42_BEAUCHINE.surf 18.3045 13.0338 -7.2830 81.3453 0.0201 0.2174 -0.9759
Crop_5_53 BEAUCHINE.surf 12.7337 | 12.8539 -4.1418 223.3920 0.4547 -0.0850 | 0.8866
Crop_5_56_BEAUCHINE.surf 9.9265 10.9540 -2.3128 27.0887 -0.6951 | -0.0155 | -0.7188
Crop_5_1 BEAUCHINE.surf 11.5681 8.1881 -5.5079 92.6627 -0.1524 0.3123 -0.9377
Crop_5_39 BEAUCHINE.surf 14.1148 11.7539 -5.0661 199.0770 0.7677 -0.3234 | 0.5533
Crop_5_40_BEAUCHINE.surf 14.0396 | 10.3377 -6.4025 235.5000 0.4069 0.0799 | 0.9100
Crop_5_48 BEAUCHINE.surf 16.1165 | 12.9993 -7.9900 81.1133 0.0108 0.2067 | -0.9783
Crop_5_54 BEAUCHINE.surf 12.2365 | 14.0438 -8.2491 250.7730 0.3465 -0.0756 | 0.9350
Crop_5 61 BEAUCHINE.surf 10.8016 7.6272 -5.5526 255.2510 0.1526 -0.3194 | 0.9352
Crop_5_63_BEAUCHINE.surf 12.8806 9.2119 -5.3817 92.6626 -0.1524 | 0.3123 | -0.9377
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Reconcile_6_BEAUCHINE.surf 9.9413 8.0116 -5.3038 92.6627 -0.1524 0.3123 -0.9377
Reconcile_7_BEAUCHINE.surf 9.0019 7.2934 -5.3900 92.6627 -0.1524 0.3123 -0.9377
Reconcile_9_BEAUCHINE.surf 13.0561 8.9695 -5.5508 265.4150 0.1034 -0.3543 | 0.9294
Crop_5_52_BEAUCHINE 13.0906 9.9756 -8.7552 37.6985 0.6181 0.7115 0.3342
Crop_4_20_BEAUCHINE.surf 4.0080 10.7448 2.9172 45.2252 -0.0386 0.1025 -0.9940
Crop_5_2_BEAUCHINE.surf 4.4480 11.9045 -0.3312 153.8490 0.8910 0.2762 | -0.3604
Crop_5_3_BEAUCHINE.surf 8.4266 8.5956 -1.1714 77.7840 0.7735 -0.4541 | 0.4421
Crop_5_4 BEAUCHINE.surf 8.8487 10.4280 0.3666 94.3151 -0.2358 -0.6793 0.6949
Crop_5_5_BEAUCHINE.surf 3.0615 11.8096 -6.3046 182.5880 -0.5838 | 0.6541 | 0.4811
Crop_5_10_BEAUCHINE.surf 6.9128 14.7316 1.3084 62.0572 0.0129 0.4664 | 0.8845
Crop_5_30_BEAUCHINE.surf 14.4298 14.3225 -0.4274 225.4870 0.4256 0.9035 0.0507
Crop_5_31_BEAUCHINE.surf 17.6642 15.5448 -2.8569 108.4550 0.3531 0.5631 0.7472
Crop_5_22_BEAUCHINE.surf 22.1852 | 20.3718 0.4402 32,9114 -0.1513 | 0.8900 | 0.4302
Crop_5_24 BEAUCHINE.surf 19.6656 | 19.0410 0.8071 30.7901 -0.3262 | 0.7010 | 0.6342
Crop_5_25 BEAUCHINE.surf 19.9027 | 19.6593 0.2945 25.9738 -0.4037 | 0.8053 | 0.4341
Crop_5_27_BEAUCHINE.surf 16.8357 16.9022 -0.1416 37.0774 -0.2959 0.7017 0.6481
Crop_5_28 BEAUCHINE.surf 19.3183 | 18.9430 1.0791 25.9739 -0.4037 | 0.8053 | 0.4341
Crop_5_34 BEAUCHINE.surf 19.8394 | 19.5959 0.3527 25.9739 -0.4037 | 0.8053 | 0.4341
Crop_5_35_BEAUCHINE.surf 20.6382 | 19.8805 0.5609 25.9742 -0.4037 | 0.8053 | 0.4341
Crop_5_43 BEAUCHINE.surf 21.4051 8.2060 -8.2948 81.3454 0.0201 0.2174 | -0.9759
Crop_5_44 BEAUCHINE.surf 22.3502 9.0094 -8.0963 81.3454 0.0201 0.2174 -0.9759
Crop_5_45_BEAUCHINE.surf 22.7020 10.4601 -7.7650 81.3454 0.0201 0.2174 -0.9759
Element_5_moved_BEAUCHINE.surf 24.4983 | 15.2620 | -10.5649 256.3990 -0.0981 | -0.0300 | 0.9947
Element_7_moved_BEAUCHINE.surf 22.9039 10.6755 -9.7134 59.1580 -0.1414 | -0.3085 | -0.9406
Crop_5_15 BEAUCHINE.surf 21.4461 17.1769 -10.7693 79.6320 -0.0657 0.5643 0.8229
Crop_5_17_BEAUCHINE.surf 20.0308 17.5779 -9.1757 215.1920 0.9456 0.0243 0.3244
Element_6_moved_BEAUCHINE.surf 25.2993 | 18.2043 -7.5366 255.4460 -0.0310 | 0.0941 | 0.9951
Element_9_moved_BEAUCHINE.surf 25.2915 17.2051 -5.2961 240.8570 0.1048 0.9305 -0.3511
Element_9_folded_over_a_moved_BEAUCHINE.surf 27.2923 | 19.2842 -0.8025 36.1799 -0.2028 | 0.8228 | 0.5309
Element_9_folded_over_b_moved_BEAUCHINE.surf 27.9705 19.5328 -0.9280 36.1799 -0.2028 0.8228 0.5309
Element_8 moved_BEAUCHINE.surf 17.8453 18.0003 -3.4672 226.7410 0.1242 0.9842 | -0.1264
Crop_5_11 BEAUCHINE.surf 13.9042 14.7704 4.7101 44.3547 0.5823 -0.6694 | -0.4613
Crop_5_12 BEAUCHINE.surf 15.4130 15.6198 5.1813 55.5241 0.5333 -0.6465 | -0.5455
Crop_5_16 BEAUCHINE.surf 17.3677 16.5874 5.2466 125.4530 0.7840 0.0358 -0.6197
Crop_5_18 BEAUCHINE.surf 12.2399 14.3267 2.9823 53.6763 -0.5840 0.7768 0.2357
Crop_5_19 BEAUCHINE.surf 12.6671 14.0343 2.1322 67.4429 0.1764 -0.9809 0.0824
Crop_5_23 BEAUCHINE.surf 18.3619 | 16.5133 6.0494 259.2250 0.0205 0.1726 | 0.9848
Crop_5_37_BEAUCHINE.surf 16.7846 | 16.3079 8.9009 81.8946 -0.1701 | 0.1101 | 0.9793
Reconcile_10_BEAUCHINE.surf 15.8161 17.8804 5.2219 39.9683 0.0848 -0.4222 0.9026
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Reconcile_11_BEAUCHINE.surf 15.8456 17.6679 6.2862 51.8719 0.3090 -0.7151 | 0.6270
Reconcile_12_BEAUCHINE.surf 15.5025 17.5911 5.4241 41.7431 0.1742 0.4012 0.8993
Reconcile_13_BEAUCHINE.surf 15.6086 18.0707 4.7980 39.1639 0.2639 0.1649 0.9503
Reconcile_14 BEAUCHINE.surf 15.9106 17.9915 5.2904 39.8718 0.0655 0.0574 0.9962
Reconcile_20_BEAUCHINE.surf 10.4496 12.9428 3.7272 37.7249 0.2365 -0.5198 | 0.8209
Element_3_moved_BEAUCHINE.surf 14.1454 11.6998 1.1889 234.3490 -0.2047 | -0.0146 | 0.9787
Element_10_moved_BEAUCHINE.surf 15.0168 12.3274 3.2529 39.9742 0.3114 -0.4009 | 0.8616

3b. Descriptions for animations.
(return to Table of Contents)

Video S1. Polygon surface model reconstruction (from CT data) of Falcatakely forsterae, as preserved,
with rotation around a dorsoventral axis (relative to left maxilla).

Video S2. Polygon surface model reconstruction (from CT data) of Falcatakely forsterae, Beauchéne-
style, with rotation around a dorsoventral axis axis (relative to left maxilla).

Video S3. Polygon surface model reconstruction (from CT data) of Falcatakely forsterae, as preserved,
with rotation around a mediolateral axis (relative to left maxilla).

Video S4. Polygon surface model reconstruction (from CT data) of Falcatakely forsterae, Beauchéne-
style, with rotation around a mediolateral axis (relative to left maxilla).

Video S5. Polygon surface model reconstruction (from CT data) of Falcatakely forsterae, as preserved,
with rotation around a rostrocaudal axis (relative to left maxilla).

Video S6. Polygon surface model reconstruction (from CT data) of Falcatakely forsterae, Beauchéne-
style, with rotation around a rostrocaudal axis (relative to left maxilla).

Video S7. Animation of in-situ to Beauchéne-style state changes in polygon reconstructions (relative to
left maxilla).

Video S8. Montage highlighting stages of data recovery used for study of Falcatakely forsterae.

3c. Descriptions and links for interactive models.
(return to Table of Contents)

3D PDF S1. Polygon surface models (from CT data) for in-situ reconstruction.
https://doi.org/10.5061/dryad.mkkwh70wg.

3D PDF S2. Polygon surface models (from CT data) for Beauchéne-style reconstruction.
https://doi.org/10.5061/dryad.mkkwh70wq.
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3d. Description and link to files available on MorphoSource website.

(return to Table of Contents)

The three primary volume files (DICOM stacks) of the specimen derived from the micro-CT
data, as well as polygon files of selected, reconstructed cranial elements (right maxilla, right
nasal, right lacrimal, right jugal, right ectopterygoid, right palatine) are archived on the
MorphoSource website as Project P894, “Late Cretaceous bird from Madagascar reveals unique
development of beaks,”

https://www.morphosource.org/Detail/ProjectDetail/Show/project _id/894.

4. Geometric Morphometric Analyses.
(return to Table of Contents)

The majority of bird fossils, including UA 10015, are generally preserved in what is
functionally two dimensions, flattened through compression within sediment. We therefore used
a two-dimensional geometric morphometric approach to compare the shape of preserved portions
of UA 10015 with selected non-avialan dinosaurs (e.g., deinonychosaurs, oviraptorosaurs, etc.)
and a sample of both stem and crown birds. Eight anatomical landmarks (Table S4) and 8
semilandmark curves (Table S5) were digitized on illustrations of 18 extinct paravians and 2
extant birds (Table S6, with line drawings from Fig. 2, and from illustrations in Huang et al.
(2016) and Field et al. (2018)) using the ‘StereoMorph’ R package (Olsen and Westneat, 2015).
Because of the unusual proportions of the maxilla and premaxilla represented in UA 10015, we
focused quantification of 2D face shape on these two elements. Landmark configurations were
subjected to Procrustes superimposition (with sliding semilandmarks to reduce bending energy)
and principal components analysis (Fig. 3). The first seven principal component axes explain
95% of the cumulative shape variation, with the first and second axes explaining 36% and 30%
of the total variance, respectively (Table S7).

In order to assess the overall shape of the rostrum of Falcatakely in the broader context of
crown birds, UA 10015 was placed into an established 3D geometric morphometric dataset based
on quantified cranial shape in 352 extant birds (Felice and Goswami, 2018). Adding fossil taxa
other than UA 10015 proved difficult because of a lack of complimentary three-dimensionally
preserved fossils, as well as a lack of available data for in-depth segmentation and 3D
reconstruction of morphology available to date for fossil taxa. Therefore, only extant taxa were
used for comparison in the analysis. Because one of the key landmarks for capturing beak shape
in this dataset is the anterior tip of the rostrum, R. N. Felice digitally reconstructed the anterior
portion of the premaxilla in UA 10015 using Blender v2.79b (www. blender.org). We sculpted
this region following the contours of the preserved anatomy to produce a conservative estimate
of the complete morphology of the region (Extended Data Fig. 6; Lautenschlager, 2016). We
then digitized four anatomical landmarks (Table S8) and two curves containing 20 sliding
semilandmarks (Table S9) on the nasal, maxilla, and premaxilla of UA 10015, describing the
shape of the anterior facial skeleton (Extended Data Fig. 6). Landmarks were placed using IDAV
Landmark (Wiley et al., 2005). We removed Buceros rhinoceros, Bucorvus abyssinicus, and
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Casuarius unappendiculatus from the original dataset because the extensive cranial ornaments in
these taxa makes them outliers in subsequent analyses. We subjected the landmark data to
Procrustes alignment, sliding semilandmarks to minimize bending energy. We conducted a
principal component analysis to generate a morphospace plot (Extended Data Fig. 5; Table S10).
Because semilandmarks were only collected from the right side of the face, we mirrored right-
side landmarks to the left side before Procrustes superimposition to avoid alignment artifacts
(Cardini, 2016) and subsequently removed mirrored points before conducting the PCA. Finally,
we visualized shape change along PC axes 1 and 2 by warping a 3D model of the facial skeleton
of Corvus brachyrhynchos to the shapes described by the maximum and minimum values on
both axes (Extended Data Fig. 5) using the ‘plotRefToTarget’ function in the ‘geomorph’ R
package (Adams and Otarola-Castillo, 2013).

4a. Landmarks, semi-landmarks, taxa, and principal components.
(return to Table of Contents)

Table S4. Two-Dimensional Anatomical Landmarks.

Landmark | Description

Maxilla, anterior-most point on the ventral margin

Maxilla, posterior-most point on the ventral margin

Maxilla, dorsal-most point

Premaxilla, anterior-most point

Premaxilla, anterior-most point on ventral border

Premaxilla, posterior-most point on the ventral margin

Premaxilla, anterior-most point on naris

| N o O B~ W DN

Premaxilla, posterior-most point on the nasal process

Table S5. Two-Dimensional Semilandmark Curves.

Curve Description Number of Semilandmarks
Maxilla ventral margin 10

Maxilla posterior margin 10

Maxilla anterior margin 7
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Premaxilla ventral margin 10
Premaxilla posteroventral margin 5
Premaxilla, anteroventral narial border 5
Premaxilla, anterodorsal narial border 5
Premaxilla anterodorsal margin 10

Table S6. Sampling for two-dimensional line drawings used in Figure 2 and in 2D geometric

morphometric analysis (Fig. 3).

Clade Taxon Source

Avialae Archaeopteryx Field et al. 2018
Avialae Jeholornis Chiappe and Meng 2016
Avialae Sapeornis Hu et al. 2020

Confuciusornithiformes

Confuciusornis

Chiappe and Meng 2016

Enantiornithes

Bohaiornithid

Chiappe and Meng 2016

Enantiornithes

Gobipteryx

Chiappe et al. 2001

Enantiornithes

Longipteryx

Chiappe and Meng 2016

Enantiornithes Pengornis Zhou et al. 2008
Enantiornithes Rapaxavis Chiappe and Meng 2016
Enantiornithes Zhouornis Chiappe and Meng 2016
Lateral image of digital
Enantiornithes Falcatakely model (this study).
Neornithes Gallus gallus Field etal. 2018
Nothoprocta Field et al. 2018
Neornithes pentlandii
Non-Avialan Microraptor Pei et al. 2014
Non-Avialan Tsaagan Turner et al. 2012
Non-Avialan Velociraptor Turner et al. 2012
Non-Avialan Zanabazar Norell et al. 2009
Non-Avialan Struthiomimus Cuff and Rayfield 2015
Non-Avialan Haplocheirus Choiniere et al. 2014
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Non-Avialan Incisivosaurus Balanoff et al. 2009
Non-Avialan Citipati Clark et al. 2002
Ornithothoraces Xinghaiornis Chiappe and Meng 2016
Ornithurae Hespernornis Field et al. 2018
Ornithurae Ichthyornis Field et al. 2018
Ornithuromorpha Chanzuiornis Huang et al. 2016
Ornithuromorpha Gansus Chiappe and Meng 2016
Ornithuromorpha Schizooura Zhou et al. 2011
Ornithuromorpha Yanornis Chiappe and Meng 2016

Table S7. Results of Principal Components Analysis of 2D Data.

PC Axis

1 2 3 4 5 6 7

Proportion of
Variance
Explained

35.7% | 30.2% | 14.5% | 6.1% | 4.2% |2.7% |2.0%

Cumulative
Proportion of
Variance
Explained

35.7% | 65.9% | 80.3% | 86.4% | 90.6% | 93.3% | 95.3%

Table S8. Three-Dimensional Anatomical Landmarks.

Landmark Description
1 Tip of rostrum, anterodorsal side, midline
2 Posterior midline point on the nasal

Ventrolateral edge of the face, inflection point between jugal
3 bar and anterior face (right side)

Ventrolateral edge of the face, inflection point between jugal
4 bar and anterior face (left side)

Table S9. Three-Dimensional Semilandmark Curves.

Curve Description Number of Semilandmarks
Ventrolateral margin of anterior face 10
Dorsal midline of premaxilla and nasals 10
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Table S10. Results of Principal Components Analysis of 3D Data.

PC Axis 1 2 3 4 5
Proportion of | 53.6% | 28.5% | 8.8% | 3.8% | 1.6%
Variance

Explained

Cumulative | 53.6% | 82.0% | 90.8% | 94.7% | 96.3%
Proportion of
Variance
Explained

4b. Description and link for interactive plot of rostrum shape in used for Extended Data
Fig. 5.
(return to Table of Contents)

An interactive morphopace plot of the first two principal components of the 3D landmark
analysis of the rostrum of Falcatakely forsterae and extant avian taxa (see Extended Data Fig. 5
and linked Supplementary file at Nature.com) is also available on DRYAD at:
https://doi.org/10.5061/dryad.mkkwh70wg. Hovering over data points reveals species name and
order. Supraordinal groups can be toggled on/off by clicking on the legend.

5. Phylogenetic Definitions of Select Clade Names.
(return to Table of Contents)

Paraves Sereno, 1997
Definition: The most inclusive clade including Passer domesticus but not Oviraptor
philoceratops.

Comment: This clade contains living and fossil birds as well as close relatives such as
dromaeosaurids, troodontids, and possibly the enigmatic scansoriopterygids.

Avialae Gauthier, 1986
Definition: The most inclusive clade including Passer domesticus but not Dromaeosaurus
albertensis or Troodon formosus.

Comment: Avialae is the clade that is equivalent to the general term “bird.”

Pygostylia Chatterjee, 1997 (sensu Chiappe, 2001)
Definition: The least inclusive clade containing Confuciusornis sanctus and Passer domesticus.

Ornithothoraces Chiappe and Calvo, 1994 (sensu Chiappe, 1995)

Definition: The least inclusive clade including Iberomesornis romerali and Passer domesticus.
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Comment: Ornithothoraces is the node-based group that contains the lineage leading to
crown birds as well as the Enantiornithes radiation.

Enantiornithes Walker, 1981 (sensu Sereno et al., 2005)
Definition: The most inclusive clade including Cathayornis yandica but not Passer domesticus.

Ornithuromorpha Chiappe, 2002
Definition: The least inclusive clade including Patagopteryx deferrariisi, Vorona berivotrensis,
and Passer domesticus.

Comment: This name is commonly used for the lineage leading to crown birds that does
not include enantiornithines. As it is a node-based definition, its taxonomic content is dependent
on the phylogenetic placement of Vorona and Patagopteryx and potentially includes a smaller set
of taxa than the stem-based group Euornithes.

Ornithurae Haeckel, 1866 (sensu Chiappe, 1995)
Definition: The least inclusive clade including Passer domesticus and Hesperornis regalis.

Neornithes Gadow, 1892 (sensu Sereno, 1998)

Definition: The least inclusive clade including Struthio camelus and Passer domesticus.
Comment: This clade corresponds to the crown group of birds and its use is equivalent to

that of Gauthier and de Queiroz’s (2001) use of Aves.

6. Phylogenetic Analyses.
(return to Table of Contents)

Phylogenetic methods for analysis of UA 10015 are summarized in the Methods section
of this paper, with full explanation of the analytical framework, sensitivity analyses, and
character descriptions detailed below. Nexus files and executable files are located on DRYAD at:
https://doi.org/10.5061/dryad.mkkwh70wg.

6a. Expanded Phylogenetic Discussion.
(return to Table of Contents)

We utilized the densely sampled, coelurosaur-wide Theropod Working Group matrix
(TWIG) to coarsely assess and confirm the position of Falcatakely among paravians (Extended
Data Fig. 3). Character descriptions and scorings are based on the TWiG iterations of Turner et
al. (2012), Brusatte et al. (2014), and Turner et al. (in press). A total of 158 coelurosaurian taxa
and 853 characters (140 ordered) were used in the analysis, with Allosaurus fragilis and
Sinraptor dongi used as outgroups. We then employed a modified version of the well-
established, Mesozoic avialan-focused Wang et al. (WEA) matrix to further examine the
relationship of Falcatakely among avialans (Extended Data Fig. 4). Character descriptions and
scorings are based on Wang and Zhou (2019), with additional characters based on Field et al.
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(2018). A total of 68 avialans and 285 characters were used in the analysis, with
Dromaeosauridae used as the outgroup.

We chose to employ a Bayesian phylogenetic framework for estimating the evolutionary
relationships of Falcatakely. A growing body of literature suggests that Bayesian analysis of
morphological data can provide a more accurate estimation of phylogenetic relationships when
compared to maximum parsimony (although at times with less precision) (Wright and Hillis
2014; O’Reilly et al., 2016, 2018; Puttick et al., 2019). It furthermore allows for probabilistic
hypothesis testing using Bayes Factors (Kass and Raftery, 1995; Bergsten et al., 2013).
Morphological apomorphies for the recovered topologies were reconstructed in either TNT or
PAUP*. A complete list of these apomorphies is available at the DRYAD link above. In
discussions of character support that follow, we employ the convention of listing the source
dataset then the character number followed by a period preceding the state number. For example,
character 200 scored for state 1 from the TWIG dataset will be listed as “TWIiG ¢200.1”.

The TWiG-based analysis, with its broad coelurosaurian taxonomic sampling, serves as a
robust test of the phylogenetic placement of Falcatakely within Coelurosauria and avoids the
assumption of avialan affinities that would be implicit in an analysis using only an avialan-
specific matrix such as WEA. A suite of nested synapomorphies support the placement of
Falcatakely within the avialan clade Enantiornithes. The presence of apneumatic palatines
(TWIG ¢593.0) supports the position of Falcatakely within Pennaraptora. The placement of
Falcatakely within Paraves is supported by an acute, V-shaped premaxilla in ventral view
(TWIG c24.0) and a maxilla with a dorsoventral depth of the main body of the bone (i.e., jugal
process) that is between 16-22% of skull depth when measured at the antorbital fenestra (TWiG
c235.1). An enlargement of the external naris such that its long axis is approximately the same
length as the long axis of the antorbital fenestra (TWiG ¢270.1) diagnoses Avialae and is present
in Falcatakely. A reduction in the vomer/pterygoid articulation (TWiG ¢272.1) may also be a
synapomorphy for Avialae but its distribution is ambiguous. Three apomorphic traits place
Falcatakely within the least-inclusive avialan clade containing Archaeoptyerx (aka, the
Archaeopteryx node), including (1) the lack of a promaxillary fenestra (TWiG ¢29.0), (2) the
height of the jugal below the infratemporal fenestra is very short and the jugal is rod-like (TWiG
c32.1), and (3) a lacrimal with the ventral ramus approximately vertically oriented relative to the
long axis of the alveolar margin of the upper jaw when seen in lateral view (TWiG c752.0).
Falcatakely is placed within the Jeholornis node based on the absence of maxillary teeth (TWiG
¢80.1) and possibly the absence of a maxillary fenestra (TWiG ¢27.0), although this latter feature
may in fact diagnose a less inclusive clade of pygostylians or enantiornithines. Falcatakely
shares with other ornithothoracines the loss of the jugal process of the palatine (TWiG ¢60.1) and
reaquistion of premaxillary teeth (TWiG ¢78.0), the latter of which was independently lost again
within enantiornithines and within ornithurines. Four characters shared with the enantiornithine
taxon Pengornis support the placement of Falcatakely within the clade. These features include a
reversal to a “T”-shaped lacrimal in lateral view (TWIiG ¢39.1), the lacrimal and maxilla
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compose the dorsal border of the antorbital fenestra (TWiG ¢239.0), a short nasal process of the
premaxilla (TWIG ¢269.0), and an external naris with a long axis approximately the same length
as the long axis of the antorbital fenestra (TWiG c270.1).

The WEA matrix densely samples enantiornithine and other ornithothoracine taxa. Like
the results of the TWIG analysis, analysis of the WEA matrix reveals a set of nested
apomorphies supporting the estimated placement of Falcatakely within the avialan clade
Enantiornithes. The presence of unserrated tooth crowns (WEA ¢48.1) support the placement of
Falcatakely within the avialan ingroup. Premaxillae fused only rostrally (WEA c1.1) supports
Falcatakely either within the least inclusive clade containing Jeholornis (aka Jeholornis node) or
within Pygostylia. The naris with a longitudinal axis subequal to or longer than the antorbital
fossa (WEA ¢6.1) supports Falcatakely within the Jeholornis node, as does the absence of
maxillary teeth (WEA c7.1). The absence of the jugal process of the palatine (WEA c13.1) and a
short, primarily dorsoventral contact between the palatine and pterygoid (WEA c14.1) support
the placement of Falcatakely within the Jeholornis node or perhaps the less inclusive
Ornithothoraces clade. And, finally, an unfenestrated dorsal ramus of the maxilla (WEA c8.2)
supports the enantiornithine affinities of Falcatakely.

Due to the exceptional preservation and rigorous CT digital segmentation of the
Falcatakely holotype, this new material adds to our understanding of the avialan palate,
especially with respect to the distribution and morphology of the ectopterygoid, palatine, and
pterygoid. The ectopterygoid is absent in crown-group birds. Well-preserved specimens of
Ichthyornis and Hesperornis provide positive evidence that this evolutionary loss minimally
occurred near the origin of Ornithurae. The full phylogenetic distribution of this feature is
complicated by the preservational biases of the majority of Mesozoic avialan specimens (i.e.,
limited skull material that is often preserved in a slab). Palatal details are generally unexposed
and difficult to interpret. The clear presence of an ectopteryoid in Falcatakely (TWIiG ¢271.0;
WEA ¢16.0) is consistent with what we currently know among basal avialans. Anchiornis (Pei et
al., 2017), Archaeopteryx (Wellnhofer, 1974), Sapeornis (Hu et al., 2019, 2020), Confuciusornis
(Chiappe et al., 1999), and Gobipteryx (Elzanowski, 1995; Chiappe et al., 2001) are all
considered to possess an ectopterygoid and have been scored as such in numerous iterations of
the matrices we employ here (e.g., Clarke and Norell, 2002; Makovicky et al., 2005; Zhou et al.,
2008; Turner et al., 2012; Wang et al., 2014, 2017; Wang and Zhou, 2019; Field et al., 2018). As
an enantiornithine, Falcatakely would be the second species to be scored as such in both the
TWIiG and WEA matrices (Gobipteryx being the first). The six other enantiornithines in the
TWIiG matrix and the 30 other enantiornithines in the WEA matrix are all scored as unknown
with respect to the presence or absence of this element. With respect to the ectopterygoid among
basal avialans, the current picture of its phylogenetic distribution reflects an absence of evidence
and not evidence of absence. The palate of Falcatakely exhibits a suite of morphologies that
reflects a derived position within Avialae. The vomer/pterygoid articulation is reduced (TWiG
c272.1; WEA c¢12.1) and the articulation of the pterygoid to the palatine is short (TWIG ¢273.1,
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WEA c14.1), while retaining the plesiomorphic condition of the palatine that only contacts the
maxilla (TWIG c274.0; WEA c11.1), as is the case for all sampled non-crown-group avialans.

We have assessed confidence in the phylogenetic position of Falcatakely using an
assortment of approaches that includes posterior probability estimates for nodes of interest
quantifying phylogenetic uncertainty, sensitivity approaches that interrogate the robustness of
our results, and alternative hypothesis testing utilizing the Bayesian framework of our analytical
approach.

Bayesian posterior probabilities (pp) from analyses of the TWiG and WEA matrices
show a similar pattern of higher probabilities for the more basal splits in Avialae with increased
uncertainty associated with early ornithothoracine divergences. The Archaeopteryx node and
Jeholornis nodes are very well supported in both analyses (TWIiG: pp = 98; WEA: pp = 100 for
both nodes). Monophyly of Pygostylia is strongly supported with 98% pp in the TWIiG analysis
and 93% pp in WEA. Ornithothoraces has a 78% pp in the TWIG analysis but a higher 83% pp
in WEA. The Enantiornithes node has a 78% pp in the TWIG analysis and 70% pp in WEA.
These posterior probabilities provide an intuitive metric of confidence in the resulting topologies
from the respective analyses. The lower posteriors and generally poor phylogenetic resolution for
early-diverging ornithothoracine clades is consistent with the continued difficultly in establishing
precise estimates of enantiornithine relationships (Chiappe and Walker, 2002; Zhou et al., 2008;
O’Connor et al., 2009, 2011; Wang et al., 2014, 2017; Chiappe et al., 2019; Wang and Zhou,
2019).

The WEA matrix is heavily skewed toward postcranial character sampling, which is
likely a reflection of both preservation biases of the avialan fossil record (well preserved skulls
are rarer than postcrania) and the fact that considerable postcranial modification took place
during Mesozoic avialan evolution (e.g., Clarke and Middleton, 2008). Given that Falcatakely
could only be scored for the cranial subset of characters, we interrogated the robustness of our
results with a series of sensitivity analyses focused on this cranial/postcranial character divide.

For our first sensitivity analysis, we partitioned the WEA matrix into a cranial and
postcranial character set and conducted Bayesian inference on this partitioned data. An Mkv
model with gamma-distributed rate heterogeneity was applied to both partitions, but all model
priors were unlinked thereby allowing a partition-specific substitution rate matrix, stationary
frequencies, and shape parameter for the gamma distribution to be estimated during the analysis.
The overall rate was allowed to vary between partitions under a flat Dirichlet prior (ratepr =
variable). This approach allows for potential differences in the evolutionary process within the
two character partitions to be modeled during tree inference. Executable files and resulting MRT
.tre file for this analysis are available on the Dryad entry linked to above. Results from the
partitioned analysis are consistent with the primary unpartitioned analysis. Allowing the cranial
characters to evolve under a separate model from the postcranial characters does not change the
estimated relationships for Falcatakely.

Next we explored the effects of cranial-only data with taxa included in the WEA matrix.
Specifically, we were interested in seeing if basal avialan taxa would be pulled crownward using
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only their cranial characters during the analysis. We removed all postcranial scores for
Archaeopteryx and reanalyzed the full WEA matrix. We did the same procedure for Sapeornis,
analyzing the full WEA matrix with only cranial character data included for this terminal taxon.
Executable files and resulting MRT .tre file for these analyses are available on the Dryad entry
linked to above. With only cranial data included for Archaeopteryx, this taxon is recovered in its
full dataset position at the base of the avialan tree. In the case of Sapeornis, analysis of only its
cranial characters results in the taxon being pulled stem-ward, not crownward. Specifically, with
only its cranial data considered, Sapeornis is inferred as the second-most basal avialan taxon and
occupies a position only one node higher than Archaeopteryx (similar to its placement when
analyzed using the TWiG matrix). Thus, there is little reason to assume that a cranial-only
terminal taxon would be drawn crownward in our analyses. Moreover, given the preponderance
of postcranial character transformations optimized at the Pygostylia node, one would perhaps
assume it more likely that a cranium-only terminal taxon would be pulled stemward (as in the
case of Sapeornis in this analysis) due to the higher proportion of cranial data sampled at that
part of the tree and increased cranial transformations that are captured by the data. These three
analyses taken together lead us to conclude that there is little evidence for a systemic bias
between the cranial and postcranial character partitions.

Lastly, we utilized the flexibility of the Bayesian inference framework to use Bayes
Factor comparisons to explicitly test an alternate topological hypothesis wherein Falcatakely
does not form a monophyletic group with Ornithothoraces and is restricted to a position outside
of the pygostylian node. We estimated marginal likelihoods for two competing hypotheses using
stepping stone sampling in MrBayes. Executables files and resulting analysis outputs are
available on the Dryad entry linked to above. The first topological hypothesis test was the
primary phylogenetic result with Falcatakely estimated as an enantiornithine. The competing
topology was the one where Falcatakely was excluded from Pygostylia. For each hypothesis,
two chains were run for 20 million generations and sampled every 1000 generation. Both
analyses were conducted on the CIPRES Science Gateway (Miller et al., 2010). The primary
topology had a mean marginal likelihood of -14988.98 and the competing stem-avialan topology
had a mean marginal likelihood of -14992.01 (both in log units). Thus the competing topology
was about 3 log units worse than the primary topology, which gives a 2logB1, = 6.06. We
followed the standard recommendations of Kass and Raftery (1995) in interpreting the Bayes
Factor value. Values between 2 to 6 are considered “positive” evidence against the competing
hypotheses, whereas values between 6 to 10 are considered “strong” or “substantial”” evidence
against. Thus, the results of this comparison provide evidence bordering on strong and
substantial against the alternative position of Falcatakely outside of Pygostylia.

A rigorous two-dataset approach recovers Falcatakely in a poorly resolved clade of
enantiornithine avialans. Although known only from cranial data, there appears to be little
evidence at present that this character sampling is biasing the inference of its phylogenetic
relationships. Sets of nested synapomorphies from both the TWiG and WEA matrix support its
placement into successively less-inclusive avialan clades. Posteriors for the ornithothoracine
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nodes are lower than those estimated for more basal avialan nodes. Alternate topology
hypothesis testing suggests that a basal avialan position for Falcatakely is sub-optimal.
Nevertheless, given the substantial morphological alteration of the beak of Falcatakely
(quantified and compared in our morphometric analyses), any alternative position within Avialae
does not meaningfully alter the revelations provided by this taxon: namely that there existed a
degree of developmental lability previously unknown in early-branching avialans and the novel
phenotype of Falcatakely underscores that the consolidation to an avian-like premaxilla-
dominated rostrum was not an evolutionary prerequisite for beak enlargement or increased
morphological disparity.

6b. Theropod Working (TWIiG) matrix character information and file links.
(return to Table of Contents)

Full dataset and executable files are available at: https://doi.org/10.5061/dryad.mkkwh70wqg.

Character 1: Feathers, vaned feathers on forelimb, form:
0: symmetric
1: asymmetric

Character 2: Orbit, shape
0: circular in lateral or dorsolateral view
1: dorsoventrally elongate

Note: A “dorsoventrally elongate” orbit was not explicitly defined by Turner et al. (2012) or previous versions of the
TWiIG dataset, but is here held to be any orbit that is greater than 1.5 times deeper dorsoventrally than long
anterposteriorly at its midpoint. This character state is only present in some adult tyrannosauroid specimens among
coelurosaurs. The presence of a circular orbit in Alioramus may be a consequence of the juvenile status of the one
quality specimen of this taxon (IGM 100/1844), or alternatively, it could be a product of the dorsoventrally shallow
and anteroposteriorly elongated snout of this taxon.

Character 3: Postorbital, ventral ramus, projection into orbit: (ORDERED)
0: does not project into orbit, suborbital process absent
1: projects into orbit, suborbital process present and large in adults and small and unpronounced in sub-
adults
2: projects into orbit, suborbital process present and large in sub-adults and adults

Note: Turner et al. (2012) and previous TWiG datasets utilized a binary character relating to the presence/absence of
an anterior process projecting into the orbit. We here modify this character by splitting the “presence” state into two
states, relating to the varying degree of postorbital projection in tyrannosauroids (to distinguish the hypertrophied
condition in Tyrannosaurus and Tarbosaurus in which the postorbital projects strongly into the orbit in both sub-
adults and adults). We have also reversed the 0 and 1/2 designation relative to Turner et al. (2012) so that “0” now
refers to the lack of postorbital projection and “1” and “2” refer to the two conditions of postorbital projection,
following Brusatte et al. (2010). We have changed the score of Haplocheirus from present to absent based on
Choiniere et al. (2010a).

Character 4: Postorbital, shape of anterior (frontal) process in lateral view:
0: straight
1: curving anterodorsally, such that dorsal border of temporal bar is dorsally concave

Character 5: Postorbital, ventral ramus, orientation: (UNORDERED)

0: parallels quadrate, lower temporal fenestra rectangular in shape

1: oriented strongly obliquely relative to quadrate, jugal and postorbital approach or contact quadratojugal
to constrict lower temporal fenestra
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2: oriented anteroventrally relative to the long axes of the quadrate and lacrimal, angle of postorbital ventral
ramus long axis with the lacrimal long axis (if lacrimal is approximately vertical) greater than 30 degrees

Note: This is a modified version of the original TWiG character, which adds a third state denoting the
anteroventrally oriented postorbital ventral rami of some basal coelurosaurs (e.g., tyrannosauroids).

Character 6: Braincase, otosphenoidal crest, form and position:

0: vertical on basisphenoid and prootic, and does not border an enlarged pneumatic recess
1: well developed, crescent shaped, thin crest forms anterior edge of enlarged pneumatic recess

Character 7: Braincase, crista interfenestralis, location:
0: confluent with lateral surface of prootic and opisthotic
1: distinctly depressed within middle ear opening
Character 8: Braincase, subotic recess (pneumatic fossa ventral to fenestra ovalis):
0: absent
1: present

Note: Carr et al. (2011) described a “subotic fossa and recesses” in Teratophoneus, but these are not similar to
the large, invasive subotic recess of ornithomimosaurs and troodontids.

