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A REANALYSIS OF ACROCANTHOSAURUS ATOKENSIS, ITS PHYLOGENETIC STATUS,

AND PALEOBIOGEOGRAPHIC IMPLICATIONS, BASED ON A NEW SPECIMEN FROM TEXAS

JERALD D. HARRIS

New Mexico Museum of Natural History and Science, 1801 Mountain Road NW, Albuquerque, New Mexico 87104

ABSTRACT: A new specimen of the large, Aptian-Albian theroped dinosaur Acrocanthosaurus
atokensis from northern Texas contains many elements, including the palatine, surangular, articular,
prearticular, teeth, cervical, dorsal, sacral, and caudal vertebrae, scapulae, ischia, and femora, that
were insufficiently known previously. Diagnostic features of Acrocanthosaurus include a reduced
divisory ridge in the mandibular glenoid; cervical, dorsal, sacral, and proximal caudal vertebrae with
highly elongate neural spines possessing pronounced inter- and supraspinous ligament insertion
sites with numerous associated asymmetrical fossac and foramina; cervical vertebral neural spines
with triangular cranial processes that insert into caudal overhangs; dorsal vertebrae with fossae on
lateral surfaces of neural spine separated by very thin laminae; and arched pre- and postzygapophyseal
facets on the mid- and caudal dorsal and sacral vertebrae. Acrocanthosaurus displays autapomorphies
of the Allosauroidea, including a distally expanded jugal process of the palatine, basioccipital absent
from the basal tubera, and surangular twice as deep as the angular. It is most closely related to
Carcharodontosaurus from the Albian {(or Cenomanian) of Africa, sharing with that taxon laterally
expanded, reniform caudal articular facets on the cervical vertebrae and rudimentary caudal
pleurocoelous fossae; close relationships to the allosauroids Neovenaior from Ewrope, Chilantai-
saurus from Asia, and Giganotosaurus from South America are also, albeit less strongly, supported.
Allosqurus is more distantly related. The relative closeness of Acrocanthosaurus to Carcharodonio-
saurus implics that dispersal of their common ancestor probably occurred through South Amenca
and into Africa prior to the separation of North and South America sometime in the Early Cretaceous

before the Aptian.

INTRODUCTION

Compared to the Late Jurassic and Late Cretaceous dino-
saunian faunas of North America, those from the Early Creta-
ceous are quite poorly known. In the 19th Century,
fragmentary dinosaurian remains were recovered from the
Arundel Formation of the East Coast (Marsh, 1888) and from
the Trinity Group of Texas and Oklahoma (Hill, 1887a). More
complete remains have since been discovered in the Cloverly
Formation of Wyoming and Montana (Ostrom, 1970}, the
Cedar Mountain Formation of Utah (Kirkland et al., 1993},
and from the Trinity Group (Winkler etal., 1988, 1989, 1997).
Almost all of these fossils are ornithischians and sauro-
podomorph saurischians; with the exception of Deinonychus
(Ostrom, 1969), theropod material has been fragmentary. The
only large theropod from any of these formations based on a
substantial portion of the skeleton is Acrocanthosaurus
atokensis (Stovall and Langston, 1950) from the Trnity Group
of Oklahoma.

Here, a skeleton with approximately 70% of the ¢elements
represented (SMU 74646, also catalogued as FWMSH 931B-
9, see Appendix 1 for abbreviations used in text) of a large
theropod dinosaur from Hobson Ranch (Trinity Group, north-
central Texas) is compared to the holotype and paratype speci-
mens of dcrocanthosaurus atokensis Stovall and Langston
{1950) and attributed to the same species. A revised diagno-
sis of the taxon is presented.

In the original description, Acrocanthosaurus was placed
within the Allosauridae (Antrodemidae Marsh, per Stovall and
Langston [19501), based largely on geographic proximity to the
Late Jurassic Allosaurus fragilis. Nevertheless, in most subse-
quent analyses of theropod systematics, it has remained close
to Allosaurus in the Allosauridae, representing a Cretaceous
extension of the lineage of better-known North American Late
Jurassic theropods, as opposed to an Early Cretaceous nise of
the otherwise Late Cretaceous tyrannosaurid theropods
(Walker,1964; Britt, 1993). However, new theropod discoveries
and detailed cladistic analyses in the last decade have, while
clarifying some aspects of theropod phylogeny, obfuscated the
precise position of Acrocanthosaurus (Fig. 1). Most recently,
Sereno et al. (1996) proposed a closer relationship of
Acrocanthosaurus to both Carcharodontosaurus saharicus
from the Albian {or Cenomanian) of northern Africa and
Giganotosaurus carolinii (Coria and Salgado, 1995) from the
Albian (or Cenomanian} of Argentina than to Allesaurus. Sereno
et al. (1996) place Acrocarnthosaurus in the Carcharo-
dontosauridae within a more inclusive Allosauroidea (Currie
and Zhao, 1993). If this is comect, then Acrocanthosaurus isa
representative element of a poorly understood paleobiogeogra-
phic distribution of large theropods, instead of simply being a
derivative of carlier North American theropods. Analysis of SMU
74646 allows emendation of the formal diagnosis of the genus,
thus allowing better understanding of its relationships within
the Allosauroidea, clarifying Early Cretaceous theropod glebal
biogeography. .



Stovall and Langston {1850
Theropoda
Camosauria
Antrodemidae (=Allosauridae}
Allosaurus, Acrocanthosaurus
Megalosauridae
Deinodontidae (=Tyrannosauridae)
Spingsauridae
pinosaurus

r{i
Theropoda
Camosauria
Tyrannosaurcidea
rithosuchidag
Tyrannosauridae
Albertosaurus, Deinodon
{=Tyrannosaurus)
Spinosauridae
Acrocanthosaurus,
Altispinax, Spinosaurus
Mogalosauroidea
Megalosauridae
Antrodemus {=Allosaurus),
Bahariasaurus, ? Carcharodontosaurus,
Eustreptospondylus, Megalosaurus,
Metriacanthosaurus

n (197
Theropoda
Carmosauria
Allosauridae
Allosaurus, Acrocanthosaurus

Theropoda
Ceratosauria
Tetanurae
Carnosauria
Albertosaurus, Allosaurus,
Acrocanthosaurus, Tyrannosaurus
Coelurosauria
Ormithomimidae
Maniraptora
Omitholestes
Deinonychosauria
Avialae

Paul (1988)

Theropoda
Paleotheropoda
Ceratosauria

Intertheropoda
Megalosauridag
Megalosaurinae, Abelisaurinae
Eustreptospondylidae
Eustreptospondylinae,
Metriacanthosaurinae
Avetheropoda
Compsognathia, Coeluria
Allosauria
Allosaurinae
Allosaurus, Acrocanthosaurus,
Baharisaurus, Garcharodontosaurus,
Chilantaisaurus
Tyrannosauridas

Holtz (1994, 1996}
Tharopoda
Tetanurae
Torvosaurus
unnamed node
Megalosaurus
Avetheropoda
Allosauridas
Allosaurus, Acrocanthosaurus
Coelurosauria
Compsognathus
Maniraptoriformes
Omitholestas
Arctometatarsalia
Tyrannosauridae

Theropoda
Neotheropoda
Ceratosauria
Tetanurae
Torvosauridas
Spinosauridae
pINosaurus
Neotstanurae
Allosauroidea
Sinraptoridae, Crylophosaurus,
Monolophosaurus, Allosaurus
Carcharodontosadridae
Acrocanthosaurus,
Carcharodontosaurus,
Giganotosaurus
Coelurosauria
Crnitholestes
unnamad node
Deitadromeus
Maniraptora
Tyrannosauridae

Figure 1. Previously hypothesized taxonomic and phylogenctic positions of dcrocanthosaurus relative to other theropods, particularly

allosauroids and tyrannosaurids.

GEOLOGICAL AND
PALEONTOLOGICAL SETTING

SMU 74646 was found at Hobson Ranch, SMU Locality
#261. This locality, discovered and owned by Philip R. Hobson
and family, is located in Parker County, Texas, west of Fort
Worth (exact site information is on file at SMU). Although
not reported until 1990, the site was known to the Hobson
family prior to that time. The locality is in the Twin Moun-
tains Formation, and occurs in a cross-bedded and concre-
tionary sandstone facies.

Geological Setting

The Twin Mountains Formation, named and defined by
Fisher and Rodda (1966), is the lowest member of the Trinity
Group in north-central Texas, which is generally accepted as
containing, in stratigraphic sequence, the Twin Mountains
Formation, the Glen Rose Limestone, and the Paluxy Forma-
tion. Although no radiometric ages have been derived from
the Trinity Group (Winkleretal., 1989), foraminiferal (Michael,
1972), ammonite (Y oung, 1986) and vertebrate (Winkler et al.,
1989, 1590, 1997; Jacobs et al., 1991) biostratigraphic correla-



tion as well as !13C data (Rennison, 1996) support a late
Aptian-early Albian age for the group and a late Aptian age
for the Twin Mountains Formation in particular, The Aptian-
Albian boundary was estimated as 112 + 1 Ma by Cbradovich
(1994) and Gradstein et al. (1994, 1993).

Twin Mountains Formation sediments were first recog-
nized by Hill (1887a) as part of the “Dinosaur Sands.” Al-
though he did not give a specific age for the sediments, he
placed them between recognized Carboniferous and Lower
Cretaceous formations, Hill (1887b) later voiced his suspi-
cion that the “Dinosaur Sands” would prove to belong to the
Upper Jurassic. Later, Hill (1891} recognized lithostratigraphic
divisions within these sediments, defining the “Trinity
Sands” and the Glen Rose beds. The stratigraphically lowest
Cretaceous sediments (those between the Carboniferous
basement and the Glen Rose Limestone) in central and north-
central Texas have also been referred to as the Bluffdale or
Buff Dale Sands (Hill, 1901), but Boone (1968) has shown the
Bluff Dale Sand to be a geographically restricted facies of the
Glen Rose Limestone. Twin Mountains sediments have also
been referred to as “Basement’ sands (Hill, 1901; Scott, 1930;
Scoit and Armstrong, 1932; Knopp, 1957).

Hill (1891:505) recognized that the “fine, white, cross-bed-
ded sand” is mostly unconsolidated and calcareous; he ac-
knowledged that the sediments are erosional detritus of the
underlying Paleozoic formations. He proposed that their depo-
sition marked the initial, nearshore stages of a marine trans-

gression that eroded a barrier of Paleozoic formations into a -

terrain of inland lakes, culminating ultimately in the deposi-
tion of the overlying marine Glen Rose beds. Although there
was not a single transgressive event {Young, 1986), the over-
all portrait of the Twin Mountains Formation (and correlative
facies to the south [Fisher and Rodda, 1966]} as continental,
nearshore facies of a marine transgressive sequence {induced
by subsidence of the continental mass) remains accurate
(Markovic, 1951; Knopp, 1957; Gibson, 1967, Hendricks, 1967;
Boone, 1968; Stricklin et al., 1971; Young, 1986). Cross-bed-
ding in the Twin Mountains Formation, at least within the
Middle Sand portion, has been interpreted as the result of
fluvial deposition (Markovic, 1951).

Sediment comprising the blocks in which SMU 74646 was
found consists of calcite-cemented, medium- to fine-grained,
well-sorted, quartzose sandstone. The precipitation of cal-
cite around decaying organic matter due to anaerobic bacte-
rial action is relatively well-known (e.g., Brett and Baird [ 1986]
and references cited therein). Fragmentary plant matter (lo-
cally abundant immediately surrounding many elements of
SMU 74646), coupled with the decay of the specimen, may
have contributed to the formation of these nodules.

The Glen Rose Limestone in Parker County, Texas (where
SMU Locality 261 occurs) thins, changes lithology from lime-
stone to marly shales, and becomes discontinuous, forming
lenses that are difficult to correlate with one another or the
main limestone body (Hendricks, 1957; Gibson, 1967). To the
north, it disappears altogether (Scott and Armstrong, 1932;
Hendricks, 1967), so the Twin Mountains and Paluxy Forma-
tions merge to form the Antlers Formation (which, in this
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tegion, comprises the Trinity Group in its entirety), as first
noted by Hill (1894). Int the south (including the southern
portion of Parker County), the Glen Rose is a prominent, map-
pable unit that lies between the Twin Mountains and the
Paluxy Formations. SMU Locality 261 occurs roughly 130 m
below the nearest outcrop of the Glen Rose Limestone and
an undetermined distance from the contact of the Twin Moun-
tains Formation and the Paleozoic basement.

Stovall and Langston (1950) do not provide information
about the stratigraphic levels at which the holotype and
paratype specimens of Acrocanthosaurus were found with
respect to the base and top of the Antlers Formation. Rennison
(1996) correlates the 913C sequence of the lower Antlers For-
mation of Oklaboma with the mid-portion of the Trinity Group
in north-central Texas.

Paleontology of the Twin Mountains Formation

Twin Mountains Formation dinosaurs include the sauro-
pod Pleurocoelus, the basal iguanodontian Tenontosaurus
dossi (Winkler et al., 1997), an unnamed hypsilophodontid
(Winkler et al., 1938; Winkler and Murry, 1989), and numer-
ous small theropod teeth, including some similar to the
dromaeosaurid Deinonychus. Mammals recovered include
an indeterminate therian jaw and teeth of the triconodont
Astroconodon (Slaughter, 1969, Winkler etal., 1989, 1990).
Other vertebrates include a turtle referable to Naomichelys,
plus osteichthyans, chondrichthyans, amphibians, and croce-
dilians (Winkler etal., 1989, 1990).

Invertebrate fossils from the Twin Mountains Formation
include bivalve molluscs and ?annelid tubes (Hendricks, 1967;
Winkler et al., 1989). One site {Paluxy Church), was appar-
ently a lagoonal or estuarine setting, including both marine
and terrestrial fossils (Winkler et al., 1989).

Although fragmentary plant material is locally abundant
in the Twin Mountains Formation, the only identifiable mate-
ria] thus far reported has been a possible cycad or cycadeoid
specimen (Bose, 1917), some charophyte gyrogonites
(Hendricks, 1967) and some gymnosperm wood from the SMU
locality from which material of Tenontosaurus dossi was re-
covered (Jacobs, 1989; Winkler etal., 1989).

TAPHONOMY

All the elemnents in SMU 74646 possess individual num-
bers, placed in white paint labels on each bone, The first digit
reflects the block from which the bone originated, and the

-second number (after the hyphen) is the number in the se-

quence in which bones were removed from that block. In
some cases, two or more separately numbered pieces found
to fit together are from the same element; these are denoted
in this report by presenting both (or at least two, if more than
two pieces were involved) specimen numbers, separated by
a slash.

Fragile elements of SMU 74646, such as the thin processes
of the palatine and ectopterygoid and the laminae on many of
the dorsal vertebrae, are relatively complete. Such thin bone
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is unlikely to have survived much mechanical transport or
other abrasion. The retention of ribs and gastralia in articula-
tion, more easily transportable elements (Voorhies, 1969;
Behrensmeyer, 1975), also supports the idea that little me-
chanical transport occurred prior to burial of the skeletal ele-
ments, The preservation of such fragile and lightweight
elements as the palatine and gastralia, but the absence of
more robust elements, such as the humeri and tibiae, is not
expected if simple, pre-burial hydraulic transportation is the
sole explanation for missing elements.

The positions of the bones with respect to each other
(Figs. 2, 3) indicate that the pre-disarticulation position of the
body is still visible. The specimen lay on its right side with
the head and neck and tail arched backward, a pose typical of
dessicated specimens (Weigelt, 1989). This position implies
exposure prior to burial,

All of the bones recovered from the locality preserve ex-
cellent surface integrity: they do not display the kind of crack-
ing or flaking induced by continual surface exposure
described by Behrensmeyer (1978) and Fiorillo (1988). A few
bones were abraded (e.g., some rib and gastralium fragments),
but this appears to be a result of modern weathering. Some
bones of SMU 74646 retained some connective tissue (weath-
ering stages 0-1 of Fiorillo [1988]), as indicated by the articu-
lation of some elements (e.g., sequences of vertebrae, ribs,
and gastralia). In contrast, a large number of elements (e.g.,
ribs and caudal vertebra 1-19/1-25) appear to have been bro-
ken prior to or during burial, and their pieces separated from
one another. Most of the shearing of the vertcbrac appears
to have been done during preparation, as evidenced by the
lack of matrix on the sheared surfaces, although the presence
of matrix in the interior cameilae of the sixth cervical (3-60)
implies that at least this one was broken prior to or during
burial.

Only one element found, metatarsal II, possesses what
may be a spiral fracture. Spiral fractures can be induced in
modern bones by carnivores (Hayes, 1980; Shipman, 1981) or
trampling (Fiorillo, 1989). Most of the elements occur in pla-
nar relation to one another; none of the elements appears to
have been trampled (Fioriilo, 1989) or deposited on an irregu-
lar terrain (Voorhies, 1969): both processes tend to produce
numetous elements oriented at significant angles from the
horizontal.

None of the elements shows grooves, punctures, or un-
healed tooth marks indicative of scavenging (Fiorillo, 1988,

1989, 1991; Rogers, 1990). However, the presence of two croco-
dilian teeth and one tooth of an unidentified animal (possibly
fish) with the specimen suggests that minor scavenging may
have occurred. Scavenging by crocodilians may explain the
absence of some of the smaller elements from SMU 74646,
but is insufficient to explain the absence of many of the larger
elements,

Erosion of the specimen for several decades prior te col-
lection is the most likely explanation for the absence of some
bones from SMU 74646, while simultaneously allowing for
the presence of fragile elements. This may be particularly
true of the distal caudals, since three of the medial caudals

(K1,K2, and K3) were collected in soft, weathered sediment.
Exposure of the nodules on the bank of a modern stream
allowed for rotation or some slight mevement of individual
blocks subsequent to reexposure in modern times, explaining
some of the slightly out-of-place locations of individual blocks
of material (Fig. 3).

Many of the articulated elements in SMU 74646 (e.g., seg-
ments of the vertebral column, series of gastralia) are those in
which the length:width ratio is < 2:1, which should be moved
less easily (Morris et al., 1996), while many of the unarticulated,
polarized elements (e.g., scapular blade, ischia, femora, some
ribs) are those that appear to have been moved the most. The
disarticulated elements are those that were freed first from
soft tissue attachment (similar to the sequence of some large
mammals described by Hill [ 1979] and Hill and Behrensmeyer
[1984]) and thus could be moved. For example, the femur was
isolated prior to any individual dorsal vertebra, so that, as
hydraulic equivalents, comparison must be made of the fe-
mur to the articulated dorsal vertebral sequence, rather than
to an individual dorsal vertebra, that would be moved before
the femur (Voorhies, 1969). The vertebrae were, in life, en-
meshed in a network of strong ligaments (see sections on the
presacral and sacral vertebrae, below), which may have been
massive and resistant enough to decay to allow them to re-
tain articulation beyond the point at which many of the other
elements, such as the femora and pelvic elements, were freed
from soft tissue connections,

Because the position of the Acrocanthosaurus carcass
prior to partial disaggregation can be readily discerned (Fig.
3), whatever processes produced the disarticulation present
in SMU 74646 were neither strong nor persistent enough to
apportion the entire skeleton, although they were sufficient
to move individual sections with respect to their life posi-
tions and each other. These processes occurred prior to total
soft tissue decay.

DESCRIPTION
Comparison with Holotype and Paratype

The sole, previously published osteology of Acrocan-
thosaurus is Stovall and Langston (1950; see also Britt, 1993).
The formal diagnosis per Stovall and Langston {1950:700) is:
camivorous saurischian of gigantic size and heavy proportions
with (1) massive and greatly elongated neural processes; (2)
proportienately massive skull; (3) moderately heavy arcades
(the arches of bone swrounding the temporal openings [W.
Langston, personal comtmunication, 1997]); (4} orbits and pos-
torbital fenestra somewhat reduced; (5) jugular foramen (= jugal
pneumatic recess, on the maxillary process of the jugal) greatly
enlarged; (6) frontals and parietals solidly coossified; (7)
quadratosquamosal movement somewhat reduced; (8) cervical
centra opisthocoelous and of moderate length; (9) pleurocentral
cavities (= pleurocoelons fossae on the cervical and dorsal ver-
tebrae) deep and well marginated; (10) cranial dorsals distinetly
opisthocoelous; (11) medial caudals with supplementary neural
processes; (12) chevrons closed proximally by transverse bar;



Figure 2. Layout of blocks of SMU 74646 as found in the field (inside heaviest tine). Positions of Block 2 and subsidiary blocks indicated by
ovals (heavy lines indicate blocks on top, light lines indicate blocks in middle, and dashed lines indicate blocks on bottom).

(13) chevrons exhibiting cranial, upward projecting process on
each ramus; {14) pelvic elements not coossified; (15) pubis slen-
der with broadly expanded distal termination; (16) ischium
straight, slender, elongate, and somewhat expanded distally;
{17)tibia strongly bowed outward; and (18) metatarsal IIl some-
whatconstricted proximally by lateral elements.

Of these, characters 4, 5, 6, 7, 17, and 18 cannot be com-
pared with SMU 74646 because comparable material is not
preserved. Characters 1,2, and 3 are arbitrary. Character 14 is
not necessarily a diagnostic trait because lack of fusion of
pelvic elements is ontogenetic, indicative of the individual’s
age, not its phylogenetic relationships. Characters 8, 10, 12,



Figure 3. Schematic diagram showing preburial position of Acrocanthosaurus specimen SMU 74646 based on positions of elements as found

in the field. Compare with Figure 2.

15, and 16 may have been diagnostic at the time of initial
description but have since been discovered in a wide variety
of theropods and are therefore not diagnostic at the species
level. Character 18 is unclear because pinching of metatarsal
11 to various degrees occurs in different theropods, and each
form may have phylogenetic significance (for example, pos-
session of an hourglass-shaped metatarsal III that is visible

in proximal view versus the nearly complete or complete elimi-
nation of metatarsal III in proximal view as in the Arcto-
metatarsalia [Holtz, 1994, 1995]).

A unique characteristic of Acrocanthosaurus is the ro-
bust and elongate neural spines (character 1) for which the
animal was named. The neural spines of SMU 74646 are virtu-
ally identical to those of the holotype in morphology. Both



also possess the peculiar triangular cranial projections on
the cervical spines and have an abrupt change in cervical
spine morphology at the eighth cervical vertebra (see be-
low). The pattern and placement of fossac and foramina on
the neural arches of the cervical and cranial dorsal vertebrae
are also virtually identical. These are unique among the
known Theropoda and confirm that SMU 74646 belongs to
Acrocanthosaurus atokensis.

Note on Terminology

All osteological terms in this paper are the English equiva-
lents of standard Latin names. Directional terms used follow
the convention described by Clark (1993; also L. Witmer, per-
sonal communication, 1995), in which the terms anterior and
posterior are avoided in favor of cranial and caudal. For the
skull and mandible, wherein cranial becomes redundant, the
term rostral is used. Within appendages, the tail, and indi-
vidual bones, proximal and distal are used to describe the
positiens of features with respect to others in the same ap-
pendage or bone, but the positions of features with respect
to the anatomical position of the body as a whole follow the
standard convention, using cranial, caudal, dorsal, ventral,
medial, and lateral, and combinations thereof. Dorsal, ven-
tral, medial, and lateral retain their familiar meanings. Taxo-
nomic names that lack a formal description are bracketed by
quotation marks.

There is some confusion in the literature regarding whether
foramina and canals leading into the interior of many dino-
saur bones are pneumatic. There is some historical and struc-
tural precedence for viewing such openings, particularly in
the vertebrae, as pneumatic (Britt, 1993). Numerous workers
interpret such foramina as pneumnatic without question; much
of this interpretation appears to be based on assumed ho-
mology with Foramina pneumatica (= pneumatopores) of
avians. The analysis presented herein refers to openings on
the bones of Acrocanthosaurus simply as fossac and fo-
ramina, though it is acknowledged that they likely had a pneu-
matic function. A more detailed review of this overall problem,
as well as a systematic nomenclature for individual fossae
and foramina in avian and non-avian theropod crania is given
by Witmner (1987, 1990, 1997 and in postcrania by Britt (1993).
All abbreviations are listed in Appendix 1.