Character 9: Basisphenoid recess: (UNORDERED)
0: present between basisphenoid and basioccipital
1: entirely within basisphenoid
2: absent

Note: This multistate character is not considered ordered because there is not a clear nested set of primary
homologies. The basisphenoid recess is primitive for coelurosaurs, so it is not clear whether the reduced and absent
conditions form a transformational sequence. Therefore, the character is left unordered. The reduction of the
basisphenoid recess to lie entirely within the basisphenoid in Tyrannosaurus and Tarbosaurus is most likely due to
the extreme anterposterior foreshortening of the recess in these taxa (character 158 in Brusatte et al., 2010).

Character 10: Basisphenoid recess, posterior opening, form:
0: single opening
1: divided into two small, circular foramina by a thin bar of bone
Character 11: Parasphenoid, base of cultriform process (parasphenoid rostrum), pneumatization:
0: not highly pneumatized
1: expanded and pneumatic (parasphenoid bulla present)
Character 12: Braincase, basipterygoid processes, direction of projection: (UNORDERED)
0: ventral or anteroventrally projecting
1: lateroventrally projecting
2: laterally projecting
Character 13: Braincase, basipterygoid processes, form:
0: well developed, extending as a distinct process from the base of the basisphenoid

1: processes abbreviated or absent
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Character 14: Braincase, basipterygoid processes, pneumatization:
0: absent or very subtle, process solid
1: processes hollow, invaded by pneumatic recess (anterior tympanic recess and/or basisphenoid recess)

Note: Turner et al. (2012) scored hollow basipterygoid processes as absent in several tyrannosauroids.
However, these are indeed present in taxa that have been CT scanned, including Alioramus (Bever et al., 2011),
Gorgosaurus (Witmer and Ridgely, 2009), and Tyrannosaurus (Witmer and Ridgely, 2009). Therefore, we have
scored the character as present in these tyrannosauroids and considered it questionable “?” in all tyrannosauroids
(and other basal coelurosaurs) that have not been studied using CT. We anticipate that this character state will
eventually be identified in many taxa once they have been subjected to CT study. We also suggest that there may be
a difference between the extensively hollow basipterygoid processes of ornithomimosaurs and troodontids (which
have long been noted without CT) and more subtle, less invasive recesses in other taxa (such as tyrannosauroids).
For the time being, however, we consider these conditions homologous because it is difficult to differentiate them in
a discrete manner.

Character 15: Basisphenoid, basipterygoid recesses on dorsolateral surfaces of basipterygoid processes:
0: absent
1: present

Note: This character refers only to the presence of discrete external pneumatic foramina or fenestrae on the
lateral surface of the basipterygoid processes (or immediately above). Brusatte et al. (2010, character 157) utilized a
different character relevant to the ingroup relationships of tyrannosauroids, concerning the presence or absence of a
single large, window-like fenestra in this region, which is present in juveniles of Bistahieversor, Alioramus, and
Daspletosaurus (but not adults of Bistahieversor and Daspletosaurus). Because of its ontogenetically variable
nature, we do not use the Brusatte et al. (2010) character here, although we incorporate it into a character relating to
the anterior tympanic recess below. Rather, we retain the original character of the TWIG dataset, which refers to the
simple presence or absence of pneumatic foramina on the basipterygoid processes.

Character 16: Prootic, depression for pneumatic recess (Dorsal Tympanic Recess): (ORDERED)
0: absent
1: present as dorsally open fossa on prootic/opisthotic
2: present as deep, posterolaterally directed concavity

Note: Brusatte et al. (2010, character 163) utilized a similar character for tyrannosauroids, and we use those
character scores here. Most notably, Dilong is scored as uncertain (not as possessing a dorsally open recess as in
Turner et al. [2012]). Guanlong, however, does possess a dorsal tympanic recess.

Character 17: Braincase, accessory tympanic recess dorsal to crista interfenestralis: (ORDERED)
0: absent
1: small pocket present
2: extensive with indirect pneumatization
Character 18: Braincase, caudal (posterior) tympanic recess: (ORDERED)
0: absent
1: present as opening on anterior surface of paroccipital process
2: extends into opisthotic posterodorsal to fenestra ovalis, confluent with this fenestra

Note: Derived tyrannosauroids possess state “2”, as can be seen by their inflated and heavily pneumatized
paraoccipital processes (Witmer and Ridgely, 2009; Bever et al., 2011, 2013). Guanlong clearly does not possess
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such extensively inflated paroccipital processes, but in the absence of CT data it is uncertain whether it possesses
state 0 or state 1. Because of this uncertainty we conservatively score it as “[01]”.

Character 19: Braincase, exits of cranial nerves X-XIlI, location and form: (ORDERED)
0: flush with surface of exoccipital
1: located together in a shallow bowl-like depression
2: located together in a deep, funnel-like depression

Note: We have modified the original binary character of Turner et al. (2012) and previous TWiG versions
into an ordered multistate, to differentiate between two conditions of the “bowl-like depression.” The first condition,
a shallow depression, is commonly seen in coelurosaurs. The second, an extremely deep funnel-like morphology, is
present in some derived tyrannosauroids (Brusatte et al., 2010, character 153). Bistahieversor and Teratophoneus,
which were scored as “?” in Brusatte et al. (2010), are now scored as possessing the funnel-like morphology based
on recent reexaminations of both specimens by Thomas Carr (as noted in Bever et al., 2013).

Character 20: Premaxilla, maxillary process, extent and articulation: (UNORDERED)
0: contacts nasal to form posterior border of nares
1: reduced so that maxilla participates broadly in external naris
2: extends posteriorly to separate maxilla from nasal posterior to nares
Character 21: Premaxilla and nasal, internarial bar, morphology of external surface:
0: rounded
1: flat
Character 22: Premaxilla, crenulated margin on buccal edge of bone:
0: absent
1: present
Character 23: External naris, position of posterior margin:
0: farther anterior than antorbital fossa
1: nearly reaching or overlapping the anterior border of the antorbital fossa
Character 24: Premaxilla, shape of conjoined left and right bones in ventral view: (ORDERED)
0: acute, V-shaped

1: rounded, U-shaped, first two teeth oriented mediolaterally and third and fourth teeth oriented
parasagitally
2: rounded, U-shaped, entire tooth row oriented mediolaterally

Note: We have expanded this character into an ordered multistate one to take into account variation in the
“rounded” condition in tyrannosauroids, as denoted by Brusatte et al. (2010, character 10). All non-tyrannosauroids
with rounded snouts are scored for state 1, as are basal tyrannosauroids. Derived tyrannosauroids in which the entire
premaxillary tooth row is oriented mediolaterally are scored for state 2.

Character 25: Maxilla, anteromedial process (= “secondary palate”): (ORDERED)
0: short
1: long, with extensive palatal shelves on maxilla
2: extremely elongated, extending back at least to the level of alveolus 4
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Note: We have added a second derived state to the character of Turner et al. (2012) and previous TWiG
analyses, to differentiate the extremely elongated anteromedial processes of tyrannosauroids, which extend back to
at least the level of alveolus 4. The second derived state is present in all score-able tyrannosauroids, as well as
ornithomimosaurs (e.g., Struthiomimus, Pelecanimimus, Ngwebasaurus) and the long-snouted dromaeosaurid
Austroraptor). It is possible that this character may eventually diagnose a more inclusive clade of basal
coelurosaurs, given that elongate anteromedial processes are present in nearly all coelurosaurs. However, it is
currently difficult to distinguish between the long and extremely long processes of many coelurosaurs, because
many specimens are preserved on slabs and therefore fine details of the medial maxilla are not visible. It is clear,
however, that derived paravians such as Dromaeosaurus and Deinonychus, while possessing long anteromedial
processes, do not possess the extremely elongate morphology of tyrannosauroids (e.g., Currie, 1995). This is also
true of basal coelurosaurs such as Zuolong (Choiniere et al., 2010b). Whether compsognathids may have possessed
the tyrannosauroid condition is somewhat unclear, because most preserved specimens are either preserved on slabs
or are not preserved in disarticulation (precluding observation of the medial surface of the maxilla). However, high
resolution photographs of Compsognathus published by Goéhlich et al. (2006) indicate that this taxon had a
somewhat elongate palatal process, and definitely did not possess the extremely elongated condition of
tyrannosauroids (therefore, we score it for state 1).

Character 26: Maxilla, palatal shelf, midline ventral “tooth-like” projection:
0: absent, palatal shelf flat
1: present

Character 27: Maxilla, maxillary fenestra: (ORDERED)
0: absent

1: present, fenestra occupies less than half of the depressed area between the anterior margins of the
antorbital fossa and antorbital fenestra

2: present, fenestra large and takes up most of the space between the anterior margins of the antorbital
fenestra and fossa

Note: The second derived state refers only to the huge fenestrae of some troodontids, which are so large
that they take up nearly the entire antorbital fossa region anterior to the antorbital fenestra, with only a thin strut of
bone separating the two openings. Other characters referring to nuances of the size and position of the fenestrae are
given below.

Character 28: Maxilla, maxillary fenestra, location:
0: situated at anterior border of antorbital fossa
1: situated posterior to anterior border of fossa

Note: This is equivalent to character 17 in Brusatte et al. (2010). Among tyrannosauroids, Daspletosaurus,
Tarbosaurus, Tyrannosaurus, and Sinotyrannus have state 0. We here score Dilong for state 1, contra Turner et al.
(2012). In Dilong the maxillary fenestra approaches the anterior border of the antorbital fossa, but it doesn’t reach
the border.

Character 29: Maxilla, promaxillary fenestra:
0: absent
1: present

Note: We score Eotyrannus as possessing the fenestra, based on personal observation of the holotype
(MIWG 1997.550)

Character 30: Nasal, pneumatization: (UNORDERED)
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0: apneumatic or poorly pneumatized
1: with extensive pneumatic fossae, especially along posterodorsal rim of naris

2: with 2-3 large pneumatic openings, set into a fossa, on the lateral surface above the antorbital fenestra,
leading into an extensive internal pneumatic cavity

NOTE: Turner et al. (2012) utilized a binary character, and we added a new state based on Brusatte et al.
(2010, character 43). We do not consider the two pneumatic states to be directly homologous or form a nested series
of homology, because of distinct differences in the region of the external pneumatopores (posterodorsal rim of naris
vs. midpoint of bone) and the form of the pneumatopores (several pneumatopores posterodorsal to the rim of the
naris and within the narial fossa vs. 2—3 discrete pneumatic openings centered in a fossa). The outgroups and some
basal tyrannosauroids possess condition 2, whereas oviraptorosaurs possess condition 1. Turner et al. (2012) scored
the outgroups (Allosaurus and Sinraptor) for state 0, and this was correct when the character was a simple binary
distinction between no/poor pneumaticity and the extreme pneumaticity of oviraptorosaurs. The new condition
added here recognizes morphological similarity between the outgroups and some basal coelurosaurs (basal
tyrannosauroids), and probably optimizes as the ancestral condition for Coelurosauria.

Character 31: Jugal and postorbital, contribution to postorbital bar:

0: contribute equally to postorbital bar

1: ascending process of jugal reduced and descending process of postorbital ventrally elongate
Character 32: Jugal, dorsoventral height beneath lower temporal fenestra:

0: tall, twice or more as tall dorsoventrally as it is wide transversely

1: very short, jugal rod-like
Character 33: Jugal, pneumatic recess in posteroventral corner of antorbital fossa:

0: present

1: absent

Note: This character refers to an internal pneumatic recess of the jugal, which hollows out some or all of
the bone internally. As shown by Tahara and Larsson (2011), the presence of a discrete jugal diverticulum (located
in the jugal portion of the antorbital fossa) does not always equate to the presence of an internal recess hollowing the
jugal. The presence of an internal recess can be confidently assessed by the presence of a discrete pneumatopore
externally, which leads into the recess. Pelecanimimus possesses this pneumatopore (LH 7777) and is here scored
for state 0, whereas all other ornithomimosaurs are scored for state 1 because they lack the external pneumatopore,
and in the case of Ornithomimus are known to lack the internal recess based on CT scans (Tahara and Larsson,
2011).

Character 34: Jugal, medial jugal foramen:
0: present on medial surface ventral to postorbital bar
1: absent

Note: Turner et al. (2012) scored the foramen as absent in Dilong, but the medial surface of the jugal is
obscured in the holotype specimen, which has not yet been the subject of CT study. Therefore, we have changed the
score to “?”.

Character 35: Quadratojugal, shape:
0: without horizontal process posterior to ascending process (reversed “L” shape)

1: with horiziontal posterior process (i.e., inverted ‘T’ or “Y’ shape)
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Character 36: Jugal and quadratojugal, fusion:
0: absent
1: present, the two bones are not distinguishable from one another
Character 37: Lacrimal, supraorbital crests in adult individuals: (UNORDERED)
0: absent
1: dorsal crest above orbit
2: lateral expansion anterior and dorsal to orbit

Note: Following Turner et al. (2012), we consider this an unordered character because we do not
hypothesize primary homology between state 1 (discrete crests or tubercles along the dorsal margin of the lacrimal,
as present in outgroups and tyrannosauroids) and state 2 (a lamina-like triangular sheet that expands laterally above
the orbit, as present in troodontids). Turner et al. (2012) scored Shuvuuia for state 1, but we have rescored this as
state 0 because this taxon does not possess the discrete crest/tubercle along the dorsal margin of the lacrimal as in
outgroups and tyrannosauroids.

Character 38: Lacrimal, pneumatic foramina opening laterally at the junction of the anterior and ventral
processes above the antorbital fenestra: (ORDERED)

0: absent

1: present, extent of pneumaticity limited to partially hollowing the bone in the region where the anterior
and ventral rami meet

2: present and extensive, completely hollowing the bone where the anterior and ventral rami meet

Note: Turner et al. (2012) used a binary character to distinguish between the presence/absence of lacrimal
pneumaticity, and we add a third state to distinguish the greatly extensive pneumatic recess of some
tyrannosauroids. Therefore, this is now an ordered character. Turner et al. (2012) scored Eotyrannus as lacking
lacrimal pneumaticiy, but observation of the type specimen shows that it has a shallow pneumatic recess with
external pneumatopores, as in Guanlong, Dilong, and other basal tyrannosauroids.

Character 39: Lacrimal, posterodorsal process: (ORDERED)
0: absent, lacrimal is inverted ‘L-shaped’ or ‘7-shaped’ in lateral view
1: present, lacrimal ‘T-shaped’ in lateral view
2: present but reduced, anterodorsal process much longer than posterodorsal process

Note: Turner et al. (2012) and previous TWiG datasets have referred to the presence of an “anterodorsal
process,” which creates a T-shaped lacrimal, in this character. This T-shaped condition contrasts with the “inverted
L” shape of most theropod lacrimals. However, the inverted L shape is due to a pronounced anterior process along
the dorsal margin of the bone (the anterodorsal process) and the lack of any posterior process along the dorsal
margin (the posterodorsal process). Therefore, we have reworded the character to refer specifically to the
posterodorsal process. We also consider this an ordered character, because state 2 (the presence of a posterodorsal
process that is much shorter than the anterodorsal process) is a sub-condition of state 1, meaning that there is a
nested primary homology hypothesis. Brusatte et al. (2010, character 48) utilized a character distinguishing the T-
shaped and 7-shaped lacrimals of tyrannosauroids. We utilize this as a separate character below. Zulong, which
possesses a small posterodorsal process that appears large because of the presence of an autapomorphic notch
ventral to it, is scored for state 0.

Character 40: Prefrontal, exposure in dorsal view: (ORDERED)

0: large, dorsal exposure similar to that of lacrimal, forms much of orbital rim and usually separates or
nearly separates frontal and lacrimal

O’Connor et al., 2020—Supplementary Information—https://doi.org/10.1038/s41586-020-2945-x

32



1: greatly reduced in size, not exposed widely along the orbital rim and allows for wide contact between
frontal and lacrimal

2: absent

Note: We have slightly reworded this character based on language in Brusatte et al. (2010, character 111).
Turner et al. (2012) scored Dilong for a reduced frontal, based on the description in Xu et al. (2004). However,
personal observation of the holotype (IVPP VV14243) reveals that it is difficult to distinguish the prefrontal from
surrounding bones, so we conservatively score this taxon as “?” following Brusatte et al. (2010).

Character 41: Frontals, shape of conjoined left and right elements in dorsal view:
0: triangular, narrowing anteriorly as a wedge between nasals
1: rectangular, end abruptly anteriorly, suture with nasal transversely oriented

Note: Brusatte et al. (2010, character 113) distinguished between the broad triangular shape of most
tyrannosauroid frontals and the anteroposteriorly foreshortened shape of derived tyrannosaurid frontals. However,
the frontals of all tyrannosauroids are triangular, so we retain the current character and add a new character below to
distinguish between the tyrannosauroid morphologies.

Character 42: Frontal, outline of anterior emargination of supratemporal fossa:
0: straight or slightly curved
1: strongly sinusoidal and reaching onto postorbital process

Character 43: Frontal, form of articulation between postorbital process and frontal orbital margin in dorsal
view:

0: smooth transition from orbital margin
1: sharply demarcated from orbital margin

Note: Turner et al. (2012) scored some derived tyrannosaurids for state “1,” but we here rescore these as
state “0,” because they do not possess the strongly demarcated and discrete postorbital processes that are seen in
some dromaeosaurids (which state “1” refers to).

Character 44: Frontal, form of lateral margin of lacrimal (or prefrontal) suture:
0: smooth
1: with discrete notch
Character 45: Parietals, form of dorsal surface and presence of sagittal crest(s): (ORDERED)
0: flat, lateral ridge borders supratemporal fenestra, sagittal crest (or crests) absent
1: convex with very low sagittal crest (or crests) along midline
2: convex with well developed sagittal crest (or crests)

Note: This character was unordered in Turner et al. (2012), but we here make it an ordered character because
states 1 and 2 are a nested series of homologies defining progressively more prominent sagittal crests, whereas state
0 refers to the absence of a crest. This character subsumes character 122 in Brusatte et al. (2010), which referred to
the presence/absence of sagittal crests in tyrannosauroids.

Character 46: Parietals, fusion of left and right elements:
0: unfused

1: fused on the midline in sub-adults and adults (when known)
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Note: This character is equivalent to character 127 in Brusatte et al. (2010).
Character 47: Squamosal, quadratojugal (descending) process, orientation of long axis:

0: dorsoventral or slightly oblique, essentially parallels quadrate shaft

1: anteroposterior, nearly perpendicular to quadrate shaft

Note: This character is equivalent to character 92 of Brusatte et al. (2010). Brusatte et al. (2010) scored
Bistahieversor for state 0, but we here change this to state 1. This miscoding was an error in the Brusatte et al.
(2010) analysis.

Character 48: Squamosal, contact of descending (ventral) process with quadratojugal:
0: present
1: absent, squamosal does not contact quadratojugal
Character 49: Squamosal, posterolateral shelf overhanging quadrate head:
0: absent
1: present
Character 50: Quadrate, orientation of shaft when in articulation:
0: vertical
1: strongly inclined anteroventrally so that ventral end lies far forward of dorsal end
Character 51: Quadrate shaft, form of lateral surface:

0: straight, without any prominent processes projecting laterally; quadrate foramen not visible in lateral
view

1: with broad, triangular process along lateral edge of shaft contacting squamosal and quadratojugal above
an enlarged quadrate foramen, which is often partially or largely visible in lateral view

Note: We have slightly reworded the character to explain it more clearly.
Character 52: Foramen magnum, shape:

0: subcircular, slightly wider than tall

1: oval, taller than wide

Character 53: Occipital condyle, mediolateral width and dorsoventral height of neck linking condyle to
remainder of braincase:

0: approximately the same width and height as the condyle
1: constricted in width and height relative to the condyle

Note: We have reworded this character to make it clearer here, so that it refers specifically to a discrete
neck that is constricted in width and height relative to the width of the condyle.

Character 54: Paroccipital processes, shape:

0: elongate mediolaterally and slender dorsoventrally compared to mediolateral length, with dorsal and
ventral edges nearly parallel

1: process short mediolaterally, deep dorsoventrally compared to mediolateral length, with convex distal
end
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Character 55: Paroccipital processes, orientation in posterior view:
0: straight, projects laterally or slightly posterolaterally
1: downturned, distal end curves ventrally and is pendant

Note: This character is not equivalent to character 150 in Brusatte et al. (2010), which refers to a distinct
ventral flange at the distal end of the paroccipital processes of some tyrannosauroids. This character is utilized
below.

Character 56: Paroccipital process, orientation of dorsal edge:
0: straight
1: twisted anterolaterally at distal end
Character 57: Ectopterygoid, form of the opening into the pneumatic fossa on the ventral surface:
0: constricted opening relative to fossa
1: widely opened fossa

Note: Turner et al. (2012) scored Albertosaurus and Gorgosaurus for state “0,” which is unusual among
coelurosaurs. Our observations of tyrannosauroids do not reveal any discrete differences between these taxa and
other tyrannosauroids, both basal (e.g., Guanlong, Xiongguanlong) and derived (e.g., Alioramus, Tarbosaurus,
Tyrannosaurus) forms. Therefore, all tyrannosauroids are scored “1” here.

Character 58: Ectopterygoid: dorsal recess:
0: absent
1: present

Note: This character does not refer to the principal pneumatic recess of the ectopterygoid, which hollows
out much of the bone and opens via a large pneumatopore on the ventral surface. Rather, it refers to a separate dorsal
recess present in some dromaeosaurids.

Character 59: Pterygoid, morphology of the posterior flange for articulation with quadrate and epipterygoid:
0: well developed
1: reduced in size or absent

Note: This character has been reworded here for clarity. See Balanoff et al. (2009) for a good description of
state 1, which is present in oviraptorosaurs and a handful of other coelurosaurs.

Character 60: Palatine and ectopterygoid, articulation between the two bones:
0: absent, the two bones separated from each other by the pterygoid
1: present, the two bones contact each other
Character 61: Palatine, jugal process:
0: present, palatine tetraradiate in shape
1: absent, palatine triradiate in shape
Character 62: Skull, suborbital fenestra, size:
0: large, similar in anteroposterior length to the anteroposterior length of the orbit

1: reduced in size (less than one quarter orbital length) or absent
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Character 63: Dentary, form of symphyseal region in dorsal or ventral view: (ORDERED)

0: approximately straight anteroposteriorly, paralleling lateral margin of the remainder of bone; conjoined
dentaries narrow

1: recurved slightly medially relative to remainder of bone, conjoined dentaries U-shaped

2: recurved strongly medially relative to remainder of bone, conjoined dentaries forming broad, U-shaped
muzzle

Note: This character has been reworded for clarity.
Character 64: Dentary, orientation of dorsal margin of symphyseal region in lateral view:
0: in line with the remainder of the dorsal (alveolar) margin of the dentary
1: downturned relative to the remainder of the dorsal margin
Character 65: Lower Jaw, coronoid prominence (usually located on surangular):
0: absent
1: present
Character 66: Dentary, contribution to the dorsal margin of the external mandibular fenestra: (ORDERED)
0: absent or slight, without discrete posterodorsal process
1: present, with discrete posterodorsal process above anterior end of fenestra
2: present and extensive, with elongate posterodorsal process extending over most of fenestra
Character 67: Dentary, morphology of lateral surface:
0: flat, tooth row approximately in line with the remainder of the lateral surface
1: bearing lateral ridge, tooth row inset from remainder of lateral surface
Character 68: Dentary, shape:
0: subtriangular in lateral view, with dorsoventral depth expanding posteriorly

1: strap-like in lateral view, with subparallel dorsal and ventral edges and a consistent dorsoventral depth
across its length

Note: Turner et al. (2012) scored some derived tyrannosauroids (Eotyrannus, Gorgosaurus, Tyrannosaurus,
Daspletosaurus) for state ““1,” whereas the basal tyrannosauroids Dilong and Proceratosaurus were scored for state
“0.” This character was introduced to the TWiG matrix based on the descriptions of Currie (1995), who noted that
some dromaeosaurids (and other coelurosaurs) have dentaries that maintain an approximately even depth across
their entire lengths, unlike the dentaries of most theropods that funnel out in depth posteriorly (so-called
“subtriangular” dentaries). The subtriangular condition is indeed present in basal tyrannosauroids, but also in more
derived tyrannosauroids, contra Turner et al. (2012) (e.g., Brochu, 2003; Currie, 2003; Carr et al., 2011; Brusatte et
al., 2012). We here score all tyrannosauroids for state “0.” Turner et al. (2012) scored Eotyrannus for state “1,”
seemingly because the preserved portions of the left and right dentaries of the holotype (MIWG 1997.550) are
gracile and do not expand posteriorly. However, neither of these dentaries is complete posteriorly, so the degree of
expansion cannot be assessed. Therefore, we here score Eotyrannus as “?.”

Character 69: Dentary, primary neurovascular foramina on lateral surface, arrangement:
0: distinct but superficial foramina

1: distinct foramina lie within a deep and sharp groove across the middle and posterior regions of the
dentary
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Note: This character is equivalent to character 176 in Brusatte et al. (2010). It has long been utilized in the
TWIG matrix, with state 1 scored for a handful of coelurosaurs. Brusatte et al. (2010) recognized that a distinct and
sharp groove is also present in the basal tyrannosauroids Guanlong, Proceratosaurus, and Sinotyrannus.

Character 70: Lower jaw, external mandibular fenestra, shape
0: oval
1: subdivided by a spinous anterior process of the surangular

Character 71: Lower jaw, internal mandibular fenestra (opening between splenial and prearticular on medial
surface of mandible), size and shape:

0: small and slit-like
1: large and rounded

Note: This character was introduced into the TWiG dataset based on Currie (1995), who described an
unusual morphology of the internal mandibular fenestra in some dromaeosaurids, in which this opening is large and
circular. This contrasts with the smaller and more ovoid opening of most theropods, which is often reduced to a
small slit. Turner et al. (2012) scored Tyrannosaurus for a large and rounded fenestra but, as shown by Brochu
(2003), this opening, although absolutely large due to the large size of Tyrannosaurus, is not circular and is smaller
in relation to the size of the dentary than in dromaeosaurids. Therefore, Tyrannosaurus and all other tyrannosauroids
with known splenials are here scored for state 0. This state can be inferred in isolated splenials by the size and shape
of the notch along the posterior margin, which forms the anterior margin of the internal mandibular fenestra.

Character 72: Surangular, foramen in lateral surface of surangular anterior to the mandibular articulation:
(ORDERED)

0: absent
1: present but small
2) present and large, approximately 30% of the dorsoventral depth of the posterior surangular

Note: This multistate ordered character combines two characters in the Turner et al. (2012) dataset:
character 74, which scores the presence or absence of the surangular foramen, and character 258, which scores
variability in size of the foramen. The latter character is also used by Brusatte et al. (2010, character 179) to
distinguish between the small and extremely large foramina of some tyrannosauroids. This ordered multistate better
encapsulates the full range of variation among not only coelurosaurs, but also tyrannosauroids (basal taxa such as
Guanlong lack the foramen altogether, whereas intermediate taxa such as Eotyrannus have a small foramen and
derived tyrannosauroids have a derived enlarged foramen). Turner et al. (2012) scored Eotyrannus as “?,” but the
recent realization that the holotype (MIWG 1997.550) includes surangular material shows that Eotyrannus has a
small foramen.

Character 73: Splenial, exposure in lateral view:

0: not widely exposed on lateral surface of mandible

1: exposed as a broad triangle between dentary and angular on lateral surface of mandible
Character 74: Lower jaw, coronoid ossification, presence and shape: (ORDERED)

0: present as a large, triangular bone (fused with the supradentary)

1: present but reduced to a thin splint

2: absent

Character 75: Articular, elongate and slender medial process emanating from retroarticular process (can
project medially, posteromedially, or dorsomedially):
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0: absent
1: present

Note: Turner et al. (2012) scored Dilong and Daspletosaurus as lacking the process, and Gorgosaurus and
Tyrannosaurus as possessing it. We could not confirm any observation of the articular medial process on Dilong, so
we score this taxon as “?.” Daspletosaurus has the same general morphology of Tyrannosaurus and Gorgosaurus,
with a pronounced dorsally and medially extending process at the posteromedial corner of the retroarticular process
(Currie, 2003). Therefore, we score it for state 1. We also have identified this process in Tarbosaurus and
Proceratosaurus.

Character 76: Articular, retroarticular process, presence and shape: (UNORDERED)

0: present, short and stout, with a distinct region between the glenoid and the portion of the retroarticular
process to which the jaw depressors attached

1: present, elongate and slender

2: present but extremely reduced, with no (or only a very short) margin between the glenoid and the muscle
attachment region

Note: We have modified this character to include an additional state signifying the extremely reduced
retroarticular processes of tyrannosauroids. In tyrannosauroids, including basal taxa such as Guanlong and Dilong,
the retroarticular process is so short that there is essentially no separation between the mandibular glenoid and the
attachment site (on the retroarticular process) for the jaw depressor muscles. This is not the case in Tanycolagreus,
which has a longer retroarticular process and a wider margin between the glenoid and muscle attachment site
(Carpenter et al., 2005, fig. 2.4). In tyrannosauroids lacking an articular, the short retroarticular process can be
inferred with a high degree of confidence by the short retroarticular region of the surangular, which articulates with
the angular. This inferrence is based on the one-to-one correspondence of the short surangular process and short
articular retroarticular process in all known tyrannosauroids.

Character 77: Lower jaw, glenoid articular surface for mandible, anteroposterior length:
0: approximately as long as distal quadrate condyles
1: twice or more as long as distal quadrate condyles, allowing anteroposterior movement of mandible

Note: This character can usually be confidently inferred from the shape of all or part of the glenoid articular
surface on the surangular and articular. Oviraptorosaurs, which possess state 1, have a radically different
morphology compared to other theropods. In oviraptorosaurs, the quadrate condyles do not tightly articulate with the
mandibular glenoid, and the lack of a clear, corresponding fit can be seen by observing the surangular and articular.

Character 78: Premaxilla, teeth:
0: present
1: absent
Character 79: Premaxillary dentition, size of second premaxillary tooth:
0: approximately equivalent in size to other premaxillary teeth
1: markedly larger than third and fourth premaxillary teeth
Character 80: Maxilla, teeth:
0: present
1: absent
Character 81: Maxillary and dentary teeth, serrations: (UNORDERED)

0: present on all known teeth
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1: some teeth without serrations on mesial (anterior) carina (except at base in S. mongoliensis)
2: all known teeth without serrations on both mesial and distal carinae

Note: This character is considered unordered because we do not hypothesize a nested sequence of primary
homology. In other words, we do not hypothesize that there is a clear transformational sequence from serrations to
only distal serrations to no serrations, although we recognize that this is a possibility that needs testing without
assuming that the character is ordered. We score Zuolong for state 1. Choiniere et al. (2010b) described the mesial
carina of an isolated lateral tooth as lacking serrations, but considered it difficult to rule out the absence of serrations
across the entire carina because of the missing apical tip of the tooth. We feel that enough of the tooth is preserved
to show that serrations certainly weren’t present across most of the length of the carina, and if they were present,
were restricted to the very apical tip of the tooth. We consider this equivalent to state 1.

Character 82: Maxillary and dentary teeth, size:
0: large
1: small (25-or more teeth in dentary when complete series is observable)

Note: The “large” condition is the normal condition for theropods in which 10—20 distinct maxillary teeth
and 10-20 distinct dentary teeth are present. The “small” condition refers to the higher number of tightly packed
teeth in the maxillae and dentaries of some coelurosaurs. Although a complete or near-complete maxilla and/or
dentary are needed to score this character confidently, usually the size of individual teeth can be used to predict the
state of this character.

Character 83: Dentary teeth, implantation:
0: in separate alveoli
1: set in open groove
Character 84: Maxillary and dentary teeth, serrations (denticles):
0: large
1: small

Note: Turner et al. (2012) and previous versions of the TWiG matrix have followed Farlow et al. (1991) in
quantifying this difference. In the current dataset, along with previous TWiG matrices, the “large” condition refers
only to the pronounced, coarse denticles of therizinosauroids and troodontids (~1-5 serrations per millimeter),
whereas other coelurosaurs are scored for the “small” condition (~more than 5 serrations per millimeter).

Character 85: Maxillary and dentary teeth, serrations, form:

0: simple, convex, and approximately perpendicular to the long axis of the tooth

1: large, hooked and pointing toward the tip of the crown on the distal and often mesial carinae
Character 86: Maxillary and dentary teeth, constriction between root and crown:

0: present

1: absent, root and crown confluent
Character 87: Dentary teeth, spacing between teeth:

0: evenly spaced across tooth row

1: anterior dentary teeth smaller, more numerous, and more closely appressed than those in middle of tooth
row

Character 88: Dentary, interdental plates, form:
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0: distinct internal plates absent (although a homologue to the plates is probably present)
1: distinct, clearly demarcated interdental plates medially between teeth

Note: As reviewed by Turner et al. (2012), state O refers to the condition in dromaeosaurids and troodontids
in which clear, distinct, unambiguously demarcated interdental plates are absent. It is likely, however, that bony
tissue homologous to the interdental plates is present in this region but has been morphologically transformed.

Character 89: Premaxillary tooth crowns, position of mesial carina: (ORDERED)
0: along mesial margin of tooth, tooth cross section sub-oval to sub-circular

1: rotated distally on premaxillary teeth 1 and 2, such that anterior teeth have an asymmetrical cross section
(D-shaped, with highly convex labial surface and flat lingual surface, with narrow spacing between mesial and distal
carinae)

2: rotated distally on all premaxillary teeth, such that all teeth are D-shaped in cross section.

Note: Turner et al. (2012) and previous TWIiG matrices have utilized a binary character relating to tooth
cross-sectional shape, differentiating “sub-oval” and “sub-circular” teeth, which are present in the outgroups and
most coelurosaurs, from “D-shaped” teeth, which are present in tyrannosauroids and a few other coelurosaurs. We
note that some outgroups (allosauroids) and many coelurosaurs do possess premaxillary teeth that are roughly D-
shaped in cross section, due to a labial margin that is somewhat convex and a lingual margin that is somewhat flat
(and always flatter than the labial margin). For this character, however, we define D-shaped teeth based on the
morphology of the mesial carina. A “D-shaped” tooth is held to be a tooth in which the mesial carina is rotated
strongly distally, such that it is present on the lingual surface of the tooth. This condition is seen almost exclusively
in tyrannosauroids, and roughly follows the definition of D-shaped teeth by Currie et al. (1990), Choiniere et al.
(2010b), and previous authors. This condition is always associated with a highly convex labial surface and a flat
lingual surface, on which the two carinae are only very narrowly separated. In contrast, the somewhat D-shaped
teeth of allosauroids and other coelurosaurs exhibit wider separation between both carinae on the lingual surface and
a less convex labial surface. Therefore, these morphologies are not considered homologous to the “D-shaped”
condition as defined here, although we recognize that there may be some homology shared between these taxa and
coelurosaurs with true D-shaped teeth that is not present in more basal theropods such as coelophysoids, ceratosaurs,
and some basal tetanurans (assessing this hypothesis awaits further study of theropod teeth more generally).
Furthermore, following Brusatte et al. (2010, character 196), we divide the “D-shaped” condition into two character
states, which we consider to be nested homologies. Although these characters refer to the presence of “D-shaped”
morphology of either some (state 1) or all (state 2) of the tooth row, we here score all taxa lacking any sign of “D-
shaped” teeth with rotated mesial carinae for state 0. It is possible that some of these taxa that do not preserve entire
premaxillary tooth rows may eventually be scored for state 1, but we conservatively score them 0 here to minimize
missing data.

Character 90: Cervical vertebrae, number:
0: <10
1: 12 or more

Character 91: Axis, epipophyses, form:

0: absent or poorly developed as a small pyramidal mound, not extending past posterior edge of
postzygapophyses

1: large, rugose, and posteriorly directed flange, extending far beyond postzygapophyses

Note: This character is equivalent to character 210 in Brusatte et al. (2010). The form of the axial
epipophyses in tyrannosauroids conforms to the form of the epipophyses in the anterior-middle postaxial cervicals,
so if these cervicals are well preserved they can be used as a confident proxy for scoring this character. Because this
correspondence is not necessarily clear for coelurosaurs as a whole, we only use anterior-middle cervicals as a proxy
for tyrannosauroids.
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Character 92: Axis, neural spine, form of dorsal portion:
0: flared transversely
1: compressed mediolaterally
Character 93: Cervical vertebrae, epipophyses, position:
0: placed distally on postzygapophyses, above postzygapophyseal facets
1: placed proximally, anterior to postzygapophyseal facets
Character 94: Cervical vertebrae, position of centrum in anterior cervical vertebrae:
0: terminates level with or anterior to the posterior extent of the neural arch
1: extending beyond the posterior limit of the neural arch
Character 95: Cervical vertebrae, carotid process on posterior cervical vertebrae:
0: absent
1: present
Character 96: Cervical vertebrae, shape of anterior articular surface of anterior cervical centra:
0: subcircular or square in anterior view
1: distinctly wider than high, kidney shaped
Character 97: Cervical vertebrae, neural spines, shape in dorsal view:
0: anteroposteriorly long
1: short and centered on neural arch, giving arch an “X” shape in dorsal view
Note: This is equivalent to character 211 in Brusatte et al. (2010).
Character 98: Cervical vertebrae, number of pneumatic foramina on lateral surface of centra:
0: one on each side
1: two on each side
Character 99: Cervical and anterior trunk vertebrae, form: (UNORDERED)

0: amphiplatyan or weakly opisthocoelous (anterior surface flat or weakly convex, posterior surface is flat
or weakly concave)

1: strongly opisthocoelous (anterior surface is convex and posterior surface concave)
2: at least partially heterocoelous

Note: Although the cervicals of tyrannosauroids and some other coelurosaurs are often referred to as
“opisthocoelous,” this character distinguishes between very weak opisthocoely in which the anterior surface is only
very slightly convex (state 0, considered homologous to the amphiplatyan condition) and strong opisthocoely in
which the anterior face is strongly convex and fits into a deep concave socket on the posterior surface of the
preceding vertebra (state 1). This latter condition is present in Dilong and Eotyrannus among tyrannoauroids,
Compsognathus, some alvarezsaurids, and rarely among other coelurosaurs.

Character 100: Dorsal vertebrae, hypapophyses in anterior trunk vertebrae:
0: absent or very small
1: large and pronounced
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Character 101: Dorsal vertebrae, parapophyses in posterior trunk vertebrae, form:
0: flush with neural arch
1: distinctly projected on pedicels
Character 102: Dorsal vertebrae, hyposphene-hypantrum articulations:
0: absent
1: present
Character 103: Dorsal vertebrae, opposing zygapophyses on the same vertebra: (ORDERED)

0: abutting or nearly abutting one another above neural canal, opposite hyposphenes (if present) meet to
form a single structure (lamina or rectangular projection)

1: zygapophyses placed distinctly lateral to neural canal and hyposphenes (if present) separated as two
widely-spaced laminae, which are joined medially by an inset web of bone

2: zygapophyses placed distinctly lateral to neural canal and hyposphenes (if present) separated as two
widely-spaced lamina, which are separated medially by a deep groove (the inset web of bone in state 1 is absent)

Note: We have modified this character by dividing state 1 of Turner et al. (2012), which scores for the
absence/presence of abutting postzygapophyses, into two states. Both of these states are applicable to taxa with
widely separated postzygapophyses and hyposphenes on the midline. Most coelurosaurs have this condition, in
which separate left and right hyposphenes take the form of vertical sheets, which are distinctly separated from each
other. However, the region between the separated hyposphenes can either house a web of bone, which is only
slightly inset from the hyposphenes (state 1), or the web of bone is lost and the hyposphenes and zygapophyses are
separated by a deep groove (state 2). Some coelurosaurs have left and right hyposphenes that are appressed to each
other on the midline due to closely appressed left and right zygapophyses (Alxasaurus, derived tyrannosauroids).
This is also the condition in outgroups (e.g., Allosaurus), and these taxa and the outgroups are scored for state 0.
This character is ordered because the states describe a progressive sequence of conjoined-separation-loss of
separating web.

Character 104: Cervical vertebrae, pneumaticity:
0: absent
1: present
Character 105: Dorsal vertebrae, transverse processes of anterior dorsals, form:
0: long (in mediolateral direction) and thin (in anteroposterior direction)
1: short (in mediolateral direction), wide (in anteroposterior direction), and only slightly inclined
Character 106: Dorsal vertebrae, neural spines, mediolateral expansion of dorsal end:
0: absent
1: present, expanded to form ‘spine table’
Character 107: Dorsal vertebrae, scars for interspinous ligaments, position:
0: terminate at apex of neural spines
1: terminate below apex of neural spine
Character 108: Sacral vertebrae, number: (ORDERED)

0:5or less
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Character 109: Sacral vertebrae, fusion of zygapophyses:

0: absent, or zygapophyses partially fused to each other but still retaining the morphology of the original
discrete structures

1: present, completely fused zygapophyses forming a sinuous ridge in dorsal view
Character 110: Sacral centra, ventral surface of posterior sacrals, form: (UNORDERED)
0: gently rounded, convex
1: ventrally flattened, sometimes with shallow sulcus
2: centrum strongly constricted transversely, ventral surface keeled
Character 111: Sacral vertebrae, pneumatic foramina on lateral surfaces of centra: (ORDERED)
0: absent on sacral vertebrae
1: present on anterior sacrals only
2: present on all sacrals
Character 112: Sacral vertebrae, morphology of the posterior articular face of the last sacral centrum:
0: flat or slightly concave
1: convex
Character 113: Caudal vertebrae, change in morphology of free caudals along the tail:

0: present, with distinct transition point from shorter centra with long transverse processes proximally to
longer centra with small or no transverse processes distally

1: absent, vertebrae homogeneous in shape, without transition point

Character 114: Caudal vertebrae, location of transition point along the tail: (ORDERED)
0: begins distal to the 10th caudal vertebra
1: between the 7' and 10th caudal vertebra
2: proximal to the 7" caudal vertebra

Character 115: Caudal vertebrae, morphology of anterior caudal centra: (UNORDERED)
0: tall, oval in cross section
1: with box-like centra in caudals 1-V

2: anterior caudal centra laterally compressed with ventral keel
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Character 116: Caudal vertebrae, neural spines, form:
0: simple, undivided
1: separated into anterior and posterior alae throughout much of caudal sequence
Character 117: Caudal vertebrae, neural spines on distal caudals (distal to ~caudal 15), form: (ORDERED)
0: present as a low ridge
1: absent
2: absent and location of spine replaced by midline sulcus in center of neural arch

Note: Turner et al. (2012) scored Dilong for state 1, but we conservatively rescore this taxon as “?” because
we have been unable to observe the caudal vertebrae directly and, also based on the illustrations in Xu et al. (2004),
which seem to indicate that there may indeed be remnants of the neural spines on caudals in the vicinity of caudal 15
(state 0). Turner et al. (2012) may have scored this taxon as state 1 based on Xu et al.’s (2004) illustrations of
extreme distal caudal vertebrae, which do lack neural spines. However, this is also the case in the extreme distal
caudals of tyrannosaurids (e.g., Tyrannosaurus) and outgroups (Allosaurus), both of which Turner et al. (2012)
scored for state 0. What we recognize as state 1 here is the condition in taxa such as Compsognathus (Peyer, 2006),
in which neural spines cease to be recognizable as discrete structures around approximately caudal 15 (in
Tyrannosaurus and Allosaurus this happens much more posteriorly in the tail, roughly caudal 30: Brochu, 2003).

Character 118: Caudal vertebrae, length of prezygapophyses of distal caudals: (UNORDERED)
0: between 1/3 and whole centrum length
1: extremely long (up to 10 vertebral segments long in some taxa)
2: strongly reduced or absent, terminate at approximately the anterior level of the centrum

3: prezygapophyses present but negligible in size, clasping the posterior surface of neural arch of preceding
vertebrae, postzygapophyses negligible (this is an autapomorphy of Ichthyornis dispar)

Note: Turner et al. (2012) scored Dilong for state 2, but personal observation of the holotype and the
figures of Xu et al. (2004) show that state O is the correct score.

Character 119: Caudal vertebrae, number: (ORDERED)
0: more than 40
1: 35-40
2:25-35
3:8-25
4. less than 8 free caudal vertebrae, tail very short

Note: We have modified this character by breaking down what was previously a single state (25-40
caudals) into two states, which better allows this character to differentiate the moderately elongate tails of
ornithomimosaurs and alvarezsauroids (which have approximately 35 vertebrae) from the shortened tails of
therizinosauroids, ornithomimosaurs, and many paravians (which have approximately 25 vertebrae).

Character 120: Chevrons, form of chevrons from proximal part of tail:
0: long and slender, proximal end short anteroposteriorly and shaft cylindrical
1: short and stout, proximal end elongate anteroposteriorly and shaft flattened and plate-like

Note: Turner et al. (2012) scored various compsognathids for state 1, but we have rescored these taxa for
state 0, as their proximal chevrons are elongate bones (with anteroposteriorly short proximal ends) that are
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proportionally similar to other taxa with state 0, such as outgroups (Allosaurus) and tyrannosauroids (e.g.,
Tyrannosaurus), and distinct from the short and stout proximal chevrons of other taxa scored for state 1 (such as
dromaeosaurids).

Character 121: Chevrons, form of chevrons from distal part of tail: (ORDERED)
0: simple
1: anteriorly bifurcate
2: bifurcate at both ends
Character 122: Cervical ribs, shaft: (UNORDERED)
0: slender and longer than vertebra to which they articulate
1: broad and shorter than vertebra
2: extremely thin and slender, hair-like

Note: We have modified this character to include a third state designating the extremely thin and hair-like
cervical ribs of compsognathid-grade theropods, as recognized by Goéhlich and Chiappe (2006). This character is
unordered because there is no clear set of nested homologies or no clear character transformation sequence.

Character 123: Ossified uncinate processes: (ORDERED)
0: absent
1: present and unfused to ribs
2: present and fused to ribs
Character 124: Ossified ventral (sternal) rib segments:
0: absent
1: present
Character 125: Gastralia, lateral gastral segment, size:
0: shorter than medial one in each lateral-medial gastralium set
1: longer than the medial one

Note: We have modified this character following Claessens (2004). Claessens showed that in outgroups
(Allosaurus) and tyrannosaurids (Gorgosaurus, Tyrannosaurus) the medial gastral segment is longer than the lateral
gastral segment (state 0), contra the scores in Turner et al. (2012) and previous TWiG matrices. Furthermore, Norell
and Makovicky (1997) showed that in Velociraptor the lateral segment is longer than the medial segment (state 1),
which was affirmed by Claessens (2004) but contra the score in Turner et al. (2012). We suspect that scores 0 and 1
may have been swapped for some or all taxa accidentally in the TWiG matrix. Because of the confusion of scores in
the original TWiG matrix, we conservatively take all character scores from Claessens (2004) and leave all other taxa
as “?,” unless observed personally by S. Brusatte or specifically reported in the literature.

Character 126: Sternum, ossified sternal plates, fusion:
0: absent, left and right plates separate in adults
1: present, left and right plates fused
Character 127: Sternum, lateral xiphoid process posterior to costal margin:
0: absent
1: present
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Character 128: Sternum, groove on anterior edge for reception of coracoid:
0: present
1: absent

Character 129: Sternum, position of articular facet for coracoid (conditions may be determined by the
position of the the articular facet on coracoid in taxa without ossified sternum):

0: anterolateral or more lateral than anterior
1: almost anterior
Character 130: Furcula, hypocledium: (ORDERED)
0: absent
1: present as tubercle
2: present as an elongate process
Character 131: Scapula, orientation of acromion margin:
0: continuous with blade
1: anterior edge laterally everted relative to blade
Character 132: Coracoid, expansion of posterolateral surface ventral to glenoid fossa:
0: unexpanded

1: posterolateral edge of coracoid expanded to form triangular subglenoid fossa bounded laterally by
enlarged coracoid tuber

Character 133: Scapula and coracoid, fusion:
0: absent, two bones separate
1: present, two bones fused into scapulacoracoid
Character 134: Coracoid, shape in lateral view: (UNORDERED)
0: subcircular, with shallow ventral blade
1: subquadrangular with extensive ventral blade
2: shallow ventral blade with elongate posteroventral process
3: height more than twice width, coracoid strut-like
Character 135: Scapula and coracoid, form of their articulation:
0: form a continuous arc in posterior and anterior views
1: coracoid inflected medially relative to scapula, scapulocoracoid ‘L’ shaped in lateral view
Character 136: Scapula and coracoid, glenoid fossa, orientation of articular surface:
0: faces posteriorly or posterolaterally
1: faces laterally
Character 137: Scapula, length compared to length of humerus:

0: longer
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1: approximately same length or shorter

Note: In Guanlong, the scapula and humerus are approximately the same length (Xu et al., 2006), so this
taxon is scored for state 1. The same scoring is used for all ornithomimosaurs, which have humeri that are slightly
longer than the scapula (Osmdlska et al., 1972) or have humeri and scapulae of approximately the same length (e.g.,
Nicholls and Russell, 1985; Kobayashi and L, 2003; Kobayashi and Barshold, 2005; Makovicky et al., 2010).

Character 138: Humerus, deltopectoral crest, extent and morphology: (UNORDERED)
0: large and distinct, proximal end of humerus quadrangular or triangular in anterior view
1: deltopectoral crest less pronounced, forming an arc rather than being quadrangular
2: deltopectoral crest very weakly developed, proximal end of humerus with rounded edges
3: deltopectoral crest extremely long and rectangular
Character 139: Humerus, deltopectoral crest, form of anterior surface:
0: smooth
1: with distinct muscle scar near lateral edge along distal end of crest for insertion of biceps muscle
Character 140: Ulna, olecranon process, size:
0: weakly developed
1: distinct and large
Character 141: Ulna, morphology of distal articular surface (dorsal condyle and dorsal trochlea in birds):
0: flat
1: convex, semilunate surface
Character 142: Ulna, morphology of proximal surface:
0: a single continuous articular facet
1: divided into two distinct fossae (one convex, the other concave) separated by a median ridge
Character 143: Lateral proximal carpal (ulnare?), shape in proximal view:
0: quadrangular
1: triangular
Character 144: Distal carpals in contact with metacarpals, number:

0: two separate carpals, one covering the base of MC I (and perhaps contacting MC I1) the other covering
the base of MC Il

1: a single distal carpal capping MCs | and Il
Character 145: Semilunate distal carpal, size: (UNORDERED)
0: well developed, covering all of proximal ends of MCs | and 11
1: small, covers about half of base of MCs | and 1l
2: covers bases of all metacarpals
3: covers MC Il and MC 111
Character 146: Metacarpal I, length: (ORDERED)
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0: less than half the length of MC II
1: approximately half of the length (~50-70%) of MC II
2: subequal in length to MC Il

Note: We have modified the character of Turner et al. (2012) to include a new state, signifying the
condition in some tyrannosauroids (and outgroups and other coelurosaurs) in which MC 1 is approximately half of
the length of MC II. In essence, we have divided the original “half or less of the length of MC II”” character into two
distinct states. This follows the character of Brusatte et al. (2010, character 252). We have also removed the state in
Turner et al.’s (2012) character that refers to the autapomorphically short and robust MC | of alvarezsaurids, which
is wider transversely than long proximodistally. We now provide a separate character denoting the presence or
absence of this peculiar morphology below.

Character 147: Third manual digit, size:

0: present and large, phalanges present

1: reduced to no more than metacarpal splint

Note: This character is equivalent to Brusatte et al. (2010, character 249).
Character 148: Manual unguals, curvature: (ORDERED)

0: strongly curved, flexor margin deeply concave

1: weakly curved, flexor margin shallowly concave (third ungual may be straight)

2: all manual unguals straight

Note: We have divided the original character of Turner et al. (2012) and previous TWiG matrices, which
related to both the curvature and size of the flexor tubercle, into two separate characters. This character now refers to
the degree of curvature, whereas a separate character has been added below for the size of the flexor tubercle.
Furthermore, a separate character has also been added to simply denote the presence or absence of manual unguals
(to distinguish the condition of derived avialans in which unguals are absent, which was originally one of several
unordered character states in Turner et al.’s character). As constructed, this current character on manual ungual
curvature subsumes character 255 of Brusatte et al. (2010). We here score Dryptosaurus for state O (strongly curved
manual unguals) based on the recent redescription of this taxon by Brusatte et al. (2011), contra the “weak
curvature” score in Brusatte et al. (2010). Many ornithomimosaurs have a straight manual ungual 3 but more curved
manual unguals 1 and 2. These taxa are here scored for state 1, whereas those ornithomimosaurs with straight
manual digits 1-3 are scored as state 2. We do not differentiate state 1 into multiple states for “weak curvature in all
unguals” vs. “weak curvature in unguals 1 and 2 and a straight ungual 3,” because derived tyrannosauroids do not
possess a manual ungual 3, which would make it impossible to score them for this character as currently
constructed. Therefore, we conservatively lump together these two conditions into state 1, but recognize that future
authors may advocate subdividing this character (but this would necessitate scoring derived tyrannosaurids as
inapplicable, or dividing this character into multiple characters).

Character 149: Manual unguals, size of ungual on digit | compared to the other manual unguals in the hand:
0: generally similar in size
1: distinctly larger

Character 150: Manual unguals, a transverse ridge immediately dorsal to the articulating surface
(“proximodorsal lip”):

0: absent
1: present

Character 151: Ilium, preacetabular process, anteroventral corner, form: (UNORDERED)
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0: subtriangular, ventral margin of preacetabular process is shallowly concave

1: subquadrate with recurved anterior margin, ventral margin of preacetabular process is deeply concave
such that the open region between the pubic peduncle and anteroventral region of the preacetabular process defines
much of a circle

2: process strongly hooked

Note: This character subsumes character 259 of Brusatte et al. (2010). State 1 is seen in some derived
tyrannosauroids and ornithomimosaurs (and a few other coelurosaurs), and specifically refers to an anteroventral
corner of the preacetabular process that is so recurved and ventrally projecting that the notch between it and the
pubic peduncle is wide and essentially circular. Turner et al. (2012) and previous TWiG matrices scored the
ougroups (Allosaurus and Sinraptor) as possessing state 1. However, although these taxa do have somewhat of a
hooked anterior margin of the preacetabular process (as do some compsognathids such as Sinocalliopteryx), they do
not have the extremely pronounced condition of derived tyrannosauroids.

Character 152: Ilium, preacetabular process, length: (ORDERED)
0: roughly as long as postacetabular process
1: markedly longer (more than 2/3 of total ilium length) than postacetabular process
2: postacetabular blade much longer than postacetabular process
Character 153: Ilium, morphology of anterior margin of preacetabular process: (UNORDERED)
0: gently rounded or straight
1: anterior end strongly convex, lobate
2: pointed at anterodorsal corner with concave anteroventral edge
3: distinctly concave dorsally

Note: Turner et al. (2012) scored Dilong for state 0, which is unexpected if it is a tyrannosauroid (as all
known tyrannosauroids possess state 3). However, based on personal observation of the specimen (IVPP VV14243)
the anterodorsal margin of the ilium is broken, so we here score this taxon as “?.” Sinocalliopteryx is described as
possessing a “slightly concave” anterodorsal margin of the preacetabular process, and this is clearly shown in an
accompanying figure (Ji et al., 2007). Although we would prefer to confirm this score based on the original
specimen, in order to determine whether it is genuine or a potential artifact of breakage, we here score
Sinocalliopteryx for state 3. Li et al. (2010) noted that Mirischia may possess an anterodorsal concavity, but
personal observation of the specimen (SMNK 2349 PAL) shows that this region is broken, and therefore we score
this taxon as “?.”

Character 154: Illium, supraacetabular crest on ilium, form: (ORDERED)
0: present as a separate process from the antitrochanter, and forming a “hood” over the femoral head
1: reduced but still separate from the antitrochanter, not forming “hood”
2: absent
Character 155: llium, postacetabular process, shape of distal end: (UNORDERED)
0: squared
1: acuminate

2: squared, with nearly vertical posterior margin that is nearly equivalent in depth to the anterior margin of
the preacetabular process

Note: We have expanded this character into an unordered multistate, by adding a third state referring to the
extremely deep and squared-off postacetabular processes of some derived tyrannosauroids such as Alioramus and
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Tyrannosaurus, as noted by Brusatte et al. (2010, character 267). This condition differs from the shallower
postacetabular processes of more basal tyrannosauroids such as Guanlong, Dilong, and Juratyrant. In these taxa the
postacetabular process is squared off posteriorly, but is much shallower than the preacetabular process.

Character 156: Ilium, opposing postacetabular blades, orientation in dorsal view:
0: subparallel to each other
1: diverge posteriorly from each other

Note: The “subparallel” condition includes those iliac blades that are oriented medially to contact (or nearly
contact) each other above the sacrum (these blades are parallel to each other, but instead of their lateral surfaces
being oriented straight laterally they are instead oriented dorsolaterally, hence the convergence above the midline).
In some of these taxa, such as the ornithomimosaurs Gallimimus and Garudimimus, the postacetabular blades
diverge from each other when seen in dorsal view, but this is a result of the reorientation of the lateral surface to face
dorsolaterally, due to the medial orientation of the two blades to contact (or nearly contact) each other above the
acetabulum. Without this medial rotation the postacetabular processes would be parallel or nearly parallel to each
other. State 1 refers to the condition in some maniraptorans in which the two iliac blades clearly diverge from each
other posteriorly when seen in dorsal view.

Character 157: llium, tuber along dorsal edge of ilium dorsal or slightly posterior to acetabulum:
0: absent
1: present

Character 158: Ilium, brevis fossa, form:
0: shallowly inset into bone, brevis shelf projects strongly medially

1: deeply inset into bone, with both lateral lamina and medial brevis shelf curving ventrally to demarcate
the deeply concave fossa

Character 159: llium, antitrochanter, form:
0: absent or poorly developed
1: prominent

Note: This character is equivalent to character 261 of Brusatte et al. (2010). In scoring this character, we
hold that the large antitrochanters of derived tyrannosauroids, which are extensive flanges deeply inset from the
remainder of the ischial peduncle, are primarily homologous to the prominent antitrochanters of most other
coelurosaurs. Therefore, tyrannosauroids with flange-like antitrochanters and other coelurosaurs with prominent
antitrochanters are both scored for state 1.

Character 160: llium, ridge bounding cuppedicus fossa, extension:
0: terminates anterior to acetabulum or curves ventrally onto anterior end of pubic peduncle
1: extends far posteriorly and to become confluent or almost confluent with acetabular rim
Character 161: llium, cuppedicus fossa, form: (ORDERED)
0: deeply inset into the anterior and lateral surfaces of the pubic peduncle, with a pronounced dorsal rim
1: reduced, fossa shallow or flat, with little or no overhanging dorsal rim
2: absent
Character 162: Ischium, prominent median posterior process along posterior edge of bone:

0: absent, posterior edge of bone straight
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1: present
Character 163: Ischium, morphology of shaft distal to the acetabular (obturator) region: (ORDERED)
0: extremely rod-like, midshaft diameter 30-50% midshaft diameter of pubis
1: rod-like, midshaft diameter 60—100% midshaft diameter of pubis
2: wide, flat, and plate-like, midshaft diameter greater than midshaft diameter of pubis

Note: This is a modified character that subsumes character 280 in Brusatte et al. (2010). In essence, we here
separate the “rod-like” character into two characters: extremely rod-like (in which the ischial shaft is less than 50%
of the width of the pubic shaft, seen in some derived tyrannosauroids) and somewhat rod-like (in which the ischial
shaft and pubic shaft are approximately the same diameter, seen in many coelurosaurs). We have rescored
Ornitholestes for state 1 (somewhat rod-like), from Turner et al.’s (2012) polymorphic score for both a rod-like and
a plate-like shaft in this taxon. We also score the tyrannosauroids Dryptosaurus and Alioramus as polymorphic for
states 0 and 1. This is a conservative score because it is clear that the ischium of these taxa is rod-like but it is
unclear how the midshaft diameter compares to the pubic midshaft diameter.

Character 164: Ischium, orientation of shaft: (UNORDERED)
0: straight
1: curved anteriorly at the ventral end
2: hooked posteriorly at the ventral end
Character 165: Ischium, surface morphology of lateral face of ischiadic blade: (UNORDERED)
0: flat or gently rounded
1: concave

2: with longitudinal ridge subdividing lateral surface into anterior (including obturator process) and
posterior parts

Character 166: Ischium, obturator process of ischium: (ORDERED)
0: absent
1: proximal in position (midpoint of process positioned at less than 30% of the total length of the ischium)

2: located near middle of ischiadic shaft (midpoint of process positioned at approximately 40-50% of the
total length of the ischium)

3: located at distal end of ischium (midpoint of process positioned distal to the midpoint of the ischium)

Note: The language in this character has been modified following the quantitative character description of
Brusatte et al. (2010, character 281).

Character 167: Ischium, obturator process, contact with pubis:
0: absent
1: present
Character 168: Ischium, obturator foramen or notch in proximal portion of obturator process: (ORDERED)
0: enclosed foramen present
1: open notch present (i.e., a foramen that is no longer completely enclosed)

2: notch or foramen absent
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Note: This character has been modified to take into account the closed obturator foramen of Guanlong and
Mirischia, which, although unusual among coelurosaurs and proximal outgroups (allosauroids), is also seen in more
distal basal theropod outgroups. Although Naish et al. (2004) described the left and right obturator foramina in
Mirischia as asymmetrical (one open as a notch, one enclosed), we interpret the supposedly open notch as a closed
foramen that has been broken, based on personal observation of the specimen (SMNK 2349 PAL). Turner et al.
(2012) scored derived tyrannosauroids for “notch or foramen absent,” whereas Dilong, compsognathids, and
ornithomimosaurs were scored for “open notch present.” However, all tyrannosauroids have an open obturator notch
that is essentially identical in morphology to those of ornithomimosaurs and compsognathids. Therefore, these taxa
are here scored for state 1.

Character 169: Ischium, ischial tubercle (“semicircular scar”) ventral to iliac peduncle on the posterior
margin of the proximal end of ischium: (ORDERED)

0: absent or potentially homologous structure present as a groove
1: present as a convex bulge on the posterior surface of the ischium

2: present as a rugose, ovoid or triangular flange whose lateral surface is depressed relative to the
remainder of the ischium

Note: This character has been modified, and an additional state added, based on Brusatte et al. (2010,
character 278). We consider the condition in ornithomimosaurs to be equivalent to the “convex bulge” condition of
the tyrannosauroid Juratyrant, and score more derived tyrannosauroids for a hierarchically nested condition of an
especially rugose, flange-like tubercle. We also consider the “groove-like” morphology of this region of the ischium
to be homologous, at some level, to the ischial tubercle itself (see Hutchinson, 2001). Because it is difficult to
distinguish the groove-like condition from true absence of any muscular attachment in this region, we lump together
both conditions as state 0 but recognize that future work may be able to subdivide these conditions into separate
character states.

Character 170: Ischium, length of bone:
0: greater than two-thirds of pubis length
1: two-thirds or less of pubis length
Character 171: Ischium, morphology of distal ends of opposing ischia: (ORDERED)
0: form symphysis
1: approach one another but do not form symphysis
2: widely separated

Note: We here score all tyrannosauroids for state 0, contra Turner et al. (2012) who scored derived taxa for
state 1. As discussed by Brusatte et al. (2012), the distal ischia of tyrannosauroids do make contact with each other,
although this contact is unfused. This is equivalent to the condition in ornithomimosaurs and compsognathids, and
we here score all of these taxa for state 0.

Character 172: Ischium, distal end, expansion relative to midshaft:

0: present, resulting in an ischial “boot”

1: absent, ischial “boot” absent

Note: This character is equivalent to character 279 of Brusatte et al. (2010).
Character 173: Ischium, tubercle on anterior edge of bone:

0: absent

1: present
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Character 174: Pubis, orientation of shaft when in articulation: (UNORDERED)
0: projecting anteroventrally (propubic)
1: vertical
2: projecting posteroventrally (opisthopubic)
3: appressed to ischium

Note: This character subsumes character 275 of Brusatte et al. (2010). We consider this character unordered
because there is not a clear transformation sequence or nested set of homologies, although it is possible that future
authors may argue for an anteroventral-vertical-posteroventral trend in pelvic orientation in theropod evolution.

Character 175: Pubis, pubic boot, anterior projection of boot relative to posterior projection: (ORDERED)
0: equal in size or anterior process larger than posterior process
1: anterior process small, approximately 10-40%
2: anterior process completely absent, posterior process large

3: both anterior and posterior processes absent (i.e., boot present but without distinct anterior and posterior
projections)

Note: This character subsumes character 273 of Brusatte et al. (2010). We have added an additional state
here to distinguish between taxa in which the anterior and posterior projections are equal in size (some derived
tyrannosaurids) and those taxa in which anterior projections are present but are approximately 10-40% of the length
of the posterior projection (many other coelurosaurs). Using our character scoring scheme, compsognathids and
various paravians are scored for state 2, which refers to the complete lack of an anterior process and a pubic boot
that is often “hook-like.”

Character 176: Pubis, shelf on shaft proximal to symphysis (‘pubic apron’): (UNORDERED)
0: extends medially from middle of shaft
1: shelf extends medially from anterior edge of shaft
2: strongly reduced (restricted to distal end of pubis) or absent

Note: Turner et al. (2012) scored tyrannosauroids (including Dilong and tyrannosaurids) for state 0, but we
here rescore all score-able tyrannosauroids for state 1, based on personal observation of specimens. In all known
tyrannosauroid pubes, the pubic apron arises from the anterior margin of the shaft, not the middle of the shaft as in
outgroups like Allosaurus (Madsen, 1976). We have also removed the language in the original TWiG character
relating to the cylindrical or anteroposteriorly flattened nature of the shafts, as these conditions do not correspond
one-to-one with the location of the apron. Future authors may wish to reintroduce a character relating to the
morphology of the shaft (cylindrical vs. flattened), but we could not identify clear, distinct categories of variation
among taxa and hence do not utilize such a character here.

Character 177: Pubis, curvature of shaft: (UNORDERED)
0: absent, shaft straight
1: distal end curves anteriorly, anterior surface of shaft concave
2: distal end curves posteriorly, anterior surface of shaft convex

Note: This character subsumes character 269 of Brusatte et al. (2010). Derived tyrannosauroids are here
scored for state 1, a concave anterior margin of the pubic shaft, based on Brusatte et al. (2010).

Character 178: Pubis, length of pubic apron: (ORDERED)
0: about half of pubic shaft length
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1: less than 1/3 of shaft length
2: greatly reduced, restricted to far distal end of pubis
3: absent

Note: We modified this character to make it into an additive multistate referring to the presence/absence
and size of the pubic apron. For all other pubic apron characters, those taxa without an apron are scored as
inapplicable (“?”).

Character 179: Pubic apron, form of contact between opposing pubes distally: (ORDERED)
0: both pubes meet extensively
1: contact between pubes disrupted by a slit (pubic foramen)
2: no contact between pubes distally, pubic apron absent in this part of pubis but present further proximally

Note: The pubic fenestra is usually considered a synapomorphy of Tetanurae (Rauhut, 2003; Benson et al.,
2009). Turner et al. (2012) scored Dilong for state 0, but subsequent personal observation of the specimen indicates
that the distal portion of the conjoined pubes is too damaged (and not complete enough) to permit observation of the
fenestra. Therefore, it is here scored “?.” Turner et al. (2012) also scored Haplocheirus for state 0, which would be
unexpected, but, because we cannot confirm this with a personal observation, we conservatively score it as “?.”

Character 180: Femur, head, fovea capitalis for attachment of capital ligament:
0: absent or subtle
1: present as a distinct circular fovea located in center of the medial surface of the head
Character 181: Femur, interaction of lesser and greater trochanters: (ORDERED)
0: separated from each other by deep cleft
1: separated from each other by small groove
2: completely fused to each other (absent as distinct structures), forming a trochanteric crest
Character 182: Femur, lesser trochanter, shape in lateral view:
0: alariform, projects anteriorly as a broad flange that is anteroposteriorly wider than the greater trochanter

1: reduced to approximately the same anteroposterior width as the greater trochanter, cylindrical in cross
section

Character 183: Femur, ridge on lateral surface distal to lesser and greater trochanters (homologous to the
trochanteric shelf):

0: absent or represented only by faint rugosity or bulge

1: distinctly raised from shaft as a pronounced, mound-like ridge
Character 184: Femur, fourth trochanter:

0: present

1: absent (or reduced to a subtle and barely distinguishable margin)
Character 185: Femur, accessory trochanteric crest distal to lesser trochanter:

0: absent

1: present
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Note: We consider the “accessory trochanteric crest” (identified by Makovicky and Sues [1998] in
Microvenator) as equivalent to the accessory trochanter that is present in some tetanurans (including some
coelurosaurs: e.g., Brusatte et al., 2008), as both structures are accessory flanges or ridges along the anterior margin
of the distal portion of the lesser trochanter. Therefore, this character is equivalent to character 287 of Brusatte et al.
(2010). Accessory trochanters are large and prominent in basal tyrannosauroids (e.g., Guanlong, Xiongguanlong)
but are lost in more derived tyrannosauroids. They are also large and prominent in several basal coelurosaurs (e.g.,
ornithomimosaurs, Mirischia, Zuolong, Coelurus, Tanycolagreus).

Character 186: Femur, mesiodistal crest, form:
0: absent or present as a subtle structure

1: present as a pronounced longitudinal crest extending proximally from medial condyle, which is seen to
strongly overhang the remainder of the medial margin of the femur in posterior view (i.e., is visible as a broad flange
in posterior view

Note: We have reworded this character to make it refer specifically to the pronounced mesiodistal crest of
some coelurosaurs. This crest is either located on the anterior surface of the femur (as described in the original
TWIG character) or along the anteromedial corner of the femur, but in all cases extends proximally from the medial
condyle.

Character 187: Femur, flexor groove, morphology of distal end:
0: open distally, smoothly confluent with distal articular surface
1: closed off distally by contact between distal condyles, separated from distal articular surface
Character 188: Fibula, distal extent:
0: reaches proximal tarsals
1: short, tapering distally, and not in contact with proximal tarsals
Character 189: Fibula, medial margin of proximal end in proximal view:
0: concave
1: flat
Character 190: Fibula, deep oval fossa, with well defined margins, on medial surface near proximal end:
0: absent
1: present

Note: This character refers specifically to the discrete, ovoid fossa of some tyrannosauroids and
ornithomimosaurs, as well as outgroup taxa. Some other basal coelurosaurs such as Coelurus and Zuolong have a
depressed groove excavating much of the medial surface of the proximal fibula, but this is not present as a discrete,
indented fossa with well defined margins (instead, the groove has a well-defined anterior margin but opens
posteriorly). The outgroups are scored for state 0, because they possess an open fossa (without a distinct posterior
margin) as in most coelurosaurs.

Character 191: Astragalus and calcaneum, morphology of distal condyles:

0: condyles separated by shallow, indefinite sulcus

1: condyles separated by prominent tendoneal groove on anterior surface
Character 192: Tibia, number of cnemial crests:

0: single pronounced crest

1: two crests (main crest with accessory anterior crest)
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Character 193: Astragalus, ascending process, form: (UNORDERED)

0: tall and broad, covering most of anterior surface of distal end of tibia (70% or more of mediolateral
width of surface) and dorsoventral height greater than twice the height of the main body of the astragalus

1: process short and slender, covering only lateral half of anterior surface of tibia (includes derived
therizinosauroid condition in which a lateral extension of the ascending process contacts the fibula) and dorsoventral
height less than twice the height of the main body of the astragalus

2: ascending process tall, but with medial notch that restricts it to lateral side of anterior face of distal tibia

Note: This character includes information on both the dorsoventral height and mediolateral width of the
ascending process. Sometimes these measurements are given separate characters, but we here hold that they are
generally correlated, in the sense that taxa with a very tall ascending process always have a mediolaterally broad
process as well, and taxa such as Guanlong and Falcarius, with a short ascending process, also have a
mediolaterally restricted process. We recognize, however, that future authors may want to break this character into
separate characters referring to length and width, but we hesitate to do so because we do not wish to introduce a
second character that is likely correlated with the first.

The ascending processes of compsognathids have been described as somewhat reduced, in that they only
cover approximately 70% of the anterior surface of the tibia (Ostrom, 1978; Currie and Chen, 2001; Hwang et al.,
2004). We consider this condition equivalent to state O here, but recognize that future authors may want to subdivide
state 0 into separate characters for a broad ascending process that covers most of the anterior surface of the tibia and
a reduced process that covers approximately 70% of the surface. These could be associated with state 1 here (a
process covering half the tibial surface) to create an ordered multistate, and state 2 here (which is unique to some
alvarezsaurids) could be made into its own character. We do not do this, however, because we hesitate to divide
state 0 into additional states because the “reduced” ascending processes of compsognathids are all based on slab
specimens, which are difficult to measure and often prone to misinterpretation. It is clear, however, that these
compsognathids do not possess the reduced and laterally restricted ascending processes of some basal coelurosaurs
(e.g., Guanlong, Coelurus, Tugulusaurus) and the ougroups (Allosaurus, Sinraptor), which are denoted by state 1.
This character is an equivalent, but expanded, version of character 297 of Brusatte et al. (2010).

Character 194: Astragalus, ascending process, articulation with condyles distally:

0: confluent with condylar region of astragalus

1: separated from condylar region by transverse groove or fossa across base
Character 195: Astragalus and calcaneum, fusion: (ORDERED)

0: absent, astragalus and calcaneum unfused to each other or to tibia in adults

1: present, astragalus and calcaneum fused to each other, unfused to tibia

2: present, astragalus and calcaneum completely fused to each other and to tibia
Character 196: Distal tarsals, fusion with metatarsals:

0: absent, distal tarsals and metatarsals separate

1: present, distal tarsals and metatarsals fused into tarsometatarsus
Character 197: Metatarsals, fusion: (ORDERED)

0: absent, metatarsals not co-ossified

1: present, metatarsals co-ossified proximally

2: present, metatarsals co-ossified proximally and distally

3: present, metatarsals co-ossified proximally and distally, with distal fusion extreme and distal vascular
foramen closed
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Character 198: Metatarsal 11, morphology of distal end:
0: smooth, not ginglymoid

1: with developed ginglymus that extends onto extensor surface, giving the distal end a strongly concave
profile in extensor (anterior) view

Character 199: Metatarsal 111, morphology of distal end:
0: smooth, not ginglymoid

1: with developed ginglymus: smooth articular region extends proximally onto extensor surface and is
broadly exposed

Note: We here consider the condition in some basal coelurosaurs (Zuolong, Tugulusaurus, Dilong,
Guanlong) to represent a well-developed ginglymus, as defined for character state 1. Xu et al. (2004) recognized
that Dilong was unusual among tyrannosauroids in possessing a ginglymus on MT |11 (although it is absent on MT
I1), a character score that was followed by Turner et al. (2012). Later discoveries showed that this character state is
also present in some other basal coelurosaurs: Rauhut and Xu (2005) later noted that one was present on
Tugulusaurus and Choiniere et al. (2010b) described and figured it for Zuolong. Our personal observations of
Guanlong show that it is present in this taxon as well. Bicentenaria is described by Novas et al. (2012) as lacking a
ginglymoid distal end of MT Il1, but we score this taxon here as “?” because we have not been able to observe it,
and therefore cannot assess if it has the basal coelurosaur-style ginglymoid condition of Guanlong, Tugulusaurus,
and Zuolong.