SYSTEMATIC PALEONTOLOGY
THEROPODA Marsh, 1886
TETANURAE Gauthier, 1986
NEOTETANURAE Serenoet al., 1996
ALLOSAUROIDEA Currie and Zhao, 1993

ACROCANTHOSAURUS Stovall and
Langston, 1950

ACROCANTHOSAURUS ATGKENSIS
Stovall and Langston, 1950

HOLOTYPE: OMNH 8-0-59.
PARATYPE: OMNH 8-0-58.
REFERRED SPECIMEN: SMU 74646 (FWMSH 93B-9).

REVISED DIAGNOSIS: Theropod dinosaur with coossified
frontals and parietals; bifurcate jugal process of palatine;
pronounced, laterally-projecting knob on surangular shelf;
large caudal surangular foramen; reduced divisory ridge in
mandibular glenoid; continuous apical denticulation on teeth;
pleurocoelous fossae and foramina pronounced on all pre-
sacral and sacral vertebrae; presacral, sacral, and proximal
caudal vertebrae with elongate (= 2.5x centrum length) neural
spines possessing pronounced inter- and supraspinous liga-
ment insertion sites with numerous associated asymmetrical
fossae and foramina; cervical vertebral centra with camellate
interiors; cervical vertebral neural spines with triangular cra-
nial processes that insert into caudal overhangs; abrupt tran-
sition from craniocaudally broad to narrow neural spines at
8th cervical vertebra; large, centrally-placed pleurccoelous
fossa with two foramina on axis; reduced distal neural spine
on axis; large epipophyses on axis; cranial dorsal vertebrae
with multiple fossae and foramina on lateral surfaces of neu-
ral spine; medial and caudal dorsal vertebrae transverse pro-
cesses with strong dorsocaudal angulation, deep fossae on
lateral surfaces separated by very thin laminae, arched pre-
and postzygapophyseal facets, prezygapophyseal facets
contiguous with hypantral facets; caudal dorsal vertebrae

Table 1. Comparative measurements {in mm} of selected elements between SMU 74646 and OMNH 8-0-50 (holotype) and OMNH

8-0-88 (paratype).

OMNH OMNH SMU
Element 8-0-59 8-0-S8 74646
Fifth cervical vertebra, total height 287 — 341
Second caudal vertebra, centrum length 128 124
Femur (left) 1153° (right) 1090
Distal MT II, mediolateral width 86 97
Notation: — = measurement unavailable; € = estimate

Measurements of holotype and paratype taken from Stovall and Langston (1950).
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with neural spines strongly angled cranially; radimentary
plenrococlous fossae on proximal caudal vertebrae; multiple
foramina located within proximal and distal fossae on neural
spines of proximal candal vertebrae; accessory transverse
processes on medial caudal vertebrae; sagittal portion of gas-
tralia consisting of single element; ischium with deep, elon-
gate, ovoid fossa on proximal, dorsocaudal surface.

DESCRIFTION
Cranjum
The only skull elements preserved in SMU 74646 are the

right palatine, the left ectopterygoid, a partial left jugal, the
caudal end of one mandible, and two teeth.

Palatine

The rightpalatine {3-24) is a light, thin, tetraradiate bone, with
the four processes conjoining to form a relatively small body
(Fig. 4). It measures 311 mm across its longest dimension, from
the preserved end of the maxillary process to the end of the
medial process, and 124 mm in the greatest preserved dimen-
sion, from the basc of the maxillary process to the top of the
vomeropterygoid process. The dorsal margin is strongly de-
pressed with both the vomeropterygoid and, to a lesser extent,
the jugal processes projecting well above the extent of the de-
pression. The presence of a subsidiary palatal fenestra is un-
known because the pterygoid is not preserved.

A large, expanded vomeropterygoid process extends ros-
trally and medially. This surface is the origin of the M.
pterygoideus, pars dorsalis (Witmer, 1997). The medial side
of the process is rough but not grooved, so the nature of its
contact with the opposite palatine is unclear,

The thin, tapering maxillary process projects rostrally, ven-
tral and lateral to the vomeropterygoid process. Together,
the maxillary and vomeropterygoid processes bound the cau-
dal end of the internal choana. As both processes are long, it
appears that the choana was bounded primarily by the pala-
tine with only a small contribution on the rostral end from the
maxilla and vomer. The medial side of the maxillary process is
marked by several grooves and ridges for articulation with
the maxilla, implying that the joint permitted little motion.

The jugal process projects laterally and dorsally, caudal
to the maxillary process. It is laterally compressed, dotsoven-
trally expanded, and bifurcate. The superior and inferior wings
of the process are broken, but the superior appears to be
larger than the inferior.

The region on the lateral side where the jugal, ascending,
and maxillary processes converge (Fig. 4B) houses a deep,
ovoid fossa, that Witmer (1997) terms the palatine pneumatic
recess. The fossa opens dorsally and laterally. This opening
appears to have continued into chambers both within the
pterygoid process and the jugal process itself, and possibly
even inio the vomeropterygoid process (obscured by ma-
trix). A depression on the lateral surface of the jugal process
is bounded both dorsally and ventrally by broken ridges of
bone that mark a shallow canal that feeds into the opening.

Immediately rostral to this large opening is another, smaller
opening that leads rostrally into the dorsal margin of the
maxillary process.

The medial process, like the maxillary process, is long,
tapering, and increasingly laterally compressed. At its base,
itis invaded ventrally by a large, blind, triangular fossa (Figs.
44, C). When the palatine is viewed laterally, the medial pro-
cess appears to bisect the notch created by the bifurcation in
the jugal process {Fig. 4B). The medial and jugal processes
bound the rostral end of the palatine fenestra.

Ectopterygoid
The left ectopterygoid {3-10) is virtually complete (Fig. 5).
It is a triradite bone with hooked processes, giving it the

maxp/ medp

vmpt

Figure 4. Right palatine of Acrocanthosaurus, SMU 74646 }-24
in (A) medial, (B) lateral, and (C) ventral view. Cross-hatching
represents matrix. Scalebar = 10 cm,



“triskelion shape™ seen in a bread spectrum of theropods
(Molnar et al., 1990). The broad, thin pterygoid process hooks
rostrally and dorsally, the jugal process caudally, and the
ectopterygoid flange caudally and medially. It measures 152
mm mediolaterally and 184 mm rostrocaudally.

The pterygoid process lacks all outer edges, so the extent
and shape cannot be determined. There is a small pit on the
dorsal surface that does not penetrate the thin bone, similar
to but situated somewhat more dorsally and caudally than
one described in Deinonychus (Ostrom, 1969). The function
of the pit is uncertain, but it is probably not associated with
the insertion of the M. pterygoidens, pars dorsalis, as Ostrom
(1969:27) suggested, but that Witmer (1997) shows is only
associated with the palatine and pterygoid.

The ectopterygoid flange is relatively shallow and tapers
gradually to its distal end. The broken dorsomedial edge in-
dicates the presence of a thin lamina of bone that spans the

9

pterygoid process and ectopterygoid flange and overhangs
the ectopterygoid pneumatic recess. A particularly deep por-
tion of this recess invades the base of the jugal process; an
identical feature can be seen in the holotype. The recess is
limited ventrally by a pronounced lip of bone that bounds
the entire fossa, gradually diminishing in size until disap-
pearing under the pterygoid process (Fig, 5C). Inferior to this
lip on the ectopterygoid flange is a second shallow, thin lamina
of bone.

The jugal process emerges from the main body flattened
dorsoventrally, but as it hooks caudally, it becomes flattened
mediolaterally and fairly thin. This portion of the process is
angled slightly dorsally as well. The lateral surface of this
portion of the process bears several oblique and horizontal
grooves for articulation with the jugal (3-31), This articular
surface spans the length of the cranial-caudally oriented por-
tion of the process.

A ptep

jugp ectr

Figure 5. Left ectopterygoid of Acrocanthosaurus, SMU 74646 3-10 in (A) dorsal, (B} ventral, (C) medial, and (D) lateral views. Cross-

hatching represents matrix. Scale bar= 10 ¢cm.
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Jugal

The left jugal (3-31) is represented by the main body only,
lacking the majority of the maxillary, postorbital, and
quadratojugal rami (Fig. 6). It is identifiable as the jugal, how-
ever, by the presence of the ventral limit of the orbit and
articulation on the medial surface with the ectopterygoid (3-
10). The preserved portion measures 315 mm long and 83.5
mmhigh.

Although most of the dorsal margin of the bone is miss-
ing, the ventral margin is mostly intact. The body of the jugal
lacks an expanded lobe and is therefore shallow beneath the
orbit, From the base of the postorbital process caudally, the
bone is transversely thin (9.5 mm at the thinnest point), but
the body of the jugal rostral to the postorbital process is
much thicker, particularly along the ventral margin where it
measures 39 mm.

The ventral surface of the entire rostral end of the jugal
bears a broad, dorsally concave sulcus of variable depth that
diminishes gradually and twists slightly laterally to terminate
below the cranial margin of the postorbital process (Figs. 6A,
D). It appears that it did not extend to the rostral limit of the

Figure 6. Left jugal of Acrocanthosaurus, SMU 74646 3-32 in(A)
fateral, (B} dorsal, (C) medial, and (D) ventral views, Cross-hatch-
ing represents matrix. Scale bar =10 cm.

maxillary process because that portion is oveid in cross-sec-
tion, not narrowly chevron-shaped as it is where the sulcus
is more prominent. This furrow may have been part of the
articular surface for the jugal process of the maxilla, No simi-
Jar sulcus is visible in the holotype. The reason for this differ-
ence is unclear.

Although the bulk of the maxillary process of the jugal is
missing in 3-31, the jugal of the holotype (OMNH 8-0-59)
displays a deep jugal pneumatic recess (Stovall and Langston,
1950). Witmer (1997) reports that this opening leads to cham-
bers deeper within the various rami of the jugal; it is hollow at
least as far caudally as the postorbital process in the holo-
type. The broken portion of the maxillary process of 3-31
immediately rostral to the orbital margin bears a small, ovoid
opening that appears to lead more deeply into the body of
the jugal (Fig. 6B), thus indicating that the maxillary process
was also invaded by diverticula. A small but deep medial
jugal foramen marks another point at which the body of the
jugal was invaded. The exact extent of the invasion remains
undetermined. In contrast to the other rami, the postorbital
processes of neither 3-31 nor the holotype appear to have
been invaded by diverticula.

The ventral margin of the orbit is parabolic in shape, with
both rostral and caudal margins sweeping rather steeply away
from a vertical midline. The ventral limit of the orbit appears
to extend further ventrally than the lateral terporal fenestra
when the long axis of the body is horizontal. The dorsolateral
surface of the preserved portion of the quadratojugal pro-
cess is slightly recessed. The prongs for articulation with the
quadratojugal are broken.

Mandible

As with the skull, most of the lower jaw is missing. The
portions preserved in SMU 74646, all from the right side, are
more complete than those of OMNH 8-0-89, however. In-
cluded are a partial surangular (3-30), a partial prearticular (3-
33), and a complete articular (3-32) (Fig. 7). All these elements
are fused together, although a part of the prearticular was
broken from the main bone mass and found separately. A

partial splenial was found separately and in two pieces (3-3
and 3-16) (Fig. 8).

Surangular

The preserved portion of the surangular is dorsal and cau-
dal to the external mandibular foramen, the margins of which
are not preserved (Fig. 7). The part of the surangular rostral
to the mandibular glenoid is dorsoventrally tall, laterally com-
pressed, and sinuous in cross-section. The rostral portion of
the dorsal margin of the surangular bears a shallow groove.
The surangular, from the mandibular glenoid caudally, is com-
paratively dorsoventrally compressed and intricate. The pre-
served portion of the surangular measures 141 mm
dotsoventrally, 137 mm mediolaterally (through the mediat
process) and is 290 mm long.

Rostraily, a large shelf of bone projects laterally, probably
an expanded insertion site for the pterygoideus musculature
(Gauthier, 1986). Immediately lateral to the rostral end of the



glenoid, this shelf swells, forming a rough, laterally-project-
ing knob (Fig. 7B). Caudal to this, the shelf dies out rapidly.
Though missing in 3-32, the preserved portion of the sur-
angular in OMNH 8-0-89 preserves the dorsal margin of a
relatively large caudal mandibular fenestra (Stovall and
Langston, 1950).

A deep excavation, the adductor fossa, is bounded later-
ally and ventrally by the surangular body and ventromedi-

{7

ally by the prearticular. The steep ventral inclination of the
prearticular with respect to the dorsal margin of the surangular
forms z large surface for insertion of the M. adductor
mandibularis (per Madsen, 1976).

The lateral mandibular glenoid is consiricted transversely.
Rostrally, it rises and terminates in a low ridge that continues
onto the medial process. The caudal border of the lateral
mandibular glenoid rises sharply. Behind the glenoid is a
short spine, broken on all but the caudal edge; a similar spine
is present on the articular (see below). There is a dorsoven-
trally-oriented groove on the lateral surface between the spine
and the caudal margin of the surangular (Figs. 7A, B).

Articular

The articular (Fig. 7} is 162 mm long rostrocaudally. Over-
all, it is wedge-shaped, becoming mediolaterally compressed
caudally and ventrally. Its rostrodorsal margin slopes for-
ward fairly steeply, and is in direct contact with the medial
process of the surangular along its entire length. The ventral
margin nests in a groove on the prearticular and is not visible
in ventral view.

The articular portion of the mandibular glenoid is almost
square in dorsal profile, measuring 72 mm at its widest point.
The rostral end abuts the medial process of the surangular.
Unlike the glenoid of Allosaurus (Gilmore, 1920; Madsen,
1976), which is divided into approximate halves by a pro-

Figure 7. Caudal end of the right mandible of Acrocanthosaurus,
SMU 74646 3-31/3-33 in (A) lateral, (B) dorsal, and (C) medial
views. Cross-hatching represents matrix. Scale bar = 10 cm.

Figure 8, Fragments of ?right splenial of Acrocanthosaurus, SMU
74646 3-3 and 3-16 in (A) medial and (B) lateral views. Scale bar =
10em.
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nounced, oblique ridge, the glenoid of Acrocanthosaurus is
a much simpler cup possessing only a low ridge. The articu-
lar portion of the glenoid sits slightly more caudal than the
surangular portion. The entire glenoid measures 112 mm
across at its widest point.

Caudal to the depression, the bone rises sharply into a tall,
rostrocaudally compressed dorsal process (Fig. 7C). Trrumedi-
ately behind the dorsal process is a deep, rostrocaudally narrow
cleft between the glenoid and a tall, triangular, dorsally-project-
ing spine on the rostral end of the retroarticular process. The
spine, similar to the one on the surangular, was undoubtedly
taller than the dorsal process because the broken edge is equal
in elevation to the top of the unbroken dorsal process, Caudal to
the spine, the long retroarticular process angles medially. The
dorsal edge of the process becomes transversely thin, and then
thickens towards its rear end.

Towards the medial side of the articular, on the caudal
surface of the dorsal process, is a small foramen. Similar open-
ings in other theropods are interpreted as entrance sites of
the chorda tympani nerve (Witmer, 1990; Currie and Zhao,
1993). There is no indication that Acrocanthosaurus pos-
sessed an antarticular ossification, as in Allosaurus (Madsen,
1976) and Bagaraatan (Qsmélska, 1996).

Prearticular

The ventral surface of the preserved portion of the
prearticular wraps around the ventral portion of the articular
(Figs. 7A, C) and thickens rostrally. From its contact with the
articular, the prearticular curves gently ventraily and medi-
ally before curving dorsally, The preserved portion is 341 mim
long and 60.5 mm tall.

A B

The lateral surface of the prearticular is concave laterally
except for a pronounced, triangular, laterally-projecting ridge
of bone (Figs. 7A, B). The ridge begins below the contact of
the surangular medial process and the prearticular. It rapidly
becomes more pronounced rostrally.

Splenial

Twopieces (3-3 and 3-16) were found, one atop the other
(Fig. B). One of these, 3-3, is the caudal process of the right
splenial. The element is concave laterally, particularly so along
the ventral margin, where it would wrap below the angular. In
general, the concavity of the fragment is interrupted only by
a low ridge that runs along and parallel to the top of the
angular facet. The caudal extension of the angular facet is
complete, but between it and the aforementioned ridge the
bone thins, suggesting that a notch existed in this location.

The medial surface of the fragment is rough but virtually
featureless. Towards the dorsal margin of the fragment, there is
a small hole where the bone has been punctured. Surrounding
the puncture, the bone is naturally indented. Thus, the puncture
is either a second natural foramen or it is a puncture through a
small, imperforate pit. Neither of these openings is in the same
location as the rostral mylohyoid foramen housed in the splenial
of Sinraptor (Currie and Zhao, 1993). The larger fragment, 3- 16,
does not demonstrably belong to the splenial, but its intimate
association with 3-3 is suggestive.

Dentition

Two teeth were recovered with SMU 74646: one virtually
complete (Fig. 9) and one fragmentary tip. The virtually com-
plete tooth, specimen 1-1, includes a part of the root. The

Figure % (above and opposite page). Tooth of Acrocanthosaurus, SMU 74646 1-1. (A) Entire tooth. Scale = 4 cm. (B} SEM photograph of
tip of tooth, showing apical denticulation. Denticles of the rostral carina in (C) side view and (D) rostral view. Reflective ridge across top of
denticles in (C) is artifactual. Denticles of caudal carina in (E) side view and (F) caudal view. Scale bar=1 mm.
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partial root implies this is not a shed tooth. Because no tooth-
bearing bones have yet been described for Acrocantho-
saurus, and no teeth were described with either the holotype
or paratype, it is impossibie to say with certainty if the teeth
from SMU 74646 originated in the premaxilla, maxilla, or
dentary.

The virmally complete tooth (Fig. 9A) measures 97.5 mm
from tip to base, although the preserved base is a portion of
the root; when measured to the limit of the enamel (demarking
the gum line in life), the tooth is 84 mm. At the widest point at
the base, which coincides with the gum line, the labiolingual
widthis 19.5 mm; the fore-aft basal length (FABL [Currie et
al., 1990; Farlow et al., 1991]}is 31 mm. The tooth is not strongly
recurved. There is no wrinkling of the enamel as in Carcharo-
dontosaurus (Stromer, 1931; Sereno et al., 1996). Teeth in
theropods commonly become more laterally compressed and
more strongly recurved caudally (e.g., Madsen, 1976); if this
consistency holds true in Acrocanthosaurus, then 1-1 origi-
nated in a more rostral position in the skull.

Both rostral and caudal carinae are present on 1-1. The
concave caudal carina extends from the tip to the base of the
enamel; the rostral carina terminates well above the gum lineg,
covering approximately /s of the tooth length from the tip.
Neither carina displays any offset, common on many theropod
premaxillary teeth (Currie et al., 1990; Molnar etal., 1990). The
denticles are quite small with respect to the tooth size: both
carinae possess just under 11 denticles per 5 mm midway
down each carina. In comparison, denticle densitics reported
in many smatler theropod teeth (e.g., Currie etal., 1990; Farlow
et al., 1991} are much greater than this. dcrecanthosaurus
denticles may be absolutely larger than others, but are quite
small compared to the overall size of the tooth,

The caudal denticles average about 0.6 mm in height and
are cartouche (rounded rectangle)-shaped in lateral view, with
bodies that are slightly compressed near their bases (Figs.
9C, D). They are set virtually perpendicular to the axis of the
carina. In contrast, the rostral denticles, with heights around
0.5 mm, are paralleiogram-shaped and display a stronget in-
clination towards the tip of the tooth (Figs. 9E, F).

The carinae meet and are contiguous over the tip of the
tooth (Fig. 9B). This is not an unusual condition among
theropod teeth, but Acrocanthosaurus is remarkable in that
there is no cessation of denticulation over the connection. In
most other theropods, the bridge over the tip is merely an

enamel ridge, lacking denticles. The denticles of both caninae

in 1-1 decrease in size towards the tip, and those on the tip
are smaller than those along the more proximal of the carinag.

The second tooth associated with SMU 74646, a broken
tip nurnbered 2-14, measures 32 mm in height. It is otherwise
comparable to the more complete tooth 1-1. The tip of the
second tooth is damaged, so the presence of apical denticles
is indeterminate.

Axial Skeleton

The primitive ornithodiran presacral vertebral count is 24,
with 9 cervical and 15 dorsal vertebrac (Novas, 1993). This is
the presumed condition in Herrerasaurus (Novas, 1993).

Ceratosaurians have either 23 (Colbert, 1989} or 24 (Welles,
1984). Primitive tetanurines and allosauroids have 23
presacrals divided into 9 cervical and 14 dorsal vertebrae
{Madsen, 1976; Britt, 1991; Zhao and Currie, 1993), but
sinraptorids have 10 cervicals and 13 dorsals (Dong et al.,
1983; Currie and Zhao, 1993). Coelurosaurs also retain 23
presacrals, nominally with 10 cervicals and 13 dorsals
(Osbom, 1916; Oszom, 1978, Barsbold and Osmélska, 1990;
Barsbold et al_, 1990). Amongst the non-avian Theropoda,
the only variation from this pattern appears to be the
abelisaurids, which have reduced the number of presacrals
to 21, with 10 cervicals and only 11 dorsals (Bonaparte et al.,
1990). The expected number of presacrals for Acrocantho-
saurus is 23; all are represented except the atlas.

For the purposes of this paper, sacral vertebrae are those
that possess ribs or transverse processes that contact and
bolster the ilium. This includes “dorsosacrals” and
*caudosacrals” of some authors, as well as the primitive two
“true” sacrals (Welles, 1984; Novas, 1993). Under this defini-
tion, theropods more derived than Herrerasaurus possess 5
sacrals (Madsen, 1976; Dong et al., 1983, Bonaparte, 1986;
Rowe and Gauthier, 1990; Cutrie and Zhao, 1993; Zhao and
Currie, 1993), but many coelurosaurians and abelisauroids
acquired >5 sacral vertebrac (Barsbold et al., 1990; Bonaparte,
1991}, A count of 5 sacrals would be expected for Acrocan-
thosaurus, and pieces of all are present.

Accurate candal vertebral counts are known for few
theropods, Where known, they vary greatly between taxa, and
even between individuals of the same genus (e.g., Madsen,
1976). The count in Acrocanthosaurus remains uncertain.

Those vertebrae preserved with both centra and neural
arches (e.g., the dorsal vertebrae) are completely fused, with
no visible sutures. Thus, the specimen was not so immature
as to have unfused vertebrae. Breakage in some specimens
along the centrum-neural arch boundary is probably
taphonomic, probably a result of the comparative thinness of
the bone of the pedicles.

Clarification is necessary for the use of the term “pleuro-
coel.” This paper uses the term “pleurocoel” to encompass
both fossae and foramina located on the lateral sides of ver-
tebral centra because the foramina are generally situated within
the fossa. Where confusion may arise, clarification by emen-
dation of the specific terms “fossa™ and “foramina™ is used
to denote one exclusive of the other. Other openings exist in
the vertebrae of Acrocanthosaurus, however, that are not
contained within the pleurocoelous fossa; terms applied to
these, where appropriate, follow Britt (1993).

Cervical Vertebrae

All vertebrae of the cervical series of SMU 74646 are rep-
resented, at least in part, except for the atlas. There appear to
have been 10 cervical vertebrae, contra the assessment of
the holotype by Stovall and Langston {1950} (see discussion
under “Dorsal Vertebrae,” below). The axis is the only com-
plete cervical preserved in SMU 74646. Except the axis, most
the cervical elements, particularly the neural spines, of SMU
74646 were found in approximate articulation. However, de-



grees of disarticulation, such as between the centra and their
neural arch elements, increases caudally in the sequence.
Measurements of the cervical vertebrae are given in Table 2.

AXIS: The axis (3B-1) is well preserved (Fig. 10). Most
notably, the height of the neural arch is much greater in com-
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parnson to the centrum length, including the odontoid pro-
cess, than in any other theropod, an autapomorphy of
Acrocanthosaurus. The odontoid is a rough, rounded pro-
cess that is fused to the centrum, although the suture is stitl
visible. The process is conical, although the dorsal surface,

Table 2. Vertebral measurements (in mm) of SMU 74646.