Character 200: Metatarsal 111, exposure of proximal shaft in extensor view: (ORDERED)
0: prominently exposed between MT Il and MT IV along entire metapodium

1: MT Il proximal shaft constricted and much narrower than either Il or 1V, but still exposed along most of
metapodium, subarctometatarsal

2: very pinched, not exposed along proximal section of metapodium, arctometatarsal
3: proximal part of MT Il lost entirely

Note: We here consider this character ordered, because we hypothesize nested homology between the
subarctometatarsal-arctometatarsal-mt 111 lost states (i.e., these form an ordered, progressive sequence of MT 111
pinching and eventual loss). This character is equivalent to character 299 of Brusatte et al. (2010).

Character 201: Pedal digit 11, ungual and penultimate phalanx, morphology:
0: similar to those of pedal digit 111

1: penultimate phalanx highly modified for extreme hyper-extension, ungual more strongly curved and
significantly larger than that of pedal digit 111

Character 202: Metatarsal 11, site of articular surface for metatarsal I: (UNORDERED)
0: the middle of the medial surface of MT II
1: the posterior surface of distal quarter
2: the medial surface near the proximal end
3: the medial surface at or near the distal end
Character 203: Metatarsal I, form of proximal end:
0: attenuates proximally, articular surface for MT Il is a simple butt joint lying against the shaft of MT II

1: large and robust, similar to those of MTs II-1V
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Note: Although character states could probably be inferred by the form and position of MT | articular scar
on MT I, we conservatively score taxa for an affirmative score only if we can observe MT | itself.

Character 204: Metatarsal 1V, shaft thickness:
0: round or thicker dorsoventrally (extensor-flexor direction) than wide mediolaterally in cross section
1: mediolaterally widened and flat in cross section
Character 205: Foot, symmetry:
0: symmetrical
1: asymmetrical with slender MT Il and very robust MT 1V, excluding flange
Character 206: Dorsal vertebrae, neural spines on posterior dorsals, shape in lateral view:
0: rectangular or square
1: fan-shaped, anteroposterior length of spine expanding dorsally

Note: State 1 refers specifically to the fan-shaped neural spines of compsognathids and Pelecanimimus,
whose dorsal extremity is substantially longer anteroposteriorly than is the base of the spine. This is due to a
“funneling outwards”) in anteroposterior length dorsally across the length of the spine. Some theropods (e.g.,
Tanycolagreus, some ornithomimosaurs in intermediate phylogenetic position between Pelecanimimus and derived
taxa with rectangular neural spines) have some dorsal vertebrae with neural spines that are moderately expanded at
their dorsal tips, but these do not exhibit the striking fan shape of compsognathids, and are thus scored for state 0.

Character 207: Manual phalanx I-1, shaft diameter:
0: less than or approximately equal to the shaft diameter of radius.
1: greater than the shaft diameter of radius.

Note: State 1 of this character refers to a phalanx that is substantially thicker in diameter than the radius.
Several coelurosaurs (e.g., Tanycolagreus, tyrannosauroids, ornithomimosaurs) have a phalanx I-1 that is
approximately the same diameter as the radius, and sometimes is slightly larger (~10%). These taxa are scored for
state 0, however, because this condition differs from the condition in compsognathids in which the phalanx is
dramatically larger than the radius (state 1).

Character 208: Angular, extent in lateral view:

0: widely exposed, suture between surangular and angular reaches or nearly reaches posterior end of
mandible

1: reduced in exposure, suture between surangular and angular does not reach posterior end of the mandible

Character 209: Surangular, laterally inclined flange along dorsal edge of bone for articulation with the lateral
process of lateral quadrate condyle:

0: absent
1: present
Character 210: Distal articular ends of metacarpals | + 11: (UNORDERED)
0: ginglymoid
1: rounded, smooth
2: MC 11 ginglymoid and MC | shelf

Character 211: Radius and ulna, articulation with each other:
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0: well separated

1: with distinct adherence or syndesmosis distally
Character 212: Upper and lower jaws, occlusion:

0: occlude for their full length

1: diverge anteriorly due to kink and downward deflection of the dentary (pronounced downward deflection
of dentary buccal margin anteriorly)

Character 213: Quadrate, exposure of head in lateral view:
0: absent, covered by squamosal laterally

1: present, exposed because quadrate cotyle of squamosal opens laterally due to a wide notch between the
ventral and posterior processes

Character 214: Ilium, brevis fossa, orientation and exposure in lateral view:
0: faces primarily ventrally, but it is widely visible in lateral view (especially anteriorly)

1: faces primarily ventrally and medially, and it is obscured in lateral view across its entire length by a well
developed lateral lamina of the postacetabular process of the ilium

Note: This character is equivalent to character 310 in the revised version of the Brusatte et al. (2010)
analysis published by Brusatte and Benson (2013). We have altered the wording here to reflect the character
language of Brusatte and Benson (2013), which focuses specifically on whether the fossa is visible or obscured in
lateral view.

Character 215: Lesser trochanter, vertical ridge on lateral surface:
0: present
1: absent

Character 216: Supratemporal fossa, extension onto the squamosal:

0: absent, fenestra bounded laterally and posteriorly by the squamosal, with no distinct fossa present on the
dorsal surface of the squamosal

1: present, distinct fossa extends onto the dorsal surface of the squamosal
Character 217: Dentary, teeth: (ORDERED)
0: present across much of bone, dentary fully toothed
1: present but only at the far anterior tip
2: absent, dentary edentulous
Character 218: Coracoid, ventral (=anterior) margin of bone anterior (=ventral) to glenoid, form:
0: straight or shallowly indented by a notch

1: deeply indented by a pronounced notch separating the glenoid and postglenoid process, glenoid lip
everted

Note: State 1 refers to the deep notch of ornithomimosaurs, which separates the glenoid from a pronounced
and hook-shaped postglenoid process anteriorly. Many other coelurosaurs have a shallow notch in this region, but
only ornithomimosaurs have a discrete, deep notch, which helps to define the characteristic hook-like postglenoid
process in these taxa.

Character 219: Articular, retroarticular process, orientation:
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0: points posteriorly
1: curves gently posterodorsally
Character 220: Scapula, flange on supraglenoid buttress:
0: absent
1: present

Character 221: Laterosphenoid, depression (possibly pneumatic) on ventral surface of postorbital process of
bone:

0: absent
1: present

Character 222: Braincase, basal tubera, mediolateral width of conjoined tubera relative to occipital condyle:
(ORDERED)

0: as wide as or wider than occipital condyle

1: narrower than occipital condyle, reduced to a set of small processes directly below condyle and separated
by narrow notch

2: tubera absent

Note: This character is not equivalent to characters 154 and 155 in Brusatte et al. (2010), which refer to the
dorsoventral depth of the basal tubera and the depth of the notch between the tubera, respectively. This character
refers solely to the mediolateral width of the tubera, and is considered an ordered character because we hypothesize
a nested set of homologies (large-small-absent). The highly modified basal tubera of derived therizinosauroids are
here regarded as possessing state 0 and not state 2 (absent), as remnants of the tubera are still present despite their
incorporation into the basisphenoidal bulla.

Character 223: llium, postacetabular process, morphology of dorsal edge:
0: convex or straight

1: deeply concave, ventral portion of postacetabular process (housing brevis shelf medially) extending
posterior to dorsal portion of the postacetabular process as a tab-like structure

Note: State 1 refers to the condition in some dromaeosaurids (e.g., Unenlagia), in which the dorsal margin
of the postacetabular process is deeply concave, due to the extension of the ventral portion of the postacetabular
process posteriorly as a discrete, rectangular, tab-like structure. This tab-like structure is ornamented by the brevis
shelf medially, and therefore houses an extension of the brevis fossa itself. Some ornithomimosaurs have a subtly
concave dorsal border of the postacetabular process, but this is not considered equivalent to the marked condition of
some dromaeosaurids.

Character 224: llium, posterior end of postacetabular process, morphology in dorsal view:

0: terminating in rounded or square end, due to a brevis shelf that extends no farther than the posterior
margin of the lateral lamina (lateral surface) of the postacetabular process

1: with lobate brevis shelf projecting beyond posterior end of lateral lamina of postacetabular process
Character 225: Pedal phalanx 11-2, flexor heel, form:

0: small and asymmetrically developed only on medial side of vertical ridge subdividing proximal
articulation

1: heel long and lobate, with extension of midline ridge extending onto its dorsal surface
Note: Taxa without a discrete flexor heel are scored as inapplicable (“?”).
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Character 226: Metatarsal 1V, large, longitudinal flange along posterior or lateral surface of bone:
0: absent
1: present

Character 227: Ischium, proximodorsal process, form:
0: small, tab-like or pointed process along posterior edge of ischium
1: large, proximodorsally hooked, and separated from iliac peduncle of the ischium by a notch
Note: Taxa without a discrete proximodorsal process are scored as inapplicable (“?”).

Character 228: Pubis, prominent tubercle on lateral surface of shaft, at approximately the midpoint of the
shaft:

0: absent, shaft smooth
1: present
Character 229: Ischium, distally placed dorsal process along posterior edge of shaft:
0: absent
1: present
Character 230: Ischium, obturator process, shape:
0: tab-like, with distal end separated from shaft by a discrete notch
1: triangular, with distal end confluent with shaft

Character 231: Ischium, morphology of triangular obturator process (only in those taxa with a triangular
process as defined in character 233):

0: longer proximodistally than wide anteroposteriorly at the center of the process

1: shorter proximodistally than wide anteroposteriorly at the center of the process, resembles an elongate
triangle extending anteriorly

Character 232: Metatarsal 11, tuber along extensor surface (associated with the insertion of the tendon of the
m. tibialis cranialis in Aves): (ORDERED)

0: absent

1: present, on approximately the center of the proximodorsal surface of MT Il

2: present, developed on lateral surface of MT II, at contact with MT 111 or on lateral edge of MT Il
Character 233: Ulna: femur length ratio:

0: substantially less than one

1: equal to or greater than one

Character 234: Maxilla, position of maxillary fenestra relative to ventral margin of antorbital fossa:
(ORDERED)

0: abuts ventral margin
1: dorsal to ventral margin, at approximately the dorsoventral midpoint of the antorbital fossa

2: far dorsal to the ventral margin, dorsal to the dorsoventral midpoint of the antorbital fossa
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Note: This character has been modified to take into account variation in the position of the maxillary
fenestra in tyrannosauroids, as noted by Brusatte et al. (2010, character 18). State O here refers to the condition in
Daspletosaurus, Tarbosaurus, and Tyrannosaurus, in which the maxillary fenestra abuts the ventral margin of the
antorbital fossa.

Character 235: Maxilla, dorsoventral depth of main body of bone (=jugal process) at the midpoint of the
antorbital fenestra compared to the depth of the entire skull at this measuring point: (ORDERED)

0: shallow, less than 16% of depth of entire skull
1: between 16-22% of skull depth
2: deep, greater than 22% of skull depth

Note: This character has been modified into an ordered multistate to take into account additional variation
noted by Brusatte et al. (2010, character 23).

Character 236: Maxilla, maxillary fenestra, recessed within a shallow, posteriorly or posterodorsally open
fossa, which is itself located within the maxillary antorbital fossa:

0: absent
1: present
Character 237: Maxilla, ascending process (=dorsal ramus or nasal process), form:
0: prominent, exposed medially and laterally
1: absent or reduced to a process with slight medial and no lateral exposure

Character 238: Maxilla, participation of the ventral ramus of the nasal process (=ascending process) in the
anterior margin of the antorbital fenestra (as seen in lateral view): (ORDERED)

0: present extensively
1: small dorsal projection of the maxilla participates in the anterior margin
2: no dorsal projection of maxilla participates in the anterior margin
Character 239: Antorbital fenestra, composition of the dorsal border (as seen in lateral view):
0: lacrimal and maxilla
1: lacrimal and nasal
Character 240: Antorbital fossa, composition of the dorsal border (as seen in lateral view): (UNORDERED)
0: lacrimal and maxilla
1: lacrimal and nasal
2: maxilla, premaxilla, and lacrimal
Character 241: Maxilla, lateral lamina of the ascending ramus:
0: present and broadly exposed in lateral view
1: present but reduced to small triangular exposure in lateral view

Character 242: Frontal, supratemporal fossa, anteroposterior length compared to overall length of exposed
portion of frontal on skull roof: (ORDERED)

0: less than 30%
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1: between 30-60%
2: greater than 60%

Note: This character has been modified and transformed into an ordered multistate using the quantitative
character descriptions of Brusatte et al. (2010, character 115). As worded here, this character now refers solely to the
extent of the supratemporal fossa onto the frontal, unlike the previous TWiG character that referred to the qualitative
extent (minor, extensive) of the fossa onto the frontal and postorbital. We note, however, that taxa with an extensive
fossa on the frontal usually also have an extensive fossa on the dorsal surface of the postorbital.

Character 243: Jugal, contribution to antorbital fenestra margin (in lateral view):
0: absent
1: present
Character 244: Maxillary and dentary teeth, size of mesial (=anterior) and distal (=posterior) denticles:
0: not substantially different in size
1: mesial denticles, when present, substantially smaller than distal denticles
Character 245: Maxillary teeth, orientation relative to the long axis of the lower jaw:
0: almost perpendicular to jaw margin
1: inclined strongly posteroventrally
Character 246: Maxillary teeth, apicobasal height of teeth along tooth row:
0: highly variable with gaps evident for replacement
1: almost isodont with no replacement gaps
Character 247: Splenial, posterior margin (anterior margin of internal mandibular fenestra):
0: smooth
1: with distinct notch

Character 248: Premaxillary teeth, cross-sectional size of first tooth crown compared with crowns of
premaxillary teeth 2 and 3: (UNORDERED)

0: slightly smaller or same size

1: much smaller

2: much larger
Character 249: Maxilla, promaxillary fenestra in adults, visibility in lateral view:

0: visible (either as complete fenestra or portion of the fenestra)

1: completely obscured by ascending ramus of maxilla

Note: This character is equivalent to character 15 in Brusatte et al. (2010).
Character 250: Nasal, shape of dorsal surface: (ORDERED)

0: flat or slightly convex

1: convex (vaulted) anteriorly, above and immediately posterior to the external naris

2: vaulted across most of their length
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Note: This character has been modified following Brusatte et al. (2010, character 38). Tyrannosauroids
with a midline nasal crest are scored as inapplicable (“?”).

Character 251: Nasal, fusion between left and right nasals:
0: absent
1: present

Character 252: Quadratojugal and squamosal, constriction of lateral temporal fenestra: (ORDERED)
0: absent, anterior margins of both bones are approximately vertical

1: present, convex kink along the suture between the two bones that projects into the fenestra, constricting
it to approximately one half or less of its maximum anteroposterior length

2: 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

3: 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

Note: This character is expanded into an ordered multistate using the character state definitions of Brusatte
et al. (2010, character 98).

Character 253: Supraoccipital, pronounced and strongly demarcated median ridge on posterior (occipital)
surface:

0: absent
1: present

Character 254: Surangular, anteroventral extension divides external mandibular fenestra by contacting
angular anteriorly

0: absent
1: present
Character 255: Ilium, vertical ridge on lateral surface of iliac blade above acetabulum: (ORDERED)
0: absent or poorly developed
1: present as a well-developed, linear structure extending vertically or anterodorsally
2: present as a well-developed, linear structure extending posterodorsally

Note: This character is modified into an ordered multistate to take into account variation within
tyrannosauroids as noted by Brusatte et al. (2010, character 258).

Character 256: Premaxilla, main body, dorsoventral depth compared to anteroposterior length: (ORDERED)
0: less than or equal to
1: between 1.0-1.9 times larger
2: greater than 2 times larger

Note: This character is modified into an ordered multistate to take into account variation within
tyrannosauroids as noted by Brusatte et al. (2010, character 8).

Character 257: Nasal, external texture of mid section of bone:
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0: smooth to slightly rugose
1: pronounced rugosities and accessory vascular foramina present
Note: This character is equivalent to character 40 of Brusatte et al. (2010).
Character 258: Jugal, shape of anterior process underneath the lacrimal: (UNORDERED)
0: tapering
1: bluntly squared anteriorly
2: expanded
3: bifurcated
Character 259: Axis, neural spine, morphology in lateral view:
0: extensive and anteroposteriorly elongate, sheet-like
1: anteroposteriorly reduced, rod-like
Character 260: Cervical vertebrae, prezygapophyses in anterior postaxial cervicals, orientation:
0: straight across their lengths
1: anteroposteriorly convex, flexed ventrally anteriorly

Character 261: Dorsal vertebrae, extent of pneumaticity (pneumatic foramina on lateral surfaces):
(ORDERED)

0: foramina absent

1: foramina present in anterior dorsals

2: present in all dorsals

Note: This character is equivalent to Brusatte et al. (2010, character 218).
Character 262: Femur/humerus length ratio: (ORDERED)

0: more than 3.3

1: between 3.3-2.5

2: between 1.2 and 2.5

3: less than 1

Note: This character has been modified to include additional variation within tyrannosauroids, following

Brusatte et al. (2010, character 239).
Character 263: Humerus, shape in lateral view:
0: sigmoidal

1: straight

Note: We consider this character to be equivalent to character 242 in Brusatte et al. (2010), which scores
for the presence/absence of humeral shaft rotation (quantified by the angle between the long axes of the proximal
and distal ends). Brusatte et al. (2010) scored Dryptosaurus for such rotation, but this taxon has a straight humerus
in lateral view and is thus scored for state 1 here. It is possible that there is a subtle amount of variation within this
character, such that taxa like Dryptosaurus have a straight humerus in lateral view but still retain some degree of
rotation (a 30-45 degree angle between the long axes of the proximal and distal ends). However, we do not want to
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subdivide this character too finely, because it makes recognizing homologies across a wide swath of taxa more
difficult. Therefore, we retain a simple binary character here.

Character 264: Radius, length compared to that of humerus:
0: more than half the length of humerus
1: less than half the length of humerus

Character 265: Premaxilla, fusion of opposing premaxillae at the symphysis: (ORDERED)
0: unfused in adults
1: fused anteriorly in adults, posterior nasal [frontal] processes not fused to each other
2: fused anteriorly and opposing frontal processes completely fused

Character 266: Dentary, form of articulation between opposing dentaries at the symphysis:
0: joined proximally by ligaments
1: joined by bone

Character 267: Dentary, symphysis region, two strong grooves forming an anteriorly opening ‘v’ in ventral
view:

0: absent
1: present
Character 268: Cranium, facial margin, composition: (ORDERED)
0: primarily formed by the maxilla, with the maxillary process of the premaxilla restricted to the anterior tip
1: maxillary process of the premaxilla extending along half of facial margin
2: maxillary process of the premaxilla extending more than half of facial margin
Character 269: Premaxilla, nasal (frontal) process, length:
0: short
1: long, closely approaching frontal
Character 270: External naris, size compared to the antorbital fenestra: (ORDERED)
0: considerably smaller
1: long axis approximately same length as long axis of antorbital fenestra
2: larger

Note: This character has been expanded into an ordered multistate to take into account variation within
tyrannosauroids noted by Brusatte et al. (2010, character 4). Sinotyrannus is here scored for state 1; although the
antorbital fenestra is not preserved in this taxon, state 1 is hypothesized because the long axis of the external naris is
as long as the first seven teeth of the maxillary tooth row, similar to the proportions in Guanlong and
Proceratosaurus, which are scored for state 1, but differing from the state in other tyrannosauroids (and most other
coelurosaurs) in which the naris is no longer than the first 4-5 teeth.

Character 271: Ectopterygoid:
0: present

1: absent
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Character 272: Vomer and pterygoid, form of articulation between bones: (UNORDERED)
0: present, well developed
1: reduced, narrow process of pterygoid passes dorsally over palatine to contact vomer
2: absent, pterygoid and vomer do not contact
Note: This character is left unordered because it is unclear if states 1 and 2 form a nested set of homologies.
Character 273: Palatine and pterygoid, form of articulation between bones:
0: long, anteroposteriorly overlapping contact
1: short, primarily dorsoventral contact
Character 274: Palatine, contacts with bones of the facial region:
0: contacts maxillae only
1: contacts premaxillae and maxillae
Character 275: Vomer, contact with premaxilla:
0: present
1: absent
Character 276: Basisphenoid, projecting articulation with pterygoid via discrete basipterygoid processes:
0: present
1: absent
Character 277: Basisphenoid, location of pterygoid articular surface:
0: located basal on basisphenoid

1: located markedly anterior on basisphenoid (parasphenoid rostrum) such that the articulations are
subadjacent on the narrow rostrum

Character 278: Basisphenoid and pterygoid articulation, orientation of contact: (UNORDERED)
0: anteroventral
1: mediolateral
2: entirely dorsoventral
Character 279: Pterygoid, articular surface for basisphenoid, morphology: (ORDERED)
0: concave ‘socket’ or short groove enclosed by dorsal and ventral flanges
1: flat to convex
2: flat to convex facet, stalked, variably projected
Character 280: Pterygoid, shape of bone:
0: kinked, surface for basisphenoid articulation at high angle to axis of palatal process of pterygoid
1: straight, basisphenoid articulation in line with axis of palatal process
Character 281: Ossified interorbital septum, sphenethmoid:

0: absent
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1: present

Note: This character is equivalent to character 167 of Brusatte et al. (2010), which recognizes the presence
of an ossified mesethmoid and sphenethmoid in derived tyrannosauroids. In the absence of developmental data, it is
not clear if the ossification referred to as the sphenethmoid in tyrannosauroids is homologous to that in birds.
However, we retain a single character scoring for the presence/absence of an ossified sphenethmoid for simplicity.
The Brusatte et al. (2010) character refers to both an ossified sphenethmoid and mesethmoid, but here we consider
only the sphenethmoid in defining this character, so that it is equivalent to the original character in Turner et al.
(2012). All known tyrannosauroids with an ossisfied sphenethmoid also possess an ossified mesethmoid, so their
presence is probably correlated.

Character 282: Ossified interorbital septum, mesethmoid:

0: unossified or small, restricted to the ventral surface of the frontal or marginally extends anteriorly past
the premaxillae/frontal contact but does not surpass posterior edge of external nares

1: large, extends anterior to the posterior extent of the frontal processes of premaxillae and anterior to the
posterior edge of the external nares

Character 283: Eustachian tubes, morphology: (UNORDERED)

0: paired and lateral

1: paired, close to cranial midline

2: paired and adjacent on midline or single anterior opening
Character 284: Eustachian tubes, ossification:

0: absent

1: present
Character 285: Squamosal, ventral (=zygomatic) process, morphology:

0: large and elongate, dorsally encloses otic process of the quadrate and extends anteroventrally along shaft
of quadrate, dorsal head of quadrate not visible in lateral view

1: short, head of quadrate exposed in lateral view

Note: This character is not redundant with Turner et al. (2012, character 216), because this character refers
specifically to the size of the ventral process. A reduced ventral process is one means of exposing the quadrate head
in lateral view, as is a wide notch between the ventral and posterior processes (which is what is scored in Turner’s
character 216).

Character 286: Quadrate, orbital process (=pterygoid flange) of quadrate, form of articulation with
pterygoid:

0: pterygoid broadly overlapping medial surface of orbital process (i.e., ‘pterygoid ramus’ present)
1: pterygoid contact restricted to anteromedial edge of orbital process

Character 287: Quadrate, form of pterygoid articulation with orbital process in those taxa where the contact
is restricted to the anteromedial edge of the process: (ORDERED)

0: pterygoid articulates with anterior-most tip
1: pterygoid articulation does not reach tip
2: pterygoid articulation with no extent up orbital process, restricted to quadrate corpus

Note: All taxa scored for state 0 in the previous character are here scored as inapplicable (“?”).
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Character 288: Quadrate/pterygoid contact, morphology in those taxa where the contact is restricted to the
anteromedial edge of the orbital process:

0: as a facet, variably with slight anteromedial projection cradling base
1: condylar, with a well-projected tubercle on the quadrate
Note: All taxa scored for state 0 for character 286 are here scored as inapplicable (“?”).
Character 289: Quadrate, well-developed tubercle on anterior surface of dorsal process:
0: absent
1: present
Character 290: Quadrate, form of articulation with quadratojugal:
0: overlapping
1: peg and socket articulation
Character 291: Quadrate, dorsal process, articulation with other bones:
0: with squamosal only
1: with squamosal and prootic

Character 292: Quadrate, dorsal process, development of intercotylar incisure between prootic and
squamosal cotylae: (ORDERED)

0: absent, articular surfaces not differentiated (usually meaning prootic contact was absent)

1: two distinct articular facets, incisure not developed

2: incisure present, ‘double headed’
Character 293: Quadrate, mandibular articulation, form:

0: divided into two condyles

1: divided into three condyles, due to additional posterior condyle or broad surface
Character 294: Quadrate, pneumaticity:

0: absent

1: present

Note: This character scores specifically for the presence or absence of an internal pneumatic recess in the
quadrate. Many coelurosaurs have an internally pneumatic quadrate, but this recess communicates with the external
surface of the bone in two distinct ways (Tahara and Larsson, 2011). Most coeluorsaurs have a small foramen,
usually on the posterior surface of the quadrate, which leads into the recess. Derived tyrannosauroids, on the other
hand, possess a large, deep, funnel-like pneumatic opening on the anterior surface of the quadrate where the
pterygoid wing and mandibular condyles meet. Both conditions are considered homologous at the level of
absence/presence of quadrate pneumaticity here, but we utilize separate characters below for the absence/presence of
the posterior foramen and the absence/presence of the anterior funnel. The homologous nature of both conditions is
supported by the morphology of Dilong, which clearly has an anterior funnel and also a posterior foramen (IVPP
V14243; Xu et al., 2004).

Character 295: Quadrate, cluster of pneumatic foramina on the posterior surface of the tip of the dorsal
process:

0: absent
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1: present

Note: Because we are uncertain whether this condition may be homologous to the broader condition of
quadrate pneumaticity, we score taxa lacking this character for state 0, even if they are also scored for state 0
(absence) for the general character of quadrate pneumaticity.

Character 296: Quadrate, form of pneumatization, large single pneumatic foramen on the posterior or
posteromedial surface of the shaft:

0: absent
1: present

Note: See discussion regarding quadrate pneumaticity above. All taxa without quadrate pneumaticity are
scored as inapplicable (“?”’) for this character.

Character 297: Articular, pneumaticity:
0: absent
1: present
Character 298: Dentary, morphology of posterior end:

0: approximately straight or with a weakly developed separation into dorsal and ventral forks (i.e., small
dorsal ramus)

1: strongly forked with the dorsal and ventral rami approximately equal in posterior extent
Character 299: Splenial, anterior extent: (ORDERED)
0: limited, stops well posterior to mandibular symphysis
1: elongate, extends to mandibular symphysis but does not participate in symphysis
2: elongate, extends to anterior tip of mandible to contacting on midline and participate in symphysis
Character 300: Mandibular symphysis, anteroposteriorly extensive, flat to convex, dorsal-facing surface:
0: absent, symphysis concave
1: present
Character 301: Mandibular symphysis, symphyseal foramina:
0: absent
1: present
Character 302: Mandibular symphysis, symphyseal foramina, number:
0: single
1: paired
Character 303: Mandibular symphysis, symphyseal foramina, location:
0: opening on posterior edge of symphysis
1: opening on dorsal surface of symphysis
Character 304: Dentary, Meckelian groove, exposure in medial view:

0: exposed as deep and conspicuous groove, not completely covered by splenial
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1: not exposed, covered by splenial
Character 305: Lower jaw, anterior external mandibular fenestra:
0: absent
1: present
Character 306: Jugal, contact with postorbital:
0: present
1: absent
Character 307: Frontal/parietal suture
0: open
1: fused

Character 308: Thoracic vertebrae (with ribs articulating with the sternum, or in the middle-posterior dorsal
series of theropods without preserved sterna), one or more with prominent hypapophyses:

0: absent
1: present
Character 309: Thoracic vertebrae, number: (ORDERED)
0: 12 or more
1:11
2: 10 or fewer
Character 310: Thoracic vertebrae, form of articular surfaces:

0: at least part of series with round or ovoid articular surfaces (e.g. amphicoelous/ opisthocoelous) that lack
the dorsoventral compression seen in heterocoelous vertebrae

1: series completely heterocoelous
Character 311: Thoracic vertebrae, parapophysis, position:
0: anterior to transverse process
1: directly ventral to transverse process (close to midpoint of vertebra)
Character 312: Thoracic vertebrae, centrum, proportions:
0: approximately equal in anteroposterior length and midpoint mediolateral width
1: length markedly greater than midpoint width
Character 313: Thoracic vertebrae, morphology of lateral surfaces of centra: (UNORDERED)
0: flat to slightly depressed
1: deep, emarginated fossae
2: central ovoid foramina

Note: Turner et al. (2012) scored some taxa with large pneumatic foramina in the dorsals for character
state 2 (e.g., Balaur). Because the size and shape of pneumatic foramina are variable, and because dorsal
pneumaticity is already scored in other characters, we restrict state 2 to representing the large, ovoid, central
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foramina of some avialans (and also Linhenykus). Turner et al. (2012) also scored Tyrannosaurus for state 1,
possibly because of the pneumatic foramen and surrounding fossa on the dorsal centra. We do not consider this
homologous to the deeply emarginated fossae on the lateral surfaces of some avialan and oviraptorosaur vertebrae,
and therefore consider Tyrannosaurus (as well as all other tyrannosauroids and non-maniraptoran coelurosaurs) to
be scored for state 0.

Character 314: Thoracic vertebrae with ossified connective tissue bridging transverse processes:
0: absent
1: present
Character 315: Notarium:
0: absent
1: present

Character 316: Sacral vertebrae, series of short vertebrae, with dorsally directed parapophyses just anterior
to the acetabulum: (ORDERED)

0: absent
1: present, three such vertebrae
2: present, four such vertebrae

Character 317: Caudal vertebrae, anterior free caudals prior to transition point, length of transverse
processes:

0: subequal to width of centrum
1: substantially shorter than centrum width
Character 318: Caudal vertebrae, fusion of distal caudals:
0: unfused to each other
1: fused to each other
Character 319: Caudal vertebrae, extent of fused distal caudals: (ORDERED)
0: fused element length equal or greater than 4 free caudal vertebrae
1: length less than 4 caudal vertebrae
2: less than 2 caudal vertebrae in length
Character 320: Gastralia:
0: present
1: absent
Character 321: Sternum, carina or midline ridge, morphology: (ORDERED)
0: absent
1: slightly raised
2: distinctly projected
Character 322: Sternum, position of carina or midline ridge: (UNORDERED)
0: restricted to posterior half of sternum
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1: approaches anterior limit of sternum
2: restricted to the anterior half of the sternum
Character 323: Sternum, dorsal surface, pneumatic foramen (or foramina):
0: absent
1: present

Character 324: Sternum, pneumatic foramina in the depressions (loculi costalis) between rib articulations
(processi articularis sternocostalis):

0: absent
1: present
Character 325: Sternum, coracoidal sulci spacing on anterior edge: (UNORDERED)
0: widely separated mediolaterally
1: adjacent
2: crossed on midline
Character 326: Sternum, number of processes for articulation with the sternal ribs: (ORDERED)
0: three
1: four
2: five
3:six
4: seven or more

Character 327: Sternum, raised, paired intermuscular ridges (linea intermuscularis) parallel to sternal
midline:

0: absent
1: present

Character 328: Sternum, posterior margin, distinct posteriorly projected medial and/or lateral processes,
morphology: (ORDERED)

0: absent

1: with distinct posterior processes

2: midpoint of posterior sternal margin connected to medial posterior processes to enclose paired fenestrae
Character 329: Clavicles, fusion:

0: left and right bones fused together

1: left and right bones unfused

Note: We here score Juravenator as polymorphic “[01].” Chiappe and Gohlich (2010) described an unfused
furcula in Juravenator but, because this specimen is such a young individual, we cannot rule out that the two
clavicles may have later fused in adults. Therefore, we conservatively score it as polymorphic for both conditions.

Character 330: Clavicles, interclavicular angle between left and right clavicles:
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0: greater than, or equal, to 90 degrees
1: less than 90 degrees
Character 331: Furcula, lateral excavation:
0: absent
1: present
Character 332: Furcula, dorsal (omal) tip, form:
0: flat or blunt
1: with a pronounced posteriorly pointed tip
Character 333: Furcula, ventral margin of apophysis, form:
0: curved, angling
1: with a truncated or squared base
Character 334: Scapula and coracoid, form of articulation: (UNORDERED)

0: pit-shaped scapular cotyla developed on the coracoid, and coracoidal tubercle developed on the scapula
(‘ball and socket’ articulation)

1: scapular articular surface of coracoid convex
2: flat
Character 335: Coracoid, procoracoid process:
0: absent
1: present
Character 336: Coracoid, lateral margin, form:
0: straight to slightly concave
1: convex
Character 337: Coracoid, dorsal surface (= posterior surface of taxa less derived than Paraves), form:
0: strongly concave
1: flat to convex

Note: This character can be scored by examining the trace of the scapula-coracoid suture in lateral view.
Those taxa with state 0 have a strong concavity on the coracoid, whereas those scored for state 1 have either a flat
suture or one with a convexity on the coracoid.

Character 338: Coracoid, pneumaticity:
0: absent
1: present

Character 339: Coracoid, position of pneumatic foramen:
0: proximal

1: distal
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Character 340: Coracoid, lateral process:
0: absent
1: present

Character 341: Coracoid, ventral surface (=anterior surface of taxa less derived than Paraves), lateral
intermuscular line or ridge:

0: absent
1: present
Character 342: Coracoid, position of glenoid facet:

0: dorsal to, or at approximately same level as, acrocoracoid process/‘biceps tubercle’ (or estimated
position of biceps tubercle is a discrete tubercle is absent)

1: far ventral to acrocoracoid process
Character 343: Coracoid, acrocoracoid process, shape:
0: straight
1: hooked medially
Character 344: Coracoid, n. supracoracoideus passes through coracoid (usually via coracoid foramen):
0: present
1: absent

Note: This character is not equivalent to the presence or absence of a large, discrete coracoid foramen
(Turner et al. 2012, character 440). Although a noticeable foramen is sometimes absent in non-avialan coelurosaurs,
the overall morphology of the coracoid (and pectoral region in general) suggests that the n. supracoracoideus still
passes through the coracoid, unlike the condition in some derived avialans. In the absence of soft tissue information
in fossil taxa, we consider all non-paravian theropods with a traditional plate-like coracoid to possess state 0.

Character 345: Coracoid, medial surface, area of the foramen n. supracoracoideus (when developed)
0: strongly depressed
1: flat to convex

Note: Turner et al. (2012) scored the outgroup Allosaurus and derived tyrannosauroids for state 1, but in
these taxa this surface of the coracoid is indeed depressed (the condition in these taxa is basically identical to the
ornithomimosaur Gallimimus, for instance, which was scored for state 0). Therefore, we score these taxa for state 0.
State 1 is now scored only in some avialans, some alvarezsaurids, and Microvenator.

Character 346: Coracoid and scapula, angle between bones at glenoid:
0: greater than 90 degrees
1: 90 degrees or less

Character 347: Scapula, ratio of dorsoventral depth of distal end to minimum dorsoventral depth of blade:
(ORDERED)

0: greater than 2.5

1: slightly taller or approximately the same depth as proximal dorsoventral shaft width, ratio between 1.0
and 2.5

2: tapering distally, ratio less than 1.0
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Note: This character has been modified into an ordered multistate to take into account the variation within
tyrannosauroids noted by Brusatte et al. (2010, character 235).

Character 348: Scapula, curvature in lateral view:
0: absent, bone straight
1: present, bone dorsoventrally curved

Note: Turner et al. (2012) scored some basal coelurosaurs (Haplocheirus, Mononykus,
Archaeornithomimus, Gallimimus) for the curved condition, but these taxa have straight scapular blades that are
extremely similar in overall shape to closely related forms that were scored for the straight condition. We score them
for the straight condition here, meaning that the curved condition is restricted to some derived maniraptorans.

Character 349: Scapula, position of acromion process:
0: extends anteriorly to surpass the articular surface for coracoid (facies articularis coracoidea)
1: does not extend further anteriorly than the articular surface for coracoid
Character 350: Scapula, orientation of acromion process:
0: straight
1: laterally hooked tip

Note: Turner et al. (2012) scored tyrannosauroids for state 1, which is otherwise present only in some
derived avialans. We do not recognize any discrete difference in the orientation of the acromion process of derived
tyrannosauroids relative to other basal coelurosaurs, and therefore score all tyrannosauroids with well-preserved
scapulae for state 0.

Character 351: Humerus and ulna, length comparison: (ORDERED)
0: humerus longer than ulna
1: ulna and humerus approximately the same length (within ~10% of each other)
2: ulna substantially longer than humerus
Character 352: Humerus, head, shape in anterior or posterior view
0: strap-like, articular surface flat or weakly convex, no proximal midline convexity
1: prominent and highly convex (domed) proximally

Note: We consider this character equivalent to character 240 in Brusatte et al. (2010), which scores for the
absence/presence of an enlarged head that occupies the majority of the proximal end, is bulbous in proximal view,
and overhangs both anterior and posterior surfaces. This feature, which is seen in some derived tyrannosauroids, is
here considered equivalent to state 1.

Character 353: Humerus, proximal end, shape of proximal projection:
0: dorsal edge projected farthest
1: midline projected farthest
Character 354: Humerus, ventral tubercle and capital incisure:
0: absent
1: present

Character 355: Humerus, capital incisure, morphology:
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0: an open groove
1: closed by tubercle associated with a muscle insertion just distal to humeral head

Character 356: Humerus, anterior surface, well-developed fossa on midline making proximal articular
surface appear V-shaped in proximal view:

0: absent
1: present

Character 357: Humerus, ‘transverse groove’:
0: absent

1: present, developed as a discrete, depressed scar on the proximal surface of the bicipital crest or as a
slight transverse groove

Character 358: Humerus, deltopectoral crest, orientation:
0: projected laterally or dorsally, such that it is in line with the long axis of humeral head
1: projected anteriorly, such that it is approximately perpendicular to the long axis of the head
Character 359: Humerus, deltopectoral crest, thickness compared with thickness of shaft: (ORDERED)
0: less
1: same width
2: dorsoventral thickness greater than shaft thickness

Character 360: Humerus, deltopectoral crest, proximoposterior surface (=proximolateral surface in most
non-avialan theropods), form:

0: flat to convex
1: concave
Character 361: Humerus, deltopectoral crest, large fenestra:
0: absent, crest not perforate
1: present, crest perforate

Character 362: Humerus, bicipital crest, pit-shaped scar/fossa for muscular attachment on anterodistal,
distal, or posterodistal surface of crest:

0: absent
1: present

Character 363: Humerus, bicipital crest, position of pit-shaped fossa for muscular attachment:
(UNORDERED)

0: anterodistal on bicipital crest
1: directly ventrodistal at tip of bicipital crest
2: posterodistal, variably developed as a fossa
Character 364: Humerus, bicipital crest, anterior projection: (ORDERED)

0: absent or subtle
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1: present, developed as an anterior projection relative to shaft surface in ventral view
2: present as a hypertrophied, rounded tumescence
Character 365: Humerus, proximal end, one or more pneumatic foramina:
0: absent
1: present
Character 366: Humerus, distal articular condyles, position:
0: on distal surface of bone
1: on anterior surface of bone
Character 367: Humerus, long axis of dorsal (lateral) distal condyle, orientation:
0: at low angle to humeral axis, proximodistally oriented
1: at high angle to humeral axis, almost transversely oriented
Character 368: Humerus, distal condyles, form:
0: prominent, subround and bulbous
1: weakly defined, ‘strap-like’
Character 369: Humerus, distal margin, orientation:
0: approximately perpendicular to long axis of humeral shaft

1: oblique (angling strongly ventrally) to long axis of humeral shaft, ventrodistal margin projected
significantly distal to dorsodistal margin (sometimes described as a well-projected flexor process)

Character 370: Humerus, distal end, compressed anteroposteriorly and flared dorsoventrally:
0: absent
1: present
Character 371: Humerus, brachial fossa:
0: absent
1: present, developed as a flat scar or as a scar-impressed fossa
Character 372: Humerus, ventral (medial) distal condyle, length of long axis:
0: less than the long axis of the dorsal (lateral) condyle
1: the same or greater than the long axis of the dorsal (lateral) condyle

Character 373: Humerus, demarcation of muscle origins (e.g. m. extensor metacarpi radialis in Aves) on the
dorsal (=lateral in non-avialan theropods) edge of the distal humerus:

0: no indication of origin as a scar, a pit, or a tubercle

1: indication as a pit-shaped scar or as a variably projected scar-bearing tubercle or facet
Character 374: Humerus, groove for passage of m. scapulotriceps on distal end of posterior surface:

0: absent

1: present
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Character 375: Humerus, m. humerotricipitalis groove:
0: absent
1: present as a ventral depression contiguous with the olecranon fossa
Character 376: Ulna, cotylae, orientation of dorsal (lateral) and ventral (medial) cotylae:
0: dorsoventrally adjacent
1: widely separated by a deep groove
Character 377: Ulna, dorsal cotyla, form: convex
0: flat or non-distinct
1: convex

Character 378: Ulna, distal end, dorsal (lateral) condyle, dorsal trochlear surface, extent along posterior
margin:

0: less than transverse measure of dorsal trochlear surface

1: approximately equal in extent
Character 379: Ulna, bicipital scar: (ORDERED)

0: absent

1: present, developed as a slightly raised scar

2: present, developed as a conspicuous tubercle
Character 380: Ulna, brachial scar

0: absent

1: present

Character 381: Radius, posteroventral surface (=posteromedial surface of non-avialans), texture:
(UNORDERED)

0: smooth
1: with muscle impression along most of surface
2: deep longitudinal groove
Character 382: Ulnare:
0: absent
1: present
Character 383: Ulnare, shape:

0: circular, triangular, or ‘heart-shaped’, with no or minimal differentiation into short dorsal and ventral
rami

1: V-shaped, well- developed dorsal and ventral rami
Character 384: Ulnare, ventral ramus (crus longus), length: (ORDERED)

0: shorter than dorsal ramus (crus brevis)
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1: same length as dorsal ramus
2: longer than dorsal ramus
Character 385: Semilunate carpal and metacarpals, fusion: (ORDERED)
0: separate from each other, no fusion
1: incomplete proximal fusion
2: complete proximal fusion
3: complete proximal and distal fusion

Character 386: Metacarpal 111, anteroposterior (extensor-flexor) diameter at midshaft compared to
anteroposterior diameter of metacarpal I1:

0: approximately equal or greater than 50%
1: less than 50%
Character 387: Metacarpal I, anteroproximally projected muscular process, form: (ORDERED)
0: absent, no distinct process visible
1: present as small knob at anteroproximal tip of metacarpal
2: present, tip of process marginally surpasses the distal articular facet for phalanx 1 in anterior extent

3: present, tip of process conspicuously surpasses articular facet by approximately half the width of the
facet, producing a pronounced knob

4 present, tip of process conspicuously surpasses articular facet by approximately the entire width of the
facet, producing a pronounced knob

Character 388: Metacarpal |, anterior (extensor) surface, shape:

0: roughly hourglass-shaped proximally, at least moderately expanded anteroposteriorly, and constricted
just before flare of articulation for phalanx 1

1: anterior surface broadly convex

Character 389: Carpometacarpus, pisiform process:
0: absent
1: present

Character 390: Carpometacarpus, ventral surface, supratrochlear fossa deeply excavating proximal surface
of pisiform process or adjacent region:

0: absent
1: present
Character 391: Carpometacarpus, intermetacarpal space (between metacarpals Il and 111):
0: reaches proximally as far as the distal end of MC I
1: terminates distal to end of MC |
Note: All taxa without a carpometacarpus are scored as inapplicable (“?”).

Character 392: Metacarpals Il and 111, distal ends, position of articular surfaces for digits:
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0: articular surface on MC Il located at same distal level as, or surpasses distally, articular surface on MC
"

1: articular surface on MC Il extends further distally than articular surface on MC Il
Character 393: Metacarpals, intermetacarpal process or tubercle: (ORDERED)
0: absent
1: present as scar
2: present as tubercle or flange
Character 394: Manual digit 11, phalanx 1, shape:
0: subcylindrical to subtriangular in cross section
1: strongly dorsoventrally compressed, flat posterior surface
Character 395: Manual digit 11, length of phalanx 11-1 compared to that of 11-2:
0: less than or equal to
1: longer
Character 396: Manual digit I1, phalanx 2, internal index process on posterodistal edge:
0: absent
1: present

Character 397: Pelvis, ilium, ischium, and pubis, proximal contact between bones in adult individuals:
(ORDERED)

0: unfused to each other
1: partially fused to each other (pubis not ankylosed)
2: completely fused to each other

Note: State 0 includes the condition in derived therizinosauroids in which the pubis and obturator process
of the ischium meet and fuse ventral to the acetabulum, which does not include fusion between the ilium and other
pelvic bones.

Character 398: llium/ischium, distal co-ossification to completely enclose the ilioischiadic fenestra:
0: absent
1: present
Character 399: Ischium, dorsal process
0: does not contact ilium
1: contacts ilium
Note: All taxa without a dorsal process are scored as inapplicable (“?”).
Character 400: Ilium, antitrochanter, position:
0: directly posterior to acetabulum
1: posterodorsal to acetabulum

Character 401: llium, preacetabular pectineal process: (ORDERED)

O’Connor et al., 2020—Supplementary Information—https://doi.org/10.1038/s41586-020-2945-x

81



0: absent
1: present as a small flange
2: present as a well-projected flange
Character 402: llium, preacetabular processes, orientation of left and right processes:
0: approach on midline but do not contact (open space between them, possibly a cartilaginous connection)
1: make contact with each other on midline and fuse, dorsal closure of ‘iliosynsacral canals’

Character 403: llium, preacetabular process, morphology of process as it extends anterior to first sacral
vertebra:

0: no free ribs overlap
1: one or more ribs overlap
Character 404: Ilium, postacetabular process, orientation:
0: dorsoventrally oriented, such that broad external surface faces laterally
1: mediolaterally oriented, such that broad external surface faces dorsally
Character 405: Ilium, postacetabular process, ventral surface, renal fossa:
0: absent
1: present
Character 406: Ilium, cuppedicus fossa, form:
0: broad, mediolaterally oriented surface directly anteroventral to acetabulum
1: small and entirely laterally facing fossa anterior to the acetabulum

Note: All taxa without a cuppedicus fossa (scored as absent for the character denoting the absence/presence
of the fossa above) are scored here as inapplicable (“?”).

Character 407: Pubis, cross section:
0: suboval
1: compressed mediolaterally
Character 408: Pubes, contact of distal ends of left and right pubes:
0: present, variably co-ossified into symphysis
1: absent, pubes noncontacting
Character 409: Femur, posterior trochanter: (ORDERED)
0: present, developed as a slightly projected tubercle or flange

1: present, hypertrophied into a ‘shelf-like’ conformation (in combination with development of the
trochanteric shelf)

2: absent
Character 410: Femur, patellar groove

0: absent
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1: present

Note: Turner et al. (2012) scored derived tyrannosauroids for possessing a patellar groove, probably
because these taxa have a deep extensor groove for muscle attachment (a feature that is variably developed in
tetanurans). We do not consider this feature homologous to the distinct patellar groove of birds, which houses a
patella ossification (which is not known for tyrannosauroids or any other non-avialan theropod). Instead, we utilize a
separate character (below) to refer to the extensor groove.

Character 411: Femur, ectocondylar tubercle and lateral condyle, separation:
0: present, separated by deep notch
1: absent, form single trochlear surface

Character 412: Femur, posterior projection of the lateral border of the distal end, continuous with lateral
condyle:

0: absent
1: present
Character 413: Femur, laterally projected fibular trochlea: (ORDERED)
0: absent
1: present, developed as small notch
2: present, developed as a shelf-like projection
Character 414: Tibia/tarsals, condyles, extent of medial and lateral condyles:
0: medial condyle projecting further anteriorly than lateral
1: equal in anterior projection
Character 415: Tibia/tarsals, condyles, extensor canal: (ORDERED)
0: absent
1: present as an emarginated groove
2: present as a groove bridged by an ossified supratendoneal bridge

Character 416: Tibia/tarsals, condyles, tuberositas retinaculi extensoris indicated by short medial ridge or
tubercle proximal to the condyles close to the midline and a more proximal second ridge on the medial edge:

0: absent
1: present
Character 417: Tibia/tarsals, condyles, mediolateral widths of lateral and medial condyles: (ORDERED)
0: medial condyle wider
1: approximately equal
2: lateral condyle wider
Character 418: Tibia/tarsals, condyles, medial constriction of lateral and medial condyles:
0: present, gradual sloping medial constriction of condyles
1: absent, no medial tapering of either condyle
Character 419: Tibia/tarsals, condyles, intercondylar groove, mediolateral width:
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0: broad, approximately 1/3 width of anterior surface
1: narrow, less than 1/3 width of total anterior surface
Character 420: Tibia/tarsals, position of articular surface for distal tarsals/tarsometatarsus: (ORDERED)

0: on distal surface or restricted to distal-most edge of posterior surface, no broad extension of trochlear
surface onto posterior surface of bone

1: well-developed articular surface extending up the posterior surface of the tibiotarsus (sulcus cartilaginis
tibialis of Aves)

2: well-developed articular surface extending up the posterior surface of the tibiotarsus, with well-
developed and posteriorly projecting medial and lateral crests

Character 421: Tibia, mediolateral width of distal end:
0: wider than midpoint of shaft, giving distal profile a weakly developed triangular form

1: approximately equal to midshaft width, no distal expansion of whole shaft (although condyles may be
variably splayed mediolaterally)

Character 422: Metatarsal V:

0: present

1: absent
Character 423: Metatarsal 111, position of proximal end:

0: proximally in same plane with MT Il and MT IV

1: proximally displaced plantarly (to the extensor surface), relative to MT Il and MT IV
Character 424: Tarsometatarsus or metatarsals, intercotylar eminence:

0: absent

1: well developed, globose

Character 425: Tarsometatarsus or metatarsals, projected surface or grooves on proximoposterior surface
(associated with the passage of tendons of the pes flexors in Aves; hypotarsus): (ORDERED)

0: absent
1: developed as posterior projection with flat posterior surface
2: developed as a posterior projection, with distinct crests and grooves

3: developed as a posterior project with distinct crests and grooves, at least one groove enclosed by bone
posteriorly

Character 426: Tarsometatarsus or metatarsals, proximal vascular foramina: (ORDERED)
0: absent
1: single foramen present, between metatarsals I11 and 1V
2: two foramina present
Character 427: Metatarsal I, shape: (ORDERED)
0: straight

1: curved or distally deflected but not twisted, ventral surface convex (‘J-shaped”)
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2: distally deflected and twisted, such that the ventromedial surface is concave proximal to trochlear
surface for phalanx |

Character 428: Metatarsal |1, distal extensor surface, fossa for metatarsal I: (ORDERED)
0: absent
1: present as a shallow notch
2: present as a conspicuous ovoid fossa
Character 429: Metatarsal 1V, mediolateral width at midshaft: (UNORDERED)
0: 1V approximately the same width as metatarsals Il and 111
1: metatarsal 1V narrower than Ml and MIII
2: metatarsal 1V greater in width than either MT 1l or MT IlI
Character 430: Metatarsals, comparative trochlear width (UNORDERED):

0: MT Il approximately the same size as MT Il and/or MT 1V (this includes taxa in which MT 111 is
slightly wider than the other metatarsals disally)

1: MT Il markedly wider than MT Il and/or MT IV
2: MT Il markedly narrower than MT Il and/or MT IV
3: MT IV markedly narrowest.
Character 431: Metatarsus, distal vascular foramen, form:
0: simple, with one exit
1: forked, two exits (plantar and distal) between MTs Ill and IV.
Character 432: Metatarsal 111, distal trochlea in extensor view, proximal extent of lateral and medial edges:
0: equally extended proximally
1: lateral edge extends further proximally
Character 433: Metatarsal 11, distal extent of metatarsal 11 relative to metatarsal 1V: (ORDERED)
0: approximately equal in distal extent
1: MT Il shorter than MT IV, but reaching distally further than base of MT IV trochlea
2: MT Il shorter than MT IV, reaching distally only as far as base of MT IV trochlea
Character 434: Caudal vertebrae, middle to posterior caudals, anteroposterior length: (ORDERED)

0: shortened, less than 1.5x length of dorsal vertebrae (where known) and anteroposterior length of centrum
less than twice its maximum mediolateral width

1: 1.5x-2x or less the length of dorsal vertebrae
2: 3x-4x length of dorsal vertebrae

Note: This is a modified version of the original Turner et al. (2012) character, which takes into account an
additional state (denoted as state 0) noted by Zanno et al. (2009).

Character 435: Coracoid, coracoid fenestra:

0: absent
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1: present
Character 436: Metatarsal V, elongated and bowed
0: absent
1: present
Character 437: Chevrons, degree of posterior extension of posterior chevrons:
0: not substantially elongated
1: very elongated
Character 438: Radius, width at midshaft:
0: roughly half or greater than width of ulna
1: less than half width of ulna
Character 439: Manus, combined length of metacarpal | and phalanx I-1:
0: greater than length of MC II
1: equal to or less than length of MC 11
Character 440: Metacarpal 111, shape:
0: straight
1: bowed
Character 441: Metatarsal I, position of distal trochlea:
0: proximally placed relative to trochleae of other metatarsals
1: inline distally with others
Character 442: Metatarsal I:
0: present
1: absent
Character 443: Braincase, preotic pendant, form: (ORDERED)
0: absent
1: present but small
2: present and robust
Character 444: Braincase, metotic strut, shape:
0: short and robust
1: long and narrow

Character 445: Prootic, pneumatic excavation on lateral surface leading into anterior tympanic recess:
(ORDERED)

0: absent
1: present and shallow

2: present and deep
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Note: Witmer (1997), Makovicky and Norell (1998), Bever et al. (2013), and others have described lateral
pneumatic excavations on the prootic, which are present in some coelurosaurs, to be associated with the anterior
tympanic recess, which is present in most theropods. The character here does not code for the absence/presence of
the recess, but rather for the absence/presence of discrete external pneumatic openings on the lateral surface of the
prootic that lead into the recess. Contra Turner et al. (2012), tyrannosauroids are scored for state 1, as they possess a
distinct fossa on the lateral surface of the prootic that includes the external foramina of the trigeminal and facial
nerves, along with pneumatic openings that lead into the anterior tympanic recess (Bever et al., 2013). This fossa
itself is a distinct tyrannosauroid character, which is listed as a separate character below.

Character 446: Braincase, anterior tympanic recess (ATR), manifestation on external surface of
basisphenoid: (ORDERED)

0: subtle, external fossa not deeply impressed into the lateral surface of the basisphenoid
1: deeply impressed into the lateral surface of the basisphenoid in juveniles but not adults
2: deeply impressed into the lateral surface of the basisphenoid in adults

Note: Turner et al. (2012) originally scored for the absence/presence of an anterior tympanic recess.
Witmer (1997), Bever et al. (2013), and others have shown that this recess is present in most theropods, so we have
modified this character to refer specifically to the external manifestation of the recess on the basisphenoid. This
character scores for a shallow/deep lateral fossa or fossae on the basisphenoid. We have also subdivided the “deeply
impressed” condition into two states, to take into account the recognized loss of a deeply impressed recess during
ontogeny in some tyrannosauroids (Bever et al., 2013). This character is therefore equivalent to character 157 of
Brusatte et al. (2010).

Character 447: Braincase, anterior tympanic recess and anterior tympanic crista (crest marking the posterior
and dorsal borders of the ATR), location:

0: below the exit foramen of cranial nerve VII exit and just proximal to the otic recess

1: anteriorly, with little or no development of the recess posterior to the basipterygoid processes
Character 448: Braincase, anterior tympanic recess confluent with the subotic recess:

0: absent

1: present, forming the Lateral Depression

Note: All taxa without a subotic recess are scored as inapplicable (“?”).
Character 449: Braincase, V-shaped opening between basal tubera (or remnants of tubera):

0: absent

1: present

Character 450: Braincase, small tubera medial to basal tubera (or remnants of basal tubera) and ventral to
occipital condyle:

0: absent
1: present
Character 451: Pedal phalanx 11-2, size of distal articular surface relative to proximal articular surface:
0: approximately equal in size or distal surface slightly smaller than proximal surface
1: distal surface less than half the size of proximal surface
Character 452: Sternum, ossification of sternal plates:
0: absent, plates unossified
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1: present, plates ossified

Character 453: Ulna, size of proximal cotylae:
0: unequal in size, lateral (=dorsal in avialans) condyle smaller
1: equal in size

Character 454: Braincase, middle ear resides within the Lateral Depression (formed by merged anterior
tympanic recess and subotic recess):

0: absent
1: present
Character 455: Feathers, filamentous integumentary structures (Stage 1 feathers):
0: absent
1: present
Character 456: Feathers, vaned feathers (Stage 4 feathers):
0: absent
1: present
Character 457: Quadratojugal, size:
0: large
1: greatly reduced
Character 458: Frontal, notch for postorbital contact on postorbital process of frontal:
0: absent, process smooth or facet small
1: large notch present

Character 459: Frontal and parietal, position of fronto-parietal suture relative to postorbital processes of
frontal: (ORDERED)

0: well posterior to the postorbital processes
1: at the level of the postorbital processes
2: anterior to postorbital processes
Character 460: Cervical vertebrae, orientation of articular surfaces between cervical vertebrae:
0: surfaces vertical to subvertical
1: strongly slanted anteroventrally
Character 461: Skull roof, accessory depression in supratemporal fossa:
0: absent
1: present
Character 462: llium, relative ventral extension of pubic and ischiadic peduncles: (ORDERED)
0: equal

1: pubic peduncle extends farther ventrally
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2: pubic peduncle hyperelongate, approximately 2.5-3 times the proximodistal length of the ischial
peduncle

Note: This is a modified version of the original Turner et al. (2012) character, which incorporates a second
derived state referred to as the hyperelongate condition of some derived therizinosauroids (see Zanno et al., 2009:
character ZCD 311). We also consider this character to be equivalent to Zanno et al. (2009: character ZCD 309).

Character 463: Parasphenoid, ala parasphenoidalis:
0: absent

1: present, well-developed and crest-shaped forming anterior edge of enlarged pneumatic recess with the
ala continuous with the anterior tympanic crista

Character 464: Furcula, cross-section:
0: nearly circular
1: anteroposteriorly compressed near the symphysis
Character 465: Furcula, shape:
0: V-shaped
1: U-shaped
Character 466: Furcula, epicledial processes, form:
0: unexpanded
1: expanded
Character 467: Furcula, lateral expansion of the rami between the hypocledium and the epicledial process:
0: absent
1: present
Character 468: Furcula, hypocledium, shape:
0: rounded
1: keeled
Character 469: Furcula, symmetry:
0: asymmetrical
1: nearly symmetrical
Character 470: Furcula, thickness of rami:
0: thin
1: thick
Character 471: Metatarsal 111, extensor (=anterior or dorsal) surface, shape:
0: relatively narrow and flat
1: transversely expanded and slightly concave
Character 472: Metatarsal 1V, accessory longitudinal ridge on anterolateral side of the distal end of the bone:

0: absent
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1: present

NEW CHARACTERS ADDED TO THE TWiG DATASET:

*Expansions of Turner et al. (2012) Characters:

Character 473: Metacarpal I, width of proximal articular surface compared to proximodistal length of entire
metacarpal:

0: shorter
1: wider

Note: This character is a new character, originally part of Turner et al. (2012, character 149), which
distinguishes the extremely short and wide MCs | of some alvarezsaurids.

Character 474: Manual unguals:
0: present
1: absent

Note: This character is a new character, originally part of Turner et al. (2012, character 151), which
distinguishes the absent manual unguals of derived avialans.

Character 475: Manual unguals, form of flexor tubercle: (ORDERED)
0: large, robust, rugose, conical structure
1: reduced to a small convexity
2: absent

Note: This character is a new character, originally part of character 151 of Turner et al. (2012), which
distinguishes the large flexor tubercles of most coelurosaurs from the small flexor tubercles of some
tyrannosauroids, ornithomimosaurs, and other taxa. Some alvarezsauroids have completely absent flexor tubercles,
which is denoted by state 2. This character is equivalent to character 255 of Brusatte et al. (2010).

*Characters Relevant to Tyrannosauroidea (from Brusatte et al. 2010):

Character 476: Skull, occipital region, orientation:
0: posteriorly
1: posteroventrally
Character 477: Skull, general shape:
0: long and low, length: height ratio greater than 3.2
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1: deep, length: height ratio less than 3.2

Note: Length is premaxilla-quadrate cotyle length; height is maximum height of the upper jaw, not
counting any cranial crests.

Character 478: Skull, anteroposterior length:
0: less than 40% trunk length
1: greater than 40% trunk length

Note: 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).

Character 479: Lateral temporal fenestra, orientation of long axis relative to long axis of orbit:
0: posterodorsal
1: approximately parallel
Character 480: Premaxilla, nasal process of opposing premaxillae, orientation:
0: divergent from each other, with small process of nasals fitting in between them
1: closely appressed to each other

Character 481: Premaxilla, deep foramen or fossa on the lateral surface of the base of the nasal process,
within the anteroventral corner of the narial fossa:

0: absent
1: present
Character 482: Premaxilla, maxillary process orientation: (ORDERED)
0: mostly laterally (and resultantly widely visible in lateral view)
1: dorsolaterally (facing almost equally dorsally and laterally)
2: dorsally (and resultantly mostly hidden in lateral view)
Character 483: Premaxilla, form of narial fossa ventral to external naris:
0: shallowly excavated
1: deeply excavated, anterior margin invaginated as a deep groove
Character 484: Premaxilla, extent of narial fossa:
0: limited to region immediately ventral to external naris
1: extensive, covers most of main body of premaxilla
Character 485: Premaxilla, orientation and shape of anterior margin: (ORDERED)

0: smoothly curved and projecting posterodorsally, angle between ventral margin of premaxilla and anterior
margin is less than 90 degrees;

1: smoothly curved and projecting vertically or slightly anterodorsally, angle between ventral margin of
premaxilla and anterior margin is equal to or greater than 90 degrees

2: projecting vertically or slightly anterodorsally, with a discrete inflection point between a more vertical
ventral portion and a more horizontal dorsal portion
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Note: We have transformed the original character of Brusatte et al. (2010: character 13) into an ordered
multistate by adding a new intermediate state referring to an approximately vertical (or slightly anterodorsally
inclined) anterior margin of the ventral portion of the premaxilla. State 2 now refers to a special condition of this
state, in which the anterior margin is vertical (or anterodorsally inclined) and there is also a discrete inflection point
between the more vertical ventral portion of the anterior margin and the more horizontal dorsal portion of the
margin. Taxa with this condition, therefore, do not possess a smoothly curved anterior margin of the premaxilla.
Tyrannosauroids are characterized by either state 1 or state 2, with state 2 referring to a subset of basal
tyrannosauroids (Dilong, Guanlong, Kileskus, Proceratosaurus, Sinotyrannus).

Character 486: Premaxilla, position of palatal process:

0: immediately above interdental plates

1: separated from interdental plates by deep lingual surface of premaxilla
Character 487: Maxilla, promaxillary fenestra, position:

0: anterior margin of antorbital fossa

1: extreme anteroventral corner of antorbital fossa

Character 488: Maxilla, maxillary fenestra, anteroposterior length compared to the distance between the
anterior margins of the antorbital fossa and fenestra: (ORDERED)

0: less than half
1: greater than half
2: greater than half and also greater than half of the length of the eyeball-bearing portion of the orbit
Character 489: Maxilla, maxillary fenestra, position within maxillary antrum:
0: does not abut dorsal border of the antrum in medial view
1: abuts dorsal border of the antrum in medial view
Character 490: Maxilla, antorbital fossa, extent:
0: reaches nasal suture
1: does not reach nasal suture
Character 491: Maxilla, interfenestral strut, anteroposterior length:
0: greater than 50% of long axis of maxillary fenestra
1: less than 50% of long axis of maxillary fenestra

Note: In oviraptorosaurs, the size of the interfenestral strut is measured relative to the “accessory antorbital
fenestra,” whose homology with the maxillary and/or premaxillary fenestrae of other theropods is not clear (e.g.,
Balanoff et al., 2009).

Character 492: Maxilla, antorbital fossa, trend of dorsoventral depth across main body:
0: uniform
1: diminishes

Character 493: Maxilla, 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:

0: absent
1: present
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Character 494: Maxilla, dorsolateral process, coverage by antorbital fossa: (ORDERED)
0: process absent
1: process covered by subcutaneous surface only
2: ventral half of process covered by antorbital fossa
3: antorbital fossa completely excluded

Character 495: Maxilla, narrow region of smooth surface texture between anterior margin of antorbital fossa
and the subcutaneous surface:

0: absent
1: present
Character 496: Maxilla, ventral margin of the anterior region of the bone, profile:
0: straight
1: convex
Character 497: Maxilla, joint surface for palatine, depth:
0: shallow, does not obscure the tooth root bulges from view
1: deep, obscures tooth root bulges from view
Character 498: Maxilla, anterior ramus (demarcated by concave step in anterior margin of maxilla):
0: absent
1: present
Character 499: Maxilla, form of contact with nasal in subadult to adult specimens: (ORDERED)
0: smooth
1: weakly scalloped
2: deeply scalloped with interlocking transverse ridges on both elements
Character 500: Maxilla, form of external subcutaneous surface texturing:
0: random foramina and shallow grooves and ridges
1: deep, prominent, dorsoventrally trending grooves and ridges
Character 501: Maxilla, swollen rim separating antorbital fossa and subcutaneous surface:
0: present
1: absent

Character 502: Maxilla, size of ascending ramus, anteroposterior chord directly above maxillary fenestra
compared to dorsoventral depth of maxilla below anterior edge of antorbital fenestra:

0: greater than 1.75 times (ascending ramus large)
1: less than 1.60 times (ascending ramus small)

Character 503: Maxilla, posterior region of the main body (portion including the final 3-5 teeth and anterior
to the jugal process), shape:
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0: maintains a relatively constant dorsoventral depth

1: tapers in depth posteriorly
Character 504: Maxilla, primary row of neurovascular foramina, form:

0: continues as a row posteriorly

1: transitions posteriorly into a sharp groove, paralleling the antorbital fossa rim
Character 505: Maxilla, antorbital fossa, extent on main body:

0: covers more than half of the depth of the main body beneath the anterior margion of the antorbital
fenestra

1: covers less than half of this depth
Character 506: Nasals, midline crest on dorsal surface:
0: absent
1: present
Character 507: Nasal, shape in dorsal view: (UNORDERED)
0: expands in width posteriorly
1: relatively constaint width across the length of the bone, due to subparallel lateral sides
2: tapers in width posteriorly
Character 508: Nasal, frontal process, mediolateral width:
0: unconstricted
1: constricted, less than % width of widest point of nasal
Character 509: Nasal, posterolateral process that overlaps the lateral surface of the lacrimal:
0: absent
1: present
Character 510: Nasal, extent of narial fossa on premaxillary process:
0: limited to ventral margin of process
1: covers entire process, and thus meets opposite fossa on dorsal midline
Character 511: Nasal, medial processes of frontal articulation, shape: (UNORDERED)
0: processes absent or very subtle
1: lanceolate
2: tapered

Character 512: Nasal, thin, low, and laterally projecting crest at the corner where lateral and dorsal surfaces
meet:

0: absent
1: present

Character 513: Lacrimal, angle between anterior and ventral rami
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0: 90 degrees (=inverted L shaped) or greater
1: approximately 70-80 degrees (=7 shaped)
Character 514: Lacrimal, cornual process on dorsal surface, form: (UNORDERED)

0: barely perceptible ridge across entire length of anterior ramus (equivalent to the state “cornual process
absent” in tyrannosauroid-specific datasets)

1: broad, shallow, dorsally convex, laterally overhanging swelling across most of the length of the anterior
ramus

2: discrete conical projection
3: small, conical, smooth projection that rises 2-3 millimeters from skull roof

Note: All taxa without a cornual process (those scored as absent for character 37) are here scored as
inapplicable (“?”).

Character 515: Lacrimal, cornual process, form:
0: smoothly rounded
1: discrete apex present

Note: All taxa without a discrete cornual process (those scored as absent for character 37 and those scored
as 0 for character 514) are here scored as inapplicable (“?”).

Character 516: Lacrimal, cornual process, position of apex:
0: dorsal to ventral ramus
1: anterior to ventral ramus

Note: All taxa without a discrete cornual process (those scored as absent for character 37 and those scored
as 0 for character 514 and 515) are here scored as inapplicable (“?”).

Character 517: Lacrimal, anterior ramus, pneumaticity:
0: not inflated
1: inflated by pneumatic recess
Character 518: Lacrimal, size of primary external opening for lacrimal recess:
0: small, anterior end located approximately at the same level as the anterior end of the ventral ramus
1: large, anterior end located far anterior to the ventral ramus
Character 519: Lacrimal, interaction of primary external opening for lacrimal recess and antorbital fossa:
0: separate
1: blend

Character 520: Lacrimal, accessory external openings for lacrimal recess on the anterior ramus:
(ORDERED)

0: absent
1: present and proximally located (i.e., near to primary recess)

2: present and distally located
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Character 521: Lacrimal, pneumatic recess opening internally onto medial surface of bone as a discrete
pneumatic fenestra (pneumatopore):

0: absent
1: present

Character 522: Lacrimal, dorsal prong of anterior ramus for articulation with maxilla (“anterodorsal
process™), size:

0: absent or small
1: present and elongate

Note: We have combined “absent” and “small” into a single character statement, because the subtle process
can easily be mistaken for absent if it is broken or poorly preserved.

Character 523: Lacrimal, ventral ramus, extent of medial lamina:
0: greater than half of the dorsoventral depth of the ramus
1: half or less of the dorsoventral depth of the ramus
Character 524: Lacrimal, orbitonasal ridge on medial surface, position:
0: anterior to posterior margin of ventral ramus
1: adjacent to or contacting posterior margin of ventral ramus
Character 525: Lacrimal, articulation with frontal, form:
0: squamous
1: conical lacrimal process set into deep pit in frontal
Character 526: Lacrimal, posterior process for articulation with frontal, inflated by pneumatic recess:
0: no
1:yes
Character 527: Lacrimal, extent of antorbital fossa on ventral ramus:
0: covers greater than 60% of anteroposterior length along the contact with the jugal
1: covers less than this measure
Character 528: Lacrimal, maxillary process of anterior ramus, visibility in lateral view:
0: both dorsal and ventral margins visible
1: dorsal margin concealed by subcutaneous surface abouve antorbital fossa and only ventral margin visible

Note: Those taxa without a maxillary process (“dorsal prong” in character 522) are here scored as
inapplicable (“?”).

Character 529: Jugal, maxillary ramus, depth:
0: shallow, not expanded relative to subortibal portion of bone
1: deep, expanded relative to suborbital portion of bone
Character 530: Jugal, antorbital fossa, extent on maxillary ramus:

0: edge of fossa undercut and continues posterodorsal to jugal recess
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1: fossa edge does not extend past the jugal recess

Note: Those taxa without a jugal recess (e.g., most ornithomimosaurs) are here scored as inapplicable (“?”)
for this character.

Character 531: Jugal, pneumatic recess, location relative to ventral ramus of lacrimal:
0: ventral
1: anterior

Note: Those taxa without a jugal recess (e.g., most ornithomimosaurs) are here scored as inapplicable (“?”)
for this character.

Character 532: Jugal, pneumatic recess, orientation of long axis:
0: approximately horizontal
1: inclined at approximately 45 degrees relative to the ventral skull margin

Note: Those taxa without a jugal recess (e.g., most ornithomimosaurs) are here scored as inapplicable (“?”)
for this character.

Character 533: Jugal, secondary fossa for pneumatic recess, position relative to recess:
0: ventral

1: dorsal
Note: Those taxa without a jugal recess (e.g., most ornithomimosaurs) are here scored as inapplicable (“?”)
for this character.

Character 534: Jugal, suture with lacrimal, angle of the posterior half of the contact
0: low
1: steep

Character 535: Jugal, fossa on lateral surface of postorbital ramus, depth inset into bone:
0: shallow
1: deep

Character 536: Jugal, articulation with postorbital, form of ventral extremity of suture:
0: tapering scarf joint
1: interlocking notch for postorbital

Character 537: Jugal, articulation with postorbital, extent of scarf joint on lateral surface of postorbital
ramus:

0: limited, occupies less than 50% of anteroposterior length of the process
1: extensive, occupies approximately 50-75% of the anteroposterior length of the process

Character 538: Jugal, articulation with postorbital, braced by a pronounced ridge on the lateral surface of
the postorbital ramus, which borders the postorbital posteriorly:

0: no
1: yes
Character 539: Jugal, postorbital ramus, orientation relative to ventral margin of jugal:
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0: approximately perpendicular
1: posterodorsal (obtuse angle between the long axis of the process and the ventral margin)
Character 540: Jugal, cornual process: (ORDERED)
0: absent
1: present
2: present and distinctive (mediolaterally wide and heavily rugose)
Character 541: Jugal, dorsal prong of quadratojugal ramus, slope in lateral view:
0: horizontal
1: posterodorsal
Character 542: Jugal, ventral prong of quadratojugal ramus, slope of joint surface in lateral view:
0: approximately anteroposteriorly oriented, angled less than 45 degrees from horizontal
1: angled anterodorsally at greater than 45 degrees from horizontal
Character 543: Jugal, shape of orbital margin:
0: weakly concave, approximately level with lacrimal-jugal suture
1: U-shaped, extends ventral to lacrimal-jugal suture

Character 544: 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:

0: absent

1: present
Character 545: Postorbital, cornual process: (ORDERED)

0: absent

1: limited to rugose rim at posterodorsal corner of orbit

2: present as a rugose, convex boss
Character 546: Postorbital, cornual process, position:

0: separated from dorsal margin of postorbital by a smooth, convex region

1: approaches or extends past dorsal margin of bone

Note: Those taxa without a cornual process are scored as inapplicable (“?”).
Character 547: Postorbital, cornual process, position:

0: located at orbital margin

1: located posterodorsal to orbital margin

Note: Those taxa without a cornual process are scored as inapplicable (“?”).
Character 548: Postorbital, squamosal ramus, form of posterodorsal margin:

0: uninterrupted convex arc

1: emarginated by squamosal (discrete concave notch within the margin)
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Character 549: Postorbital, squamosal ramus, extent relative to posterior margin of lateral temporal
fenestra:

0: reaches or extends posterior to
1: terminates anterior to
Character 550: Postorbital, suborbital process, position:
0: at ventral end of ventral process
1: flange-like, separated from ventral tip of the ventral process by a notch
Note: Taxa without a suborbital process are here scored as inapplicable (“?”).
Character 551: Postorbital, anterior ramus, form:

0: 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

1: 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

Character 552: Postorbital, ventral ramus, anteroposterior width at midpoint: (UNORDERED)
0: approximately the same width as ventral ramus of the lacrimal
1: substantially wider than ventral ramus of lacrimal
2: substantially narrower than ventral ramus of lacrimal
Character 553: Squamosal, lateral ridge delimiting supratemporal fossa, form:
0: ridge unpronounced or undivided
1: divided
Character 554: Squamosal, supratemporal fossa, surface morphology:
0: flat or concave
1: convex

Character 555: Squamosal, quadratojugal process, morphology of anterior tip in those taxa with horizontal
processes:

0: tapered point
1: squared off

Character 556: 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: (ORDERED)

0: flange absent
1: thinner

2: substantially thicker

Character 557: Squamosal, pneumaticity: posterior process, inflated by squamosal recess: (ORDERED)

0: absent
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1: present as a deep, concave depression on the ventral surface of the main body

2: present as a deep, concave depression on the ventral surface of the main body, and extending posteriorly
to inflate the squamosal posterior process

Note: This is a modified version of the original character in Brusatte et al. (2010, character 95), which
includes a second derived state referring to squamosal pneumaticity in general. This character is ordered, as state 2
is a special condition of state 1 in which the pneumatic recess that invades the ventral surface of the main body of
the squamaosal also extends posteriorly into the posterior process of the squamosal.