Cent. Cent. Cent. Cent. N. N. N.
Vert. # Cent. Caud. Caud. Htln Mid Ttl. Sp. Sp. Sp. Prez. Epi
(Spec.#) Ln. wd Hit. Ratio wd Ht. Ht. Ln. wd wd wd
CV2(3B-1) 101 92 20 0.89 46.5 351 245 63 59 75 180
CV3(3-45) — — — — — 307+ 256 68 475 154°¢ 146
CV4(3-51) — — — - — 308+ 274 80 37 150° 152¢
CV5(3-54/3-66) 158 156° 91.5 0.58 54° 341 232 91 16 136% 152
CV6(3-60/ 3-61) 180 1288 87+ 048+ 795 363M  268M 76 19 — 134%
CV7(3-59) — — — — — 250+ 250+ 81 42 — —
CV8(3-46) — — — — — 325+ 244+ 54 55 — —
CV97?(3-46) — — — — — 1245 124.5 54+ 41- — —
CVi07? (4-23) 203+ — — — — — — — — — n/a
Di4-21) 295 1108 136 0.46 201 344+ — — — —_ wa
D2 (4-20) 268 136° 1375 0.5 100+ 252+ — — — — na
D3 (4-17) 159+ — 132 0.83- — AT 231+ 108+ — — wa
D4 (4-29) 123+ — 128 1.04- — 259+ — — — — na
D5 (4-25) 152+ — 133 0.87- — 133+ —_ — — — na
D6 (Al1-2-15) — — 120+ — — 274+ — — — — na
D7 (Al-2-11) — — — — — 266+ — — — 140¢ n'a
D8 (Al-2-12) 115+ — — — — 303+ — 95- — — n/a
D9 (Al-2-14) 135 138 1375 1.02 — 335+ — — —_ 105¢ na
D10 (A1-2-9) 144 1345 1385 0.96 — 320+ — — — — na
DIl (A1-2-8) — — — — — 325+ —  76.5- —_ 122¢ wa
D12 (A2-1/1) — — — — — 519+ 394+ 60 39 — wa
D137 (A2-1/4) — — — — — 340+ 210+ — — — na
S1(2-15-1) 170 — — — 76+ 382+ — — — — na
§2(2-15-2) 160 — — — 117 342+ — 635+ — 130°% n/a
3 (2-15-3) 160 173- 108+ 0.68- 112- 340+ — — — — na
§4(2J-1} — — — — — 120+ — — — —_ na
$5(21-2) — — - — — 281+ — — — 109+ na
CD1 (1-6) 17 173 1617 1387 94 172+ — — — — wa
CD2 (1C/W) 124 132 145 1.17 93 296+ 151+ 82 66 — wa
D5 (1-22) 139 147 140 1.01 122 183+ — — — g0t n/a
CDé6 (1-12) 135 126% 122 0.90 74 315+ 145.5+ 75.5 18 53¢ na
CD3 (1-4) 135 146 152 1.13 119 244+ 270+ 68.5 17+ 41° na
CD15(1-1D 140.5 109 126 0.90 82 314 148 745 16 81 nfa
CDI16 (1-19/1-25) 150 99+ 105 0.70 70 33mp 187M 67 10 89 n/a
CD17(1-11) 142 109 1265 0.89 81 212+ 74+ 74 13 90 na
CD18(1-13) 141 93 108 0.77 68 182+ — — — 90 wa
CD19 (1-2) 141 92 102+ 0.72+ 63 179+ — — - 9 n/a
CD22 (1-3) 125+ 80+ 95+ Q.76+ 62 185+ 79+ 76- 13 93 na
CD28 (K1) 133 66+ 84 0.63 £ 108+ — — — — wa
CD29 (K2) 131 7 56+ 043+ 33+ 134+ 48+ 90 9.5 78¢ na
CD30 (K3) 128+ 66+ 7+ 060+ 31+ 110+ — — — — n/a

Measurements: centrum length {cent. In.) = distance from margin of caudal cup to tip of cranial ball; cetitrum caudal width (cent. caud. wd.) =
maximum width of candal cup; centrum caudal height (cent. caud. ht.) =distance from highest portion of caudal centrum cup beneath vertebral foramen
ta lowest point on cup; centrum height:length ratio (cent. ht/In ratio) = ratio of centrum height to centrum length, mid-centrum width {cent. mid. wd.)
=width of centrum at maximum point of constriction {not including pleurocoel); total height (ttl. ht ) =maximum height of vertebra from top of neural
spine to ventral-most point of centrum; neural spine height (n. sp. ht.)= height of neural spine from top of spine to dorsat edge of neural canal; neural
spine length (n. sp. In.}=minimum craniocaudal length of neural spine; neural spine width (n. sp. wd.) = minimum mediolateral thickness of neural
spine; prezygapophyseal width (prez. wd.) = distance between lateral margins of prezygapophyses; epipophyseal width (epi. wd.) = distance
between lateral margins of epipophyses .

Notation: CV = cervical, D = dorsal; S = sacral; CD = caudal; ? = position of vertebra in sequence approximate; — = measurement not possible;
+= incomplete hone; measurement taken on preserved portion with true value higher; - = incompiete bone; measurement taken on preserved portion
with true value probably lower; n/a = measurement not applicable; © = estimate; measurement taken from endpoint to midpoint of statistic and
doubled; ™ = minimum value; measurements taken on two or more separate pieces and added; P = measured region marred by pathology.
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just below the vertebral foramen, is depressed and slightly
concave dorsally.

The axial intercentrum (= hypocentrum) is completely
fused with the axial centrum. The intercentrum projects
slightly further forward than the odontoid process. Its ven-
tral margin is arched, but the ventral-most points lay in a
plane parallel to the ventral margin of the centrum.

The main body of the axial centrum is strongly compressed
mediolaterally, especially along the bottom where it creates a
pronounced keel. The ventral margin is sirongly arched dor-
sally. The articular faces are perpendicular to the horizontal
axis of the centrum.

The pleurccoel on the side of the axis consists of two
small but deep, subcircular foramina set into a single,
craniocaudally ovoid fossa. The fossa is located just ventral
to the diapophysis and is roughly centered on the centrum.
The openings on the right side are larger than the left; those
on the left are separated by a robust pillar of bone, whereas
those on the right only by a thin lamina. This kind of asym-
metry in the size of foramina on either side of any vertebra’s
long axis is pervasive (see below; Britt [1993:197]). A second
small opening, the infrapostdiapophyseal foramen, is found
at the dorsocaudal end of the diapophysis, leading into the
neural arch complex dorsally.
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Figure 10. Axis of Acrocanthosaurus, SMU 74646 3B-1 in (A} dorsal, (B) cranial, (C) right lateral, (D) caudal, and (E) ventral views. Cross-

hatching represents matrix. Scale bar = 10 em.



The axial prezygapophyseal articular facets are subcircu-
lar in shape. They lie close to the sagittal plane, just dorsolat-
eral to the vertebral foramen, They overhang the vertebral
foramen both laterally and cranially and are sharply down-
turned from the horizontal plane. At least the right
prezygapophysis is invaded by diverticula, that were visible
in a break. The prezygapophyses protrude farther cranially
than any part of the neural spine. Just dorsal to both the
vertebral foramen and prezygapophyses, at the base of the
nevrak sping, is a tall, mediolaterally narrow foramen that likely
connects with the openings on the proximal portion of the
spine (see below).

The prezygapophyses overhang narrow, craniomedially-
ariented canals, that are perhaps analogous to the trans-
verse foramina in the cervical vertebrae of mammals, and
housed the vertebral arteries and veins immediately prior to
their joining the spinal cord in entering the foramen magnum,
The presence of similar canals in other theropods is undocu-
mented. The axis of Acrocanthosaurus does not possess
accessory hypantrum-hyposphene articulations.

The postzygapophyses are large, ventrolaterally-facing
ovals slightly offset from the main body of the neural arch,
forming a sort of plateau. They are connected medially by a
short transverse ridge of bone, behind which is a deep pocket
(Fig. 10D). The rugose strip for attachment of the interspinous
ligaments continues into the pocket, lines its floor, and curls
dorsally and caudally onto the top of the short ridge between
the postzygapophyses. Prominent epipophyses, roughly tri-
angular in shape, project dorsolaterally from the neural arch
complex; the distal ends hook caudally. The epipophyses are
invaded by foramina that open medially into the caudal con-
cavity of the neural spine.

The axis of Acrocanthosaurus has small but well-formed,
cylindrical diapophyses that project ventrally, laterally, and
slightly cranially from the base of the neural arch. The re-
gions where parapophyses would have been are broken on
both sides.

The neural arch assembly sweeps dorsally and slightly
caudally from the centrum. Thick but laterally short laminae
of bone extend dorsocaudally to connect the prezyga-
pophyses to the postzygapophyses and epipophyses. The
neural spine is, in cross-section, shaped like a squat, rounded
Y and is concave caudally. The cranial edge of the spine
forms a mediolaterally thick ridge that runs from the summit
to a point just above the opening above the vertebral fora-
men (Figs. 10A-C). The cranial margin of this ridge is rough,
particularly at the proximal and distal ends, for attachment of
the supraspinous and interspinous ligaments, respectively.

The lower end of the ridge, beneath the attachment sur-
face for the interspinous ligamenture, overlies a series of
foramina (Figs. 10A-C). As with the pleurocoelous foramina,
the distribution, sizes, and shapes of the openings are asym-
metrical on the right and left sides. Some of these are con-
tiguous from the right to left side, leaving just a bridge of
bone supported by an irregular set of struts spanning over
the openings (Figs. 10A, C). Atleast some of these openings
probably communicate with the tall, deep opening at the base
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of the neural spine, just above the vertebral foramen. The
more distal openings lead into the neural spine dorsally. Two
more openings, set into a deep fossa overhung by an irregu-
lar process, open ventromedially into the neural spine on the
upper left side, just below the summit and towards the caudal
edge (Figs. 10A, B, D). These have no natural parallel on the
right side.

The summit of the neural spine (Figs. 10A, B, D) is only
slightly expanded beyond the rest of the spine. The sides of
the spine are vertical distally, but flare laterally towards the
epipophyses roughly midway to the centrum. The bone sur-
face in most of the concavity is smooth, contrasting with the
rugose margins of the spine and epipophyses. At a peint
level with the point where the lateral margins flare outwards,
an irregular bony spur in the midline marks the distal end of a
long, rectangular area of marked rugosity for attachment of
the interspinous ligaments. The dorsocaudal surface of the
surnmit is rugose, marking the attachment of the supraspinous
ligaments. The region on the caudal surface between the
attachment sites of the supraspinous and interspinous liga-
ments is smooth and riddied with fossae and foramina (Fig.
10D), as noted by Britt (1993:265). There is no symmetry to
their placement, but they are concentrated near the summit.

POSTAXIAL CERVICAL VERTEBRAE: The third (3-45)
and fourth (3-51} cervical vertebrae (Fig. 11) are represented
primarily by neural arch elements, including the spines and
the zygapophyses of the right side. The fourth preserves a
small piece of the caudal centrum cup. The neural spines of
both are curved laterally to the right; this may be the result of
plastic deformation, but no other part of the elements, or any
other element in the vicinity, shows signs of any such diage-
netic alteration, so the curvature may be congenital for this
specimen.

The prezygapophyses of the postaxial cervicals are large
and subtriangular in shape. Each prezygapophysis extends
far cranial to the neural spine, mounted on a short, dorsally-
curving process that is connected by a mediclaterally thin
lamina to the diapophysis. This lamina covers the infra-
prediapophyseal foramen in later vertebrae. The postzygapo-
physeal facets are large and ovoid to subtriangular in shape.
The medial extent of cach facet is close to the sagittal plane.

The postzygapophyses are, as on the axis, capped by
large epipophyses. The preserved epipophysis is larger on
the fourth cervical than the third, where it forms fully half of
the supporting process. The epipophysis is long enough on
the fourth cervical that, when articulated with the fifth, the
epipophysis actually overlaps the neural arch of the fifth
cervical. On both the third and fourth vertebrae, the epi-
pophyses are rough, unlike the smooth knobs on the axis.
The epipophysis of the third vertebra has at least two small,
subcircular foramina on the lateral surface, just above the
postzygapophysis, while the fourth vertebra has two small,
ovoid holes on the caudal surface, well above the postzyga-
pophysis. There are no foramina opening into the ¢pipophy-
ses from the caudal surface of the neural spine as in the axis.

The neural spines of both the third and fourth cervicals,
and of all the postaxial cervicals, are as tall as but much more
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laterally compressed than that of the axis; they are also con-
cave caudally. There is a pronounced, cranially-projecting,
dorsoventrally oblong process that extends dorsally from
the base of the spine to a point just less than halfway to the
summit. This process corresponds to the strip on the caudal
surface of each subsequent vertebra for the attachment of
the interspinous ligaments. A short distance above the limnit
of this process, the cranial margin of the neural spine be-
comes concave, forming a notch that terminates beneath the
triangular, cranial process, On the third vertebra, this process
is located at the cranial edge of the spine’s summit, but on the
fourth, it is located well below the top of the spine. The bone
surface between the interspinous process and the cranial
process is smooth and pitted by foramina and fossae. The

fourth spine displays no foramina, but does possess some
small fossae.

The caudal surfaces of the spines, as in the axis, containa
series of irregular, asymmetrical fossae and foramina. The
summit of each neural spine is rough and knobby and some-
what inflated laterally, particularly at the caudal end, where it
projects well behind the main body of the spine and over-
hangs the pitted, concave region. The cranial process of the
preceding vertebra inserts into this overhang, a pattern re-
peated with subsequent cervicals.

Because the left sides of the third and fourth cervical neu-
ral arches have been broken off, a small portion of the interior
of the bone on that side is visible. The interior is riddled with
small camellae of various sizes.

Figure 11. Third and fourth cervical vertebrae of Acrocanthosaurus. Third cervical, SMU 74646 3-45 in (A) cranial, (B) right fateral, and (C)
- caudal views. Fourth cervical, 3-51, in (D) cranial, (E) right lateral, and (F) caudal views. Cross-hatching represents matrix. Scale bar = 10 cm.



The fifth cervical (3-54/3-66, Figs. 12A-C) is more com-
plete than either the third or fourth, consisting of the neural

spine and the zygapophyses of the right side and the right -

half of the centrum. The centrum (3-66) was found separated
from the neural arch assembly (3-54).

The centrum is strongly opisthocoelous. The cranial ball
is separated from the main body of the centrum by a shallow
groove. The caudal cup is depressed just below the vertebral
foramen, giving the face a reniform outline similar to that
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described by Sereno et al. (1996:991) for Carcharodonto-
satirus, although the face in the latter is much broader than in
Acrocanthosaurus.

The fifth cervical lacks a ventral keel; thus, this feature was
limited either to the axis or to the most cranial cervicals. Instead,
the underside of the centrum houses a shallow, longitudinal
groove that widens caudally and is bounded below the caudal
cup by two low ridges. The ventral margin in Acrocanthosaurus
is lightly arched, and the caudal cup projects further ventrally
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Figure 12. Fifth and sixth cervical vertebrae of Acrocanthosaurus. Fifth cervical, SMU 74646 3-54/3-66, in (A} cranial, (B) right lateral, and
(C) caudal views. Sixth cervical vertebrae, 3-60, and neural sping, 3-61, in (D) cranial, (E) right lateral, and (F) caudal views. Cross-hatching
represents matrix, Scale bar= 10 cm.
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than does the cranial ball (Fig. 12B). The candal face of the
centrum in Acrocanthosaurus is just short of perpendicular to
the long axis of the centrum, but the cranial ball has a marked
ventral tilt (Fig. 12B). This feature would have given the neck of
Acrocanthosaurus, at this point, a downward curve.

The diapophysis of the fifth cervical is oriented venirolat-
erally and slightly caudally. Most of the parapephysis is miss-
ing, but its outlines can be discerned. It is a short, ovoid
process projecting from the cranioventral portion of the cen-
trum located slightly forward of the diapophysis.

The right side of the centrum, below and beneath the di-
apophysis and above the parapophyseal region, houses a
single, large, shallow pleurocoelous fossa. The fossa runs
virtually the entire length of the centrum. This differs from
the fifth cervical of the holotype, in which the fossa appear to
consist of iwo separate indentations separated by a sub-
stantial bar of bone; these differences are best viewed as
individual variation. Since most of the cervical vertebrae of
Acrocanthosaurus bear a single large pleurscoelous fossa
with generally divided foramina, the condition in the holo-
type appears to be an exception, rather than the norm, and is
unlikely to be homologous with the separate cranial and cau-

, dal pleurocoelous fossae of ceratosaurians (Rowe and
Gauthier, 1990; Holiz, 1994).

A single, deep pleurococlous foramen that tunnels med:ally
and slightly cranially into the cenirum is located towards the
caudal end of the fossa. The passage does not traverse the
centrum hecause there is no trace of it on the broken left side. A
second opening, the infradiapophyseal foramen, leads dorsally
into the neural arch, and is hidden beneath the arch ofbone that
connects the diapophysis to the main body. A third opening,
the infraprediapophyseal foramen, opens dorsocaudally. It is
located just cranial to the diapophysis but is hidden in lateral
view by the thin lamina of bone connecting the prezygapophysis
to the diapophysis. Although not reported by Stovall and
Langston {1950}, the fifth cervical vertebra of the holotype,
{OMNH 8-0-59, also possesses large, circular cranial peduncular
fossae, as noted by Britt (1993).

The neural arch is similar to that of the fourth cervical,
with large epipophyses. The spine is angled slightly cau-
dally from the vertical. Like the preceding postaxials, there is
a triangular cranial process projecting from the leading mar-
gin of the neural spine, but unlike those of previous verte-
brae, this process is bifid and hooked dorsally (Figs. 12A, B).
The cranial and caudal margins house large, irregularly spaced
fossae and foramina, Although similar in overall morphol-
ogy, the fifth spine in SMU 74646 is more rugose and has
more pronounced processes than does that of the holotype,
OMNH 8-0-59 (Stovall and Langston, 1950:fig. 3), demon-
strating that the neural spines were a region of individual
variation in Acrocanthosaurus.

Still in articulation with the postzygapophysis of the fifth
cervical was a fragment of the prezygapophysis of the sixth
that fit with the larger portion of the prezygapophysis of 3-
60, a disarticulated centrum found caudal to 3-66 (Figs. 12D-
F}. This specimen preserves the entire body plus a portion of
the base of the neural arch complex except for much of the left

face. Like 3-66, it is strongly opisthocoelous, lacks a ventral
keel, and has a ventrally-tilted cranial ball separated from the
main body by a shallow groove. The pleurocoelous fossae
on both sides are markedly different from those of previous
vertebrae; they are divided into two, shallow, craniocaudally
oblong depressions by horizontal laminae of bone, as in the
fifth cervical centrum of the holotype (Fig. 13A). The dorsal
part of the pleurocoelous fossa merges with the two open-
ings under the diapophysis. These two openings are sepa-
rated by a thin lamina.

A depression, possibly an infrapostzygapophyseal fossa,
is located above and slightly caudal to the diapophysis (Fig.
12E, F). It contains two foramina separated by a thin oblique
lamina; there is only a shallow, blind fossa in this position on
the fifth cervical. The dorsal eversion of the caudal cup (giv-
ing it the reniform shape) is more pronounced in the sixth
than the fifth vertebra. The parapophysis is quite large and
projects laterally.

The preserved portion of the neural arch assembly of the
sixth cervical differs from the fifth in that the lamina connect-
ing the diapophysis to the prezygapophysis is tilted more
laterally. The ovoid prezygapophyseal facet is longer cranio-
caudally than wide, unlike the broad, subtriangular facets of
the preceding cervicals.

Centrum 3-60 had been sheared parasagittally and slightly
obliquely prior to burial {Fig, 13F). It was acid prepared using
the procedure outlined by Rutzky etal. (1994:162-3) to eluci-
date the nature of the internal system of camellae (Fig. 13).
Camellae (singular: camella) are defined as “numerous smafl
chambers...which are scparated by thin trabeculac [and
whose] outer walls tend to be thin;” they contrast with cam-
erae (singular: camera) which are defined as “large
chambers. . .separated from each other by laminae and [whose]
outer walls tend to be thick™ (Britt, 1993:23), Preparationre-
vealed that the centrum, diapophysis, parapophysis, and
neural arch, including the base of the neural spine, have
camellate interiors, In general, the camellae exposed increase
slightly in size dorsally. A few mural pores (small foramina
between camellae and not open to the surface [Britt, 1993:264])
are visible (Fig. 13B). _

Caudal to the fifth cervical, the neural spines of the suc-
ceeding cervicals are preserved in sequence, but the rest of
the vertebral elements are scattered or missing. Behind the
neural arch of the fifth cervical (3-54) is 3-61, which preserves
the neural spine and a portion of the right postzygapophyseal
ala (Figs. 12D-F). The spine undoubtedly belongs with the
centrum 3-69, but they cannot be fitted together. The spine
differs from that of the fifth cervical in having a much less
concave caudal surface and a less craniocaudally expanded
summit. The cranial face maintains convexity, however, and
possesses a single large foramen, The base of the cranial
process is broken. The caudal face possesses several fossae
and a single foramen. The postzygopophysis maintains a
large and prominent epipophysis.

The candal face of the seventh spine in the sequence, 3-
59 (Figs. 14A-C), like the spinc of the sixth cervical, is flat.
There are no large fossae on this face, although at least one



smali foramen penectrates the spine beneath the small caudal
overhang. A small, non-bifurcate, triangular cranial projec-
tion is maintained. An arched, caudoventrally tilted process
of bone protrudes dorsecaudally from the region where the
interspinous ligaments attach.

The last preserved specimen (3-46) includes spines attrib-
uted to both the eighth and ninth cervicals (Figs. 14D-G).
The eighth is much narrower craniocaudally and broader
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mediolaterally than any of the aforementioned spines except
the axis (Fig. 14F). This abrupt change in cervical spine mor-
phology is in agreement with the holotype of Acrocan-
thosaurus (Stovall and Langston, 1950). This spine returns
to the deeply concave caudal face of the more cranial cervicals.
It retains a small caudal overhang. The concavity contains
an indeterminate number of fossae and foramina, bus all are
concentrated at the distal end just beneath the overhang

Figure 13. Left lateral view of centrum of sixth cervical vertebra of Acrocanthosaurus, SMU 74646 3-60. (A) View of sheared, left lateral
surface, showing numerous cameilae on interior of centrum and neural arch. Scale bar = 10 cm. (B) Close-up of camellae in neural arch. Arrew

points ta a mural pore.
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(Fig. 14G). The cranial face, below the apical rugosity, is
slightly concave. The summit of the spine on the cranial end
is higher than at the caudal end, and tilts slightly forward
from the vertical axis. There is no triangular projection as in
all the preceding postaxial cervicals; however, towards the
base, there is a rectangular projection for attachment of the
interspinous ligamenture. The distal end of this process is
lower than the distal end of the aforementioned caudal inter-
spinous process. Stovall and Langston (1950:708) report that
the spines of the caudal-most cervicals in Acrocanthosaurus
angle cranially to facilitate an upward curvature of the neck;
the offset of the cranial and caudal interspinous processes
may also be a function of curvature at the base of the neck.

Adhering to the caudal face of 3-46 is a fragment of what
appears to be the distal end of the ninth cervical neural spine.
If this identification is comrect, then it has been rotated 180°
so that its caudal face is in contact with the caudal face of the
eighth spine. Like the eighth, its summit is tilted cranially.
The caudal face is deeply concave and houses a number of
fossae, some of which contain small foramina (Fig. 14E). Un-
like the preceding spine, however, the cranial face is strongly
convex (Figs. 14F, G).

Two isolated right zygapophyseal assemblies (3-63 and 3-64)
were found below the seventh and eighth cervical spines and
behind the sixth cervical centrum and belong to the seventh,
eighth, or ninth vertebrae, although it is impossible to place

Figure 14. Seventh, eighth, and ninth cervical vertebral neural spines of Acrocanthosaurus. Seventh neural spine, SMU 74646 3-39 in (A)
cranial, (B) right lateral, and (C) caudal views. Eighth and ninth neural spines, 3-46, in (D) cranial, (E) right laterat, and (F) caudal views. Cross-
hatching represents matrix. Scale bar= 10 cm.



them precisely. They differ from the preceding assemblies (par-
ticularly the fifth, the last most completely preserved in the se-
quence) because the postzygapophyseal process does not bear
alarge epipophysis. There is a small, laterally compressed nidge
of bone atop the postzygopophysis, but it is quite short com-
pared to the epipophysis of the more cranial cervicals,

Dorsal Vertebrae

In the absence of articulated vertebrac and ribs, whereby
rib morphology can be used te differentiate the last cervical
from the first dorsal vertebra, defining a point of transition is
difficult. In general, dorsal vertebrae of theropods more ad-
vanced than the Ceratosauria can be distinguished from the
cervicals by their amphiplatyan condition, unlike the opistho-
coelous cervicals. A more useful characteristic for distin-
guishing cervical and dorsal vertebrae is the position of the
parapophysis. In cervical vertebrae, the parapophysis is situ-
ated entirely on the centrum, but in the caudal cervical and
cranial dorsal vertebrae it progressively migrates dorsally to
become situated partially and, eventually, entirely on theneu-
ral arch. Rowe and Gauthier (1990) note that it is difficult to
define a point at which a transition from cervical vertebrae to
dorsal vertebrae occurs in ceratosaurians because the transi-
tion is gradual, spanning up to 5 vertebrae. In contrast, the
change is abrupt in Aflosaurus (Gilmore, 1920). Further subdivi-
sions of the vertebral column, such as those employed by Welles
(1984) and Currie and Zhao (1993), are notused here.

Cranial dorsals often have enlarged neural canals due to
the multiple branch points for the nerves of the brachial plexus
{(Molnar etal., 1990). Cranial dorsals plesiomorphically retain
a ventral keel, but in some taxa (e.g., Allosauris [Molnar et
al., 1990)), the keel disappears around the fifth dorsal. A ver-
tebra identified as a cranial dorsal {“cervicodorsal™) in the
holotype of Acrocanthosaurus, OMNH 8-0-89, is opistho-
coelous (Stovall and Langston, 1950); the latter authors also
note that the diapophysis on this centrum is not direcied
laterally, a condition also seen in some of the cranial dorsals
of SMU 74646. Measurements of the dorsal vertebrae are
given in Table 2.

CRANIAL DORSAL VERTEBRAE: Five, possibly six, ver-
tebrae from SMU 74646 are identified as cranial dorsals be-
cause either their parapophyses overlap both the centrum
and the neural arch or their transverse processes {including
the diapophysis) have migrated to a lateral orientation. Seven
vertebrae, six of which are opisthocoelous, were found in
linear association, although not precisely articulated. The
most cranial of these, 4-23, is poorly preserved and only just
recognizable as an opisthocoelous centrum, so this speci-
men may represent either a tenth cervical or a first true dorsal,
The trend in other allosauroid theropods is for dorsal verte-
bral opisthocoely to disappear around the fifth dorsal, so the
conservative position is to view the first of this sequence as
a tenth cervical. If so, 13 dorsal vertebrae are expected.

Somewhat better preserved is the next element in the se-
quence, 4-21. As with the preserved cervical centra, the cra-
nial ball of 4-21 is separated from the rest of the centum by a
shallow groove. The centrum retains a single, dorsoventrally
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compressed foramen in the pleurocoelous fossa immediately
above the parapophysis. There appears te be a strong ven-
tral keel, but this is uncertain due to breakage. The base of
the transverse process is directed laterally. A fragment of the
neural spine rises dorsocaudally from the top of the element.
Specimen 4-21 is interpreted as the first dorsal vertebra.

Caudal to 4-21 was another opisthocoelous vertebra, 4-
20, by correlation the second dorsal vertebra (Fig, 15). Its
opisthococlous centrum has been plastically deformed, so
the true orientations and locations of the parapophyses are
unclear. Crushing has distorted the pleurocoels. There is a
strongly pronounced ventral keel that lacks a ventral pro-
cess (Fig. 15B).

para

Figure 15. Second dorsal vertebra of Acrocenthosaurus, SMU
74646 4-20, in (A) right lateral and (B) ventral views. Cross-hatch-
ing represents matrix. Scale bar= 10 cm.
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The neural arch sweeps forward from the dorsal margin of the
centrum. There are three openings on the right lateral surface
arranged linearly (Fig. 15A). The caudal and middle openings
are foramina, while the cranial opening is a blind fossa. It is
unclear if any or all of these fossae are homologous with the
infradiapophyseal, infrapre- or infrapostdiapophyseal, or
infraprezygapophyseal fossae or foramina of other theropods.
Immediately above these openings, the basc of a thick trans-
verse process sweeps dorsally, caudally, and laterally, in con-
trast to the previous vertebra. Similarly, the base of the
prezygapophyseal process projects craniodorsally. Another
opening is located mediocaudal to the transverse process, set
into a deep subconical fossa that separates the transverse pro-
cess from the base of the neural spine. This fossa leads

craniomedially and is roofed by the postzygapophysis in ail
subsequent vertebrae (see below). In life, it would have housed
the prezygapophysis of the subsequent vertebra.

Caudal to 4-20 was specimen 4-17, here considered the
third dorsal (Figs. 16A, C, E). Like the previous two verte-
brae, this element is also sheared into right and left halves,
but unlike the latter, both halves are preserved. It differs from
the previous two dorsals in that the parapophysis is greatly
elongate dorsoventrally and borders the ventral margin of
the neural arch, as expected in the progression towards the
more caudal dorsals.

As in previous vertebrae, the cranial ball of the centrum is
set off from the body by a shallow groove immediately cra-
nial to the parapophysis. Unlike the groove on the cervical
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Figure 16. Third and fourth dorsal vertebrac of Acrocanthosaurus. Third dorsal, SMU 74646 4-17, in {A) cranial, (C) caudal, and (E) right
lateral views, Fourth dotsal, 4-29B, in (B) cranial, {D) caudal, and (F) right laterai views. Cross-hatching represents matrix. Scale bar= 1dcm.



centra, however, it is oriented dorsocandally. The centrum
appears to have retained a ventral keel, but the shearing makes
it difficult to ascertain its degree of pronunciation. Crushing
has damaged the pleurocoels on both sides. Two dorsoven-
trally narrow and craniocaudally short slits reside atop one
another on the right side, and possibly are the relics of
pleurocoelous foramina (Fig. 16E).

The neural arch is similar in gross morphology to that of 4-
20. Unlike 4-20, however, it has four openings (three caudal
fossae and a blind, cranial pocket) that, instead of being ar-
ranged in a linear fashion as in 4-20, have a triangular layout
(Fig. 16E). The base of the transverse process is swept more
strongly dorsally in this specimen than in the preceding.

The process that bears the prezygapophyseal facet is deep
dorsoventrally and angles craniodorsally. The facet is planar
and tilted strongly ventromedially. The prezygapophysis of
4-17 is higher than the postzygapophysis; this configuration
would provide the vertebral column with an upward curva-
ture at this point.

Also as in 4-20, there is a large, deep opening mediocaudal
to the transverse process, that is roofed dorsally and medi-
ally by the postzygapophysis. The articular facet is ovoid,
planar, and steeply angled ventromedially.

The left half of 4-17 preserves a portion of the neural spine.
Of this, only the right side contains some undamaged bone,
that contains two shallow, blind fossae that open medially.
Though incomplete, it is quite tall.

Specimen 4-29 (Figs. 16 B, D, F), found behind 4-17, exem-
plifies the continuing migration of the parapophysis, approxi-
mately one-fifth of which is borne on the neural arch. The
dorsal migration of the parapophysis has rearranged the lay-
out of the centrum, so that the pleurocoel now lies caudal to,
instead of dorsal to, the parapophysis (Fig. 16F). The
pleurocoelous foramen is divided internally into a larger cra-
nial and smaller caudal openings by an irregular bar of bone.
Three openings on the side of the transverse process are
arranged in a linear fashion, as in the second dorsal,

The prezygapophysis is supported by a narrow, cranio-
dorsally oriented pillar of bone. As before, it is higher than
the postzygapophysis (Fig. 16F). The postzygapophyseal
facet roofs a deep subconical pocket.

The last intact centrum »f this sequence, 4-235, is the right
half of a clearly opisthocoelous centrum (still encased in
matrix) found caudal to 4-29, making it the fifth dorsal verte-
bra. In the same block of matrix is a fragment of bone oriented
properly to be the cranial end of the sixth centrum. It conceiv-
ably belongs to dorsal A1-2-15 (see below). It is not clearly
opisthocoelous; if it is not, then the transition from opistho-
coely to amphicoely in the dorsal column of Acrocantho-
saurus is abrupt.

MID-DORSAL AND CAUDAL DORSAL VERTEBRAE:
Assessment of all vertebral elements caudal to the cranial
dorsals is complicated by an artifact of their preservation: all
the clements were sheared inio left and right halves during
collection and were preserved in two blocks, A1-2 and A2-1.
Block A1-2 contained only the right halves of vertebrae, while
A2-1 contained only left halves. Field and preparator’s notes
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explain that these two blocks fit together, but post-prepara-
tional separation of individual elements precludes determi-
nation of the degree of overlap between Al-2 and A2-1.
Morphological differences indicate that the overlap is not
total. Enough material is missing between the halves thatno
one piece can be fitted to another.

The right halves of block A1-2 (Fig. 17) include a sequence
of six partial, apparently mid-dorsal, vertebrae in articulation.
The most cranial of this sequence, A-2-15 (Fig. 17A), con-
sists of a partial neural arch, including most of the right trans-
verse process, postzygapophysis, and caudal end of the
centrum {(which may represent the same element as the frag-
ment noted above with 4-25). The transverse process sweeps
strongly dorsocaudally. The postzygapophysis is large and,
as in the cranial dorsals, forms the roof of a deep fossa. It
differs from its cranial counterparts because it forms the en-
tire roof of the fossa and, more strikingly, its facet is arched
dorsally instead of being planar. Dorsal and lateral to the
fossa roofed by the postzygapophysis is another opening
(Fig. 18E). This fossa is squeezed out ventrally where the
postzygapophysis meets the lateral support of the transverse
process. Because it is lacking the cranial end of the centrum
and the prezygapophyses, the relationship of this specimen
with the last opisthocoelous dorsal (4-29) cannot be pre-
cisely determined. It is referred here to the position of the
sixth dorsal.

Caudal to A1-2-15, a more complete vertebra, A1-2-11, is
by correlation the seventh dorsal (Figs. 17B, D). The cranial
face of the centrum is amphicoelous. As described in the
holotype by Stovall and Langston (1950:710), the pleuro-
coelous fossa is deep but poorly demarcated. There are two
pleurocoelous foramina, that are separated from each other
by an oblique shelf of bone.

The parapophysis is located entirely on the neural arch, and
is smaller than its more cranial counterparts. The transverse
process is robust, triangular in lateral view, and is oriented
dorsocaudally and, toward its distal end, laterally. The lateral
surface of the neural arch of A1-2-11 is deeply excavated by an
enormous fossa that is divided into two by a very thin, ob-
liquely-oriented lamina of bone that runs caudally from the dor-
sal margin of the parapophysis to the lateral surface of the
transverse process, just cranial to the postzygapophysis. Such
a lamina is not mentioned or illustrated in the holotype of
Acrocanthosaurus by Stovall and Langston (1950¢).

The prezygapophysis is dorsally convex. On the cranial
face of the vertebra, just dorsolateral to the neural canal, the
prezygapophysis is deeply excavated by a subconical cra-
nial peduncular fossa (Fig. 17D). There is a deep, but narrow,
V-shaped cleft between the complete right prezygapophysis

-and a fragment of the left; the prezygapophyseal facets of

both continue into this cleft. This region represents a
confluence of the prezygapophyseal and hypantral facets,
as seen in the mid- and caudal dorsal vertebrae of Allosaurus
and tyrannosaurids (Madsen, 1976; Molnar et al., 1990). No
hyposphenes are preserved in SMU 74646. Unlike the more
cranial dorsals, the postzygapophysis of A1-2-11 lies in
roughly the same plane as the prezygapophysis.
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The next (eighth) mid-dorsal, A1-2-12 (Fig. 17C), has a
more complete centrum. The parapophysis and transverse
process are virtually identical to those of Al1-2-11. The
prezygapophysis is incomplete, but the preserved portion
faces dorsally and laterally, implying that, as in A1-2-11, the
prezygapophyseal facet of A1-2-12 was convex dorsally, form-
ing a condyloid joint. The postzygapophysis of A1-2-12 is
lightly concave ventrally, not as pronounced as in A1-2-11.
An elongate cleft narrowly separates the postzygapophysis
from the lateral ramus of the wransverse process. This gap
persists in all subsequent dorsal vertebrae for which this
region is preserved (Fig. 18E).

The next vertebra in the sequence, A1-2-14 (the ninth dor-
sal, Fig. 18A), is the most completely preserved of the series.
Its centrum is amphicoelous, and, as before, the pleurocoel
contains two foramina separated by an oblique lamina. A
smaller crest of bone at the caudal end of the caudal foramen
partially divides this opening further into a large cranial por-
tion and a tiny caudal hole, The lamina that divides the fossa
on the side of the transverse process is less than 1.4 mm
thick. It is somewhat sinuous, drooping downwards approxi-
mately halfway along its length (Fig. 18A). Both above and
beneath the larnina, the fossae empty directly into cancellous
bone. There is no visible connection between the cranial and
caudal foramina around the lamina, but passage via the mi-
croscopic pores of the cancellous interior is present.

As in the previous mid-dorsals, the prezygapophysis is
convex dorsally and is undetlain by a deep, subcircular, cra-
niat peduncular fossa. This opening leads caudally, but does
not penetrate into the lateral fossae of the transverse pro-

cess. The postzygapophysis is also arched; the fossa which
its facet domes contains the broken prezygapophysis of the
following vertebra (Figs. 18A, B).

The tenth and eleventh dorsal vertebrae (A1-2-9 and Al-
2-8, respectively, Figs. 18B-E)are virtually identical to A1-2-
14 in all discernible details. The tenth differs in that it lacks
the subsidiary ridge dividing the caudal pleurecoelous fora-
men, The pleurocoel of A1-2-8 is incomplete. It differs from
the previous dorsals in that the ridge connecting the para-
pophysis to the prezygapophysis is less steeply tilted
dorsomedially than in the previous dorsals. A1-2-8 preserves,
for the first time, the base of the neural spine. Dorsal to the
transverse process and lateral to the neural spine, the verte-
bra is again deeply excavated (Fig. 18D), making the neural
spine crescent-shaped in dorsal view, Within the fossa on
the spine are two low, vertical ridges that divide the lateral
surface into small fossae. These ridges do not persist dor-
sally, and grade into a smooth surface.

Opposing the preserved right halves of vertebrae from
block A1-2 is a sequence of left halves from block A2-1, a
natural series of six vertebrag. Most of the preserved ele-
ments are fragmentary. The centra are amphicoelous. The
most complete element in the block, specimen A2-1/1 (Fig.
19R), preserves the only attached neural spine of all the dor-
sal vertebrae. The spine is remarkable in that it has a marked
cranial inclination, roughly 23° from the vertical (assuming
that the preserved caudal face of the centrum was, as in the
preceding vertebrae, roughly vertical). The preserved left half
of the spine is virtuaily straight and shows no sign of having
suffered diagenetic distortion, so the angulation appears to
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Figure 17. Sixth, seventh, and eighth dorsal vertebrae of Acrocanthosaurus, SMU 74646, (A) Sixth dorsal, A1-2-15, in right lateral view. (B}
Seventh dorsal, A1-2-11, in right lateral and (D) cranial views. (C) Eighth dorsal, A1-2-12, in right lateral view. Cross-hatching represents
matrix. Scale bar= 10 cm.



be genuine. This is further supported by the identical orien-
tation of the postzygapophysis and partial neural spine of
A2-1/4 (Fig. 19A), cranial to A2-1/1.

The base of the spine is formed by the union of the
postzygapophysis and transverse process (broken i this
specimen). The spine is narrow craniocaudally; its mediolateral
width cannot be determined because the right half is missing.
It appears to be less massive than the spines on more cranial
dorsals. The caudal face of the spine is, at the base, strongly
concave, forming a decp but narrow fossa that persists
roughly one-fourth the distance to the preserved distal end.
As in the cervical venebrae, this fossa contains smaller, shal-
low fossae. Above this is a planar and moderately rugose
surface, presumably part of the interspinous ligament attach-
ment, There is also a small, ovoid, dorsocaudally-oriented
foramen on the cranial margin of the neural spine, opposite
the postzygapophysis (Fig. 19B).

Whereas the previous postzygapophyseal facets were merely
arched, that of A2-1/1 is cupped like an inverted bowl. Unfortu-
nately, no prezygapophyses are preserved in this sequence, so
confirmation of a matching ball-shaped morphology cannot be
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given. Like the previous dorsals, however, the postzygapophysis
forms the roof of a fossa, but unlike its cranial counterparts, this
fossa is more open laterally because the transverse process is
not as strongly backswept. A narrow fossa remains between the
postzygapophysis and the base of the transverse process.
Although the distal end of the transverse process is lack-
ing, it i3 clear from the preserved portion that it resembled s
cranial complements in possessing two deep fossae sepa-
rated by an extremely thin lamina of bone, supporting their
position as dorsal vertebrae. However, because of the more
lateral than dorsolateral orientation of the process, the large
fossa and divisive lamina are strongly inclined compared to
those of the mid-dorsal vertebrae: the fossae lead
dorsomedially rather than medially. This difference in orien-
tation and location of the transverse process fossae, as weil
as the tilt of the neural spines, demonstrate that A2-1/1 and
A2-1/4 do not correspond with any of the right halves from
the A1-2 sequence. This would make A2-1/4 and A2-1/1 the
twelfth and thirteenth (terminal) dorsal vertebrae, respectively.
ISOLATED NEURAL SPINES: Although most of the afore-
mentioned dorsal vertebrae lack attached neural spines, sev-
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Figure 18. Ninth, tenth, and eleventh dorsal vertebrae of Acrocanthosaurus, SMU 74646. (A} Ninth dorsal, A1-2-114, in right lateral view.
(B) Tenth dorsal, A 1-2-9 in right lateral and {E) cranial views. (C) Eleventh dorsal, A1-2-8, in right lateral and (D) dorsal views. Cross-hatching

represents matrix. Scale bar= 10 cm.
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eral isolated neural spines were recovered from the same
blocks. Their morphology provides an indication of approxi-
mate continuity.

Except for being distorted so that it bears a strong left
lateral curvature, spine 3-29 (Figs. 20A, B) strongly resembles
the spines of the mid- and caudal cervical vertebrae, It is
craniocaudally short but mediolaterally wide, especially on
the distal end. As with the spines of most of the cervical
veriebrae, the caudal margin is strongly concave, and con-
tains several shallow fossac. This concavity terminates
abruptly distally beneath a rugose caudal projection, also as
in the cervical vertebrae. The groove terminates proximally
behind the flat, rough, interspinous ligament attachment site.
On the cranial margin of the sping, there is a corresponding
projection for the attachment of the forward interspinous
ligaments. The distal end of the spine is inflated, knob-like,
and rugose. Because of its similarity to the caudal cervical
spines, 3-29 must have originated with one of the most cra-
nial of the dorsal vertebrae, possibly even a tenth cervical.

Five partial neural spines appear to be from more caudal
positions than 3-29 or 3-15, Of the five elements, three — 3-9,
3-12, and 3-26 — were found in a sequence that may be rep-
resentative of their life positions. If the trend of possessing

prominent caudal overhangs on the distal end continues from
the cervicals onto the dorsals, then of these three, 3-9 would
be the most cranial and 3-26 the most caudal of the sequence.
Spine 3-9 is grossly similar to both the cervical spines and
the two aforementioned dorsal neural spines because it bears
a slightly concave cranial margin and a strongly concave
caudal one {Figs. 20C, D). Both margins also contain fossae.
The summit is expanded craniocaudally, possessing a slight
cranial projection and a more pronounced caudal overhang.
Unlike the cervicals, however, the caudal overhang is not an
abrupt projection of the spinal summit; instead, the caudal
margin of 3-9 arcs gradually so that the distal end lies further
caudally than the plane of the concavity. The preserved por-
tion of this element measures 162 mm in length.

Spines 3-12 and 3-26 more closely resemble the dorsal
spines figured for the holotype of Acrocanthosaurus OMNH
8-0-89 (Stovall and Langston, 1950:plate 4, figs. 7-8). Speci-
men 3-12 does not possess cranial or caudal concavities;
instead, the bulk of both margins are occupied by the promi-
nent ridges for attachment of the interspinous ligaments that
reach almost to the summit of the spine, untike all previous
spines. Above the attachment sites, on the cranial face, is a
virtually flat, smooth region that continues all the way to the
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Figare 19. Twelfth and thirteenth dorsal vertebrae of Acrocanthosaurus, SMU 74646. (A) Twelith dorsal, A2-1-4, in left lateral view. (B}
Thirteenth dossal, A2-1-1, in left lateral view. Cross-hatching represents matrix. Scale bar = 10 cm.



swmmit and is marred only by a few narrow, shallow fossae.
The caudal face likewise contains fossae and a foramen. The
suramit is only slightly expanded. The third element of this
series, 3-26, 1s similar to 3-12 in that both crantal and caudal
faces bear prominent ridges of bone for interspinous liga-
ment attachment. The shift in morphology from 3-9 to 3-12
and 3-26 appears to document an abrupt transition from ver-
tebral neural spines of a “cervical-style” morphology to 2
more typical “dorsal-style” morphology.

The remaining two spines, 2A-3 and 2A-4, are similar in
morphology to 3-12. Spine 2A-3 (Figs. 21 A, B) measures 297
mm long and is different in that the ridges for interspinous
ligament attachment are more prominent and extend even fur-
ther towards the summit than in 3-12, It lacks the curvature of
the caudal margin and has no caudal overhang. The inters-
pinous ligaments attachment sites are bounded by numer-
ous extremely narrow, vertically-oriented fossae, many of
which contain foramina leading to the interior of the spine.
The summit is rugose and expanded craniocaudally beyond
the shaft of the spine, excluding lipament attachment ridges.
The rugosities extend downwards to a point where they over-
lap the extent of the interspinous ligament attachments; thus,
at this point in the dorsal vertebral column, it appears that
there was some merging of the inter- and supraspinous
ligamenture,

Specimen 2A-4, a 177-mm-long distal end of a spine, is
similar to 2A-3 but is more massive {Fig. 21C). The inters-
pinous ligament attachment ridges reach the summit of the
spine. Specimen 2A-4 is unique in that there are numerous
fossae and foramina (seven on one side, one on the other),
that open laterally. Because of its greater mass, this spine is
assumed to have been more caudal than any of the other
isolated spines.

The expansive area for inter- and supraspinous liga-
menture on the neural spines of Acrocanthosaurus implies
that this taxon could not have possessed a fleshy sail, as has
been reconstructed for other animals that have elongate dor-
sal neural spines (e.g., the pelycosaur Dimetrodon [Bailey,
19971). Such sails, being vascularized by near-surface blood
vessels and lacking prevalent ligament attachment sites and
rugosities, have sometimes been interpreted as thermoregu-
latory devices. However, the pronounced and rugose attach-
ment sites of Acrocanthosaurus indicate that the neural spines
were enmeshed in ligarenture, and probably heavily muscled,
more analogous to that of a buffalo than the sails borne by
the aforementioned taxa (q.v., Bailey, 1997).

The vertebrae display specializations that would have lim-
ited movement in life. The cervical vertebrae had restricted
lateral undulation and ventral flexion owing to the insertion
of the cranial processes into the caudal overhangs of preced-
ing vertebrae and the overlap of the epipophyses onto the
bodies of the following vertebrae. The dorsal vertebrae were
similarly limited by the “cup-and-socket” morphology of the
zygapophyses, the insertion of the prezygapophyses into
deep pockets, and by the extensive ligamenture. On the whole,
the vertebral column of Acrocanthosaurus seems geared to-
wards dedicated strength while forfeiting greater flexibility.
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However, none of these features would impede craniocaudal
motion of the column — indeed, the powerful ligamenture
may have enhanced sharp craniocaudal movement by acting
as powerful springs, absorbing shock during recoil. This
would be necessary during lunging, and such behavior can
be visualized as a predatory tactic in a carnivorous animal.
Tall neural spines in the cervical region would also serve to
atlow the head to bob fore and aft somewhat at higher loco-
motory speeds, effectively transmitting kinetic energy along
the sagittal plane during locomotion, a feature common to
galloping, long-distance, endurance runners such as horses
(Slijper, 1946, Wake, 1979). Horses also possess tall neural
spines on the cranial dorsal vertebrae that limit lateral flexibil-
ity. Tall neural spines in ungulates {obligate quadrupeds)
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Figure 20. [solated neural spines attributed to the cranial dorsal
region of Acrocanthosaurus, SMU 74646, Specimen 3-29 in (A}
right lateral and (B) caudal views. Specimen 3-9 in (C) right lateral
and (D) caudal views, Cross-hatching represents matrix. Scale bar =
10em.
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develop over weight-bearing limbs in order to resist bending
moments during locomotion (Slijper, 1946; Alexander, 1985;
Bailey, 1997), but the spines of Acrocanthosaurus (probably
an obligate biped) are high in the neck and over the pectoral
girdle, which do not bear weight, so the function of the spines
cannot be restricted just to loading. Added rigidity and
strength is a more likely explanation and may have evolved
as a means of sirengthening the vertebral column against
antagonistic stresses applied by prey animals larger than
Acrocanthosaurus itself, possibly sauropods, during preda-
tion. This conclusion was also derived by Bailey (1997).