Character 558: Squamosal, posterior process, length of the long axis:
0: long, approximately 1/3-1/2 length of quadratojugal process
1: short, approximately 1/6 length of quadratojugal process
Character 559: Squamosal, anterior process, flange that extends dorsal to the postorbital posterior process:
0: absent
1: present
Character 560: Quadratojugal, dorsal process, ridge along anterior margin of lateral surface: (ORDERED)
0: absent
1: present, subtle and fades in strength dorsally
2: present, robust and extends to the dorsal margin of the bone

Character 561: Quadratojugal, form of jugal articulation, dorsal prong of posterior process of jugal
approaching the base of the quadratojugal (the corner where the anterior and dorsal processes of the
guadratojugal meet):

0: absent
1: present

Character 562: Quadratojugal, anterior process for articulation with jugal, form of anterior region:
(UNORDERED)

0: tapered
1: rounded
2: squared off or double pronged

Character 563: Quadratojugal, anterior process, extent related to anterior margin of lateral temporal
fenestra:

0: terminates posterior to fenestra margin

1: level with or anterior to fenestra margin
Character 564: Quadratojugal, curvature of bone:

0: mediolaterally compressed and flat

1: 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

Character 565: Quadratojugal, posterior process, length and orientation:

0: short, oriented mostly laterally
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1: elongate, wraps onto posterior surface of quadrate cotyles

Character 566: Quadrate foramen, size:
0: small, long axis approximately 10% of dorsoventral depth of quadrate shaft
1: large, long axis greater than 20% of dorsoventral depth of quadrate shaft

Character 567: Quadrate, form of pneumatization, deep recess on the anterior surface where the psterygoid
wing and condyles meet:

0: absent
1: present
Character 568: Quadrate, condyles, position relative to occipital condyle when skull is in articulation:

0: aligned (i.e., quadrate condyles approximately ventral to occipital condyle, or slightly anterior to
condyle)

1: completely posterior
Character 569: Quadrate, quadratojugal articulation, extent on lateral surface of lateral condyle:
0: limited, occupies only part of the surface

1: extensive, covers entire lateral surface and extends dorsally to partially enclose quadrate foramen
laterally

Character 570: Quadrate, articular surface for quadratojugal on quadrate lateral condyle, orientation of
medial margin as seen in posterior view where quadratojugal wraps around quadrate:

0: vertical or dorsomedial

1: dorsolateral
Character 571: Prefrontal, contacts nasal:

0: yes

1: no, excluded by frontal-lacrimal contact
Character 572: Prefrontal, ventral process, extent:

0: large, extends 1/2-1/4 of the way down the ventral ramus of the lacrimal to make an extensive
contribution to the preorbital bar

1: 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 ¥ of the length of the preorbital bar

Character 573: Frontal, shape (in those taxa with frontals that narrow anteriorly as a wedge between the
nasals):

0: triangular
1: posterior end expanded into a rectangular shape, with a small anterior triangle

Note: Taxa with frontals that do not narrow anteriorly between the nasals (scored in character 41) are
scored here as inapplicable (“?”).

Character 574: Frontal, size of single frontal, ratio of anteroposterior length of exposed portion on skull roof
to mediolateral width at midpoint:

0: greater than 2.0 (usually greater than 2.5)
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1: less than 2.0
Character 575: Frontal, supratemporal fossa, medial extension:
0: fossa restricted to posterolateral corner of frontal
1: meets opposing fossa at the midline
Character 576: Frontal, sagittal crest: (UNORDERED)
0: absent or subtle, only discernable as a slight midline bulge
1: present and pronounced (dorsoventrally tall), single structure
2: present and pronounced (dorsoventrally tall), paired structure

Note: This charater is not equivalent to a parietal sagittal crest. Rather, it refers specifically to raised crests
on the dorsal surface of the frontal, which may or may not be continuous with a sagittal crest on the parietal.

Character 577: Frontal, sagittal crest, anteroposterior length:

0: short, less than 15% length of the frontal

1: extensive, approximately 25% of the length of the frontal

Note: Those taxa without a frontal sagittal crest are scored as inapplicable (“?”’).
Character 578: Frontal, postorbital suture: (ORDERED)

0: dorsoventrally shallow and undifferentiated

1: dorsoventrally shallow (approximately 6 times longer than deep) and differentiated into a vertical region
anteriorly and a horizontal region posteriorly

2: dorsoventraly deep (approximately twice as long as deep) and subtly differentiated into vertical and
horizontal regions

Character 579: Frontal, contribution to orbital rim: (ORDERED)

0: extensive

1: present but limited to a small notch

2: excluded by postorbital-lacrimal contact in large specimens

3: exclueed by postorbital-lacrimal articulation and oval “palpebral” ossification
Character 580: Parietal-frontal suture, form:

0: transversely smooth

1: tab-like wedge from parietal extends anteriorly to overlie frontal on mindline
Character 581: Parietal, sagittal crest, form:

0: comprised of two parallel crests

1: comprised of a single midline crest

Note: Those taxa without a parietal sagittal crest are here scored as inapplicable (“?”).
Character 582: Parietal, skull table between supratemporal fossae, width:

0: broad, more than 10% of the mediolateral width of the fossa
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1: extremely reduced, sagittal crest or crests (if present) pinched between opposing fossae
Character 583: Parietal, sagittal crest, dorsoventral depth:
0: consistent across length of crest
1: peaked anteriorly at frontal-parietal suture
Note: Those taxa without a parietal sagittal crest are here scored as inapplicable (“?”).
Character 584: Parietal, nuchal crest, dorsoventral depth:
0: as low as or lower than dorsal surface of the interorbital region
1: extends higher than the dorsal surface of the interorbital region
Character 585: Vomer, shape of anterior end:
0: lanceolate (lateral margins parallel-sided)
1: expanded into a diamond
Character 586: Ectopterygoid, extent of internal recess:
0: does not inflate body of the bone and the pterygoid process
1: inflates body of the bone and the pterygoid process
Character 587: Ectopterygoid, jugal process, external pneumatic foramina leading into ectopterygoid recess:
0: absent
1: present
Character 588: Ectopterygoid, jugal process, pneumaticity:
0: is not inflated by the internal recess
1: is visibly inflated by the internal recess
Character 589: Ectopterygoid, external opening of pneumatic recess, shape:
0: thin ovoid slot
1: large, round or triangular
Character 590: Ectopterygoid, surface posteriorly adjacent to external opening of pneumatic recess, form:
0: flat, recess grade smoothly into the floor of the lateral temporal fenestra (=subtemporal fenestra)
1: lip, recess separated from lateral temporal fenestra (=subtemporal fenestra)

Character 591: Palatine, vomeropterygoid process, ratio of anteroposterior length of dorsal margin to length
of greatest constriction of process neck:

0: greater than 2.0

1: less than 2.0
Character 592: Palatine, vomeropterygoid process, orientation of neck:

0: inclined anterodorsally
1: vertical

Character 593: Palatine, pneumaticity:
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0: absent
1: present
Character 594: Palatine, pneumatic recess, number of external pneumatic openings:
0: one
1: two
Character 595: Palatine, primary external opening of palatine recess, location of posterior margin:
0: level with or extends posterior to posterior margin of the vomeropterygoid process neck
1: located far anterior to posterior margin of the vomeropterygoid process neck
Character 596: Palatine, primary opening of palatine recess, location of anterior margin:
0: level with or extends posterior to anterior margin of the vomeropterygoid process neck
1: located far anterior to anterior margin of the vomeropterygoid process neck
Character 597: Palatine, jugal process, location of contact surface for lacrimal:
0: posterior (“distal”), separated from opening of palatine recess by wide margin
1: anterior (“proximal’), closely approaches opening of palatine recess
Character 598: Palatine, maxillary process, form of maxillary articulation:
0: flat
1: deeply excavated as a slot, demarcated dorsally by a pronounced lip of bone
Character 599: Palatine, extension of pneumatic recess into jugal process:
0: no
1: yes, process visibly inflated
Character 600: Palatine, maxillary articulation, form:
0: maxilla abuts lateral surface of maxillary process and anterior region of jugal process

1: contact reinforced by a “brace” at the anteroventral corner of the jugal process, which sits within internal
antorbital fossa

Character 601: Palatine, morphology of maxillary articulation brace:

0: 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

1: projects laterally, with no discrete corner between the smoothly confluent jugal and maxillary processes
in lateral view

Character 602: Internal choana, shape:
0: anteroposteriorly elongate oval
1: nearly circular
Character 603: Suborbital fenestra, shape:

0: anteroposteriorly elongate oval
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1: nearly circular
Character 604: Braincase, orientation of occipital surface:
0: faces posteriorly
1: faces posteroventrally
Character 605: Supraoccipital, contribution to dorsal rim of foramen magnum (ORDERED)
0: forms entire rim
1: makes limited contribution to rim via triangular ventral process
2: completely excluded from rim
Character 606: Supraoccipital, form of dorsal margin
0: smoothly convex and undivided
1: divided into two processes (“forked”)
Character 607: Exoccipital-opisthotic, paroccipital process, ventral flange at distal end:
0: absent
1: present

Character 608: Exoccipital-opisthotic, paroccipital processes, deep fossa on posterior surface dorsolateral to
the foramen magnum:

0: present
1: absent
Character 609: Exoccipital-opisthotic, crista tuberalis (=metotic strut), extent in posterior view:

0: 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

1: extensive, width greater than one half braincase depth
Character 610: Basioccipital, basal tubera, dorsoventral depth:

0: less than depth of occipital condyle

1: greater than depth of occipital condyle

Character 611: Basioccipital, basal tubera, concave notch ventrally between opposing tubera, dorsoventral
depth:

0: shallow, less than 40% depth of tubera
1: deep, approximately 50% depth of tubera

Character 612: Basioccipital, subcondylar recess, depth of pneumatic fossae on posterior surface of basal
tubera:

0: absent or shallow
1: deep
Character 613: Basisphenoid, basisphenoid recess, orientation of central axis: (ORDERED)

0: vertical, recess obscured in posterior view
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1: posteroventral, recess partially visible in posterior view

2: extremely posteroventral, recess compressed anteroposteirorly and widely visible in posterior view, and
basipterygoid processes located beneath the basal tubera

Character 614: Basisphenoid, basisphenoid recess, inflation of the ceiling of the recess:
0: absent
1: present
Character 615: Basisphenoid, basisphenoid recess, shape in ventral view:
0: funnel-like, expands in mediolateral width posteriorly
1: ovoid or circular, no posterior expansion

Character 616: Basisphenoid, shape of basicranium (rectangle defined by positions of both basal tubera and
both basipterygoid processes):

0: anteroposteriorly longer than mediolaterally wide
1: wider than long
Character 617: Parasphenoid, shape of rostrum:
0: anteroposteriorly expanded, ventral margin is a smooth concave arch

1: dorsoventrally expanded, ventral margin is nearly vertical posteriorly and then abruptly transitions to
horizontal trend anteriorly

Character 618: Laterosphenoid, antotic crest separating lateral wall of braincase from orbital and temporal
spaces:

0: absent or indistinct
1: present, robust and rugose
Character 619: Laterosphenoid, antotic crest, form:
0: single structure
1: bifurcates ventrally
Character 620: Laterosphenoid, fossa on lateral surface that houses head of epipterygoid:
0: absent or shallow
1: present, deep and rugose

Character 621: Mandibular ramus, dorsoventral depth of dentary at level of dentary-surangular contact on
the dorsal margin of the lower jaw:

0: less than 18% of the total anteroposterior length of the lower jaw
1: greater than 18% of the total anteroposterior length of the lower jaw

Character 622: External mandibular fenestra, dorsoventral depth relative to depth of mandible at midpoint
of fenestra: (ORDERED)

0: greater than 25% depth of mandible
1: less than 25% depth of mandible

2: absent
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Character 623: Lower jaw, articulation, glenoid position relative to level of alveolar margin of dentary:
(UNORDERED)

0: approximately level with
1: dorsal to
2: strongly ventral to

Character 624: Dentary, position of the transition point between the ventral and anterior margins of the bone
in lateral view:

0: below alveoli 1-3, anterior margin of bone rounded (or in some cases nearly straight)
1: below alveolus 4 (or more posteriorly), anterior margin nearly straight and projects posteroventrally

Character 625: Dentary, ventrally projecting rugose process (“chin”) where the anterior and ventral margins
of the dentary meet:

0: absent

1: present, visible as a pointed projection in lateral view and convex in medial view, braces dentary
symphysis

Character 626: Dentary, symphysis, texture:
0: generally smooth

1: strongly rugose and beveled, with interlocking ridges and convexities for articulation with the opposing
symphysis

Character 627: Dentary, articular surface for splenial along ventral region of dentary ramus below the
Meckelian fossa, form:

0: dorsoventrally shallow and smooth
1: dorsoventrally deep (nearly as deep as anterior depth of fossa) and rugose
Character 628: Dentary, anterior alveoli, size in comparison to alveoli in middle of tooth row: (ORDERED)
0: approximately same size
1: first two alveoli substantially smaller
2: first alveolus substantially smaller

Note: This character is ordered here because we hypothesize that state 2 (which is seen only in a small
subset of derived tyrannosaurids: Tarbosaurus and Tyrannosaurus) is a special condition of state 1 (which is present
in all score-able tyrannosauroids except for the derived subset).

Character 629: Dentary, dorsal margin of bone in lateral view, profile: (UNORDERED)
0: straight
1: strongly concave
2: strongly convex
Character 630: Dentary, Meckelian groove, form:
0: dorsoventrally deep and shallowly inset into medial surface of bone

1: dorsoventrally shallow and deeply inset into bone, groove appears as a thin, sharp structure
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Character 631: Surangular, surangular shelf on lateral surface, form: (ORDERED)
0: low ridge or absent
1: prominent ridge that is offset laterally from the bone but dorsoventrally thin
2: prominent shelf that is dorsoventrally deep

Note: The “low ridge” and “absent” conditions are considered primarily homologous here, because a very
low ridge may appear absent on a specimen due to poor preservation. Taxa that genuinely appear to lack a ridge
(e.g., Shuvuuia) are scored as inapplicable (“?”) for the following characters related to the form and the position of
the ridge.

Character 632: Surangular, surangular shelf on lateral surface, position and form: (ORDERED)
0: placed far dorsal to posterior surangular foramen
1: foramen abuts shelf but shelf projects laterally and does not overhang foramen
2: shelf projects ventrolaterally to overhang foramen

Character 633: Surangular, surangular shelf on lateral surface, orientation relative to the long axis of the
lower jaw: (UNORDERED)

0: anterodorsal
1: anteroventral
2: straight anteroposteriorly
Character 634: Surangular, pneumatic fossa posterodorsal to posterior surangular foramen:
0: absent
1: present

Character 635: Surangular, adductor muscle attachment site dorsal to surangular shelf, orientation:
(ORDERED)

0: faces primarily dorsally
1: faces almost equally dorsally and laterally
2: faces primarily laterally

Character 636: Surangular, triangular fossa on the lateral surface of the surangular shelf immediately
anteroventral to glenoid:

0: absent
1: present

Character 637: Surangular, fossa on the lateral surface of the bone immediately ventral to, and separated
from, the glenoid:

0: absent
1: present

Character 638: Surangular, anteroposterior length of anterior flange (region anterior to anterior margin of
external mandibular fenestra) compared to overall length of surangular:

0: less than 30%

O’Connor et al., 2020—Supplementary Information—https://doi.org/10.1038/s41586-020-2945-x

108



1: greater than 30%
Character 639: Angular, ventral margin, form:

0: smoothly convex

1: anterior region “flexed” relative to posterior region, such that there is a discrete step between them
Character 640: Articular, mediolateral width of jaw muscle attachment site:

0: less than width of glenoid for articulation with quadrate

1: approximateily equal to width of glenoid

Character 641: Articular, smooth non-articular region between glenoid and attachment site for depressor
mandibular muscles:

0: present
1: absent
Character 642: Splenial, anterior mylohoid foramen, shape and size: (ORDERED)
0: small circular or ovoid opening, or absent
1: large, anteroposteriorly ovoid shape
2: extremely large, approximately as deep dorsoventrally as the anterior process of the splenial

Note: The small and absent conditions are here treated as a single character state, because poor preservation
often makes a very small foramen appear absent.

Character 643: Splenial, dorsal region overlapped medially by prearticular:
0: absent
1: present

Character 644: Prearticular, ventral bar, series of ridges on lateral surface to strengthen articulation with
angular:

0: absent
1: present
Character 645: Supradentary ossification, shape:
0: elongate, shallow strip
1: deep, crescentic shape
Character 646: Supradentary and coronoid ossifications, form of contact at their zone of fusion:
0: ossifications smoothly confluent
1: ossifications offset by a concave notch
Character 647: Premaxillary tooth crown 4, apicobasal height relative to largest maxillary crown:
0: subequal
1: approximately 50%

Character 648: Premaxillary teeth, median vertical ridge on lingual surface: (ORDERED)
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0: absent
1: present as a subtle structure in anterior (mesial) premaxillary teeth
2: present as pronounced structure in all premaxillary teeth
Character 649: Premaxillary teeth, curvature of distal (posterior) teeth:
0: recurved
1: straight
Character 650: Maxillary teeth, number:
0: 13 or more
1: less than 13 (in the largest adult specimens when growth series are known)
Character 651: Maxillary and dentary teeth, form: (ORDERED)
0: ziphodont, transverse width of base less than 60% of mesiodistal length
1: incrassate, width greater than 60% of length
2: incrassate, width nearly equal to length

Note: Those taxa with conical or leaf-like teeth are scored as inapplicable (“?”) for this character (e.g.,
therizinosauroids, most alvarezsauroids).

Character 652: Axis and postaxial cervicals, anteroposterior length of centrum compared to dorsoventral
height of posterior centrum face:

0: greater
1: less than or equal to
Character 653: Axis, pneumatic foramen (pleurocoel), position:
0: near midheight of entrum
1: dorsally located, directly underneath neurocentral suture and directly posterior to diapophysis
Character 654: Axis, pneumatic foramen (pleurocoel), extent of surrounding fossa:
0: limited to margins of foramen
1: extensive, occupies most of lateral surface of centrum
Character 655: Axis, ridge on ventral surface of centrum:
0: absent
1: present
Character 656: Axis, pneumatic foramina and fossae on each side of the anterior ridge on the neural spine:
0: absent
1: present
Character 657: Axis, neural spine, texture of dorsal region of anterior surface:
0: generally smooth or with subtle texture

1: highly rugose, with series of grooves, ridges, and eminences
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Character 658: Axis, dorsal region of neural spine, number of projections on “crown” region:
0: two lateral projections, dorsal surface of spine smoothly concave
1: two lateral projections and one dorsal projection on the midline

Note: Only those taxa scored for a mediolaterally broad (“transversely flared””) neural spine for character 92
are relevant to this charater. All taxa with a mediolaterally compressed neural spine are scored as inapplicable (“?”).

Character 659: Axis, supradiapophyseal fossa (fossa posterodorsal to diapophysis), form:
0: absent or shallow
1: deeply excavated and funnel-like
Character 660: Cervical vertebrae, neural spines in middle-posterior cervicals, dorsoventral height:
0: substantially shorter than height of posterior centrum face
1: approximately same length as or longer than height of posterior centrum face

Character 661: Cervical vertebrae, morphology of posterior centrodiapophyseal laminae in anterior-middle
cervicals:

0: absent or present as a weak ridge

1: present as a thick, laterally offset lamina that demarcates a deep infradiapophyseal fossa anteriorly
Character 662: Cervical vertebrae, hypapophysis on anterior region of ventral surface:

0: absent

1: present
Character 663: Cervical vertebrae, position of prezygapophysis in middle cervicals:

0: slightly overhangs centrum laterally

1: strongly overhangs centrum laterally, entire prezygapophyseal facet placed lateral to centrum

Character 664: Cervical vertebrae, orientation of posterior centrodiapophyseal lamina in anterior-middle
cervicals:

0: projects posteroventrally, infrapostzygapophyseal fossa located primarily posterior to lamina
1: nearly horizontal, fossa located primarily dorsal to lamina

Character 665: Cervical and dorsal vertebrae, rugose ligament attachment scars in pre- and postspinal
fossae: (ORDERED)

0: absent or weakly developed

1: present as prominent, rectangular flanges that extend outside of the fossae and are visible in posterior
view, but on the dorsal vertebrae only

2: prominent in dorsals and cervicals

Character 666: Dorsal vertebrae, neural spine, level of posterior termination:
0: at approximately the same level as the posterior centrum face
1: far posterior to the posterior centrum face

Character 667: Dorsal vertebrae, anteroposterior length of middle-posterior dorsal centra compared to
dorsoventral height of posterior centrum face:
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0: greater
1: less than or equal

Character 668: Dorsal vertebrae, middle-posterior dorsals, position of postzygapophysis relative to
prezygapophysis:

0: at same level
1: elevated dorsally

Character 669: Dorsal vertebrae, middle-posterior dorsals, form of anterior and posterior
centrodiapophyseal laminae: (ORDERED)

0: discrete laminae absent, or laminae present but do not demarcate a deep infradiapophyseal fossa between
them

1: present and make contact on ventral surface of transverse process, demarcating a triangular
infradiapophyseal fossa

2: present and do not make contact but roughly parallel each other, infraprezygapophyseal and
infradiapophyseal fossa merged into a single fossa

Character 670: Sacral vertebrae, fenestrae between fused neural spines: (ORDERED)
0: neural spines unfused
1: spines fused but fenestrae absent
2: spines fused and fenestrae present
Character 671: Sacral ribs, position of central ribs on sacrum:
0: span two sacrals
1: limited to a single sacral
Character 672: Sacral ribs, position of rib attachment for central ribs on individual sacrals:
0: span centrum and neural arch
1: limited to neural arch only
Character 673: Sacral vertebra five, position of ventral margin of posterior articular face in lateral view:
0: at same level as ventral margin of anterior articular face
1: positioned ventral to ventral margin of anterior articular face
Character 674: Sacral vertebrae, form of hyposphene in posteriormost sacral:
0: absent or present as a single midline structure
1: present and comprised of two parallel-sided sheets
Character 675: Caudal vertebrae, anterior caudals, position of base of neural spine:
0: anterior to posterior surface of centrum
1: level with or posterior to posterior surface of centrum
Character 676: Caudal vertebrae, anterior caudals, shape of transverse processes in dorsal view:

0: rectangular, with parallel anterior and posterior sides, or slightly ovoid with a gradual expansion in width
distally
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1: distal end expanded into a spatulate bulb

Character 677: Caudal vertebrae, anterior caudals, two laminae linking prezygapophysis and transverse
process, between which is a deep, triangular fossa:

0: absent
1: present
Character 678: Scapula, angle between posterior margin of glenoid and dorsal margin of blade:
0: greater than 90 degrees
1: approximately 90 degrees
Character 679: Scapula, acromion, dorsoventral depth:
0: less than 3.0 times minimum dorsoventral depth of blade
1: greater than 3.0 times minimum dorsoventral depth of blade
Character 680: Scapula, ratio of anteroposterior length of bone to minimum dorsoventral depth of blade:
0: less than 10.0
1: greater than 10.0
Character 681: Scapula and coracoid, glenoid, position relative to posteroventral margin of blade:
0: offset posteroventrally (by distance equivalent to width of neck of blade to ¥ of width of neck of blade)
1: offset only slightly posteroventrally (less than 50% width of neck of blade)
Character 682: Coracoid, anteroposterior length at midpoint:
0: approximately 100-150% of length of scapular acromion at midheight
1: 200% or greater than length of scapular acromion at midheight
Character 683: Coracoid, coracoid foramen:
0: present
1: absent or extremely small
Character 684: Humerus, apex of deltopectoral crest, location from proximal end: (ORDERED)
0: 35-50% of length of humerus
1: 25-35% of length of humerus
2: less than 25% of length of humerus

Character 685: Humerus, additional muscle attachment tubera at the corner of the anterior and lateral
surfaces distal to the deltopectoral crest:

0: absent
1: present

Character 686: Humerus, concave notch between external tuberosity and deltopectoral crest:
0: present, two structures clearly separated

1: absent, two structures smoothly confluent
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Character 687: Humerus, form of distal condyles:

0: lateral and medial condyles expanded equally (offset from shaft in anterior or posterior view is
approximately equal)

1: medial condyle expanded further medially than the lateral condyle is laterally
Character 688: Ulna, shaft axis, form:
0: bowed
1: straight
Character 689: Principal distal carpal, shape:
0: semilunate in lateral view with trochlear proximal surface
1: discoid with flat proximal surface
Character 690: Metacarpal I, medial distal condyle, form:
0: well formed and large
1: rudimentary
Character 691: Metacarpal I, medial margin, shape in proximal view:
0: concave
1: smoothly convex or straight

Character 692: Metacarpals, metacarpal 11, mediolateral width at midpoint compared to midpoint width of
metacarpal I:

0: equal to or narrower than
1: more robust than
Character 693: Manual phalanx 11-1, length compared to that of metacarpal 1:
0: longer
1: subequal to
Character 694: Illium, anteroposterior length compared to length of femur: (ORDERED)
0: 70-85%
1: 95-105%
2: 105-115% (or greater, in some birds)
Character 695: llium, dorsal margin of blade, position relative to sacral neural spines: (UNORDERED)
0: separated by a gap

1: lies against neural spines and opposing iliac blaces may make contact above neural spines in some
individuals

2: separated by a wide gap

Note: This is a modified version of the Brusatte et al. (2010) character, which adds a second derived state
(“separated by a wide gap”) to refer to the condition of some derived therizinosauroids, as used by Zanno et al.
(2009, character ZCD 306).
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Character 696: llium, supraacetabular crest, maximum lateral projection relative to ischial peduncle:
0: significantly greater
1: subequal
Character 697: llium, supraacetabular crest, extent on pubic peduncle:
0: extensive, extends along most or all of the edge of the peduncle
1: limited, discretely offset from acetabular edge of pubic peduncle
Character 698: Ilium, pubic and ischial peduncles, anteroposterior lengths at dorsal base: (ORDERED)
0: pubic peduncle substantially longer than ischial peduncle
1: both peduncles approximately the same length
2: ischial peduncle longer than pubic peduncle
Character 699: llium, ventral margin of postacetabular process, shape:
0: straight to slightly convex
1: hightly convex, forming a discrete “lobe”-like flange
Character 700: llium, dorsal margin, shape:
0: smoothly convex or straight across entire length
1: convex anteriorly and straightens out posteriorly

Note: In dromaeosaurids such as Unenlagia, which possess a separate posterior tab-like process of the
postacetabular process, this character refers to the shape of the remainder of the ilium (i.e., the entirety of the bone
except the tab-like process). Therefore, these taxa are scored for state 0.

Character 701: Ilium, ratio of anteroposterior length to dorsoventral depth above acetabulum:
0: greater than 3.0, ilium is long and low
1: less than 2.8, ilium is subovoid in shape
Character 702: Pubis, pubic tubercle: (ORDERED)
0: absent
1: present as a convexity on the anterior margin of the pubis

2: 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

Character 703: Pubis, pubic tubercle, position:
0: distally positioned, located ventral to the level of the obturator notch
1: proximally positioned, located level with or dorsal to the obturator notch
Note: All taxa without a pubic tubercle are here scored as inapplicable (“7”).
Character 704: Pubis, pubic boot, anteroposterior length relative to total long axis length of pubis:
0: less than 60%
1: greater than 60%
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Character 705: Pubis, pubic boot, position of anterior process relative to posterior process:
0: displaced dorsally, resulting in a highly convex ventral margin of the boot
1: placed at the same level, ventral margin of the boot essentially straight
Note: Taxa without a discrete anterior process (e.g., compsognathids) are here scored as inapplicable (“?”).

Character 706: Pubis, anteroposterior expansion of proximal obturator plate region relative to the anterior
edge of the pubis shaft at its midpoint:

0: less than twice the anteroposterior thickness of the shaft at its midpoint

1: greater than twice the anteroposterior thickness of the shaft at its midpoint
Character 707: Pubis, obturator notch, form:

0: discrete structure, demarcated ventrally by extensive obturator flange

1: essentially absent, no ventral flange

Note: The enclosed obturator foramen of Mirischia is here scored as equivalent to state 0. The presence of a
completely enclosed foramen is autapomorphic of Mirischia among coelurosaurs.

Character 708: Ischium, position of medial apron:
0: along posterior margin of shaft
1: along anterior margin of shaft
Character 709: Femur, circular scar on posterior surface of shaft distal to fourth trochanter, position:
0: absent, low, or positioned approximately centrally on the shaft
1: abuts medial edge of shaft
Character 710: Femur, lesser trochanter, height relative to greater trochanter:
0: shorter, terminates further distally
1: subequal or slightly taller, the two structures extend to approximately the same level proximally
Note: This is equivalent to character ZCD 325 of Zanno et al. (2009).
Character 711: Femur, proximal margin in anterior view: (ORDERED)
0: approximately straight and perpendicular to the long axis of the shaft

1: approximately straight and oriented at an obtuse angle to the long axis of the shaft (=dorsally or
proximally inclined head)

2: concave and oriented at an obtuse angle to the long axis of the shaft, due to head that is proximally
inclined and a greater trochanter that is elevated substantially relative to the central portion of the proximal surface
of the femur

Note: Characters relating to the inclination of the femoral head are often used in theropod phylogenetic
datasets, but it is often difficult to develop a standard system of measurement for quantifying the orientation of the
head. We use the character as defined here, which concerns the angle between the long axis of the shaft and the long
axis of the proximal end, as measured in anterior view (note that many taxa with obtuse angles between the head and
shaft in anterior view, such as Tyrannosaurus, appear to have perpendicular angles when measured in posterior
view). Usually, taxa with an obtuse angle between head and shaft (i.e., a dorsally inclined femoral head) have a
proximomedially projecting proximal surface of the femur when seen in anterior view, and this may indicate the
presence of an inclined head in specimens that do not preserve the shaft. Furthermore, taxa with an obtuse angle
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between head and shaft (a dorsally inclined femoral head) possess a head that is elevated proximally relative to the
greater trochanter, which is another means for recognizing the inclined condition in specimens that do not preserve
the shaft. We also recognize a second derived state, encoded by Zanno et al. (2009: character 0ZCD 339) and
Brusatte et al. (2010: character 285), referring to the deeply concave proximal margins of the derived tyrannosaurids
Tyrannosaurus and Tarbosaurus and some derived therizinosauroids, which have dorsally inclined heads but also
greater trochanters that are raised substantially relative to the remainder of the proximal femur (except for the head),
giving the proximal margin a deeply concave profile in posterior view. This character is equivalent to character
0ZCD 320 of Zanno et al. (2009), which refers to the distinction between a medially (“perpendicular to shaft”) and
dorsally inclined femoral head. Brusatte et al. (2012) stated that Tanycolagreus possesses a dorsally inclined
(elevated) femoral head, but we here note that this is not correct and that this taxon possesses a head that is
perpendicular to the shaft (state 0).

Character 712: Femur, trochanteric fossa on the posterior surface of the head, lateral to the ligament sulcus
(for the capital ligament), form: (ORDERED)

0: absent or shallow
1: deep fossa

2: deep, extensive triangular depression that covers most of the posterior surface of the femur proximally
and is demarcated medially and ventrally by a pronounced, curving, swollen ridge

Character 713: Femur, fourth trochanter, position, measurement from proximal margin of head to distal
termination of trochanter relative to total length of the femur:

0: 40% or less

1: greater than 40%
Character 714: Femur, lateral condyle, shape in distal view:

0: circular or ovoid

1: ovoid, but with an anterior bulge that is slightly separated from the remainder of the condyle
Character 715: Femur, extensor groove on anterior surface of distal end, form: (ORDERED)

0: absent or extremely shallow, anterior surface flat between the condyles in distal view (extensor groove
may be present but does not manifest itself as a groove on the anterior margin in distal view)

1: groove present but shallow, expressed as a broad concave margin in distal view but present as an
extensive depression on the anterior surface of the femur

2: 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

Character 716: Femur, mesiodistal crest, form:

0: single structure

1: bifurcates distally to enclose fossa on the medial surface of the medial condyle
Character 717: Tibia, length relative to the femur:

0: 1.05 or greater

1: less than 1.00
Character 718: Tibia, lateral condyle of proximal end, anterior process:

0: absent

1: present
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Character 719: Tibia, lateral malleolus, lateral extent:

0: limited, mediolateral measure is less than 40% of mediolateral width of adjacent shaft

1: extensive, mediolateral measure greater than 40% of mediolateral width of adjacent shaft
Character 720: Tibia, lateral malleolus, position relative to medial malleolus:

0: extent to approximately the same level distally

1: lateral malleolus extends substantially further distally than medial malleolus
Character 721: Fibula, iliofibularis tubercle, form:

0: single crest

1: large, rugose, and formed by two crests separated by a depressed fossa (“bipartite” condition)
Character 722: Astragalus, fossa on anterior surface of ascending process, form:

0: shallow concavity that covers most of the ventral region of the ascending process

1: 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

Character 723: Pes, metatarsal 111, form of medial surface in anterior or posterior view:
0: straight or subtly convex
1: with medial convex expansion forming a bulge along the distal part of the shaft

Note: This character is equivalent to character 48 of L. Xu et al. (2011), who utilized it as a character
relevant to ornithomimosaurs.

Character 724: Pes, metatarsal 111, ventral nonarticular surface (on the flexor surface) immediately proximal
to the distal condyles, form:

0: concave
1: raised subtriangular platform
Character 725: Pes, metatarsals 11-1V, distal separation when in articulation:
0: metatarsals closely appressed and distance between MT II-11l and MT I11-1V is approximately equal

1: distal ends of MT Il and MT IV diverge from MT I, and distance between MT I11-1V greater than that
between MT I1I-111

Character 726: Pes, metatarsal 11, articular scar for metatarsal 111 on distal portion of lateral surface of shaft,
form:

0: subtle or absent

1: enlarged as a rugose fossa that occupies more than half of the proximodistal length of the shaft and
expands in anteroposterior width distally

Character 727: Pes, metatarsal 11, lateral surface in proximal view, shape: (ORDERED)
0: flat or weakly concave
1: moderately concave

2: strongly concave (deep concave notch is present)
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Note: This is an expanded version of the original character 304 of Brusatte et al. (2010), which adds a new
derived state to take into account the subtly concave condition in some ornithomimosaurs, which differs from the
flat condition in outgroups and many basal coelurosaurs (e.g., Ornitholestes) and the deeply concave notched
condition of derived tyrannosaurids.