Sacral Vertebrae

Three massive though badly damaged vertebrae were
found between the proximal ends of the pubes of SMU 74646.
The entire mass is labeled 2-15 in the preparator’s notes; they
are emended with individual labels as 2-15-1, 2-15-2, and 2-
15-3, from cranial to caudal. None of the vertebrae are fused;
in fact, there are wide gaps between the articular facets of the
centra in all three. Thus, Aerocanthosaurus did not possess
a synsacrum; complete fusion of all other neural arches to
their respective centra with no visible sutures argues against
an interpretation of the lack of a synsacrum as an ontoge-
netic characteristic of 4crocanthosaurus. Madsen (1976:42)
proposes that lack of fusion of the sacral vertebrae may be
tnore common in females than in males, at least for Allosaurus.
Measurements of the sacral vertebrae are given in Table 2.

All the sacral vertebral centra are amphicoelous. The left
sides of 2-15-2 and 2-15-3 bear pronounced pleurocoels (Fig.
22B). On 2-15-3, the pleurocoel consists of a single,

craniocaudally elongate fossa containing two foramina. The
foramina are much more widely separated than in previous
vertebrae. The ventral surfaces of all three of these vertebrae
are damaged, but none appear to have had a ventral keel.

The left side of 2-15-3 retains the base of a massive, fused
complex consisting of the base of the neural spine and the
transverse process. Beneath the circular, shield-like veniral
portion of this sacral rib, at the cranial end of the vertebrae,
there is a small parapophysis, separated from the pre-
zygapophysis by a short shelf of bone. Although broken,
the distal end of the parapophysis does not appear to have
bolstered the sacral rib complex in life. Less of a similar com-
plex is preserved on 2-15-2, but, unlike the previous vertebra,
the postzygapophysis is present, Its close appression to the
base of the neural spine and broken lateral surface indicates
that it, too, was a part of the immense articular surface with
the ilium,

Beneath and hidden by the sacral rib on 2-15-3 is a deep
fossa that is subdivided into two smaller fossae by a shelf of
bone. This configuration is reminiscent of the double fossae
seen on the sides of the transverse processes of the dorsal
vertebrae, though the dividing shelf is significantly thicker
on the sacral. As in the caudal dorsal A2-1/1, the fossae open
more dorsomedially than on the mid-dorsal vertebrae. Sacral
vertebra 2-15-2 preserves a divided fossa in a similar loca-
tion, but compared to that of 2-15-3, it is much shallower,
narrower mediolaterally, and not as extensive craniocaudally.

The left prezygapophysis of 2-15-3 contrasts sharply with
those of the preceding dorsal vertebrae because it is con-
cave, rather than convex. As preserved, it faces dorsally and

Figure 21. Isolated neural spines attributed to the mid- or caudal dorsal region of Acrocanthosaurus, SMU 74646. Specimen 2A-3 in (A}
lateral and (B) 7cranial or ?caudal views. Specimen 2A-4 in (C) lateral view. Scale bar = 10 cm.



slightly laterally, but the lateral component may be an artifact
of preservation because the process may have been reori-
ented by compression against the centrum of 2-15-2, against
which it rests, The prezygapophysis of 2-15-2 is more planar
and faces dorsally. The prezygapophyses are separated from
the sacral rib complex by narrow gaps, similar to the hypantral
facets on the dorsals. The postzygapophyses, present on 2-
15-2, are ventral-facing cups.

The cranial and caudal margins of the bases of the neural
spines house deep fossae; the cranial excavations are so
deep as to give the neural spine bases a T-shaped cross-
section, with the broad part of the T at the caudal end. The
lateral surface of 2-15-3, at least on the cranial end (where itis
not subsumed into the complex of the sacral rib), is excavated
aswell,

By possessing large articular surfaces with the ilia, 2-15-2
and 2-15-3 are probably the two “true” (ancestral) sacral ver-
tebrae, and occupy the positions of second and third sacrals,
respectively, as outlined by Huene (1926) for Eustrepto-
spondylus and Welles (1984) for Dilophosaurus. Vertebra 2-
15-1, by default, must be the first sacral.

Two other vertebral fragments, both unlabeled either on
the specimen or in the preparator’s notes, were found in the
vicinity of the three articulated vertebrae mentioned above.
They are given the labels “2J-1" and “2]-2,” apain from cra-
nial to caudal, for reference in this thesis. Of the two latter
fragments, 2J-2 is the more complete, consisting of the cra-
nial end of a centrum and neural arch complex. The centrum is
very large, especially compared to the dorsals, and is more
similar to the previously described sacrals. Both prezygapo-
physes are preserved, as is most of the neural arch above the
centrum. Dorsal and lateral to the vertebral foramen are two
cranial peduncular foramina, as in the dorsal vertebrae. Be-
tween these foramina, and dorsal to the veriebral foramen,
there is a vertical groove bounded by two thin ridges of
bone, again reminiscent of the conjoined prezygapophyseal
and hypantral facets on the mid-dorsals but much narrower.
Small foramina on the cranial edges, one on the medial side of
the left prezygapophysis and two on the right, lead into the
prezygapophyses.

The prezygapophyseal articular facets are slightly convex
dorsally, similar to the mid- and caudal dorsals, but unlike the
more cranial of the sacral vertebrae. Just caudal to the right
prezygapophysis, on the lateral side of the vertebra, is a
craniocaudally elongate fossa. Possibly this is homologous
with the two foramina described in sacral vertebra 2-135-3.

A specimen, 2A-8, found with some of the dorsal neural
spines discussed previously, clearly consists of two sacral
neural spines that are similar in gross morphology to the
isolated dorsal neural spines 2A-3 and 2A-4. The cranial and
caudal margins possess vertical ridges for insertion of the
interspinous ligaments; as in 2A-4, these extend to and merge
with the rugose summits. On one of the sacral spines, the
border between this ridge and the spine proper is interrupted
by several foramina, as in 2A-3 and 2A-4. Unlike the dorsal
neural spines, however, the sacral spines are much narrower
mediolaterally and much longer craniocandally; this may be
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due to postmortem compaction. The two spines are fused
together distally but not proximally. D. Chure (personal com-
munication, 1997} notes that fusion of sacral neural spines
typically proceeds from distal to proximal in theropods.
Because of disassociation and absent material, these two
spines cannot be placed with any specific sacral vertebrae.
Although in some specimens all five sacral neural spines are
fused together (Gilmore, 1920:plate 8), Madsen (1976:plate
24, figs. E and G) illustrates only the sacral spines of the
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Figure 22. Sacral vertebral elements of Acrocanthosaurus, SMU 74646,
(A) Sacral neural spines, 2A-8, in lateral view. (B) Second, 2-15-2, and
third, 2-15-3, sacral vertebral centra and neural arches in left lateral
view. Cross-hatching represents matrix. Scale bar= 10 cm.
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second and third sacral vertebrae of Allosaurus fused to-
gether. The two spines of 2A-8 are tentatively referred to the
second and third sacral vertebrae of Acrocanthosaurus.

Caudal Vertebrae

Except in the autapomorphic tails of some maniraptoriforms
(e.g., avians) and Herrerasaurus (Novas, 1993), the centra of
theropod caudal vertebrae tend to become relatively more
elongate distally (Molnar et al., 1990). Simultaneously, trans-
verse processes and neural spines decrease in size and ulti-
mately may disappear altogether. As described first by Russell
{1972) and emphasized by Gauthier (1986), vertebrae with
these traits occur beyond a “transition point” between the
more mobile proximal caudal vertebrae and the stiffened, less
mobile distal caudals. This point is defined between the last
caudal with transverse processes and the first with signifi-
cantly elongate prezygapophyses (Russell, 1972) and, to a
lesser degree, an alteration from elongate, ventrally-directed
chevrons to “boat-like,” proximodistally-oriented bones
{Gauthier, 1986). In non-abelisauroid ceratosaurians, this point
occurs well distal to the halfway point of the tail and is con-
tained within a gradual transition zone; in the Tetanurae, the
transition point occurs more abruptly and closer to the proxi-
mal half of the tail (Gauthier, 1986). In the Coelurosauria (Holtz,
1994; Sereno etal., 1994, 1996), 15 or fewer caudal vertebrae
possess transverse processes, placing the transition point
much closer to the base of the tail. As a result of the relative
elongation of the caudal centra, more distal caudals display
proximodistally shortened neural arches: the centrum pro-
trudes distally (and sometimes proximally, as well) beyond
the extent of the arch, and increasingly so with more distal
positioning in the sequence.

Only proximal and medial caudal vertebrae are preserved
in SMU 74646; no distal caudals couid be identified. Mea-
surements of the cauda! vertebrae are provided in Table 2.

PROXIMAL CAUDAL VERTEBRAE: One isolated,
amphiplatyan (slightly amphicoelous) centrum, 1-6, is short
proximodistally and strongly compressed mediolaterally.
Unlike all previous vertebrae, the pleurocoelous fossa is not
deep and does not contain pleurocoelous foramina. Instead,
tiny nutrient foramina are visible a short distance below where
the neural arch would have been. The ventral surface of the
centrum is damaged. Because the neural arch is lacking, it is
impossible to determine which face is proximal and which is
caudal. Unlike all other preserved caudal centra, both faces
lack chevron facets, a typical feature of the first caudal.

Four further caudal vertebrae from SMU 74646 are candi-
dates for proximal caudals. These specimens, 1-4, 1-12, 1-22,
and 1C/W, are more robust than the other caudals. Stovall
and Langston {1550:712) note that the second and third cau-
dal vertebrae are differentiable from the remainder of the cau-
dal sequence in being “gently procoelous and slightly
wedge-shaped in lateral aspect.” Of the proximal caudal ver-
tebrae preserved in SMU 74646, only specimen 1-12 (Figs.
23A-C), meets the latter criterion because the proximal face is
concave while the distal face is virtually flat. All other pre-
served centra of the caudal sequence, including 1-4, 1-22,

and 1C/W, are amphicoelous. Specimen 1-12 cannot be the
second or third vertebra, however (see below).

The left side of 1-12 is intact and displays a rudimentary
pleurocoelous fossa (Fig. 23B). As confirmed by Stovall and
Langston (1950) in the paratype of Acrocanthosaurus, the
fossa is shallow and located dorsal to the midline of the cen-
trum. There are small nutrient foramina at the proximal and
distal ends of the fossa. Specimens 1C/W, 1-4, and 1-22 are
similar to 1-12 in possessing a shallow, rudimentary
pleurocoelous fossae with pinhole-sized openings at their
distal end. The presence of rudimentary pleurocoelous fos-
sae reinforces the concept that these three vertebrae are in-
deed proximal caudals. Britt {1993:198) notes that foramina
that exist primarily for the entrance and egress of circulatory
vessels and nerves are inflated in size when invaded by di-
verticula that generally follow the vessel and nerve tracks;
thus, the enlarged pleurocoelous foramina described on the
presacral and sacral column are nutrient foramina that have
been invaded by such diverticula. Invasion was insufficient
in the proximal caudals to create inflated foramina in the shal-
low fossae.

The centra of 1-4 and 1-22, in lateral view, possess a slight
parallelogram shape, with the dorsal edge of the proximal
articular face overhanging the ventral margin. The proximal
end of the centrum of 1C/W is angled as in the former two
vertebrae, but the distal face is markedly less so, lending the
vertebra a more wedge-shaped, quadrilateral profile that more
closely resembles that of the more distal caudals. Paul
(1988:102) notes that the proximal caudals of most theropods
are “beveled,” which arches the base of the tail dorsally.
However, the proximoventral angle of the proximal face of the
four vertebrae from SMU 74646 would, when articulated {(and
assuming symmetry of the intervertebral bursae), produce a
downward curve, not an upward one.

In lateral view, the ventral margin of all four centra are
arched dorsally at the proximal end. The distal end is on a
slightly lower plane than the proximal end. Specimens 1C/W
and 1-4 possess ventral grooves (Fig. 23E). These grooves
were possibly associated with the caudal artery and vein; the
absence of the groove on the chevron facets marks where
the vessels left close appression with the centra to enter the
haemal canal of the chevrons.

The chevron facets on all four centra are beveled triangles.
The distal facets are somewhat less pronounced than their
proximal counterparts in 1-12 and 1C/W. The proximal facets
are more strongly angled than the distal ones. The proximal
facets lack foramina for articulation of accessory chevron
prongs as in some Torvosaurus caudals (Britt, 1991},

The neural arches of 1-4, 1-12, and 1C/W span roughly the
proximal three-fourths of the centra; the arch of 1-12 spans
slightly less than the other two. The transverse process is
flat and sweeps distally. The transverse processes of 1C/W
are more complete than those of 1-12 (Figs. 23A, D) but are
similar in possessing 2 mild dorsal arching at their bases.
They angle distally from the perpendicular of the neural spine.
Inset from the proximal and distal margins are shallow grooves
that parallel the axis of the process.



The prezygapophyses differ between 1-4 and 1-12 in that
the articular facet of 1-4 is much more steeply angled ventro-
medially than that of 1-12. In this respect, 1-4 is much more
similar to the more distal caudals. Only vertebra 1-12 pre-
serves a partial postzygapophysis, and it shows no sign of
having a ventrally-projecting “hyposphene-like process” as
noted by Stovall and Langston (1950:713) for the first three
caudals of Acrocanthosaurus paratype 8-0-58. The prezyga-
pophysis in 1-12 protrudes only a short distance beyond the
centrum face. Its articular facet is angled only slightly ven-
tromedially. There is no infraprezygapophyseal foramen. The
postzygapophyses angle ventrolaterally and protrude slightly
from the base of the neural spine. Their articular surfaces are
small and angle slightly dorsolaterally.
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The neural spine of 1-12, though incomplete, is not par-
ticularly robust, especially in comparison to the spines of the
axis and cranial cervical vertebrae, indicating that it origi-
nated further caudal than the initial several caudals, that bear
long neural spines in the paratype. It is mediolaterally quite
thin, especially so proximally. The proximal edge bears a nar-
row, matrix-filled groove, the bordering walls of that sweep
downward to connect to the prezygapophyses (Fig. 23A),
identical to the condition in the paratype.

Distally, between the postzygapophyses, 1-12 has a nar-
row but deep, tear-drop-shaped fossa that terminates a short
distance above the zygapophyses, giving way to the inters-
pinous ligament attachment {Fig. 23C). As with its proximal
counterpart, the walls bordering this depression form thin

Figure 23. Proximal caudal vertebrae of Acrocanthosaurus, SMU 74646. Eighth caudal, 1-4, in (A) proximal, (B} left lateral, and (C) distal
views. Scale bar = 10 cmn. (D) second caudal, 1C/W, in caudal view. (E) sixth caudal, 1-12, in ventral view. Cross-hatching represents matrix.
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ridges that support the zygapophyses. This deep cavity con-
tains smaller, asymmetrically placed openings. There are two
on either side: large ventral openings and smaller dorsal ones.
The lamina separating the openings is much more robust on
the right than on the left.

The spine of 1-12 is angled slightly distally from the verti-
cal, unlike the vertical spines of the most proximal caudals of
the paratype, OMNH 8-0-S8. The distal end of the spine is
missing. Just above the base of the left side of the neural
spine, a small foramen leads ventrally into the base of the
spine (Figs. 23 A, B). This foramen in bounded laterally by a
short ridge of bone. A similar foramen was noted in the
paratype of Acrocanthosaurus by Britt (1993:198). The right
side of 1-12 is damaged, and no foramen can be discerned,
but the short lateral ridge is still present.

The spine of 1C/W is more fragmentary than that of 1-12,
but is much wider at the base, especially the distal end (Fig.
23D}, Neither the proximal nor distal margins are preserved,
but the ridges that lead from the broken proximal edge to the
bases of the prezygapophyses are thicker than those of 1-12,
implying that 1C/W is more proximal in the caudal sequence
than §-12.

The wider neural spine base of 1C/W strongly implicates
this vertebra as the most proximal of the four, despite the
slight procoely of 1-12. All preserved neural spines are less

robust than those of the most proximal caudals in OMNH 8-
0-88. The distal tilt of the neural spine of 1-12 indicates that it
one of the most distal of the four vertebrae; the steep tilt of
the prezygapophyseal facet on 1-4 also places it more dis-
tally in the sequence. 1C/W is referred to the position of
second caudal, 1-22 the fifth, 1-12 the sixth, and 1-4 the eighth.

MEDIAL CAUDAL VERTEBRAE: The next largest caudal
preserved in SMU 74646, 1-17 (Fig. 24C), lacks only the right
transverse process. The centrum lacks any indication of a
pleurocoelous fossa, but tiny nutrient foramina are visible on
both sides, located near the proximal and distal ends. Like the
more proximal caudals, its ventral margin is dorsally arched,
with the arch skewed slightly proximally. Both the proximal
and distal faces are vertically oriented. A well-developed,
shallow ventral groove is present (Fig. 24F) that terminates
just behind the proximal chevron facet. Each prezygapophysis
bears a low, horizontally-projecting ridge that runs backwards
to join with the proximal margin of the transverse process. At
the point where this ridge joins with the lateral surface of the
prezygapophysis, it swélls, becoming thickened dorsoven-
trally and more prominent laterally. This projection is prob-
ably homologous to the small “accessory transverse
processes” seen on the more distal medial candals (see be-
low). The postzygapophyses project a short distance from
the base of the neural spine and overhang the centrum.
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Figure 24. Medial caudal vertebrae of Acrocansthosaurus, SMU 74646. Sixteenth caudal, 1-19, in(A) proximal, (B) distal, and (E) ventral views. (C)
Fifteenth caudal, 1-17, in left lateral view. (D) Seventeenth caudal, 1-11, in dorsal view. Cross-hatching represents matrix. Scale bar= 10cm.




The transverse processes, again similar to those of the
most proximal caudals, arch dorsally and sweep distally in
dorsal view (Fig. 24D). The shallow grooves on the ventral
side of the process (Fig. 24E) are still present but not as
pronounced as those of 1C/W. The distal end of the right
transverse process is expanded, particularly on the distal
edge, to form a moderate curve laterally in dorsal view.

The neural spine is one of few intact in SMU 74646 and is
much shorter than the spines of the proximal candals of the
paratype OMNH 8-0-S8. It is thin proximally, but retains a
deep sulcus bounded by two thin ridges that become the
dorsomedial margins of the prezygapophyses. The distal end
is slightly wider and also possesses a deep, tear-drop-shaped
depression. The left side bears a small, ventromedially-di-
rected foramen set into a shallow fossa at the base of the
spine, asin 1-12.

Similar to 1-17 in most respects are 1-19/1-25 (Figs. 24A, B,
E; Fig. 25A)and 1-11 (Fig. 24D). Both are relatively complete.
The transverse processes are similar to that of 1-17 in that the
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distzl end is rounded laterally. The distal end of the neural
spine, which displays a pathology in 1-19/1-25, was found
separately (1-25, Figs. 25B, C). 1-19/1.25 differs from 1-17 and
1-11 in that the proximal face of its centrum is angled
proximoventrally, while the distal face is more or less vertical.
This would lend the tail at this point a slight downward curve.
1-11 and 1-19/1-25 are estimated to have originated in the
twelfth and thirteenth caudal positions.

The grooves on the proximal and distal margins of both
neural spines contain fossac and foramina (Figs. 24A, B)
similar to those described above for 1-12. Above the dorsal-
most extent of these fossae and foramina, the grooves shal-
low and become rugose, indicating the insertion points of
the interspinous ligaments.

There are no foramina on the lateral sides of the bases of
the spine, as in 1-12, but a shallow fossa occupies this posi-
tion on the right side of 1-19/1-25 (Fig. 25A). Towards the
pathologic distal end of the spine, the proximal margin abruptly
jogs distally before resuming its predominantly dorsal orien-

2thmk

Figure 25. Sixteenth caudal vertebra and pathologic neural spine of Acrocanthosaurus, SMU 74646. (A} Centrum, 1-19, and neural spine, 1-
23, inright lateral view. Scale bar = 10 cm. Pathologic neural spine in (B} proximal and (C) dorsal views. Not to same scale as (A).
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tation, forming a distinct cranial process. This “stair-step”
morphology is also noted by Stovall and Langston (1950:713)
in some caudals of OMNH 8-0-38.

The distal end of the spine, 1-25, is bent sharply to the
right. At the base of the bend on the left side is an amor-
phous, rugose mass of bone. The right surface of the neural
spine below the bend is heavily striated. Because non-mam-
malian and non-avian (presumably including other dinosaurs)
vertebrates do not form secondary cartilage at the site of
fractures (Rothschild and Martin, 1993 and references cited
therein), non-displaced, healed fractures tend to have smooth-
surfaced, inflated structures {e.g., Rothschild and Martin,
1993:216, fig. 19-4); this is represented on many of the ribs of
SMU 74646 (see below). The rugosity and disfigurement of
the thick mass at the base of the bend in 1-25 is more consis-
tent with an infected, displaced fracture (1993:217, fig. 19-3).
There is a rounded, smooth-walled, blind pit on the dorsal
surface of the bone; this may represent a healed bite mark.
As illustrated by Stovall and Langston (1950:plate 4, fig, 10),
many of the caudal neural spines of the paratype specimen of
Acrocanthosaurus are also bent; however, none of the bends
in these specimens display inflated, ragose textures indica-

tive of healing, so the bends in those specimens are more
likely diagenetic than pathologic.

Three other vertebrae from SMU 74646, numbered 1-2, 1-
3, and 1-13, are similar to 1-19/1-25 in overall morphology
(though they lack evidence of neural spine pathologies), but
are smaller. The only outstanding difference is in 1-3: the
proximal edge of the transverse process angles sharply back-
wards, giving the distal end of the process a triangular shape
as in 1-11 (Fig. 24D). These specimens are atiributed to the
region of the 15th-22nd caudals.

The remaining three caudal vertebrae are much smaller
than any of those aforementioned. They were collected in
near-surface, soft sediment, and do not bear specimen num-
bers. For the purposes of this thesis, they are designated K1,
K2, and K3, of which K2 is the most complete (Fig. 26). Be-
cause they retain small transverse processes, they must be
from a region proximal to the “transition poimt.” The pres-
ence of neural spines is also indicative of their origin far
forward of the distal caudals.

The centra of these three vertebrae are low, long and do
not possess pleurocoels. Both proximal and distal faces are
more laterally constricted than any of the preceding verte-

Figure 26. Twenty-ninth ca-udal vertebra of Acracanthosaurus, SMU 74646 K2, in (A) proximal, (B) distal, and (C) right lateral views. Scale

bar = 10 cm.
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brae. The proximal faces are more concave than in the preced-
ing vertebrae, though overall the centra are still amphicoelous.
A shallow, ventral groove, evident only on K1, spans the
entire distance between the chevron facets.

The neural arch on K2 spans two-thirds the centrum length,
and remains concentrated towards the proximal end. K2 pos-
sesses short, stubby transverse processes (Figs. 26A, B);
broken surfaces indicate their presence on K1 and K3 as well.
As in the aforementioned proximal caudals, a low ridge con-
nects the proximal margin of the transverse process to the
prezygapophysis, but in the medial caudals, the ridge
changes from a horizontal orientation on the centrum to a
ventrolateral orientation on the prezygapophysis. Just be-
low the notch formed where the prezygapophysis and neural
arch separate from the centrum on the proximal end, there is a
ghort, dorsoventrally flat “accessory transverse process” that
parallels but is much shorter than the ransverse process. Its
homologue on K1 is smaller stifl.