Character 728: 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:
(ORDERED)

0: greater than 1.40, distal surface is elongate anteroposteriorly
1: between 1.40 and 1.20
2: less than 1.20, distal surface nearly square shaped with nearly flat anterior surface
Character 729: Pes, proximal pedal phalanges of digits Il and 111, ratio of length to midshaft width:
0: greater than 3.0
1: less than 3.0
Character 730: Pes, pedal unguals, lip overhanging proximal articular surface dorsally (on extensor surface):
0: present

1: absent or reduced to a subtle tuber

*Characters Relevant to Ornithomimosauria (from L. Xu et al., 2011):

Character 731: Maxilla, series of discrete foramina along ventral edge of lateral surface:
0: present
1: absent
Character 732: Lacrimal, prominence on lateral surface of bone:
0: absent
1: present
Character 733: Dentary, morphology of dorsal border in transverse cross section:
0: rounded and lacks “cutting edge”
1: sharp with a “cutting edge”

Character 734: Surangular, foramen on dorsal edge of bone dorsal to mandibular fenestra (anterior
surangular foramen):

0: present
1: absent
Character 735: Neck, length compared to that of skull:
0: less than twice skull length
1: greater than twice skull length

Character 736: Coracoid, biceps tubercle, position:
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0: positioned close to base of posterior process (closer to coracoid-scapula suture than to anterior edge of
coracoid)

1: positioned more anterior than the base of the posterior process (closer to anterior edge of coracoid than
to coracoid-scapula suture)

Character 737: Coracoid, position of infraglenoid buttress relative to that of posterior process when bone is
seen in dorsal view:

0: two structures extend to same level laterally
1: buttress offset laterally from posterior process
Character 738: Metacarpal |1, length compared to metacarpal 111:
0: shorter
1: equal to or longer
Character 739: Manual digit I, length of phalanx I-1 compared to metacarpal I1:
0: shorter
1: longer
Character 740: Manual unguals, flexor tubercles, position:
0: near proximal end
1: distal to proximal end
Note: Those alvarezsauroids without discrete flexor tubercles are scored as inapplicable (“?”).
Character 741: Pubis, shape of ventral margin of pubic boot:
0: straight or slightly convex
1: strongly convex with ventral expansion
Character 742: Pes, pedal digit I:
0: present
1: absent
Character 743: Pes, phalanx 11-2, length:
0: more than 60% of length of pedal phalanx 11-1
1: less than 60% of length of pedal phalanx 11-1
Character 744: Pubis, angle between anterior process of pubic boot and shaft:
0: greater than 90 degrees
1: approximately 90 degrees
Character 745: Pubis, position of anterior edge of anterior process of pubic boot:
0: approximately same level as anterior margin of pubic shaft
1: markedly anterior to the anterior margin of pubic shaft

Character 746: Pes, pedal unguals, shape:
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0: curved in lateral view

1: straight

*Characters Relevant to Basal Coelurosauria (from Li et al., 2010):

Character 747: Premaxillary teeth, size compared to mesial (anterior) maxillary teeth:
0: approximately same size, slightly smaller, or larger
1: considerably smaller
Character 748: Ischium, form of articulation with ilium on proximal surface of iliac peduncle:
0: approximately flat or slightly concave
1: deeply concave as a deep socket to receive a peg-like ischial peduncle of the ilium

Note: Some tyrannosauroids and ornithomimosaurs have been described as possessing an accessory peg-
like structure on the distal edge of the ischial peduncle of the ilium, which fits into a deep socket on the ischium
(e.g.., Alioramus, Gallimimus: Brusatte et al., 2012). Because it is often difficult to determine the presence or
absence of this subtle peg-like process, we here consider the peg-like process and a peg-like ischial peduncle itself
as primarily homologous. The presence of either of these processes can be clearly determined by the presence of a
funnel-like socket on the iliac peduncle of the ischium. Because both structures leave a similar mark on the ischium,
this supports the hypothesis of their primary homology (at least at some level).

Character 749: Scapula, acromion process, shape:
0: much deeper dorsoventrally than long anteroposteriorly, generally tapering or triangular in shape

1: approximately as long as or longer anteroposteriorly than deep dorsoventrally, with short reach beyond
scapular blade and squared-off profile

Character 750: Basisphenoid, pronounced muscle scars flanking basisphenoid recess:
0: absent
1: present

Character 751: llium, form of distal articular surface of pubic peduncle:
0: convex

1: flat or concave (notched)

*Characters Relevant to Alvarezsauroidea (from Choiniere et al., 2010a, b, 2012 and Choiniere, pers.
comm.):

Character 752: Lacrimal, orientation of ventral ramus relative to the long axis of the alveolar margin of the
upper jaw when the articulated skull is seen in lateral view

0: approximately vertical or inclinded slightly anteroventrally
1: inclined strongly posteroventrally

Character 753: Exoccipital-opisthotic, position of ventral edge of the base of the paroccipital process:
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0: level with or dorsal to the dorsal border of the occipital condyle
1: situated at mid-height of occipital condyle or further ventrally
Character 754: Maxillary teeth, shape: (UNORDERED)
0: mediolaterally thin and recurved
1: lanceolate (as in therizinosauroids)
2: conical (as in alvarezsauroids)
Character 755: Dorsal vertebrae, form of opisthocoely in taxa with opisthocoelous dorsals:
0: some dorsal vertebrae opisthocoelous
1: most or all dorsal vertebrae opisthocoelous

Note: Only those taxa with strongly opisthocoelous dorsal vertebrae (character 99) are scored for an
affirmative score here. All other taxa are scored as inapplicable (“?”).

Character 756: Dorsal vertebrae, shape of neural spine in posterior dorsals:

0: approximately square-shaped or slightly rectangular, with a dorsoventral height that is equal to or
slightly greater than the anteroposterior length at the base

1: rectangular, much higher dorsoventrally than long anteroposteriorly at the base
Character 757: Dorsal vertebrae, position of parapophysis in posterior dorsals:
0: distinctly ventral to transverse process
1: at approximately same dorsoventral level as transverse process
Character 758: Caudal vertebrae, morphology of anterior caudals:
0: amphiplatyan
1: procoelous
Character 759: Caudal vertebrae, position of transverse process on anterior caudals:
0: approximately centered (in the anteroposterior dimension) on the centrum
1: anteriorly displaced
Character 760: Coracoid, biceps tubercle:
0: absent or subtle
1: present as a discrete, mound-like structure

Character 761: Coracoid, strong lateral ridge on lateral surface, extending posteriorly from biceps tubercle
along posteroventral process:

0: absent
1: present

Character 762: Scapula, tubercle on posterior surface of bone dorsal to glenoid:
0: absent

1: present
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Character 763: Humerus, shape of internal tuberosity in anterior view: (ORDERED)
0: triangular or rounded, not discretely separated from remainder of humerus
1: rectangular, separated from the humeral head by a small but distinct notch
2: rectangular and hypertrophied, separated from the humeral head by a large notch

Note: This character is modified into an ordered multistate with the addition of a second derived state, to
distinguish between the condition in some therizinosauroids in which the internal tuberosity is rectangular and offset
by a small notch (Falcarius, Erliansaurus) and that in which the internal tuberosity is rectangular but also
proportionally hypertrophied and set off by a larger notch (Segnosaurus, Erlikosaurus, Neimongosaurus,
Suzhousaurus, Nothronychus). This distinction follows Zanno et al. (2009, character ZCD 285).

Character 764: Ulna, shape of olecranon process:
0: transversely broad
1: mediolaterally thin and blade-like
Character 765: Ulna, position of distal articular surface:
0: limited to distal end
1: trochlear articular surface extends onto dorsal surface of ulna, bulbous in shape
Character 766: Metacarpal 111, form of proximal articular surface:
0: flat or slightly convex
1: deeply concave and cup-like
Character 767: Metacarpal 111, length:
0: considerably longer than length of MC |
1: approximately same length as, or slightly longer than, MC |

Character 768: Manual digits, paired flexor processes on proximal portion of ventral surfaces of proximal-
most phalanges:

0: absent

1: present
Character 769: Manus, shape of proximal articular surface of ungual of first digit:

0: ovoid, dorsoventrally taller than mediolaterally wide

1: approximately square shaped, as mediolaterally wide as dorsoventrally tall
Character 770: Manus, form of lateral groove on ungual of first digit:

0: unenclosed or partially enclosed proximally by small flange

1: proximal end of grooves passes through foramena on ventral surface of ungual
Character 771: Femur, interaction of head and greater trochanter:

0: confluent

1: separated by a cleft

Character 772: Femur, shape of lateral distal condyle:
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0: distally rounded

1: distally conical, projecting substantially further distally than medial condyle
Character 773: Tibia, shape of medial posterior condyle of proximal end in proximal view:

0: posteriorly rounded

1: posteriorly conical, projecting substantially further posteriorly than lateral condyle
Character 774: Fibula, orientation of proximal margin (as seen in lateral view):

0: horizontal or nearly horizontal

1: anterior portion of proximal margin extends substantially further proximally than posterior portion

Note: This character is equivalent to character ZCD 329 of Zanno et al. (2009).
Character 775: Fibula, shape of proximal surface in proximal view:

0: anterior and posterior portions of surface with nearly equal mediolateral widths

1: anterior portion markedly wider mediolaterally than posterior portion

Note: This character is equivalent to character 331 of Zanno et al. (2009).

Character 776: Astragalus, fossa on anterior surface of lateral portion of base of ascending process,
sometimes bearing accessory fenestrations:

0: absent
1: present

Character 777: Astragalus, horizontal groove on proximal portion of anterior surface of condyles, separating
condyles from ascending process:

0: present
1: absent
Character 778: Pes, phalanges of pedal digit 1V, shape:
0: anteroposteriorly long, proximal and distal articular surfaces well separated

1: anteroposteriorly short, with proximal and distal articular surfaces very close together, particularly in
distal elements

*Characters Relevant to Therizinosauroidea (from Zanno et al., 2009 and Zanno, 2010):

Character 779: Basisphenoid, inflated basisphenoidal bulla:
0: absent
1: present

Character 780: Braincase, foramen magnum, size (area): (ORDERED)
0: smaller than size of occipital condyle

1: approximately equal in size with occipital condyle
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2: larger than size of occipital condyle
Character 781: Ectopterygoid, position:
0: posterior to palatine
1: lateral to palatine
Character 782: Dentary, mediolateral width of symphyseal region of conjoined dentaries:
0: narrower than width of post-symphyseal region
1: broader than width of post-symphyseal region
Character 783: Premaxillary teeth, serrations:
0: present
1: absent

Note: It has been shown that unserrated premaxillary teeth are present in some juvenile tyrannosaurids, but
serrations are gained during ontogeny (Carr and Williamson, 2004). Taxa in which this ontogenetic shift occurs are
scored for the present condition (state 0). Any taxa with any trace of serrations on any premaxillary tooth (whether
all teeth are serrated or not) are also scored for the present condition. Only those taxa in which all known
premaxillary teeth are lacking serrations are scored for the absent condition (state 1). It is likely that there is
positional variation in serration presence/absence along the premaxillary tooth row, but this is difficult to parse out
because complete premaxillary dentitions are not known for most taxa. We recognize that future authors may wish
to divide this character into additional states referring to serration presence/absence on individual premaxillary teeth
or regions of the premaxillary dentition.

Character 784: Dentary teeth, shape of mesial (anterior) teeth:
0: not conical (i.e., ziphodont or lanceolate)
1: conical

Note: Although the first one or two dentary teeth of derived tyrannosauroids such as Alioramus and
Tyrannosaurus are small and somewhat conical (in comparison to the remainder of the dentary tooth row), these
taxa are here scored for state 0. State 1 refers to taxa in which the first several teeth of the dentary (at least the first
four, where visible) are distinctly conical compared to the more posterior (distal) dentary teeth, but are of
approximately the same size as the more distal premaxillary teeth. Oftentimes this condition is referred to in the
literature as “anterior dentary teeth that are similar to the premaxillary teeth in shape.”

Character 785: Dentary, extent of tooth row:
0: teeth present at anterior (mesial) tip of dentary
1: teeth absent at anterior dentary but present further posteriorly (distally)

Note: This character encapsulates Zanno et al.’s (2009) revision of the original TWiG character number
220, which is character number 217 in the current analysis. We retain character 217 in the original language of
Turner et al. (2012) here, as it refers to an ordered progression of fully toothed-posteriorly edentulous-completely
edentulous, and therefore the addition of a fourth state for an anteriorly edentulous dentary (which is unique to some
derived therizinosauroids) would disrupt this ordered sequence. Our preference is to include the therizinosauroid
condition as a separate character, with those taxa that are completely edentulous scored as inapplicable (“?”).

Character 786: Cervical vertebrae, length of anterior centra:

0: up to three times longer anteroposteriorly than the minimum transverse centrum width in ventral view
(or the height of the anterior articular surface in lateral view, if the centrum cannot be viewed ventrally)

1: hyperelongate, approximately five times longer than wide
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Note: Zanno et al. (2009) presented a three-state character, but we do not want to over-divide a ratio
character such as this, and therefore recognize the major distinction among coelurosaurs as between a centrum that
is fairly anteroposteriorly short (somewhere between 1-3 times longer than wide) and the so-called “hyperelongate™
condition in which the centrum is approximately five times longer than wide. Those taxa that do not preserve
anterior cervicals, but have middle cervicals that are hyperelongate, are scored for state 1.

Character 787: Cervical vertebrae, morphology of ventral surface of centrum:
0: smoothly flat or convex
1: with distinct depression anteriorly (at the level of the parapophyses)
Character 788: Cervical vertebrae, posterolateral margins of ventral surface of centrum, form:
0: unpronounced
1: developed into prominent crests (ventrally projecting “fins’)

Note: Zanno (2010) notes that less pronounced crests, potentially homologous to state 1, are present on the
cervical vertebrae of some ornithomimosaurs, but Zanno et al. (2009) scores all score-able ornithomimosaurs for
state 0. We agree that ornithomimosaurs should be scored for state 0, as taxa such as Gallimimus (ZPAL MgD/1-94)
clearly do not possess the prominent “fin-like” crests of therizinosauroids and some basal oviraptorosaurs.

Character 789: Dorsal vertebrae, anterior dorsals, dorsoventral depth of neural arch compared to that of
centrum:

0: depth of region between prezygadiapophyseal lamina and base of neural spine less than or equal to depth
of anterior and/or posterior articular surface of centrum

1: depth of region between prezygadiapophyseal lamina and base of neural spine greater than depth of
anterior and/or posterior articular surface of centrum (neural arch hypaxially inflated relative to centrum)

Character 790: Dorsal vertebrae, size of parapophyses on anterior dorsals:

0: moderate in size, articular facet of parapophysis less than half dorsoventral depth of anterior articular
surface of centrum

1: hypertrophied, articular facet greater than two thirds of the dorsoventral depth of the anterior articular
surface of centrum

Character 791: Caudal vertebrae, pneumatic foramina on the centra of anterior caudals:
0: absent
1: present
Character 792: Scapula, dorsal flange on dorsal margin of scapular blade:
0: absent
1: present
Character 793: Humerus, crest on posteromedial surface of humeral shaft:
0: absent
1: present
Character 794: Humerus, tuberosity on anterior surface of distal humerus, proximal to entepicondyle:
0: absent

1: present
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Character 795: Humerus, entepicondyle:
0: present and prominent as a spherical, conical, or crest-like structure in cranial view
1: extremely reduced or absent

Note: This is a modified version of Zanno et al.’s (2009) character ZCD 291. We find it difficult to
distinguish between Zanno et al.’s discrete conditions of “spherical” and “crest-like,” which are given separate states
in the original analysis. Therefore, we combine these conditions into a single “present and prominent” state, and
recognize the major difference between coelurosaurs as the presence or absence of a prominent entepicondyle. Taxa
with a prominent entepicondyle usually, if not always, exhibit a prominent groove proximal to the entepicondyle,
whereas those that have a reduced or absent condyle do not. Therefore, we do not utilize Zanno et al.’s (2009:
character 0ZCD 292) separate character for the groove.

Character 796: Humerus, mediolateral width of distal end:
0: greater than 2x minimum width of shaft
1: less than 2x minimum width of shaft

Note: This is a modified version of Zanno et al.’s (2009) character 0oZCD 293, which combines two of the
original states (“moderately expanded” and “significantly expanded”) into a single state of “greater than 2x
minimum width of shaft.” Therefore, the character as worded here distinguishes the aberrantly unexpanded distal
humeri of ornithomimosaurs and some tyrannosauroids from the standard condition among theropods.

Character 797: Humerus, morphology of distal humerus in anterior view:
0: medial aspect of distal humerus unexpanded, entepicondyle situated proximal to ulnar condyle

1: medial aspect of distal humerus expanded and subtriangular in anterior view, entepicondyle located well
medial to ulnar condyle

Character 798: Metacarpal I, rectangular buttress on ventrolateral aspect of proximal surface that underlies
ventromedial surface of metacarpal IlI:

0: absent
1: present

Character 799: Manus, ratio of the proximodistal length of metacarpal 11 to that of the combined
proximodistal lengths of phalanges I11-1 and 11-2:

0: less than or equal to 1.0

1: greater than 1.0 (i.e., MC Il longer than combined lengths of phalanges 11-1 and 11-2)
Character 800: Manus, ligament pits on manual phalanges:

0: strongly developed

1: weakly developed or absent
Character 801: Manus, manual unguals, proximodistal length:

0: shorter to, equal to, or slightly longer than length of penultimate phalanx

1: elongate, twice or more as long as penultimate phalanx
Character 802: Ilium, orientation of ventral portion of preacetabular process:

0: parasagittal, in line with dorsal portion of process

1: laterally deflected, extends nearly perpendicular from sagittal plane of ilium
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Character 803: Ilium, size of preacetabular process:

0: moderately developed, anteroposterior length of process subequal with dorsoventral height of ilium
directly dorsal to the center of the acetabulum

1: hyperelongate, length of process at least twice the height of ilium above acetabulum
Character 804: Ilium, orientation of blade:

0: parallel or gently inclined relative to dorsoventral plane passing through the pubic and ischial peduncles
(the ventral portion of the ilium)

1: angled laterally relative to the ventral portion of the ilium, rising steeply at at least a 30 degree angle
from the dorsoventral plane passing through the peduncles

Character 805: Ilium, morphology of dorsal surface of postacetabular process in dorsal view: (ORDERED)
0: smooth and non-rugose
1: with rugosity causing transverse expansion of the posterior dorsal margin
2: hyperrugose, with hypertrophied posterior tuberosity
Character 806: Ilium, orientation of pubic peduncle: (ORDERED)
0: straight
1: posteriorly recurved, articular face posteroventrally directed
2: posteriorly recurved, articular face posteriorly directed
Character 807: llium, morphology of antitrochanter: (ORDERED)
0: separated from ischial peduncle
1: merged with ischial peduncle, both structures together form enlarged ventrolaterally flattened boss
2: merged with ischial peduncle as a boss, which is hypertrophied and spherical

Character 808: Ischium, position of distally placed dorsal process along posterior edge of shaft:
(UNORDERED)

0: entirely proximal to obturator process
1: opposite obturator process
2: extending distal to obturator process

Note: This character refers to the position of the dorsal process of the ischium, whose presence or absence
is scored in character 226. Those taxa without a process are scored as inapplicable (“?”).

Character 809: Ischium, shape of obturator process in those taxa in which the process contacts the pubis:
0: approximately square-shaped
1: elongate anteroposteriorly, approximately twice as long as dorsoventrally deep

Note: The presence/absence of an obturator process contacting the pubis is scored in character 164. Those
taxa scored for the absence of this feature in character 164 are scored as inapplicable (“?”") for the current character.

Character 810: Ischium and pubis, morphology of contact surfaces between the two bones:
0: flat
1: markedly sinuous
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Character 811: Pubis, shape of shaft:
0: rod-like
1: mediolaterally flattened
Character 812: Pubis, morphology of distal shaft:

0: distal portion of shaft approximately equal (or less than) in anteroposterior length to proximal portion of
shaft

1: distal portion of shaft greatly enlarged, more than twice the anteroposterior length of the proximal
portion of shaft

Character 813: Femur, anteroposterior width of region bridging femoral head and greater trochanter in
proximal view:

0: smoothly confluent with head and greater trochanter
1: anteroposteriorly constricted relative to head and greater trochanter

Character 814: Femur, hook-like process at distal edge of femoral head, demarcating a notch between the
head and the shaft

0: present
1: absent, shaft and head smoothly confluent

Note: This is equivalent to character 0ZCD 323 of Zanno et al. (2009), which refers to the presence or
absence of a “raised ventral rim” that separates the femoral head from the femoral neck (essentially the shaft). The
“ventral rim” is equivalent to the hook-like process of the femoral head, which extends further distally relative to the
remainder of the head to demarcate a notch between the head and shaft in anterior and posterior views.

Character 815: Tibia, morphology of incisura tibialis (lateral fossa on the tibia in proximal view):
0: deeply inset
1: wide and shallow, nearly absent

Character 816: Tibia, shape of tibia in proximal view:

0: anteroposteriorly longer than mediolaterally wide (measurements taken through midpoint of proximal
surface)

1: mediolaterally wider than anteroposteriorly long
Character 817: Tibia, length of fibular crest:
0: short and proximally positioned, extends up to approximately 1/3 of the length of the tibia
1: long and distally extensive, extends to approximately the midshaft of the tibia
Character 818: Tibia, exposure and morphology of the anteromedial region of the distal tibia: (ORDERED)
0: covered anteriorly by the astragalus
1: not covered anteriorly by the astragalus, exposed
2: exposed and developed into an anterior tuberosity
Character 819: Fibula, iliofibularis tubercle, position:

0: proximal to midshaft of fibula
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1: approximately at midshaft of fibula

Note: In those alvarezsauroids with an apomorphically shortened fibula (e.g., Shuvuuia, Xixianykus,
Parvicursor), the position of the tubercle is measured relative to the length of the shaft of the tibiotarsus. Therefore,
these taxa are scored for state 0 although their tubercles are located near the distal end of the shortened fibula.

Character 820: Astragalus, ascending process position:

0: lateral edge terminates approximately at the lateral edge of the tibia, or medial to the lateral edge of the
tibia

1: lateral edge extends lateral to the tibial shaft to contact and overlap the fibula
Character 821: Astragalus, lateral condyle of distal end, morphology:
0: well developed

1: strongly reduced, lateral tibia exposed on distal and anterior surfaces of tibiotarsal region when tibia and
astragalus are in articulation

Character 822: Metatarsus, overall shape:
0: elongate, unit comprised of MTs I1-IV much longer proximodistally than wide mediolaterally
1: short and broad, unit comprised of MTs I1-1V less than twice as long as wide
Character 823: Metatarsus, proximodistal length: (ORDERED)
0: greater than 45% length of tibia
1: between 44-38% length of tibia
2: less than 36% length of tibia

Note: For those taxa in which only isolated metatarsals are present (i.e., not a complete metatarsus), the
length of MTs |1, 111, or IV is taken as a proxy for the length of the metatarsus as a whole.

Character 824: Metatarsus, orientation of individual metatarsals 11-1V:
0: not closely appressed, divergent from each other
1: appressed throughout most of metatarsus

Note: The outgroups Allosaurus and Sinraptor are scored for state 0, as in these taxa MTs Il and 111 are
closely appressed but MT 1V is divergent. Zuolong has closely appressed MTs Il and 111 but, because only a
fragment of MT 1V is known, it cannot be determined if IV was appressed or divergent, and therefore this taxon is
scored as “?.” Within coelurosaurs, all therizinosauroids are scored for a divergent metatarsus, following Zanno et
al. (2009: character ZCD 335). Taxa without a complete metatarsus can be scored based on the shape of MT IV (a
laterally divergent kink along the shaft is indicative of state 0, whereas a straight shaft is indicative of state 1).

Character 825: Pes, pedal unguals of digits I11-1V, proximodistal length:

0: approximately the same length as the penultimate phalanx (ungual may be slightly shorter or longer than
the penultimate phalanx)

1: twice as long or more than the penultimate phalanx

*New Characters Relevant to Basal Coelurosaurs Established by Brusatte et al. (2014) (Note that
some are inspired by published literature, as described in the main text, and others may have been
added to published analyses during the time this dissertation was written).
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Character 826: Premaxilla, anteroposterior length compared to that of maxilla:
0: length of ventral (alveolar) margin greater than 10% total anteroposterior length of maxilla
1: length of ventral (alveolar) margin less than 10% total anteroposterior length of maxilla
Character 827: Supraoccipital, tab-like processes on left and right sides of dorsal margin of bone:
0: absent
1: present

Note: This character has been included in previous phylogenetic analyses of tyrannosauroid
interrelationships (e.g., Carr and Williamson, 2010), but Brusatte et al. (2010) combined this and the
absence/presense of a dorsal bifurcation of the supraoccipital into a single character, due to a presumed equivalency
between the characters. As outlined by Bever et al. (2013), however, the tabs are separate from the bifurcation, as
many tyrannosauroids have tabs but only a few taxa exhibit a bifurcation. The tabs themselves are created by
midline depression of the supraoccipital relative to its left and right sides, as explained by Bever et al. (2013).

Character 828: Nasal, premaxillary processes (=supranarial processes), extent of their apposition to each
other on the midline in dorsal view:

0: apposed for nearly their entire length (may abruptly separate from each other at their tips)

1: not apposed for most of their length, and therefore do not abruptly separate from each other at their tips
Character 829: Dentary, Meckelian groove, position:

0: approximately centered at dorsoventral midheight of dentary

1: positioned ventrally, located closer to the ventral margin than the dorsal margin

Note: This character was originally used by Carr and Williamson (2010: character 211), in which state 0
was scored for all score-able tyrannosauroids. We here note that this condition is also present in outgroups,
Compsognathus, and derived therizinosauroids (Erlikosaurus), whereas state 1 is present in Ornitholestes,
ornithomimosaurs (Harpymimus), basal therizinosauroids (Falcarius, Beipiaosaurus, Alxasaurus), and paravians
(e.g.., Deinonychus, Zanabazar).

Character 830: Dentary, row of foramina on lateral surface paralleling ventral margin:

0: absent or limited to a small series of foramina at the anterior end of the dentary (at the level of the first 1-
4 alveoli)

1: present as a distinct row that extends along most of the lateral surface of the dentary (across the entire
length of the tooth row at the very least)

Character 831: Splenial, notch along dorsal margin of anterior process, where the splenial contacts the
supradentary (if present):

0: absent
1: present
Character 832: Cervical vertebrae, position of prezygapophyses in anterior-middle cervicals:
0: prezygapophyseal facet approximately level with anterior face of centrum
1: prezygapophyseal facet entirely anterior to anterior face of centrum

Character 833: Caudal vertebrae, morphology of dorsal portion of neural spines of anterior caudals:
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0: unexpanded

1: expanded anteroposteriorly relative to the remainder of the neural spine (and often mediolaterally as
well)

Character 834: Ulna, morphology of distal end:
0: expanded mediolaterally at least 1.5x relative to midshaft mediolateral width
1: expanded less than 1.5x midshaft mediolateral width
Note: The denoted measurements are taken in anterior (extensor) and posteror (flexor) views.

Character 835: llium, medial surface of preacetabular process, pronounced horizontal shelf continuing from
anterior margin of pubic peduncle to demarcate the cuppedicus fossa dorsally:

0: absent
1: present

Character 836: Metatarsal 111, mediolateral width of distal end compared to mediolateral widths of distal
ends of metatarsals 11 or 1V (whichever of the latter is greater):

0: less than 1.3 times as wide
1: greater than 1.3 times as wide
Character 837: Lacrimal, extent of antorbital fossa on region where anterior and ventral rami meet:

0: extensive, fossa excavates nearly entire region and nearly extends to the posterodorsal corner of the
lacrimal (the lacrimal angle), leaving only a thin region of bone at the posterodorsal corner of the lacrimal

1: reduced, fossa stops well short of the posterodorsal corner of the lacrimal

Character 838: Scapula and coracoid, deep fossa on lateral surfaces of both bones in the region of their
suture (covering the posterior half of the coracoid and anterior portion of the acromion plate region of the
scapula):

0: present

1: absent
Character 839: Scapula and coracoid, contribution of each bone to the glenoid: (UNORDERED)

0: both bones contribute approximately equally in the anteroposterior dimension

1: scapula contribution markedly anteroposteriorly longer than coracoid contribution

2: coracoid contribution markedly anteroposteriorly longer than scapula contribution
Character 840: Femur, shape of anterior margin in proximal view:

0: strongly convex, due to a midline tubercle

1: essentially straight or slightly concave

Character 841: Femur, horizontal ridge on the anterior surface of the head and neck, demarcating a deep
fossa ventrally:

0: absent
1: present

Character 842: Femur, extent of crista tibiofibularis in distal view: (ORDERED)
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0: projects further posteriorly than medial condyle
1: extends to the same approximate posterior level as medial condyle

2: terminates well short of the posterior level of the medial condyle (medial condyle projects substantially
farther posteriorly)

Character 843: Tibia, position of medial ridge on posterior surface of distal end: (ORDERED)

0: displaced laterally, positioned lateral to the medial edge of the distal tibia by approximately 25—-33% of
the mediolateral width of the distal tibia

1: positioned lateral to the medial edge of the distal tibia approximately 10-20% of the mediolateral width
of the distal tibia

2: positioned medially, positioned at approximately the posteromedial corner of the distal tibia in distal
view

Character 844: Scapula, fossa on lateral surface of bone immediately above glenoid, which is demarcated
dorsally by a convex bulge or ridge spanning the scapula-coracoid suture:

0: absent
1: present

Character 845: Humerus, deltopectoral crest, orientation relative to mediolateral long axis of proximal end of
humerus in proximal view:

0: straight, approximately perpendicular to long axis of proximal end of humerus

1: curves strongly medially as it continues anteriorly, such that anterior end of crest is oblique to long axis
of proximal end of humerus

Note: Those taxa scored for state O for character 358 (a deltopectoral crest that is projected laterally or
dorsally, such that it is in line with the long axis of proximal end of the humerus) are here scored as inapplicable

(6‘??3)'
Character 846: Femur, position of fourth trochanter: (UNORDERED)
0: along posteromedial corner of shaft along its entire length

1: positioned near center of posterior surface of shaft distally and extending proximomedially to become
confluent with posteromedial corner of shaft proximally

2: positioned near center of posterior surface of shaft distally and extending proximolaterally to bcome
confluent with the greater trochanter

Character 847: Fibula, anteroposterior width of the minimum point of the midshaft compared to the
maximum anteroposterior width of the proximal end:

0: 20% or greater
1: less than 18%, fibula shaft exceptionally gracile
Character 848: Maxillary teeth, posterior (distal) extent of tooth row:

0: extensive, extends posterior to the level of the maxillary ascending ramus and underneath the antorbital
fenestra (if present)

1: limited, terminates posteriorly at the level of the maxillary ascending ramus

Character 849: Dentary, shape of ventral margin in lateral view:
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0: approximately straight or slightly convex
1: broadly concave

Character 850: Maxilla, posterior extent of the ascending ramus relative to that of the main body (jugal
ramus):

0: the two rami extend to approximately the same level posteriorly, distance between posterior tip of
ascending ramus and posterior tip of main body no more than 1/3 of the anteroposterior length of the entire maxilla

1: main body extends considerably further posteriorly relative to the ascending ramus, distance between the
posterior tips of the two rami is greater than 1/3 of the length of the maxilla

Character 851: Tibia, proximal surface, proximal extent of cnemial crest relative to the proximal extent of the
posterior condyles:

0: cnemial crest extends further proximally than condyles
1: cnemial crest and condyles extend to same approximate level proximally

Character 852: Prootic, prominent fossa on the lateral surface of the bone, anterior to the otic recess and
posterior to the preotic pendant, that houses the external foramina of the trigeminal and facial nerves and
pneumatic openings:

0: absent
1: present

Character 853: Palatine, form of pneumaticity in those taxa with pneumatic palatines:
0: pneumatic fossa on the external surface of the bone

1: large internal chamber that opens externally via a window-like pneumatic opening

6¢. Modified Wang et al. (WEA) matrix character information and file links. Based on

Wang and Zhou (2019) with additions from Field et al. (2018).
(return to Table of Contents)

Full dataset and executable files are available at: https://doi.org/10.5061/dryad.mkkwh70wqg.

Character 1: Premaxillae in adults: unfused (0); fused only rostrally (1); completely fused (2). (ORDERED)
Falcatakely = 1

Character 2: Maxillary process of the premaxilla: restricted to its rostral portion (0); subequal or longer
than the facial contribution of the maxilla (1).

Falcatakely = 0

Character 3: Frontal process of the premaxilla: short (0); relatively long, approaching the rostral border
of the antorbital fenestra (1); very long, extending caudally near the level of lacrimals (2). (ORDERED)

Falcatakely = 0

Character 4: Premaxillary teeth: present throughout (0); present but rostral tip edentulous (1); present but
restricted to rostral portion (2); absent (3).

Falcatakely = 1/2

Character 5: Caudal margin of naris: far rostral than the rostral border of the antorbital fossa (0); nearly
reaching or overlapping the rostral border of the antorbital fossa (1).

Falcatakely = 0
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Character 6: Naris longitudinal axis: considerably shorter than the long axis of the antorbital fossa (0); subequal
or longer (1).

Falcatakely =1
Character 7: Maxillary teeth: present (0); absent (1).
Falcatakely =1

Character 8: Dorsal (ascending) ramus of the maxilla: present with two fenestra (the promaxilllary and
maxillary fenestra) (0); present with one fenestra (1); unfenestrated (2); ramus absent (3). (ORDERED)

Falcatakely = 2

Character 9: Caudal margin of choana: located rostrally, not overlapping the region of the orbit (0);
displaced caudally, at the same level or overlapping the rostral margin of the orbit (1).

Falcatakely =1

Character 10: Rostral margin of the jugal: away from the caudal margin of the naris (0); or very close to
(leveled with) the caudal margin of the naris (1).

Falcatakely = 0

Character 11: Contact between palatine and maxilla/premaxilla: palatine contact maxilla only (0); contacts
premaxilla and maxilla (1).

Falcatakely =0

Character 12: Vomer and pterygoid articulation: present, well developed (0); reduced, narrow process
of pterygoid passes dorsally over palatine to contact vomer (1); absent, pterygoid and vomer do not
contact (2).

Falcatakely =1
Character 13: Jugal process of palatine: present (0); absent (1).
Falcatakely =1

Character 14: Contact between palatine and pterygoid: long, craniocaudally overlapping contact (0);
short, primarily dorsoventral contact (1).

Falcatakely = 1

Character 15: Contact between vomer and premaxilla: present (0); absent (1).
Falcatakely =?

Character 16: Ectopterygoid: present (0); absent (1).
Falcatakely = 0

Character 17: Postorbital: present (0); absent (1).
Falcatakely = 0

Character 18: Contact between postorbital and jugal: present (0); absent (1).
Falcatakely = 0

Character 19: Quadratojugal: sutured to the quadrate (0); joined through a ligamentary articulation (1).
Falcatakely = ?

Character 20: Lateral, round cotyla on the mandibular process of the quadrate (quadratojugal articulation):
absent (0); present (1).

Falcatakely = ?

Character 21: Contact between the quadratojugal and squamosal: present (0); absent (1).
Falcatakely = ?

Character 22: Squamosal incorporated in braincase, forming a zygomatic process: absent (0); present (1).
Falcatakely = ?

Character 23: Squamosal, ventral or “zygomatic” process: variably elongate, dorsally enclosing otic
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process of the quadrate and extending cranioventrally along shaft of this bone, dorsal head of quadrate not
visible in lateral view (0); short, head of quadrate exposed in lateral view (1).

Falcatakely = ?
Character 24: Frontal/parietal suture in adults: open (0); fused (1).
Falcatakely = ?
Character 25: Quadrate orbital process (pterygoid ramus): broad (0); sharp and pointed (1).
Falcatakely = ?
Character 26: Quadrate pneumaticity: absent (0); present (1).
Falcatakely = ?
Character 27: Quadrate: articulating only with squamosal (0); articulating with both prootic and squamosal (1).
Falcatakely = ?

Character 28: Otic articulation of the quadrate: articulates with a single facet (squamosal) (0);
articulates with two distinct facets (prootic and squamostal) (1); articulates with two distinct facets and
quadrate differentiated into two heads (2). (ORDERED)

Falcatakely = ?

Character 29: Quadrate distal end: with two transversely aligned condyles (0); with a triangular,
condylar pattern, usually composed of three distinct condyles (1).

Falcatakely = ?

Character 30: Basipterygoid processes: long (0); short (articulation with pterygoid subequal to, or longer
than, amount projected from the basisphenoid rostrum) (1).

Falcatakely = ?

Character 31: Pterygoid, articular surface for basipterygoid process: concave “socket”, or short
groove enclosed by dorsal and ventral flanges (0); flat to convex (1); flat to convex facet, stalked,
variably projected (2). (ORDERED)

Falcatakely =?

Character 32: Eustachian tubes: paired, lateral, and well-separated from each other (0); paired, close to
each other and to cranial midline or forming a single cranial opening (1).

Falcatakely =?

Character 33: Osseous interorbital septum (mesethmoid): absent (0); present (1).
Falcatakely = 1

Character 34: Dentary teeth: present (0); absent (1).
Falcatakely = ?

Character 35: Dentary tooth implantation: teeth in individual sockets (0); teeth in a communal groove (1).
Falcatakely = ?

Character 36: Symphysial portion of dentaries: unfused (0); fused (1).
Falcatakely = ?

Character 37: Deeply notched rostral end of the mandibular symphysis: absent (0); present (1).
Falcatakely = ?

Character 38: Mandibular symphysis, symphyseal foramina: absent (0); single (1); paired (2).
Falcatakely = ?

Character 39: Mandibular symphysis, symphyseal foramen/foramina: opening on caudal edge of
symphysis (0); opening on dorsal surface of symphysis (1).

Falcatakely = ?
Character 40: Small ossification present at the rostral tip of the mandibular symphysis (intersymphysial
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ossification): absent (0); present (1). Martin (1987:13) refers to this ossification as the “predentary.” The
predentary is present in Jianchangornis, Parahesperornis and Ichthyornis (Zhou and Martin, 2011), which was
coded as missing in O’Connor and Zhou (2013).

Falcatakely = ?

Character 41: Caudal margin of dentary strongly forked: unforked, or with a weakly developed dorsal
ramus (0); strongly forked with the dorsal and ventral rami approximately equal in caudal extent (1).

Falcatakely = ?

Character 42: Mandibular ramus sigmoidal such that the rostral tip is dorsally convex and the
caudal end is dorsally concave: absent (0); present (1).

Falcatakely = ?

Character 43: Cranial extent of splenial: stops well caudal to mandibular symphysis (0); extending to
mandibular symphysis, though noncontacting (1); extending to proximal tip of mandible, contacting on
midline (2). (ORDERED)

Falcatakely = ?

Character 44: Meckel's groove (medial side of mandible): not completely covered by splenial, deep and
conspicuous medially (0); covered by splenial, not exposed medially (1).

Falcatakely = ?

Character 45: Rostral mandibular fenestra: absent (0); present (1).
Falcatakely = ?

Character 46: Caudal mandibular fenestra: present (0); absent (1).
Falcatakely = ?

Character 47: Articular pneumaticity: absent (0); present (1).
Falcatakely = ?

Character 48: Teeth: serrated crowns (0); unserrated crowns (1).
Falcatakely = 1

Character 49: Atlantal hemiarches in adults: unfused (0); fused, forming a single arch (1).
Falcatakely =?

NOTE: Characters 50 — 261 (i.e., those related to the postcranial skeleton) are coded as ¢?’ for Falcatakely
(UA 10015).

Character 50: One or more pneumatic foramina piercing the centra of mid-cranial
cervicals, caudal to the level of the parapophysis-diapophysis: present (0); absent (1).

Character 51: Cervical vertebrae: variably dorsoventrally compressed, amphicoelous (“biconcave”: flat to
concave articular surfaces) (0); cranial surface heterocoelous (i.e., mediolaterally concave, dorsoventrally
convex), caudal surface flat or slightly concave (1); heterocoelous cranial (i.e., mediolaterally concave,
dorsoventrally convex) and caudal (i.e., mediolaterally convex, dorsoventrally concave) surfaces (2).
(ORDERED)

Character 52: Prominent carotid processes in the intermediate cervicals: absent (0); present (1).

Character 53: Postaxial cervical epipophyses: prominent, projecting further back from the
postzygapophysis (0); weak, not projecting further back from the postzygapophysis, or absent (1).

Character 54: Keel-like ventral surface of cervical centra: absent (0); present (1).

Character 55: Prominent (50% or more the height of the centrum’s cranial articular surface)
ventral processes of the cervicothoracic vertebrae: absent (0); present (1).

Character 56: Thoracic vertebral count: 13-14 (0); 11-12 (1); fewer than 11 (2). The transition between
cervical and thoracic vertebrae is often difficult to identify, which makes counting these vertebrae
problematic. (ORDERED)

Character 57: Thoracic vertebrae: at least part of series with subround, central articular surfaces (e.g.,
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amphicoelous/opisthocoelous) that lack the dorsoventral compression seen in heterocoelous vertebrae (0);
series completely heterocoelous (1).

Character 58: Caudal thoracic vertebrae, centra, length and midpoint width: approximately equal in
length and midpoint width (0); length markedly greater than midpoint width (1).

Character 59: Wide vertebral foramen in the mid-caudal thoracic vertebrae, vertebral
foramen/articular cranial surface ratio (vertical diameter) larger than 0.40: absent (0); present (1).

Character 60: Hyposphene-hypantrum accessory intervertebral articulations in the thoracic vertebrae:
present (0); absent (1).

Character 61: Lateral side of the thoracic centra: weakly or not excavated (0); deeply excavated by a
groove (1); excavated by a broad fossa (2).

Character 62: Cranial thoracic vertebrae, parapophyses: located in the cranial part of the centra of the
thoracic vertebrae (0); located in the central part of the centra of the thoracic vertebrae (1).

Character 63: Notarium: absent (0); present (1).

Character 64: Sacral vertebrae, number ankylosed (synsacrum): less than 7 (0); 7 (1); 8 (2); 9 (3); 10
(4); 11 or more (5); 15 or more (6). (ORDERED)

Character 65: Synsacrum, procoelous articulation with last thoracic centrum (deeply concave
facet of synsacrum receives convex articulation of last thoracic centrum): absent (0); present (1).

Character 66: Cranial vertebral articulation of first sacral vertebra: approximately equal in height and width
(0); wider than high (1).

Character 67: Series of short sacral vertebrae with dorsally directed parapophyses just cranial to the
acetabulum: absent (0); present, three such vertebrae (1); present, four such vertebrae (2). (ORDERED)

Character 68: Convex caudal articular surface of the synsacrum: absent (0); present (1).

Character 69: Degree of fusion of distal caudal vertebrae: fusion absent (0); few vertebrae partially
ankylosed (intervening elements are well-discernable) (1); vertebrae completely fused into a pygostyle (2).
(ORDERED)

Character 70: Free caudal vertebral count: more than 35 (0); 35-26 (1); 25-20 (2); 19-9 (3); 8 or fewer (4).
(ORDERED)

Character 71: Procoelous caudals: absent (0); present (1).

Character 72: Distal caudal vertebra prezygapophyses: elongate, exceeding the length of the centrum
by more than 25% (0); shorter (1); absent (2). (ORDERED)

Character 73: Free caudals, length of transverse processes: approximately equal to, or greater than,
centrum width (0); significantly shorter than centrum width (1).

Character 74: Proximal haemal arches: elongate, at least 3 times longer than wider (0); shorter (1); absent (2).
(ORDERED)

Character 75: Pygostyle: longer than or equal to the combined length of the free caudals (0); shorter (1).
Character 76: Cranial end of pygostyle dorsally forked: absent (0); present (1).

Character 77: Cranial end of pygostyle with a pair of laminar, ventrally projected processes: absent (0);
present (1).

Character 78: Distal constriction of pygostyle: absent (0); present (1). The pygostyles in Sulcavis is gently
tapered distally, without the conspicuous constrictions seen in other enantiornithines, e.g. Rapaxavis and
Shanweiniao (contra O’Connor et al., 2013).

Character 79: Ossified uncinate processes in adults: absent (0); present and free (1); present and fused (2).

Character 80: Uncinate process, orientation: perpendicular to rib (0); angled dorsally defining an acute angle
with the rib (1).

Character 81: Gastralia: present (0); absent (1).
Character 82: Coracoid shape: rectangular to trapezoidal in profile (0); strutlike (1).
Character 83: Coracoid and scapula articulation: Scapula and coracoid articulation: (0) pit-shaped
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scapular cotyla developed on the coracoid, and coracoidal tubercle developed on the scapula (“ball and
socket” articulation); (1) scapular articular surface of coracoid convex; (2) flat.

Character 84: Scapula: articulated at the shoulder (proximal) end of the coracoid (0); well below it (1).

Character 85: Coracoid, humeral articular (glenoid) facet: dorsal to acrocoracoid process/“biceps
tubercle” (0); ventral to acrocoracoid process (1).

Character 86: Humeral articular facets of the coracoid and the scapula: placed in the same plane (0); forming a
sharp angle (1).

Character 87: Coracoid, acrocoracoid: straight (0); hooked medially (1).

Character 88: Laterally compressed shoulder end of coracoid, with nearly aligned acrocoracoid
process, humeral articular surface, and scapular facet, in dorsal view: absent (0); present (1).

Character 89: Procoracoid process on coracoid: absent (0); present (1).

Character 90: Lateral margin of coracoid: concave (0); nearly concave to straight for most part and the
convex portion is restricted at sternal end, which measures less than half the width of sternal end (1); strongly
convex, and the convex portion measuring more than half the sternal end (2). Hongshanornis longicresta,
holotype IVPP V14533, processes strongly convex lateral margin of the coracoid, which was erroneously
scored as being “concave” in O’Connor and Zhou et al. (2013) and Zhou et al. (2010).

Character 91: Broad, deep fossa on the dorsal surface of the coracoid (dorsal coracoidal fossa): absent (0);
present (1).

Character 92: Supracoracoidal nerve foramen of coracoid: centrally located (0); displaced toward (often
as an incisure) the medial margin of the coracoid (1); displaced so that it nerve no longer passes through the
coracoid (absent) (2). (ORDERED).

Character 93: Coracoid, medial surface, strongly depressed elongate furrow at the level of the
passage of n. supracoracoideus: absent (0); present (1).

Character 94: Supracoracoid nerve foramen, location relative to dorsal coracoidal fossa: above fossa (0);
inside fossa (1).

Character 95: Coracoid, sternolateral corner: unexpanded (0); expanded (1); well developed squared-off
lateral process (sternocoracoidal process) (2); present and with a distinct omal projection (hooked) (3).

Character 96: Scapular shaft: straight, both dorsal and ventral margins straight (0); straight shaft with
convex dorsal margin and straight ventral margin (1); the scapular shaft sagittally curved (2).

Character 97: Scapula, length: shorter than humerus (0); as long as or longer than humerus (1).

Character 98: Scapular acromion process: in lateral or costal view, strongly projecting
craniodorsally, forming a large angle with the proximal shaft of the scapular (0); nearly parallel to the
shaft of the scapular (1).

Character 99: Scapula, acromion process: projected cranially surpassing the articular surface for
coracoid (facies articularis coracoidea; Baumel and Witmer, 1993) (0); projected less cranially than the
articular surface for coracoid (1).

Character 100: Scapula, acromion process, in costal or lateral aspect: straight and tapered toward
cranial end (0); barely tapered with a blunt end (1); laterally hooked tip (2).

Character 101: Proximal end of scapula, pit between acromion and humeral articular facet (scapular fossa):
absent (0); present (1).

Character 102: Costal surface of scapular blade with prominent longitudinal furrow: absent (0); present (1).
Character 103: Scapular caudal end: blunt (may or may not be expanded) (0); sharply tapered (1).
Character 104: Furcular, shape: boomerang-shaped (0); V to Y-shaped (1); U-shaped (2).

Character 105: Furcula interclavicular angle: approximately 90° (0); less than 70° (1). The
interclavicular angle is measured as the angle formed between three points, one at the omal end of each
rami and the apex located at the clavicular symphysis.

Character 106: Dorsal and ventral margins of the furcula: subequal in width (0); ventral margin
distinctly wider than the dorsal margin so that the furcular ramus appears concave laterally (1).
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Character 107: Hypocleideum: absent (0); present as a tubercle or short process (1); present as an elongate
process approximately 30% rami length (2); hypertrophied, exceeding 50% rami length (3). (ORDERED)

Character 108: Sternum: unossified (0); partially ossified, coracoidal facets cartilaginous (1); fully ossified (2).

Character 109: Ossified sternum: two flat plates (0); single flat element (1); single element, with slightly
raised midline ridge (2); single element, with projected carina (3).

Character 110: Sternal carina: near to, or projecting rostrally from, the cranial border of the sternum (0);
not reaching the cranial border of the sternum (1).

Character 111: Sternum, caudal margin, number of paired caudal trabecula: none (0); one (1); two (2).
The use of “lateral” and “medial” to identify the specific sternal processes is abandoned here due to the
difficulty of identifying trabecula when only one is present.

Character 112: Sternum, outermost trabecula, shape: tips terminate cranial to caudal end of sternum
(0); tips terminate at or approaching caudal end of sternum (1); tips extend caudally past the termination of
the sternal midline (2).

Character 113: Prominent distal expansion in the outermost trabecula of the sternum: absent (0);
present, simple bulb-like (1); fan-shaped expansion (2); triangular expansion with an acute medial angle (3);
branched (4).

Character 114: Rostral margin of the sternum broad and rounded: absent (0); present (1).

Character 115: Sternum, coracoidal sulci spacing on cranial edge: widely separated mediolaterally (0);
adjacent (1); crossed on midline (2). In taxa such as Eoalulavis in which the preserved sternum does not bear
actual sulci, the placement of the coracoids can be used to infer their position relative to the sternum.

Character 116: Costal facets of the sternum: absent (0); present (1).

Character 117: Sternal costal processes: three (0); four (1); five (2); six (3); seven (4); eight (5).
(ORDERED)

Character 118: Sternal midline, caudal end: blunt W-shape (0); V-shape (1); elongate straight
projection (xiphoid process) (2); xiphoid process slightly flared mediolaterally (3); xiphoid process distal
end strongly flared with prominent medial and lateral projections (4); rounded (5).

Character 119: Sternum, caudal half, paired enclosed fenestra: absent (0); present (1).

Character 120: Sternum, dorsal surface, pneumatic foramen (or foramina): absent (0); present (1).
Character 121: Proximal and distal humeral ends: twisted (0); expanded nearly in the same plane (1).
Character 122: Humeral head: concave cranially and convex caudally (0); globe shaped, craniocaudally convex

).
Character 123: Proximal margin of the humeral head concave in its central portion, rising ventrally and
dorsally: absent (0); present (1).

Character 124: Humerus, proximocranial surface, well-developed circular fossa on midline: absent (0); present
(1).
Character 125: Humerus with distinct transverse ligamental groove: absent (0); present (1).

Character 126: Humerus, ventral tubercle projected caudally, separated from humeral head by deep capital
incision: absent (0); present (1).

Character 127: Pneumatic fossa in the caudoventral corner of the proximal end of the humerus:
absent or rudimentary (0); well developed (1).

Character 128: Humerus, deltopectoral crest: projected dorsally (the plane of the crest is coplanar to the
cranial surface of the humerus) (0); projected cranially (1).

Character 129: Humerus, deltopectoral crest: less than shaft width (0); approximately same width (1);
prominent and subquadrangular (i.e., subequal length and width) (2).

Character 130: Humerus, deltopectoral crest, perforated by a large fenestra: absent (0); present (1).
Character 131: Humerus, bicipital crest: little or no cranial projection (0); developed as a cranial

projection relative to shaft surface in ventral view (1); hypertrophied, rounded tumescence (2).
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Character 132: Humerus, distal end of bicipital crest, pit-shaped fossa for muscular attachment:
absent (0); craniodistal on bicipital crest (1); directly ventrodistal at tip of bicipital crest (2); caudodistal,
variably developed as a fossa (3).

Character 133: Distal end of the humerus very compressed craniocaudally: absent (0); present (1).

Character 134: Humerus, demarcation of muscle origins (e.g., m. extensor metacarpi radialis in Aves)
on the dorsal edge of the distal humerus: no indication (0); a pit or a tubercle (1); a variably projected scar-
bearing tubercle (dorsal supracondylar process) (2).

Character 135: Well-developed brachial depression on the cranial face of the distal end of the humerus:
absent (0); present (1).

Character 136: Well-developed olecranon fossa on the caudal face of the distal end of the humerus: absent (0);
present (1).

Character 137: Humerus, distal end, caudal surface, groove for passage of m. scapulotriceps: absent (0);
present (1).

Character 138: Humerus, m. humerotricipitalis groove: absent (0); present as a well-developed
ventral depression contiguous with the olecranon fossa (1).

Character 139: Humerus, distal margin: approximately perpendicular to long axis of humeral shaft (0);
ventrodistal margin projected significantly distal to dorsodistal margin, distal margin angling strongly
ventrally (sometimes described as a well-projected flexor process) (1).

Character 140: Humeral distal condyles: mainly located on distal aspect (0); on cranial aspect (1).

Character 141: Humerus, long axis of dorsal condyle: at low angle to humeral axis, proximodistally
oriented (0); at high angle to humeral axis, almost transversely oriented (1).

Character 142: Humerus, distal condyles: subround, bulbous (0); weakly defined, “straplike” (1).

Character 143: Humerus, ventral condyle: length of long axis of condyle less than the same measure of
the dorsal condyle (0); same or greater (1).

Character 144: Ulna: shorter than humerus (0); nearly equivalent to or longer than humerus (1).
Character 145: Ulnar shaft, radial-shaft/ulnar-shaft ratio: larger than 0.70 (0); smaller than 0.70 (1).
Character 146: Ulna, cotylae: dorsoventrally adjacent (0); widely separated by a deep groove (1).
Character 147: Ulna, dorsal cotyla strongly convex: absent (0); present (1).

Character 148: Ulna, bicipital scar: absent (0); developed as a slightly raised scar (1); developed as a conspicuous
tubercle (2).

Character 149: Proximal end of the ulna with a well-defined area for the insertion of m. brachialis anticus:
absent (0); present (1).

Character 150: Semilunate ridge on the dorsal condyle of the ulna: absent (0); present (1).
Character 151: Shaft of radius with a long longitudinal groove on its ventrocaudal surface: absent (0); present

(1).
Character 152: Ulnare: heart-shaped with little differentiation into short rami (0); U-shaped to VV-shaped,
well-developed rami (1).

Character 153: Ulnare, ventral ramus (crus longus, Baumel and Witmer, 1993): shorter than dorsal
ramus (crus brevis) (0); same length as dorsal ramus (1); longer than dorsal ramus (2).

Character 154: Semilunate carpal and proximal ends of metacarpals in adults: unfused (0); semilunate
fused to the alular (I) metacarpal (1); semilunate fused to the major (1) and minor (I11) metacarpals (2);
fusion of semilunate and all metacarpals (3). Any specimen that is inferred to be a juvenile should be scored
as a “?” in order to account for the possibility of ontogenetic change.

Character 155: Semilunate carpal, position relative to the alular metacarpal (I): over entire proximal
surface (0); over less than one-half proximal surface or no contact present (1).

Character 156: Carpometacarpus, proximal ventral surface: flat (0); raised ventral projection
contiguous with minor metacarpal (1); pisiform process forming a distinct peg-like projection (2).
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Character 157: Carpometacarpus, ventral surface, supratrochlear fossa deeply excavating proximal
surface of pisiform process: absent (0); present (1).

Character 158: Round-shaped alular metacarpal (I): absent (0); present (1).

Character 159: Alular metacarpal (1), extensor process: absent, no cranioproximally projected muscular
process (0); present, tip of extensor process just surpassed the distal articular facet for phalanx 1 in cranial
extent (1); tip of extensor process conspicuously surpasses articular facet by approximately half the width of
facet, producing a pronounced knob (2); tip of extensor process conspicuously surpasses articular facet by
approximately the width of facet, producing a pronounced knob (3). (ORDERED)

Character 160: Alular metacarpal (1), distal articulation with phalanx I: ginglymoid (0); shelf (1); ball-like (2).

Character 161: Metacarpal 11, craniocaudal diameter as a percentage of same dimension of
metacarpal I1: approximately equal or greater than 50% (0); less than 50% (1).

Character 162: Proximal extension of metacarpal I11: level with MC I1 (0); ending distal to proximal surface of
MC I1 (2).

Character 163: Intermetacarpal process or tubercle on metacarpal 11: absent (0); present as scar (1); present as
tubercle or flange (2).

Character 164: Intermetacarpal space: absent or very narrow (0); at least as wide as the maximum width of minor
metacarpal (111) shaft (1).

Character 165: Intermetacarpal space: reaches proximally as far as the distal end of MC | (0);
terminates distal to end of MC 1 (1).

Character 166: Distal end of metacarpals: unfused (0); partially or completely fused (1).

Character 167: Minor metacarpal (I11) projecting distally more than the major metacarpal (11): absent (0);
present (1).

Character 168: Alular digit (1), phalanx 1, distal extension relative to the major metacarpal (11):
beyond the distal end of major metacarpal (0); approximately equal in distal extension (1); shorter than the
distal end but beyond half of the major metacarpal (2); terminating less than half of the major metacarpal
(3). (ORDERED)

Character 169: Proximal phalanx of major digit (11): of normal shape (0); flat and craniocaudally expanded (1).

Character 170: Major digit (1), phalanx 1, “internal index process” (Stegmann, 1978) on caudodistal edge:
absent (0); present (1).

Character 171: Second phalanx of major digit (11): longer than proximal phalanx (0); shorter than or equivalent
to proximal phalanx (1).

Character 172: Ungual phalanx of major digit (I1): present (0); absent (1).

Character 173: Ungual phalanx of major digit (11): larger or subequal to other manual unguals (0);
smaller than the alular ungual but larger than that of the minor (I11) digit, and the ungual of the minor digit
may or may not present (1); smaller than the unguals of the alular and minor digits (2).

Character 174: Proximal phalanx of the minor digit (111) much shorter than the remaining non-
ungual phalanges of this digit: absent (0); present (1).

Character 175: Ungual phalanx of minor digit (111): present (0); absent (1).

Character 176: Length of manus (semilunate carpal + major metacarpal and digit) relative to
humerus: longer (0); subequal (1); shorter (2). (ORDERED)

Character 177: Intermembral index = (length of humerus + ulna)/(length of femur + tibiotarsus): less
than 0.7, flightless (0); between 0.7 and 0.9 (1); between 0.9 and 1.1 (2); greater than 1.1 (3).

Character 178: Pelvic elements in adults, at the level of the acetabulum: unfused or partial fusion (0);
completely fused (1).

Character 179: lium/ischium, distal co-ossification to completely enclose the ilioischiadic fenestra: absent (0);
present (1).

Character 180: Preacetabular process of ilium twice as long as postacetabular process: absent (0); present (1).
Character 181: Preacetabular ilium: approach on midline, open, or cartilaginous connection (0); co-
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ossified, dorsal closure of “iliosynsacral canals” (1).

Character 182: llium, m. cuppedicus fossa as broad, mediolaterally oriented surface directly
cranioventral to acetabulum: present (0); surface absent, insertion variably marked by a small entirely
lateral fossa cranial to acetabulum (1).

Character 183: Preacetabular pectineal process (Baumel and Witmer, 1993): absent (0); present
as a small flange (1); present as a well-projected flange (2). (ORDERED)

Character 184: Small acetabulum, acetabulum/ilium length ratio equal to or smaller than 0.11: absent (0);
present (1).

Character 185: Prominent antitrochanter: caudally directed (0); caudodorsally directed (1).

Character 186: Postacetabular process shallow, less than 50% of the depth of the preacetabular wing
at the acetabulum: absent (0); present (1).

Character 187: Iliac brevis fossa: present (0); absent (1).

Character 188: Ischium: two-thirds or less the length of the pubis (0); more than two-thirds the length of the pubis
(1).
Character 189: Obturator process of ischium: prominent (0); reduced or absent (1).

Character 190: Ischium, caudal demarcation of the obturator foramen: absent (0); present,
developed as a small flange or raised scar contacting/fused with pubis and demarcating the obturator
foramen distally (1).

Character 191: Ischium with a proximodorsal (or proximocaudal) process: absent (0); present (1).
Character 192: Ischiadic terminal processes forming a symphysis: present (0); absent (1).

Character 193: Orientation of proximal portion of pubis: cranially to subvertically oriented (0);
retroverted, separated from the main synsacral axis by an angle ranging between 65° and 45° (1); more or less
parallel to the ilium and ischium (2). (ORDERED)

Character 194: Pubic pedicel: cranioventrally projected (0); ventrally or caudoventrally projected (1).
Character 195: Pubic pedicel of ilium very compressed laterally and hook-like: absent (0), present (1).
Character 196: Pubic shaft laterally compressed throughout its length: absent (0); present (1).
Character 197: Pubic apron: present (0); absent (absence of symphysis) (1).

Character 198: Pubic foot: flaring into simple round shape (0); triangular shape with a pointed caudal tip
and caudoventally directed with respect to the distal pubic shaft (1); the caudal tip recurved caudodorsally
with respect to the distal pubic shaft (2); absent (3). Contrary to O’Connor and Zhou (2013), pubic foot is

considered present in Confuciusornis.

Character 199: Femur with distinct fossa for the capital ligament: absent (0); present (1).
Character 200: Femoral neck: present (0); absent (1).

Character 201: Femoral anterior trochanter: separated from the greater trochanter (0); fused to it,
forming a trochanteric crest with a laterally curved edge (1); fused to it, forming a trochanteric crest
with a flattened edge (2).

Character 202: Femoral trochanteric crest: projects proximally beyond femoral head (0); equal in
proximal projection (1); does not project beyond femoral head (2).

Character 203: Femoral posterior trochanter: present, developed as a slightly projected tubercle or
flange (0); hypertrophied, “shelf-like” conformation (1); absent (2).

Character 204: Femur with prominent patellar groove: absent (0); present as a continuous extension
onto the distal shaft (1); present and separated from the shaft by a slight ridge, giving it a pocketed
appearance (2).

Character 205: Femur: ectocondylar tubercle and lateral condyle separated by deep notch (0); ectocondylar
tubercle and lateral condyle contiguous but without developing a tibiofibular crest (1); tibiofibular crest
present, defining laterally a fibular trochlea (2). (ORDERED)

Character 206: Caudal projection of the lateral border of the distal end of the femur, proximal
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and contiguous to the ectocondylar tubercle/tibiofibular crest: absent (0); present (1).
Character 207: Femoral popliteal fossa distally bounded by a complete transverse ridge: absent (0); present

).
Character 208: Fossa for the femoral origin of m. tibialis cranialis: absent (0); present (1).

Character 209: Tibia, calcaneum, and astragalus: unfused or poorly co-ossified (sutures still
visible) (0); complete fusion of tibia, calcaneum, and astragalus (1).

Character 210: Round proximal articular surface of tibiotarsus: absent (0); present (1).

Character 211: Tibiotarsus, proximal articular surface: flat (0); angled so that the medial margin is
elevated with respect to the lateral margin (1).

Character 212: Tibiotarsus, cnemial crests: absent (0); present, one (1); present, two (2). No cnemial
crest is present in Sulcavis (coded as missing in O’Connor et al., 2013)

Character 213: Tibia, caudal extension of articular surface for distal tarsals/tarsometatarsus: absent,
articular restricted to distalmost edge of caudal surface (0); well-developed caudal extension, sulcus
cartilaginis tibialis of Aves (Baumel and Witmer, 1993), distinct surface extending up the caudal surface of
the tibiotarsus (1); with well-developed, caudally projecting medial and lateral crests (2). (ORDERED)

Character 214: Extensor canal on tibiotarsus: absent (0); present as an emarginate groove (1); groove
bridged by an ossified supratendinal bridge (2). (ORDERED)

Character 215: Tibia/tarsal-formed condyles: medial condyle projecting farther cranially than lateral
condyle (0); equal in cranial projection (1).

Character 216: Tibia/tarsal-formed condyles, mediolateral widths: medial condyle wider (0);
approximately equal (1); lateral condyle wider (2). (ORDERED). The medial condyle is wider than the lateral
one in Sulcavis (contra O’Connor et al., 2013)

Character 217: Tibia/tarsal-formed condyles: gradual sloping of condyles towards midline of tibiotarsus
(0); no tapering of either condyle (1).
Character 218: Proximal end of the fibula: prominently excavated by a medial fossa (0); nearly flat (1).

Character 219: Fibula, tubercle for m. iliofibularis: craniolaterally directed (0); laterally directed (1);
caudolaterally or caudally directed (2). (ORDERED)

Character 220: Fibula, distal end reaching the proximal tarsals: present (0); absent (1). Fibula is not
preserved in Shengiornis (Wang et al., 2010), and this character is coded as ‘?” (contra O’Connor and Zhou,
2013)

Character 221: Distal tarsals in adults: free (0); completely fused to the metatarsals (1). Any specimen
that is inferred to be a juvenile should be scored as a “?” in order to account for the possibility of
ontogenetic change.

Character 222: Metatarsals I1-1V, intermetatarsal fusion: absent or minimal co-ossification (0); partial
fusion, sutural contacts easily discernible (1); completely or nearly completely fused, sutural contacts
absent or poorly demarcated (2). (ORDERED)

Character 223: Proximal end of metatarsus: plane of articular surface perpendicular to longitudinal axis of
metatarsus (0); strongly inclined dorsally (1).

Character 224: Metatarsal V: present (0); absent (1). MT V is absent in Shengiornis (contra O’Connor and Zhou,
2013)

Character 225: Proximal end of metatarsal I11: in the same plane as MTs Il and 1V (0); plantarly displaced
with respect to MTs Il and IV (1).

Character 226: Tarsometatarsal proximal vascular foramen/foramina: absent (0); one between MTs Il and IV
(1); two (2).

Character 227: Metatarsals, relative mediolateral width: MT 1V approximately the same width as
MTs Il and 111 (0); MT IV narrower than MTs Il and 111 (1); MT IV greater in width than either MT |1 or
1 (2).

Character 228: Well-developed tarsometatarsal intercotylar eminence: absent (0); present, low and
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rounded (1); present, high and peaked (2).

Character 229: Tarsometatarsus, projected surface and/or grooves on proximocaudal surface
(associated with the passage of tendons of the pes flexors in Aves; hypotarsus): absent (0); developed as
caudal projection with flat caudal surface (1); projection, with distinct crests and grooves (2); at least one
groove enclosed by bone caudally (3). (ORDERED)

Character 230: Plantar surface of tarsometatarsus excavated: absent (0); present (1).

Character 231: Tarsometatarsal distal vascular foramen completely enclosed by metatarsals 111 and 1V:
absent (0); present (1).

Character 232: Metatarsal I: straight (0); J-shaped, the articulation of the hallux is located on the same
plane as the attachment surface of the MT I (1); J-shaped; the articulation of the hallux is perpendicular to
the attachment surface (2); the distal half of the MT | is laterally deflected so that the laterodistal surface is
concave (3).

Character 233: Metatarsal Il tubercle (associated with the insertion of the tendon of the m. tibialis
cranialis in Aves): absent (0); present, on approximately the center of the proximodorsal surface of MT 11
(1); present, developed on lateral surface of MT II, at contact with MT 111 or on lateral edge of MT Il (2).
(ORDERED)

Character 234: Metatarsal 11, distal plantar surface, fossa for metatarsal | (fossa metatarsi I; Baumel
and Witmer, 1993): absent (0); shallow notch (1); conspicuous ovoid fossa (2). (ORDERED)

Character 235: Relative position of metatarsal trochleae: trochlea I1l more distal than trochleae Il and
IV (0); trochlea 111 at same level as trochlea IV, both more distal than trochlea 11 (1); trochlea Il at same
level as trochleae 11 and 1V (2); distal extent of trochlea I11 intermediate to trochlea IV and Il where trochlea
IV projects furthest distally (3).

Character 236: Metatarsal 11, distal extent of metatarsal 11 relative to metatarsal 1V: approximately
equal in distal extent (0); MT 11 shorter than MT IV but reaching distally farther than base of MT 1V
trochlea (1); MT Il shorter than MT IV, reaching distally only as far as base of MT IV trochlea (2).

Character 237: Distal tarsometatarsus, trochlea in distal view: aligned in a single plane (0); MT Il
slightly displaced plantarly with respect to Il and 1V (1); MT 11 strongly displaced plantarly in respect to 11
and 1V, such that there is little or no overlap in medial view (2).

Character 238: Trochlea of metatarsal 11 broader than the trochlea of metatarsal 111: absent (0); present (1).

Character 239: Metatarsal 111, trochlea in plantar view, proximal extent of lateral and medial
edges of trochlea: trochlear edges approximately equal in proximal extent (0); medial edge extends
farther (1).

Character 240: Distal end of metatarsal 11 strongly curved medially: absent (0); present (1).

Character 241: Digit IV phalanges in distal view, medial trochlear rim enlarged with respect to lateral
trochlear rim: absent (0); present (1); greatly enlarged with the lateral trochlea reduced to a rounded peg (2).

Character 242: Completely reversed hallux (arch of ungual phalanx of digit | opposing the arch of the
unguals of digits 11-1V): absent (0); present (1).

Character 243: Size of claw of hallux relative to other pedal claws: shorter, weaker, and smaller (0);
similar in size (1); longer, more robust, and larger (2).

Character 244: Alula: absent (0); present (1).
Character 245: Fan-shaped feathered tail composed of more than two elongate retrices: absent (0); present (1).

Character 246: Sternum, outermost trabecula: mainly parallel to the long axis of the sternum (0); clearly directed
laterally (1).

Character 247: Distal end of furcula relative to sternal margin of coracoid: proximal to or level with the
sternal margin of the coracoid (0); well beyond the sternal end of the coracoid (1). When coracoid and
furcula are not remained in natural position, then their proximodistal lengths are compared.

Character 248: Scapula and coracoid: fused (0); unfused (1).

Character 249: Scapula, acromion process length relative to the length of the humeral articular facet:
less than half (0); nearly equivalent (1); longer but less than two times (2); more than two times longer (3).
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(ORDERED)

Character 250: Alular digit (1), phalanx 1: longer than the phalanx 1 of digit 11 (0); shorter than or equivalent to
the phalanx 1 of digit 11 (1).

Character 251: Coracoid, width of the sternal end relative to the length along the shaft: approximately
half or greater (0); between half to 1/3 (1); less than 1/3 (2).

Character 252: Coracoid, sternal margin: convex (0); nearly straight (1); concave (2);

Character 253: Humerus, deltopectoral crest, distal end recedes abruptly with the humeral shaft: present (0);
absent (1)

Character 254: Tibia/tarsal-formed condyles, intercondylar groove: mediolaterally broad,
approximately 1/3 with of anterior surface (0); less than 1/3 width of anterior surface (1).

Character 255: Metatarsal 1V, distal extension of the metatarsal 1V relative to the metatarsal 111:
shorter and proximal to the proximal margin of the trochleae 111 (0); shorter but reaching distally further
than the proximal margin of the trochleae 111 (1); approximately equal or surpassing the trochleae 111 (2)

Character 256: Reduced claw in digit IV: absent (0); present (1).

Character 257: The ratio (tibiotarsus length/tarsometatarsus length): 2 or larger (0); between 2 and 1.6
(1); smaller than 1.6 (2). When distal tarsals are not fused with metatarsals, MT Il length is used.

Character 258: Pedal digit, penultimate phalanx, longer than preceding phalanges in each digit: absent (0);
present (1).

Character 259: Proximal phalanx of hallux, the longest non-ungual phalanx: absent (0); present (1).

Character 260: Phalanx in digit 1V: not as follows (0), the second and the third phalanges reduced and
significantly shorter than the fourth phalanx (1), as before but with the proximal phalanx reduced to be nearly
equal in length with the second and third phalanx (2).

Character 261: Ungual in digit 111, length relative to the tarsometatarsus: less than 20% the length of
tarsometatarsus (0); 20-40% (1); extremely elongated and measuring more than 40% the length of
tarsometatarsus (2); When metatarsals are not fused with distal tarsals, the length of MT Ill is used. The length
of ungual represents the linear distance between proximal end (position equivalent to flexor process) and tip of
the sheath. If the sheath is not preserved or disarticulated with bony ungual, it should be scored as “?”.

(ORDERED)

Character 262: Surangular: not as follows (0); dorsal margin concave and ventral margin convex (1); sigmoid (2).
Falcatakely = ?

Character 263: Premaxilla: preorbital portion occupying 60% or more the skull length: absent (0); present (1).

Falcatakely =0
Character 264: Pedal digit 11: not as follows (0); much robust than the other digits (1). Falcatakely = ?

Character 265: Alular digit (1): long, exceeding the distal end of the major metacarpal (0); subequal (1); short, not
surpassing this metacarpal (2). (ORDERED) Falcatakely = ?

Character 266: Tarsometatarsus, length compared to femur length: 0.6 or fewer (0); 0.8-0.6 (1); 1-0.8 (2);1 or
greater (3). Falcatakely = ?

Character 267: Quadratojugal, shape: without horizontal process posterior to ascending process (reversed “L”
shape) (0); with horiziontal posterior process (i.e., inverted ‘T’ or ‘Y’ shape) (1). Falcatakely = ?

Character 268: Jugal and quadratojugal, fusion: absent (0); present, the two bones are not distinguishable from
one another (1). (ORDERED) Falcatakely =0

Character 269: Caudal vertebrae, change in morphology of free caudals along the tail: present, with distinct
transition point from shorter centra with long transverse processes proximally to longer centra with small or no
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transverse processes distally (0); absent, vertebrae homogeneous in shape, without transition point (1). Falcatakely
=7

Character 270: Caudal vertebrae, location of transition point along the tail: begins distal to the 10th caudal
vertebra (0); between the 7th and 10th caudal vertebra (1); proximal to the 7th caudal vertebra (2) (ORDERED).
Falcatakely = ?

Character 271: Coracoid and scapula, angle between bones at glenoid: greater than or equivalent to 90° (0);
smaller than 90° (1). Falcatakely = ?

Character 272: Ischium, distal end: continuous with the proximal shaft, rendering the cranial margin of the
ischium straight or weakly convex (0); directed cranioventrally toward the pubis, rendering the cranial margin
concave (1). Falcatakely = ?

Character 273: Ischium, caudal margin with a dorsal process: located proximal to or close to the midpoint of the
caudal margin (0); distal to the midpoint of the caudal margin (1). Falcatakely = ?

Character 274: Sternum, cranial margin with a pair of craniolateral processes: absent (0); present (1).
Falcatakely = ?

Character 275: Premaxilla corpus: dorsoventral height greater than or equal to craniocaudal length (0);
dorsoventral height smaller than craniocaudal length (1). Falcatakely = 1

Character 276: Furcula, omal tip: blunt or expanded (0); tapered (1). Falcatakely = ?

Character 277: Alular metacarpal, cranial margin: expanded cranioproximally and craniodistally, and
constricted just before flare of articulation with digit (0); broadly convex (1). Falcatakely = ?

Character 278: Alular digit, phalanx 1: straight (0); bowed (1). Falcatakely = ?

Character 279: Major digit, phalanx 2: straight (0); bowed (1). Falcatakely =?

Character 280: Minor digit: with four phalanges (0); less than four phalanges (1). Falcatakely = ?
ADDED by Field et al., 2018

Character 281: Premaxillae, extent along margin of jaw (ORDERED): 1/3 or less of total length of rostrum (0);
between 1/3 and 12 of total length of rostrum (1); over 12 of total length of rostrum. Falcatakely =0

Character 282: Premaxillae, ventral surface: deeply concave with exposed pair of neurovascular foramina (0);
covered with a smooth palatal shelf (1). Falcatakely = ?

Character 283: Transverse ridges of bone (socketing) along the region of maxilla and dentary occupied by
embryonic dental lamina (potentially dentigerous region): present (0); absent (1). Falcatakely = ?

Character 284: Anterior margin of upper temporal region: formed by extensive postorbital ossification with a
primarily mediolateral, horizontal orientation, a flat upper table, and a posterior deflection of the tip (0); formed by
reduced postorbital ossification directed ventrally but not laterally (1). Falcatakely =?

Character 285: Posterior margin of upper temporal region: formed by extensive, ridged and buttressed
squamosal process extending first laterally and then rostrally, with rostral portion elongate (longer than tall) and
about the same length as the lateral extent (0); formed by reduced extension of squamosal enclosing a smaller
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adductor region and with a minor anterior extent (1). Falcatakely = ?
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