The neural spines are not fully preserved on any of the
three medial caudals. However, the preserved portion on K2
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indicates that the spine was divided into a proximal (cranial
process) and distal (neural spine) portion, similar to that of
Allosaurus (Madsen, 1976) and noted by Stovall and
Langston (1950:713) in the paratype of Acrocanthosaurus,
thus retaining a low “stair-siep™ morphology as in 1-19.

Ribs

Numerous ribs and rib fragments were found scattered
through the blocks of SMU 74646. These include cervical
and dorsal ribs, and gastralia. Measurements of all ribs are
provided in Table 3.

CERVICAL RIBS: Seven unambiguous cervical ribs are
preserved with SMU 74646: five from the right side and two
from the'left. None are fused to the cervical vertebrae. One rib
(3-13) can be adequately articulated with both the fifth and
sixth carvical centra. When in articulation, the rib is directed
caudally and laterally and would have spanned at least three
vertebrae (based on the length of the sixth cervical centrum).

The smallest preserved cervical rib fragment (3-17, Fig.
27A) must be from one of the most cranial cervicals. It is

Table 3. Rib measurements {in nun) of SMU 74646,

Cap.-Tub. Cap.-Tub.
Rib # {Spec. #) Ln. Ht. Span Angle ()
CV2r(3-17) 83+ 54 48+ wa
CV41(3-8) 318+ — — na
CV4r(3-11) 285+ 83 68 na
CvsI(3-1) 425+ — — na
CV51(3-13) 558+ 92 68 n/a
CVTE(4-16) 330+ 106 117.5 n/a
CV8r (4-19) 425+ 116 122 wa
CV9l(4-4) 679+ 150 150 n/a
CV9r(4-18) 624+ 122 122 n/a
D2 (A1-4/2C-9) 757+ na 197 59°
D2 (2C-4) 884+ n/a 163 54°
D3 (A1-5/2C-2) S104+ n/a 203 41°
D3 (A1-2/2C-1) 753+ wa 229 —
D4 (Al-1/4-12) 554+ na 144+ —
D5 (4-15/4-16) 994+ na 210+ 68°
D5 (4-12) 875+ wa — —
D6 (4-10) 1086+ nfa 183+ 59°
D6 (4-11) 1003+ n/a 204 53¢
D7r (2-18) 632+ n/a — —
D8r (2-19) 656+ n/a — —
D8I (2-23) 535+ n/a — —
DOr (2-24) 600+ n/a — —
D10r (2-39) 779+ n/a — —
D11r(2-40) 653 n/a — —
D121(2-36) 415+ n/a 150 49°
D12r(2-41) 451+ na 156 520
D137 (2-42) 321 n/a 117 44°
D137(2-43) 176+ na 122 60°P
(A1-6) = n/a 228+ —
{(Al-16) — na 244+ —

Measurements: rib length (In.) = distance from top of cranial process {on cervical ribs) or tuberculum (on dorsal ribs} to end of rib; rib
height (ht.} = maximum distance from tuberculum to tip of cranial process (cervical ribs only); capitulum-tuberculum span (cap.-tub. span) =
maximum distance between capitulum and tuberculum; rib curvature (rib curv.) = degree of rib curvature

Notation: CV = cervical; D =dorsal; v = right; 1 = left; ? = position of rib in sequence approximate; — = measurement not possible; n/a
= measurement not applicable; + = incomplete bone; measurement taken on preserved portion with true value higher; - = incomplete bone:

measurement taken on preserved portion with true value probably lower,;

pieces and added; P = measured region marted by pathology.

M < minimum value; measurements taken on two or more separate
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unlikely to be an atlantal rib because, where known in theropods
(e.g., Herrerasaurus [Sereno and Novas, 1993] and Carnotaurus
[Bonaparte et al., 19907), they are single-headed. Possibly it be-
longs to the axis, but breakage on the axial vertebra and of the
capitulum on the rib fragment makes this impossible to verify.
Between the bases of the capitulum and tuberculum on the dis-
tal side is a deep but narrow fossa. The capitulum and tubercu-
Tum are connected by a very short ridge of bone.

Two similar ribs, 3-11 and 3-13, are substantially larger
than 3-17, but similar in overall morphology (Fig. 27B}). In
each, the capitulum and tuberculum are ovoid in shape, with
their long axes oriented approximately 90° to cach other. The
tubercular and capitular heads are inflated weil beyond their
respective necks and, like 3-17, are connected by a short
ridge of bone. Both possess deep fossae between the bases
of the capitula and tubercula on the medial side of the rib
(Fig. 27H) and at the base of the capitula, tucked behind the
short lamina of bone that connects the tuberculum and the
cranial process (Fig. 27G). A third and much shallower fossa
is present between the base of the capitulum and the cranial
process on the ventral side of the rib. The capitulum is sig-
nificantly smaller than the parapophysis of the fifih cervical,
so the rib probably originated with the third or fourth.

The capitular head of 3-13 bears a sizable opening leading
laterally into the neck of the capitulum (Fig. 27C). The shaft
of 3-13 is flattened proximally and ovoid distally, but the flat-
tened portion of 3-13 bears a thin, pronounced, aliform lamina
connecting to the tuberculum and not seen in the previous
tibs (Fig. 27C). This lamina terminates abruptly a short dis-
tance from its origin.

The rest of the cervical ribs are all clearly from the caudal
end of the sequence. Ribs 4-4, 4-16, 4-18, and 4-19, remain
triradiate and thus are cervical, but mark the beginning of the
transition to dorsal rib morphology. In each, the tuberculum
is more pronounced than in the preceding cervical ribs and is
set more widely apart from but is still connected to the ca-
pitulum by a lamina of bone. The medial fossa between the
tuberculum and capitulum has been broadened by the migra-
tion of the tuberculum and thus appears much shallower. The
body of each rib is flattened for the entirety of its preserved
length, and there is a pronounced dorsal lamina connecting
the tuberculum to the shaft. In rib 4-18, the capitulum, tuber-
culum, and cranial process surround in a roughly equilateral
faghion a deep, triangular fossa (Fig. 27J). The shafts of both
ribs are flattened but concave medially, bearing distinct cos-
tal grooves.
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Figure 27. Cervical ribs of Acrocanthosaurus, SMU 74646. (A) Right axial rib, 3-17, in medial view. Right fourth cervical rib, 3-11, in (B) medial, {F}
Jateral, (G) cranial, and (H) caudal views. (C) Right fifth cervical rib, 3-13, in medial view. Right eighth cervical rib, 4-19, in (D) medial and {I) cranial
views. Left ninth cervical rib, 4-18, in (E) medial and (J) cranial views. Cross-hatching represents matrix. Scale bars=10cm.



DORSAL RIBS: Several dorsal ribs are present in SMU
74646. None are complete, but 2 few are virtually so, lacking
only the distal extremities. Many of the ribs appear to have
been plastically deformed, possessing sinuosities, and sev-
eral display pathologics (discussed below). As indicated in
the description of the dorsal vertebrae (above), Acrocantho-
saurus appears to possess 13 dorsal vertebrae, that would
bear 26 ribs. Nineteen ribs complete enough for identification
plus two isolated capitula {thus 73-81% of the total number
of ribs) are represented in SMU 74646; a large number of
undiagnostic head and shaft fragments, primarily from blocks
2C and 2C-D, probably represent the remaining ribs.

Nene of the ribs were found in direct articulation with
dorsal vertebrae, so it is impossible to determine their exact
positions. However, there are some consistencies across the
Theropoda with regard to costal traits that allow for the ap-
proximate placement of the preserved elements. In most
theropods, the longest dorsal rib co-occurs with the fourth,
fifth or sixth dorsal vertebra (Molnar et al., 1990); they then
shorten rapidly and become more strongly recurved caudally.
The shaft, however, tends to be the widest just cranial to the
longest rib (Lambe, 1917; Dong et al,, 1983; Bakker et al.,
1992; Currie and Zhao, 1993). The tuberculum of the rib is
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more pronounced and generally larger in the cranial ribs than
in the more caudal ones (Parks, 1928a). The capitular necks
tend to become more gracile caudally, and often shorten or
angle more obliquely with respect to the orientation of the
tuberculum. The distal ends of the cranial ribs are often ex-
panded and squared instead of tapering to a point (Madsen,
1976; Dong et al., 1983).

Using these criteria, the largest, longest, most robust pre-
served ribs — 4-10, 4-11, 4-12 and 4-15/4-16 — undoubtedly
originated from the cranial end of the thorax of Acrocantho-
saurus and probably correlate with the fifth and sixth dorsal
vertebrae. Ribs 4-12 and 4-15/4-16 have expanded, flattened,
and rectangular distal ends (Fig. 28E).

In the three cranial ribs that preserve the proximal end, the
capitular-tubercular web is not greatly pronounced, result-
ing in prominent tubercula. The capitula make weakly acute
angles to the tuberculum and proximal end of the shaft (Table
3; Figs. 28A, B). 4-12 and 4-15/4-16 are placed as the fifth ribs,
and 4-10 and 4-11 as the sixth ribs.

All other preserved ribs are smaller in size and, where the
proximal ends are preserved, have prominent capitular-tuber-
cular laminae and less pronounced tubercula, Ribs 2-18, 2-19,
2-24,2-39, 2-40, and 2-41 were found in sequence; all but 2-18

Figure 28. Dorsal ribs of Acrocanthosaurus, SMU 74646. Proximal end of sixth dotsal rib, 4-11, in (A) cranial and (B) caudal views. Proximal
ends of (C) second, A1-11/2C-9, and (D} third, A1-5/2C-2, dorsal ribs in cranial view. (E) Distal end of fifth dorsal rib, 4-12. Arrows indicate

proximal extent of intercostal ridge.
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and 2-41 bear maiching pathologies (see below). They are
attributed to the seventh through eleventh ribs of one side.

Paleopathelogical research of theropods is largely unpub-
lished, although numerous examples exist (Gilmore, 1920;
Molnar and Farlow, 1990; Currie and Zhao, 1993; Rothschild
etal,, 1997; D. Tanke, personal communication, 1997; per-
sonal observation). Rib pathologies, particularly rehealed
fractures and breaks, are relatively common in camosaurs
(Rothschild and Martin, 1993), although they have thus far
been documented more thoroughly in hadrosaurs and
centrosaurine neoceratopsids (Rothschild and Tanke, 1992).
The most common pathology in the ribs of SMU 74646 are
non-displaced, healed fractures. These are evident in A1-5/
2C.2,2-19, 2-24, 2-39, and 2-40 (Fig. 29). 2-19 and 2-24 both
display double pathologies, within a few centimeters of cach
other, towards the distal end of the rib {Figs. 29A, C). These
tworibs lay immediately adjacent to each other in the ground

(Fig. 4). The sequential taphonomic positions, coupled with
the coincidence of pathologies in the sequence of ribs 2-19,
2-24, 2-39, and 2-40 indicates that the ribs were fractured
together in simultaneous incidents during the life of the ami-
mal, as in a similarly injured specimen of Allosaurus (Laws,
1997). The more proximal of the bulbous healed fractures on
2-19 bears a groove, leading into and out of a tunnel, that
parallels the axis of the rib (Fig. 29D). The opening is very
small, just under 3 mm wide at the proximal end, and ex-
tends a distance of 45 mm. The groove is only slightly
offset from a costal groove, and probably represents bone
overgrowth of costal vessels and nerves during the heal-
ing of the fracture,

A second type of pathology is visible on the large rib, 4-
10. Here, at mid-shaft, the proximal and distal portions ex-
pand suddenly and are separated by a narrow gap that
circumscribes the entire rib (Fig. 29E}). This is characteristic

path
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Figure 29. Dorsai rib pathologies of dcrocanthosaurus, SMU 74646. Mid-shafts of (A) eighth rib, 2-19, (B) eighth rib, 2-23, and (C) ninth rib, 2-
24.(D) Opposite side of (A ), showing tunnel where bone overgrew costal vessels. Arrows indicate healed fractures. (E) Pseudarthrosis of sixth dorsal
rib, 4-10. (F) Pathologic proximal end of thirteenth dorsal itb, 2-43, it proximal view. Cross-hatching represents matrix. Not to scale.



of a pseudoarthrosis (“false joint™), formed at a non-rejoined
but non-displaced fracture, although in this specimen, it ap-
pears that the expanded ends did eventually reunite, as there
is cancellous bone visible between them in the gap at one
point.

A final rib pathology occurs on the head of 2-43. In this
specimen, the base and body of the tuberculum are disfig-
ured and inflated (Fig. 29F). When viewed ventrally, looking
up the axis of the rib shaft, there is a definite oblique lineation
at the base of the mass that represents a line of fracture. Like
the pathology of the caudal vertebra, there is a small, blind
pit on the dorsal surface of this rib, just above the line of
fracture, though it is somewhat less smooth-walled than the
one on the caudal neural spine. As before, this may represent
a healed bite mark.

GASTRALIA: Numerous fragments and partial gastralia
are preserved in SMU 74646 in their life sequences. The pres-
ence of gastralia is ubiquitous among the Theropoda, but
they have been described in detail only for Poekilopleuron
(Deslongchamps, 1838), Allosqurus (Gilmore, 1920), and
Albertosaurus (Gorgosaurus) libratus (Lambe, 1917) and
noted in numerous other taxa. Only one gastralium has been
previously reported in Acrocanthosaurus (Stovall and
Langston, 1950:716).
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Most gastralia that have been described in detail (e.g.,
Lambe, 1917) consist medially of two overlapping clements.
However, the medial portion of the gastralia preserved in
SMU 74646 consist of single, V-shaped elements. It is pos-
sible that these represent a fusion of two overlapping pieces,
but no clear sutures are visible between the pieces. The only
means of placing the region of origin of a gastralium is by the
angle of divarication between the two main branches, aithough
length can also be used when the elements are complete
{Lambe, 1917). The caudal gastralia tend to have more acute
angles of divarication than their cranial counterparts.

Only two gastralia, 1-6 and 3-6 {Fig. 30A}, can be identi-
fied as belonging to the cranial end of the cuirass. Specimen
1-6 has a medial divarication angle of 133°; 3-6 has an angle
of 123°. The medial V is not as flattened in 3-6 as in 1-6. The
distal portions of the limbs of 3-6 are contorted, the result of
diagenetic plastic deformation because there are no breaks
or héaled fractures on the shafts. The distal end of one limb,
the only one preserved, does not taper to a flattened, narrow
point as in most gastralia; instead, the end is inflated and
expanded and has a rough and pitted surface (Fig. 30B). An
isolated fragment of bone, 3-37, is somewhat smaller and flat-
ter than 3-6, but the distal end is similariy inflated and squared
off, and may belong to a similar gastralium. This implies that

Figure 30. Gastralia of Acrocanthosaurus, SMU 74646. (A) Cranial gastralia: 1-6 (top) and 3-6 (bottom). (B) Close-up
showing expanded “head.” (C) Caudal sequence of gastralia, as preserved. (D) Caudal sequence of gastralia, as pre

numbers, see text. Scale bar= 10 ¢cm.
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the terminal end of these gasiralia articulated with another
clement or elements. In all known theropods, the gastralia
cuirass is compoesed not only of the med:al, V-shaped ele-
ments, but of straighter lateral elements that overlap the dis-
tal ends of the V-shaped elements as well, and it is most
probable that the peculiar distal ends 3-6 and 3-37 represent
points of articulation with the lateral gastralium elements. If
so, this kind of “condylar” distal articulation is unique among
known theropod gastralia. It is also possible that these repre-
sent pseudarthrotic, pathologic gastralia, similar to some dis-
cusscd in a specimen of ANosawrus by Laws (1997), but
because the elements of SMU 74646 were not found in articu-
lation, this cannot be confirmed.

The rest of the preserved gastralia of SMU 74646 display
more acute divarication angles than the more cranial of the
cuirass. These gastralia were found in two natural series,
although their precise placements, either in the cuirass or to
each other, cannot be made more specificaily.

In one series (Fig. 30C), the most proximal of these is a
fragmentary gastralium in two pieces, specimen 2B-8. Only
the median V and a piece of one branch are preserved. The
median juncture has an angle of 90°. The next element, 2B-7,
is a single piece consisting of the medial union and subequal
portions of both branches. The branches form a 77° angle.
The last gastralium of this series, 2B-6, consists of the medial
union, a small portion of one branch, and an almost complete
opposing branch that measures 487 mm, Its median angle is
79°, The only fairly complete gastralium of the second se-
quence, 2-13, consists of a median juncture with an angle of
80° (Fig. 30D).

None of the aforementioned elements or preserved
gastralinm-like fragments can be definitively shown to be
pieces of clavicles or a furcula. True furculae are definitively
known in at least one allosauroid, and evidence for their pres-
ence in Alfosaurus is strongly supported (Chure and Madsen,
1996); possession of a furcula is considered a synapomorphy
of the Neotetanurae by Sereno et al. {1996), so their presence
in Acrocanthosaurus would be expected. Criteria for diag-
nosing allosauroid furculae provided by Chure and Madsen
(1996) are subject to individual variation, thus rendering dif-
ficult recognition of potential furcula fragments in SMU 74646.

Appendicular Skeleton

Pectoral Girdle and Forelimb

The only preserved pectoral girdle elements in SMU 74646
are portions of both scapulae. No elements pertaining to the
forelimb could be discemed.

SCAPULAE: The proximal end of a scapula, 4-28 (Figs.
31A-C), is virtually intact and can be identified as that of the
right side based on the curvature of its blade coupled with
the orientation of the glenoid fossa and acromial process. A
large part of the distal end of a scapular blade (2C-7) can be
identified as belonging to the left side because its dorsal
‘margin bears the terminal end of a narrow, longitudinal trough
as well as a large degree of longitudinal scarring, presumably
for the M. levator scapulae (Figs. 31D-F), that inserts on the

medial side of the craniodorsal margin of the scapular blade
(Bakker etal., 1992; Currie and Zhao, 1993).

The proximal end, 4-28, measures 288 mm in its longest
proximodistal dimension and is 276 mm tall from the highest
portion of the acromial process to the caudal process of the
glenoid. The acromial process is the dominant feature of the
bone (Fig. 31A), rising sharply and abruptly from the proxi-
mal end of the scapular blade. In lateral view (Fig. 31A), there
is a small foramen, approximately equidistant from both the
apex of the acromial process and the glenoid. Its small size
and unrefinished surface texture indicates that it is a nutrient
foramen similar to one described in Piatnitzkysaurus by Britt
(1993:189).

The craniodorsal margin of the acromial process is much
thinner than the rest of the process, and this region is in-
dented slightly on the lateral surface (Fig. 31 A). This region,
the subacromial depression (sensu Currie and Zhao, 1993), is
probably associated with the origin of the deltoideus muscu-
lature {Bakker etal., 1992). The acromial process reaches its
maximum height approximately midway across its span, and
slopes downwards towards the coracoid articulation. This
indicates that Acrocanthosaurus possessed a pronounced
notch between the scapula and the coracoid.

The coracoid articular surface is a large, triangular facet
on the proximal margin of the scapula, broadly expanded on
the ventral end (Fig. 31B). The articular surface is more or
less perpendicular to the blade, unlike the situation in tyran-
nosaurids {Walker, 1964). The facet is somewhat concave;
this is similar to the notch mentioned in Edmarka by Bakker
et al. (1992:14), into which a short process of the coracoid fits
to assist in immobilizing the joint between these elements.

The portion of the blade of the left scapula measures 508
mm long, 100 mm wide at the distal end (which is broken), and
95 mm wide at the narrowest preserved place. The preserved
portion of the distal end expands only slightly (Fig. 311)); ifa
distal expansion was present in Acrocanthosaurus, then it
was either minimal or very abrupt. Its absence would indicate
that the suprascapular cartilage was poorly developed and
that the Mm. rhomboideus were likewise reduced (Bakker et
al,, 1992).

Pelvic Girdle and Hindlimb

SMU 74646 preserves both ischia and both pubes. The pu-
bes and ischia display no signs of having been fused either with
each other or with the ilia, as noted by Stovall and Langston
(1950:717), though fusion of the pubes, when present in other
theropods, is an ontogenetic feature (e.g., Stovall and Langston,
1950). Only portions of the hindlimb were recovered, including
both femora and a partial metatarsal.

PUBES: Both pubes are represented in SMU 74646, The
right pubis, 2-1, measures 956 mm. It lacks much of the proxi-
mal end as well as some of the pubic boot. The left pubis, 2-
2/2-3, is less complete, lacking alt of the proximal end, but has
a more complete pubic boot than 2-1 (Figs. 32A-C). The pre-
served portion of the left pubis is 849 mm long.

The shafts of both pubes possess prominent, thin ridges
of bone, the bases of the medial gymphysis that begin proxi-
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mally on the caudoventral edge of the pubis, but rapidly
curve inwards, so that the majority runs along the medial side
(Fig. 32C). The crest terminates by grading into the pubic
boot. Though broken along most of their length, the distal
ends of the laminae on both pubes, just above the pubic
boots, do not possess broken edges, and thus were not coos-
sified at this point, creating a pubic foramen, that is visible in
the holotype and paratype specimens.

In theropods that possess an obturator foramen instead
of an obturator notch, the foramen pierces a proximal exten-
sion of the same lamina that, distally, forms the pubic sym-
physis. Although the proximal ends of the pubes are lacking
in all described specimens of Acrocanthosaurus, 2-1 from
SMU 74646 is sufficiently complete to demonstrate that this
lamina grades into the shaft of the pubis well below the proxi-
mal articular surface (Figs. 32B, C). Thus, it possessed an
obturator notch instead of an obturator foramen.
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In cranial view (Fig. 32B), the pubis is initially roughly verti-
cal and then, just distal to the proximal articular surfaces, curves
abmptly medially. Below this point, the shaft is gently concave
laterally. Atthe point at which the shaft curves medially, there is,
on the lateral surface of both pubes, a slightly pronounced and
moderately rugose eminence. Bonaparte (1986) diagnoses this
region In Piatmitzkysaurus as an ambiens process for the at-
tachment of the M. ambiens (= M, rectus femoris, in part), but
Gregory and Camp {1918} place the origin of this muscle much
‘mgore proximally in Ormitholestes, at a point where it overlaps the
pubic peduncle of the ilium and the iliac process of the pubis,
the arrangement seen in both the crocodilian Alfigator and the
avian Struthio. Gregory and Camp (1918) and Colbert (1989)
note that much of the pubic surface in theropods served as the
attachment site for the M. puboischiofemoralis externus, so the
eminence in Acrocanthosaurus and other theropods may be
associated with this mnscle.
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Figure 31. Scapulae of Acracanthosaurus, SMU 74646. Proximal end of right scapula, 4-28, in (A) lateral, (B) proximal, and {C) dorsal views.
Distal end of left scapula, 2C-7, in (D) medial, (E) proximal, and (F) dorsal views. Scale bars = 10 cm.
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In lateral view (Fig. 32A), the shafis of the pubes of
Acrocanthosaurus are gently curved cranially. The pubic boot
is large and expanded both cranially and caudally. The cau-
dal projection is set off from the rest of the pubis by its
abrupt mediclateral compression, especially visible on the
lateral face. The cranial projection, in contrast, initially re-
tains the thickness of the shaft and then thins gradually while

Figure 32. Pelvic girdle elements of Acrocanthosaurus, SMU
74646. Left pubis, 2-2/2-3, in (A) lateral, (B) cranial, and (C) me-
dial views. Right ischium, 2B-1, in (D) lateral, (E) caudal, and (F)
medial views. Cross-hatching represents matrix. Scale bar =10 ¢m.

curving cranially towards the distal end. The boot of the left
pubis of SMU 74646 is 340 mm long, but lacks the distal ends
of both cranial and caudal expansions. The ratio of length of
the boot to the length of the pubis (assuming the length of
the right pubis to be close to life} shows the boot to be
roughly 36% the length of the pubis as a whole; were it com-
plete, the percentage may approach 50%.

Heltz (1994) describes the morphology ef the pubic boot
in ventral view as a narrow triangle with the apex directed
caudally; the shape is confirmed by the holotype and paratype
specimens, but the apex is directed cranially, not caudally.

ISCHIA: Portions of both ischia are preserved in SMU
74646 (Figs. 32D-F). The right ischium, by far the more com-
plete of the two, lacks only the obturator process and a small
piece of the caudal end of the boot. The left is represented by
a fragment of the shaft lacking both proximal and distal ex-
tremities. The right ischium, here denoted 2B-1, measures 844
mm in its longest proximodistal dimension and 287 mm in the
widest dimension across the pubic and iliac processes. The
preserved portion of the distal boot measures 186 mm. Inits
namrowest craniocaudal dimension, just below the ongin of
the obturator process, the shaft measures only 48 mm. The
shaft fragment of the left ischium is 586 mm long. Both the
proximal and dista! ends of the ischiutn are mediolateraliy
compressed, but the portion of the shaft between the obtura-
tor process and the distal expansion is more rounded and
slightly compressed craniocaudally. The ischium 2B-1 is 88%
the length of the most complete pubis (2-1); the small quan-
tity missing from the proximal end of the pubis would only
lower this ratio by a few percentage points.

The proximal end of the ischium is bifurcate, possessing
clearly demarked pubic and iliac processes (Figs. 32D, F) that
diverge from the shaft at approximately equal angles. Both
processes are approximately equally robust: the iliac process
is 118 mm at its narrowest; the pubic process is 103 mm. The
pubic process is rectangular in lateral view, but the iliac pro-
cess is more triangular, The articular surface of the iliac pro-
cess is longer than wide and is kidney-shaped, with a distinct
notch on the medial surface.

There is a longitudinal, ovoid fossa on the dorsocaudal
surface of 2B-1 (Figs. 32D, E) that extends from the base of
the iliac peduncle a short way onto the shaft, terminating
across from the proximal end of the obturator process. On the
lateral surface, this depression is bounded by a thick, low
ridge. Though it is not mentioned, it is present in the holo-
type as well (Stovall and Langston, 1950:plate 3, fig. 5). The
fossa and ridge are undocumented in other theropods and .
may be an autapomotphy of Acrocanthosaurus. Beneath the
fossa, on the caudal surface, there is a roughened area that
was labeled by Molnar et al. {1990) as the attachment site of
the M. ischiocaudalis. This muscle is not known to originate
this far proximally on the ischium in any other animal; in-
stead, it originates at the extreme distal end of the ischium in
the salamander Necturus (Walker and Homberger, 1992), the
crocodilian Aligator (Gregory and Camp, 1918; Galton, 1969),
and, ostensibly, some dinosaurs (Gregory and.Camp 1918;
Galton, 1969; Normarn, 1986). The region distal to the fossa in



Acrocanthosaurus has also been interpreted as for the M.
flexor tibialis internus (= M. semimembranosus; Gregory and
Camp, 1918; Stromer, 1931; Bonaparte et al., 1990) and the M.
ischiotrochantericus {Colbert, 1989:103). While it is unclear
with which muscle the rough region on the ischium of
Acrocanthosatrus was associated, it was almost certainly
not the M. ischiocaudalis.

The obturator process is broken in both ischia of SMU
74646, but it is more complete in the holotype, OMNH §-0-S8.
Both agree with each other in a lack of an osseous connec-
tion between the obturator process and the iliac process,
creating an obturator notch. The distal end of the process is
unknowt in any specimen of Acrocanthosaurus.

The shaft of 2B-1 is gently sigmoid in lateral view (Fig.
32D), and there is a gentle medial curve approximately on-
fourth of the way below the proximal expansion (Fig. 32E);
below this, the shaft is virtually straight. Contrary to Currie
and Zhao (1993:2069), Acrocanthosaurus does not possess
a well-developed crest on the dorsocaudal surface, A nar-
row, proximodistally ovoid, slightly elevated, rugose region
present on the right lateral surface of 2B-1 (Figs. 32D, E) isin
a position that is probably homologous to the crest and marks
the attachment of the femoral adductor musculature (Currie
and Zhao, 1993). '
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Both 2B-1 and 1-5 possess long, thin, broken ridges of
bone, the symphysial laminae, along their craniomedial and
medial edges. In the more complete ischium 2B-1, this ridge
begins just beneath the obturator process, runs along the
craniomedial surface for a short distance, then abruptly curves
inwards and persists along the medial surface until it grades
into the rough, weathered medial surface of the distal boot
(Fig. 32F).

Acrocanthosaurus possesses a roughly triangular, mod-
estly mediolaterally flattened distal ischial expansion. Its cau-
dal end is pointed; the cranial projection is broken, The distal
surface of the boot is rugose in Acrocanthosaurus. The me-
dial surface of the proximal end of the ischial boot in 1-5'is
heavily striated, with lines raking approximately parallel to
the trend of the shaft. This argues against a coossification of
the ischia distally, but implies a close appression of the is-
chial boots.

FEMORA: Both femora are well-preserved. The right fe-
mur, herein designated 2B-1J, is virtually complete, lacking
only the distal end of the caput and the medial condyle (Fig.
33). It measures 1090 mm in length. Atmid-length, the shaft is
slightly wider mediolaterally than craniocaudalty and has a
circumnference of 388 mm. Following Anderson et al, (1983),
this implies a mass of the individual represented in SMU
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Figure 33. Right femur of dcrocanthosaurus, SMU 74646 2B-11, in (A) caudal, (B} medial, (C) cranial, and (D) lateral views. Scale bar = 10 cm.



46

74646 of 1869 kg, just under 2 metric tons. Gatesy and
Middleton (1997) note that Acrocanthosqurus possesses a
lenger femur compared to other hindlimb elements than any
other theropod, but it should be noted that their femoral
measurermnent was based on the estimate, which is probably
too long, of Stovail and Langston (1950) from an incomplete
femur. The left fermur, designated 2B-2], lacks the entire femo-
ral head and the bulk of the greater and lesser trochanters,
but has a complete distal end. Itis 1051 mmlong.

The caput projects from the shaft at an aimost 90° angle
(Figs. 33A, C). The condyle is slightly longer dorsoventrally
than it is mediolaterally (Fig. 33B). In dorsal view, the caput is
contiguous with the neck and greater trochanter (Fig. 34A).
The proximal surface of this assembly is rugose and mea-
sures 288 mm, which is much fonger than wide. As noted by
Currie and Zhao (1993), this shape would have caused the
leg to describe an outwardly bowed arc during locomotion.
In caudal view, the proximal margin of the caput and greater
trochanter assembly slopes somewhat ventrolaterally.

The lesser trochanter is separated from the greater tro-
chanter by a deep but narrow intertrochanteric fossa. The
process measures 62 mm. The lesser trochanter is rectangu-
lar in shape, tapering only stightly distally. It is concave on
its inner (medial) surface and attains an elevation just shy of
confluence with the proximal margin of the greater trochanter
(Figs. 33C, D). Stovall and Langston {1950) describe, on the
fernur of the Acrocanthosaurus paratype CMNH B-0-88, a
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Figure 34. (A) Proximal view of right femur of Acrocanthosaurus,
SMU 74646 2B-1J. (B) Distal view of left femur, SMU 74646 2B-2).

small flange projecting laterally from the distal end of the
lesser trochanter. No such additional process is visible on
2B-1J; its significance on the paratype is unclear.

There is a small nutrient foramen on the medial surface of
the femur, below the intertrochanteric fossa, approximatety at
the level of the proximal extent of the fourth trochanter (Fig.
33B). The fourth trochanter is a pronounced, thick, rugose
ridge on the mediocaudal surface of the shaft (Figs. 33A, B,
D). It measures 208 mm in length. Its distal-most extent oc-
curs just above the mid-shaft point of the fenur as a whole; it
does not reach the level of the base of the lesser trochanter
proximally. The medial surface of the ridge is concave, and is
probably the insertion site for the M. caudofemoraiis longus
{Currie and Zhao, 1993).

Between the distal end of the fourth trochanter and the
distal condyles, the femoral shaft is gently curved medially
(Fig. 33C) and ¢ranially (Fig. 33D). On the caudal surface of
the shaft, proximal to the lateral condyle and crista
tibiofibularis, there is an elongate, narrow fossa that opens
laterally. This fossa is bounded medially by a low ridge and
leads distally into the trochlea fibularis (Fig. 33A).

The distal end of 2B-21 is 248 mm wide. The distal condyles
are well developed. In caudal view, the medial condyle is
longer proximodistalty but narrower mediolaterally than the
lateral condyle, which is bulbous. The medial condyle also
protrudes much further caudally than does the lateral condyle,
though not as far as the crisia tibiofibularis (Fig. 34B). The
crista tibiofibularis is a tall, mediolaterally narrow, rectangu-
lar shelf that has a marked lateral deflection (Fig. 34B). Its
medial surface is gently concave.

The extensor groove (= intercondylar sulcus, in part) on
the cranial surface of the femur is moderately deep and U-
shaped in distal view (Fig. 34B). The flexor (= intercondylar,
in part) groove on the caudal surface is deep and contains a
low longitudinal ridge between the medial condyle and the
crista tibiofibularis. This ridge has been associated with the
origin of the cruciate ligamenture (Currie and Zhao, 1993).

METATARSALS: Only one partial metatarsal (1. 2WST) is
preserved in SMU 74646 (Fig. 35). It is a distal end measuring
218 mm long and 97 mm wide. Comparison with the metatar-
sals of cther theropods indicates that 1. 2WST is the distal
end of the left metatarsal I1I. It is wider (97 mmy} than tall (80
mm). It is clearly not the end of metatarsal IV because of the
broad, quadrangular (though not square) shape (Molnar et
al., 1990). The distal articular surface is angled laterally from
the axis of the shaft. The higher end of the articular surface is
on the lateral side of the metatarsal; thus, 1.2WST must be-
long to the left foot.

In distal view, the ginglymus of 1.2WST is divided into
two condyles by a deep notch on the caundal side (Figs. 35C,
E). The notch has a ventral and cranial orientation. The notch
is not centered, and the subrectangular lateral condyle is
much larger than the triangular lateral one. This is identical to
that noted in metatarsal II of the Acrocanthosaurus paratype
OMNH 8-0-59 (Stovall and Langston,1950:720). The lateral
and medial collateral ligament fossae are deep and consist of
large, gently sloping depressions that contain centrally-
placed, steep-walled, blind, ovoid pits.



COMPARATIVE, PALEOBIOGEOGRAPHIC,
AND PHYLOGENETIC ANALYSES

Comparison with Other Theropods

The palatine of Acrocanthosaurus most closely resembles
that of Allosaurus (Madsen, 1976:plate 10, fig. A, B); the
tetraradiate morphology is derived with respect to the rect-
angular palatine of Syntarsus (Raath, 1977). The large pa-
latine pneumatic recess and associated foramina are likewise
derived features; they are absent in Allosaurus, but present
in Sinraptor (Cwrrie and Zhao, 1993) and Tyrannosaurus
{Molnar, 1991); a fossa without invasive foramina is also
present in Deinonychus (Ostrom, 1969), so it appears that
invasion of the palatine occurred at least twice: once in the
allosauroid lineage and again in the Maniraptora. The pres-
ence in Acrocanthosaurus of the dorsoventral expansion of
the jugal process (= lacrimal process of Sereno et al., 1996)
agrees with the diagnostic condition of the Allosauroidea
(Sereno etal., 1996).

The ectopterygoid of Acrocanthosaurus has a shallower
ectopterygoid flange than Allesaurus (Madsen, 1976:plate
10C) and Sinraptor (Currie and Zhao, 1993:fig. 10A). The
subtemporal fenestra of Acrocanthosaurus has parallel lat-
eral and medial boundaries because it lacks the eminence of
the ectopterygoid flange seen in Alosaurus (Madsen,
1976:plate 10D). Lateral invasion of the jugal process by the
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ectopterygoid pneumatic recess is given as a diagnostic char-
acter of the Neotetanurae by Sereno et al, (1$96), a criterion
met by Acrocanthosaurus. However, the recess in Acrocan-
thosaurus is neither divided into multiple smaller fossae by
bony laminae as in Tyrannosaurus (Molnar, 1991) nor bul-
bous and inflated like that of Deinonychus (Ostrom, 1969).
The jugal of Acrocanthosaurus differs from those of 4/lo-

. saurus {Madsen, 1976), Torvosaurus (Britt, 1991), Edmarka

(Bakker et al., 1992) and tyrannosaurids (Bakker et al., 1988;
Molnar, 1991) by lacking a pronounced lobe beneath the or-
bit. Possession of a jugal pneumatic recess differentiates
Acrocanthosaurus from Allosaurus because the latter lacks
sizable foramina or other indications that the interior is hol-
low. Medial jugal foramina such as the one on the jugal of
Acrocanthosaurus are also known in Monolophosaurus
(Zhao and Currie, 1993), Sinraptor (Currie and Zhao, 1993),
and Tyrannosaurus (Molnar, 1991), and again appear to have
been independently evolved at least twice. The presence of
pneumatic excavations of the jugal is cited by Sereno et al.
(1994, 1996) as a trait diagnostic of the Tetanurae, although it
is lacking in Torvosaurus (Britt, 1991) and Edmarka (Bakker
etal, 1992).

The surangular sheif in Acrocanthosaurus is telatively
much larger than that of Allosaurus; likewise, it possesses a
pronounced knob undocumented in other theropod taxa. The
adductor fossa of Acrocanthosawrus is much broader
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Figure 35. Distal end of left metatarsal II of A crocanthosaurus, SMU 74646 1-2WST, in (A) cranial, (B) medial, (C) caudal, (D) lateral, and

(E) distal views. Cross-hatching represents matrix. Scale bar =10 ¢m.
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mediolaterally and more inflated than that of Allosaurus, in-
dicating it had a more powerful bite. The articular of
Acrocanthosaurus retains a long retroarticular process, un-
like the abbreviated processes of Allosaurus (Curric and Zhao,
1993) or Nyrannosaurus (Molnar et al., 1990).
Teeth of the small Late Cretaceous theropod Richard-
oestesia possess apical denticulation, but these teeth differ
from that of Acrocanthosaurus because their rostral carinae
are much less extensive (Currie et al., 1990). Teeth attributed
to the primitive tyrannosaurid 4/ectrosaurus from Asia and
the Cedar Mountain Formation of Utah are also reported to
have this trait (J. Kirkland, personal communication, 1996),
but these teeth are all much smaller than Acrocanthosaurus.
All preserved cervical and cranial dorsal vertebral centra
are strongly opisthocoelous in Acrocanthosaurus, as in
Torvesaurus (Britt, 1991), Spirosaurus maroccanus and
Sigilmassasaurus (Russell, 1996), Eustreptospondylus
{Walker, 1964) and allosauroids. Gauthier (1986} and Raubut
{1995) caution that cervical opisthocoely may be a size-de-
pendent homoplasy among large theropods, but the cervical
centra of large tyrannosaurids are only slightly opistho-
coelous (Osborn, 1906; Carpenter, 1992), whereas the cervicals
of the very small theropods Compsognathus (Ostrom, 1978)
and Mononykus (Perle et al., 1994) are opisthocoelous. Cer-
vical opisthocoely appears to be predominant in, but not
necessarily diagnostic of, theropods more advanced than
the Ceratosauriz but more primitive than the Coelurosauria,
The presence of a groove offsetting the cranial ball from
the rest of the cervical centrum is shared by Acrecantho-
saurus, Torvosaurus, and some specimens of Allosaurus (Britt,
1991). Sereno et al. {1996) state that Acrocanthosaurus shares
with Carcharodontosaurus reniform caudal articular facets on
" the cervical vertebrae, but a cervical vertebra from Morocco
referred to the latter by Russell (1996} has a much more circular
caudal articular cup, so this feature may be restricted to only a

-few cervical vertebrae. There are no hyposphenous articula-
tions between the cervicals of Acrocanthosaurus as in
tyrannosaurids (Molnar et al., 1990). The cervicals of Acrocan-
thosaurus lack large, laterally-projecting diapophyses as in
Carcharodontosaurus (Sereno et al., 1996) and ventral processes
(= hypapophyses) like those of maniraptoriforms (Gauthier, 1986;
Holtz, 1996a) and Sigilmassasaurus (Russell, 1996).

The axial neural spine of Acrocanthosaurus is much taller
with respect to the centrum, and much more reduced distally
than all other theropods (Fig. 36). The presence of a keel on
the ventral margin of the axis in Acrocanthosaurus is un-
usual among allosaureids because an axial keel has been lost
in Allosaurus (Gilmore, 1920) and Chilantaisaurus (Hu, 1964).
The central placement of the pleurocoelous fossa on the axial
centrum of Acrocanthosaurus contrasts with the disparate,
cranial and caudally placed dual fossae seen in Sinrapror
(Currie and Zhao, 1993). The axial centrum is unlike that of
the “megalosaurid” “Brontoraptor™ (Siegwarth et al., in press)
because the caudal cup is not angled from the vertical. The
greatly reduced distal expansion on the axial neural spine of
Acrocanthosaurus is an autapomorphic reversal of the diag-
nostic expansion of the Tetanurae (Gau.thier, 1986).

Britt (1993) finds the camellate interior of Acrocanthosaurus
cervical vertebrae to be more similar to that of tyrannesaurid,
avian, and numerous other coelurosaunan theropods than to
any other theropod taxa; in contrast, Piatnizkysaurus,
Allpsaurus, and Sinraptor all possess much simpler camerate
interiors. Camellate structure therefore appears to have evolved
twice within the Theropoda. The large, planar postzyga-
pophyseal facets of Acrocanthosaurus differ from the
coelurosaurian condition in which the facets are bent to formto
facets that are set at angles to each other. Acrocanthosaurs
and Szurophaganax (Chure, 1996) mimic maniraptoriform
theropods (Gauthier, 1986; Russell and Dong, 1993b) in pos-
sessing large epipophyses on the cranial cervical vertebrae.

At least five, possibly six (see above), dorsal vertebrae are
opisthocoelous in Acrocanthosaurus. Opisthocoely also oc-
curs in the first two dorsals of Sinraptor (Currie and Zhao,
1993), the third or fourth of Piamitzkysaurus (Bonaparte, 1936)
and Allosaurus (Madsen, 1976), and the fifth of Monolopho-
saurus {Zhao and Currie, 1993); the larger number may be
autapomorphic for a group within the Allosauroidea.

Both placement and morphology of the elongate neural spines
of Acrocanthosaurus differentiate the taxon from Spinosaurus
(Stromer, 1915), Metriacanthosaurus (Walker, 1964), Baryonyx
(Charig and Milner, 1990), and vertebrae attributed to the tooth
genus Altispinax (Huene, 1926, = 2dcrocanthosaurus altispinax
[Paul, 1988] and Becklespinax [Olshevsky, 1991]) (Fig. 37).
Whereas spine elevations are constant across the presacral col-
umn in Acrecanthosaurus, they vary in Spinosaurus (Stromer,
1915; Russell, 1996). Barvonyx is similar to Spinosaurus, al-
though the spines are not nearly as high (Charig and Milner,
1990). Both Spinosaurus and Baryonyx cervical neural spines
lack rugose, expanded summits and cranial and caudal processes
seen in Acrocanthosaurus. The dorsal neural spines of
Spinosaurus are laterally compressed, with craniocandally ex-
panded bases (Stromer, 1915}, unlike those of Acrocanthosaurus.
Presacral vertebrae of both Metriacanthosaurus (Huene, 1926;
Welker, 1964) and Aliispinax (Huene, 1926} include dorsals that
possess tall, mediolaterally thick, rectangular spines, but these
lack the pronounced interspinous ligament attachment sites and
strongly backturned and dorsally angled diapophyses of
Acrocanthosawrus. Altispinax also apparently lacked the pro-
nounced plenrocoelous fossae and foramina of Acrocantho-
saurus, and is certainly not congeneric with the latter asasserted
by Paul (1988).

Acrocanthosaurus shares with Allosaurus (Madsen,
1976), Sinraptor (Currie and Zhao, 1993), and tyrannosaurids
(Molnar et al., 1990) hyposphene-hypantrum accessory ar-
ticulations on the mid- and caudal dorsal vertebrae. In the
latter taxa, the hypantral facets are criented at right angles to
the planar prezygapophyseal facets, but in Acrocantho-
saurus, the prezygapophyseal facets are arched and grade
more smoothly into the hypantral facets. Slight cranial incli-
nations of the caudal dorsal vertebral spines are figured for
the tenth through thirteenth dorsals of Sinraptor (Currie and
Zhao, 1993:figs. 17A-C) and for the fourteenth dorsal of
Allosaurus (Madsen, 1976:plate 23, fig. B), but these are much
less manifest than in Acrocanthosaurus.




Sereno etal. (1990) cite the presence of rudimentary cau-
dal pleurocoels as a diagnostic trait of the Carcharodonto-
sauridae, including Acrocanthosaurus but excluding
Allosaurus and sinraptorids. In Carcharodontosaurus itself,
as well as Bahariasaurus, the most proximal caudals appar-
ently have well-developed pleurocoelous foramina (Stromer,
1931; Rauhut, 1995). Possible pleurocoelous fossae also oc-
cur in proximal caudals of Herrerasaurus (Novas, 1993),
Torvosaurus (Britt, 1991), and oviraptorosaurians (Barsbold
etal., 1990) Hu (1964) mentions “pits” in the proximal caudals
of Chilantaisaurus maortuensis, and “Brontoraptor” pos-
sesses a pleurocoelous fossa on the first caudal vertebra
(Siegwarth et al., in press), 5o the trait appears to have evolved
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multiple times in the Theropoda. Acrocanthosaurus caudals
lack infraprezygapophyseal foramina like those seen in
Carcharodontosaurus (Stromer, 1931),

The cervical rib heads of Acrocanthosaurus are invaded
by several deep fossae as in Sinraptor (Currie and Zhao,
1993) and Allosaurus (Madsen, 1976). The aliform processes
at the bases of the shafts on many cervical ribs of Acrocantho-
saurus are unknown in Allosaurus, but are present in Sin-
raptor (Currie and Zhao, 1993); large alae are reported for
Camnotaurus (Bonaparte et al., 1990). Fusion of the ribs to
the cervical vertebrae, absent in Acracanthosaurus, is a di-
agnostic trait of the Coelurosauria (Gauthier, 1986), though
absent in the therizinosauroid Alxasaurus (Russell and Dong,

Figure 36. Comparisons of theropod axes in right lateral view. (A) Acrocanthosaurus, SMU 74646 3B-1. (B) Herrerasaurus, PV3J 407
{reversed from Sereno and Novas, 1993). (C) Ceratosaurus, USNM 4733 (reversed from Gilmore, 1920). (D) “Brontoraptor,” TATE 1012
{reversed from Siegwarth et al., in press). (E) Sinraptor, IVPP 10600 (from Currie and Zhao, 1993). (F) Allosaurus, UUVP 6000 (reversed
frorm Madsen, 1976). (G) Deinonychus, YPM 5204 (reversed from Ostrom, 1969). (H) Gallimimus, G DPS 100/11 (reversed from Osmélska

et al., 1972). (I} Tyrannosaurus, AMNH5866 (from Osborn, 1906).



50

1993a). Cranial processes on the cervical ribs are found in
most theropods but are shorter in the allosauroids Acrocan-
thosaurus, Sinraptor (Currie and Zhao, 1993), Monolopho-
saurus (Zhao and Currie, 1993), Allosaurus (Madsen, 1976),
and the tyrannosaurid Albertosaurus (Gorgosaurus) libratus
(Lambe, 1917) than in primitive forms. Those of Acrocantho-
saurus are more similar to the shorter processes of allosauroids
than to those of ceratosaurians. Bakker et al. {1992) claim that
the dorsal ribs of the “megalosaurid” Edmarka are unusual

among theropods bacause the cranial intercostal ridge does
not perpetuate onto the tuberculum. The condition in the
preserved ribs of SMU 74646 is variable: this ridge strongly
bolsters the tuberculum in some ribs, weakly in others, and in
the remainder, the ridge terminates well below the tuberculum
(Fig. 28A,C, D).

Of theropods for which the gastralia have been described
in detail, only Acrocanthosaurus, Allosaurus (Gilmore, 1920),
and the “megalosaurid” Poekilopleuron {Deslongchamps,

Figure 37, Comparisons of dorsal vertebrae of theropods with elongate neural spines in right lateral view. {A) Composite mid-dorsal based
on isolated neural spine SMU 74646 2A-3 and ninth dorsal vertebra SMU 74646 A1-2-14 of Acrocanthosaurus, Spine height is a minimum
estimate based on isolated neural spine of OMNH 8-0-89. (B) Sixth dorsal of dllosaurus, UUVP 6000 (reversed from Madsen, 1976). (C)
Unspecified dorsal vertebra of Altispinax, BMNH R1828 (reversed from Owen, 1855). (D) Unspecified dorsal vertebra of Metriacanthosaurus,
QUM 112144 (reversed from Huene, 1926).[E) Unspecified dorsal vertebra of Spinosaurus, IPHG number unknown (from Stromer, 1915).



- 1838) possess gastralia that consist of a single element along
the midline; Albertosaurus (Gorgosaurus) libratus {Lambe,
1917) and other theropod gastralia consist of two elements
that overlap at the midline.

The presence of a deep notch between the acromial pro-
cess of the scapula and the coracoid in Acrocanthosaurus
also oceurs in Allosaurus (Gilmore, 1920), Piatnitzkysaurus
(Bonaparte, 1986), and possibly Sinraptor (Currie and Zhao,
1993); all theropods in which a notch is known fall into the
Allosauroidea (contra Bakker et al.,, 1992).

Acrocanthosaurus possesses a pubic foramen (# pubic
foramen of Gilmore {1920] or Walker {1964], which is the obtu-
rator foramen), as in Sinraptor (Currie and Zhao, 1993),
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Yangchuanosaurus (Dong et al., 1983), Metriacanthosaurus
(Huene, 1926b), and Allosaurus (Madsen, 1976), but not
Torvosaurus (Britt, 1991; contra Currie and Zhao, 1993) or
Carcharodontosaurus {Rauhut, 1995}, Moderate cranial cur-
vature of the pubic shaft, also present in Carcharodonto-
saurus (Rauhut, 1995) and Allosaurus (Gilmore, 1920, Madsen,
1976), is more derived than the strongly downturned pubes
of primitive theropods such as Herrerasaurus {(Novas, 1993)
and Coelophysis (Colbert, 1989) and the relatively straight
pubic shafts of Eustreptospondylus (Walker, 1904},
Torvosaurus (Galton and Jensen, 1979), Afrovenator (Sereno
etal., 1994), and Szechuanosaurus zigongensis (Gao, 1993)

(Fig. 38).
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Figure 38. Comparisons of theropod pubes in right lateral view. (A) Right pubis of Acrocanthosaurus, SMU 74646 2-2/2-3. (B) Right pubis
of Herrerasaurus, PVS] 373 (from Novas, 1993). (C) Left pubis of Syntarsus, QG/1 (reversed from Raath, 1977). (D) Left pubis of Sinraptor,
IVPP 10600 (reversed from Currie and Zhao, 1993). (E) Left pubis of Piatnitzhysaurus, PVL 4073 (reversed from Bonaparte, 1986). (F) Left
pubis of Edmarka, CPS 1010 (reversed from Bakker et al., 1992). (G) Right pubis of Torvosaurus, BYL 2014 (from Gaiton and Jensen, 1979).
(H) Left pubis of Aflosaurss, UUVP 6000 (reversed from Madsen, 1976). (I} Right pubis of Archaeopteryx, M “Eichstitt Specimen” (from
Wellnhofer, 1974). (J) Left pubis of Carcharodontosaurus, IPHG number unknown (reversed from Rauhut, 1995). (K} Right pubis of
Ingenia, GI 100/30 (from Barsbold et al‘, 1990). (L} Right pubis of 4/bertosaurus (Gorgosaurus), NMC 2120 (from Lambe, 1917),
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Possessing a pubic boot at least 30% of the pubic length
is considered a synapomorphy of the Carcharodentosauridae
by Sereno et al. {(1996), although no complete pubis of
Carcharodontosaurus has been documented. Alfosaurus has
a boot;pubis ratio of 56% (Gilmore, 1920; Madsen, 1976). Per-
centages much greater than 30% are also obtained for
Herrerasaurus (Novas, 1993), Neovenator (Hutt etal., 1996},
and Albertosaurus (Gorgosaurus) libratus (Lambe, 1917:62);
values within a few percent of 30% are obtained for
Piatnitzkysaurus (restored; Bonaparte, 1986), Edmarka
(Bakker et al. 1992), Szechuanosaurus zigongensis (Gao, 1993),
Gasosaurus (Dong and Tang, 1985), “Brontoraptot”
(Siegwarth et al., in press), and Compsognathus (Ostrom,
1978); thus, the feature, as defined by Sereno et 2. (1996),
has arisen several times in the Theropoda. The triangular
shape, in distal view, of the pubic boot shared by Acrocan-
thosaurus and Allosaurus (Holiz, 1994) is derived with te-

spect to the T-shape in sinraptorids, Torvosaurus, and
Metriacanthosaurus (Cuirie and Zhao, 1993).
Acrocanthosauris does not meet the ischial character
state of the Coclurosauria, in which the ischium is < 2/3 the
pubic length (Gauthier, 1986; Holtz, 1994). In lateral view, the
ischium of Acrocanthosaurus is straight, similar to those of
Allosaurus (Madsen, 1976), Sinraptor (Currie and Zhao,
1993), and Yangchuanosaurus (Dong etal,, 1983); it lacks a
marked ventral curvature like Coelophysis (Colbert, 1989) and
Dilophosaurus (Welles, 1984) and does not curve strongly
medially as in Herrerasaurus (Novas, 1993). It is much more
gracile than that of Metriacanthosaurus (Walker, 1964). The
presence of an obturator process for attachment of the M.
puboischiofemoralis externus (Currie and Zhao, 1993), instead
of an obturator lamina contiguous with the iliac process, is
diagnostic of the Tetanurae, and its proximal placement on
the shaft, as in Acrocanthosaurus, is diagnostic of all
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Figure 39. Comparisons of the distal ends of theropod femora in distal view. {A) Left femur of Acrocanthosaurus, SMU 74646 2B-2]. (B)
Right femur of Herrerasaurus, PVSJ 373 (reversed from Novas, 1993} (C) Left femur of Dilophosagurus, UCMP 37302 (from Weiles, 1984).
(D) Left femur of Megalosaurus, }13506 (reversed from Huene, 1926). (E) Right femur of Eustreptospondylus, OUM 13558 (reversed from
Huene, 1926). (F) Left femur of Sinraptor, IVPP 10600 {from Currie and Zhao, 1993). (G) Left femur of Allosaurus, USNM 4734 (from
Gilmore, 1920). (H) Right femur of Carcharodontosaurus, IPHG number unknown (reversed from Stromer, 1931). (I) Right femur of
Deinonychus, TMCZ 4371 (reversed from Paul, 1988). (J) Left femur of Albertosaurus, specimen unknown (from G. Paul, personal cornmu-

nication, 1997). Arrows indicate extensor grooves.



tetanurans more primitive than the Maniraptoriformes (Holtz,
1996a). A distal expansion of the ischium with both caudal
and cranial projections as in Acrocanthosaurus is a feature
seen elsewhere in the Allosauroidea only in Neovenator.

The 90° angle between the fernoral caput and shaft in Acro-
canthosaurus is unlike the obtuse angle seen in Carcharo-
dontosaurus (Stromer, 1931:fig. 14a). The caput is confluent
with the greater trochanter, as in all theropods more primitive
than the Maniraptoriformes (Holtz, 1994, 1996a). The mor-
phology of the lesser trochanter in Acrocanthosaurus is
shared by all allosauroids in being proximally placed {a
tetanurine character {Gauthier, 1986]) and not confluent with
the greater trochanter (a synapomorphy of the Maniraptori-
formes [Holtz, 1996b]).

The ridge for the cruciate ligaments in the flexor groove of
the femur of Acrocanthosaurus is also known in Sinraptor
{Currie and Zhao, 1993), Allosaurus (Madsen, 1976}, Megalo-
saurus (Owen, 1856), and “*Brontoraptor,” (Siegwarth et al., in
press) but is absent in Eustreptospondylus and Carcharo-
dontosaurus (Stromer, 1931). The deep but narrow extensor
groove on the distal femur of Acrocanthosaurus, considered
diagnostic of the Camnosauria by Molnar et al. (1990) is de-
nved with respect to Herrerasaurus (Novas, 1993), cerato-
saurians (Molnar ¢t al,, 1990), primitive tetanurans such as
Eustreptospondyulus (Huene, 1926b), Megalosaurus (Owen,
1856, Huene, 1926b) and “Brontoraptor” (Siegwarth et al,, in
press), and all coelurosaurians except Gallimimus (Molnar
et al., 1990} and tyrannosaurids (Fig. 39).

Cladistic Analysis

A matrix of 48 cranial, 35 axial, and 62 appendicular charac-
ters was assernbled using traits previously shown to be po-
tentially useful in cladistic analyses of theropods (Gauthier,
1986; Holtz, 1994; Sereno etal., 1994, 1996), and 15 new ones
were added. Character state definitions and the matrix are
given in Appendices 2 and 3.

Because of the large quantity of missing data from the
matrix, more than 1000 equally parsimonious trees (tree length
= 467), all with a low consistency index (C.1. =0.49, R.I. =
0.56), were produced in the first (unrestricted) analysis. These
still merit discussion because some consistent and notewor-
thy features can be seen: a random sample of the allosauroid
and immediate outgroup taxa from three of these trees are
presented in Figure 40. Acrocanthosaurus invariably occurs
with other taxa previously included in the Allosauroidea
(Allosaurus, Neovenator, Chilantaisaurus, Saurophaganax,
Carcharodontosaurus, and Giganotosaurus), thus indicat-
ing that similarities between Acrocanthosaurus and

“tyrannosaurids noted by Bakker et al. (1988) and Britt (1993)
are most parsimoniously interpreted as convergent. Specifi-
cally, dcrocanthosaurus and Neovenator frequently occur
as closest sister taxa (Figs. 40A, B); Chilantaisaurus some-
times occurs in a clade including the former two (Fig. 40B).
Carcharodontosaurus and Giganotosaurus usually pair ina
clade (Figs. 40B, C) that also occasionally includes
Chilantaisaurus (Fig. 40A). Allosaurus usually occurs as
the immediate outgroup taxon to the aforementioned
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allosauroids; the Sinraptoridae (Sinraptor + Yangchuano-
saurus) usually occurs one node further out. A strict con-
sensus tree of the allosauroid taxa produces a giant polytomy
and is uninformative.

A second, more restricted analysis was performed, minus
all inadequately described taxa. Herrerasaurus was retained
as the outgroup to all other theropods. Based on the first
analysis, the Ceratosauria was removed. To assess the claim
of Holtz (1994) that tyrannosaurids are closer to coeluro-
saurian than allosauroid taxa, the basal coelurosaurian
Ornitholestes and the highly derived maniraptoriform Archae-
opteryx were retained in the matrix. Next, all characters with
indeterminate states for fewer than two-thirds of the repre-
sented taxa were eliminated as uninformative. The resultant
73 characters and matrix are presented in Appendices 2 and
3. The results of the second analysis produced two equally
parsimonious trees (tree length = 139, C1. =0.71,R.1.=0.56),
differing only in the placement of Monolophosaurus relative
to the Tyrannosauridae, Ornitholestes and Archaeopteryx
(Fig. 41). The results of this analysis support the conclusion
of Serena et al. (1996) that the closest (well-known) theropod
to Acrocanthosaurus is Carcharodontosaurus, forming the
monophyletic clade Carcharodontosauridae. Allosaurus is
one step removed. One node further out includes the Sinrap-
toridae (Sinraptor + Yangchuanosaurus). This node 15 the
Allosauroidea {Currie and Zhao, 1993) and has the same struc-
ture {(except the exclusion of Giganotosaurus) as the
Allosauroidea diagnosed by Sereno et al. (1996) using cra-
nial characteristics.

Palecbiogeography

Prior to the occurtence of Acrocanthosawrus in the late
Aptian ( ~ 113 Ma), allosauroids are represented in North
America by Saurephaganax and the unnamed Dinosaur
National Monument theropod (Chure and Madsen, 1996} as
well as by Allosaurus itself, all from the Kimmeridgian-
Tithonian Morrison Formation of the western United States.
A tibia from the Upper Jurassic of Tanzania called 24Hosaurus
tendagurensis (Janensch, 1925) represents the group in the
Tendaguru fauna. The presence of allosauroids in Asia in the
late Middle-early Late {Sinraptor, Yangchuanosaurus) and
Late (Szechuanosaurus) Jurassic (Fig. 42A) and Piatnitzky-
saurus in the Middle Jurassic of Argentina indicates that
allosauroids had attained a wide geographic distribution by
Morrison time. Thus, there is a hiatus of approximately 34
million years between Acrocanthosaurus and its nearest tem-
poral precursor in North America, during which time the pres-
ence of allosauroids in North America has not been
documented.

Following Morrison time, allosauroids are poorly repre-
sented globally. A possible allosauroid astragalus was re-
ported from the poorly constrained (?Valanginian-? Aptian)
Strzelecki Formation of Australia (Molnar et al., 1981, 1985).
Fragmentary remains of a possible allosaurcid have also been
reported from the Valanginian of France (Pérez-Moreno etal.,
1993). Neovenator, a possible allosaurid, was recovered from
poorly constrained (?Barremian-? Aptian) strata of the Isle of



34

Afrovenator
Sinraptor

Yangefilenosaurus

Melriacanthosaurus

Altosaurus

Acrocanihosaurus

g
5
£
i)
§

_\MNeovenalor

2 SCarcharogontosauns

Chilanlaisaurus
Carcharodontosaurus
Giganotosaurus

Savrophaganax

Gasosaurus

At (118(0])
B —

C: 710 16{1} 24{1), 2 , 32[1], , , ! L
Ef éng]‘“: 1{:5%% 5%{}1« 31[1], 32[1], {33[4]). 40{1]. 48{1], (BS]1]n.(12801 ], 13¥(1], 138(0]
£ (2 %f%ﬁt %g&'ﬁéﬂglﬂﬂﬂ. 28(0], 47[1), TE{1], 78{O], (109(2)}, 112[1], 135(1]

G 1% , 571 2 .

N 12 .

& 201, 84 B

Metracanthosaurus

o»

: (é‘%ﬁl]. (1191
, Te[1). 24[1]. 25[1). 31[1], 22(1], , 40{1], 43[1], , 66(1], , \

a{l‘?ui%:h];%i‘}‘ ?2![{]32(11 (33(4]), 40{1], 43[11, {65{1], 68{1], (128{1], 137[1], 130{0]
, 2201], 231]. (28121}, 2711), 28[0]. 47[1}. ! . .

l?ﬂWJZI.{Eilllzn 1. 27111, 28[0], 4711}, 76{1), 78[0]. {109(2);, 12[1}, 11:3{0), 135{1]

, 8[1]

L

ETIETMMoO

Mo sin

Motrlacanthosaurus

A (HofzD, (1191

C: 7[0], 18}1], 24[1), 2511, 3111), 32{1], } \ , \ .
I %}m&k Segm B11), 3201, {(33[4]), 404), 49{1), (B5[1]), (128{7]), 13711], T38{0)
Lo
1%?%] '

E: . , 113(0]

E-_ (1 3 iéglljzrzzﬂzalﬁ 27[1], 28[0], 47[1], 76[1], 78{0], {109f2], 11207], 135]1]
H:

)

J4: 201y, Bt

Figure 40. Random selection of the allosaureid taxa and immediate cutgroups from 3 equ
in the unrestricted analysis of phylogenctic relationships of Acrocanthosaurus. (A) Tree 150,(E
uniting clades given in table below cladogram: first number is character, number in brackets indicat
2 and 3). States given in parcntheses include additional character states at less inclusive nodes. Dash indicates that node is supported only by

equivocal character states,

parsimonious trees from first 100 trees gencrated
tree 492, and (C) tree 966. Synapomorphies
haracter state {both listed in Appendices



35

Wight, England (Hutt et al., 1996). The large, apparent allo- Argentina. Occuring in the Cenomanian, and possibly Albian,
sauroid Chilantaisaurus occurs in the Aptian-Albian Carcharodontosaurus and Giganotosaurus are younger than
Dshuigou Formation of Inner Mongolia, China (Hu, 1964; the late Aptian Acrocanthosaurus. Thus, their common an-
Molnar et al., 1990). Thus, although remaining unknown in cestor must have been present by the late Aptian.
North America between Morrison time and the late Aptian, Rifting began between North America and Africa in the
allosauroids appear to retain a virtual global distribution Middle Jurassic (Scotese, 1993; Smith et al., 1994), so the ances-
throughout the Early Cretaceous (Fig. 42B). tral North Atlantic ocean made a direct terrestrial migration of
Carcharodontosaurus was originally described from the carcharodontosaurid taxa from North America (Acrocan-
Albian or Cenomanian Baharije Formation of Egypt (Stromer, thosaurus) to Africa (Carcharodontosaurus) during the Early
1931); the genus has subsequently been noted from the Cretaceous impossible. Tectonic support for the severance of a
Cenomanian Kem Kem beds of Moroceo (Sereno et al., 1996). land bridge between North and South America during this time
Sereno et al, (1996) place the South American Giganotosaurus is ambiguous: Anderson and Schimidt (1983) propose that fau-
in the Carcharodontosauridae, although the sole published nal exchange could have occurred across the Chortis microplate
description (Coria and Salgade, 1995) is insufficient to war- throughout the Cretaceous, patticulatly in the Cenomanian-
rant inclusion in the present analysis. Giganotosaurus oc- Maastrichtian, but Pindell and Barrett (1990) found that the
curs in the Albian or Cenomanian Rio Limay Formation of Chortis block was not situated far enongh south to have served
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character, number in brackets indicates character state (both listed in Appendices 2 and 3). States given in parentheses include additional
character states at less inclusive nodes.
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as this bridge and that North and South America were separated
by the Valanginian (see also Parrish, 1993). Paleocoastline maps
of Smith et al. (1994) indicate that seaways separated North and
South America since the Middle Jurassic. Scotese (1993) places
the termination of North and South American terrestrial connec-
tions in the Early Cretaceous.

To account for the phylogenetic closeness of Acrocantho-
saurus to Carcharodonfosaurus on continental landmasses
that were separate during the Aptian-Cenomanian, and given
that Acrocanthosaurus is the older of the two taxa, at least
two explanations are possible. First, a common allosauroid
ancestor of both taxa migrated from North America to Africa
{or vice-versa) prior to the separation of those two conti-
nents in the Middle Jurassic. This scenario is considered

unlikely, because this ancestor would have to be closer to
Acrocanthosaurus and Carcharodontosaurus than to Allo-
saurus and other Middle and Late Jurassic allosauroids and
is currently unknown from any fauna. Alternatively, the com-
mon ancestral taxon migrated from North to South America
prior to the separation of these two landmasses and then
proceeded from South America into Africa.

Additional explanations must be considered if Giganoto-
saurus and Carcharodontosaurus stem from a closer com-
mon ancestor than either share with Acrocanthosaurus and
that originated in North America:

1. The common ancestor originated in North America and
undertook two separate migrations: one into Africa and one
into South America.

Figure 42, Distributions of allosaurcids in the (A} Late Jurassic — early Early Cretaceous (map of continental paleopositions in Tithonian
after Smith et al., 1994), and (B) late Early Cretaceous (map of continental paleopositions in Albian after Smith et al., 1994). Ac =
Acrocanthosaurus, Al = Allosaurus, Ch = Chilantaisaurus, Cr = Carcharodontosaurus, Gi = Giganotosaurus, Ne = Neovenator, Sn =
Sinraptor, $x = Saurophaganax, Ya= Yangchuanosaurus. Dark lines on both maps indicate paleocoastlines; dashed lines indicate present-day

coastlines,



2. The common, ancestral taxon spread from North into
South America before the severance of those two continents,
giving rise to Giganotosaurus, and from there into Africa,
producing Carcharodontosaurus.

3. The ancesiral taxon had a Gondwanan origin and pro-
duced the Carcharodontosaurus-Giganotosaurus lineage
prior to migration into North America, where it produced
Acrocanthosaurus. This explanation is broader in scope than
the two aforementioned because it takes into account the
African and Australian purported allosauroid specimens,
Smith et al. (1994) find that North America was separated
from both Africa and South America since the Callovian
(though the similarities of the Kimmeridgian-Tithonian
Morrison and Tendaguru faunas seem to imply a more recent
connection between North America and Africa), so the pos-
sibility that the ancestral taxon is closer to a Gondwanan
allosauroid than a Laurasian one is viable.

4. The ancestral taxon had a global distribution and pro-
duced Acrocanthosaurus in North America and the
Carcharodontosaurus-Giganotosaurus clade on Gondwana
in independent radiations.

At present, none of these explanations is more parsimoni-
ous than any other. Still more paleobiogeographic pathways
can be considered when the European Neovenator and the
Asian Chilantaisaurus are factored in, including a northern
distribution route through Europe. (D. Chure [personal com-
munication, 1997] notes that the original description of the
braincase of Chilantaisaurus is inaccurate, and the material
is probably not allosauroid.)

It is clear that the trend begun in the Middle Jurassic of
allosauroids to dominate the niche of large carnivere contin-
ued through the Early Cretacecus. Bakker etal. (1990:14) pos-
tulated an unspecified “biotic disturbance™ and later a
“massive dinosaur extinction” {(Bakker, 1996:48} at the Juras-
sic-Cretaceous boundary, at least in North America. The Ju-
rassic-Cretaceous boundary lacks an internationally accepted
definition (Remane, 1991; Gradstcin ¢t al., 1994, 1995) and is
marked globally by a pronounced provincialism of numerous
invertebrate taxa induced by the Purbeckian regression
(Remane, 1991). Magnetostratigraphic (Ogg etal,, 1991) and
invertebrate biostratigraphic (Gradstein et al., 1994, 1995)
markers are frequently used to place the boundary. Stego-
saurids and “megalosaurid” and torvosauroid theropods are
not found in North America in the Early Cretaceous, but they
are found in the Early Cretaceous of other continents; allo-
sauroid theropods are likewise unaffected given their contin-
ved dominance in Early Cretaceous faunag globally. Thus,
the “massive dinosaur extinction” at the Jurassic-Cretaceous
boundary cited by Bakker (1996) may be more artifactual than
real. Only around the beginning of the Late Cretaceous (late
Albian-early Cenomanian) do allosauroids seem to become
extinct, with the niches of large camivore being taken over in
Laurasia by tyrannosaurids and in Gondwana by abelisauroids,
both of which have their carliest occurrences in the Albian or
Cenomanian (Bonaparte etal., 1990; Cifellictal., 1997).

37
ACKNOWLEDGMENTS

This work was completed in partial fulfillment of the re-
quirements for a Master of Science degree at Southern Meth-
odist University. The kindness and dedication to science of
many people allowed this research to proceed. First and fore-
most, the Hobson family allowed the specimen to be col-
lected on their private land and donated it to the scientific
community. Without generosity like theirs, much paleonto-
logical data would not exist. Dina Franco, Amal Mohamed,
David Muldunado, Kent Newrman, and Vicki Yarborough per-
formed the bulk of the preparation of the material over the
course of several years. Their diligence is deserving of acco-
lade. Dr. Dwight Deuring of the SMU Microscopy Labora-
tory patiently and graciously performed the SEM
photography of the tooth.

My deepest thanks go to Dan Chure (Dinosaur National
Monument) and Dr. Phil Currie (Royal Tymrell Museum of
Paleontology) for providing English translations of many
Chinese and German references; Rebecca Ghent helped trans-
late passages in some of the German references as well. Tracy
Ford provided copies of difficult-to-obtain papers; Tracy and
George Olshevsky also clarified the status of some British
theropod material. Katherine Riddle and the staff of the SMU
Interlibrary Loan department deserve special note for their
ability to track down many more scarce references, Dr. Rich
Cifelli (Oklahoma Museum of Natural History) and Jim Diffily
(Fort Worth Museum of Science and History) graciously al-
lowed me to remove for study specimens at their respective
institutions. Greg Paul provided the bagis for Fig. 39J. [ also
thank Drs. Lou Jacobs, Bob Laury, and Dale Winkler (South-
ern Methodist Univetsity), Tony Fiorillo (Dallas Museum of
Natural History), Ken Carpenter (Denver Museum of Natural
History), Dan Chure {Dinosaur National Monument}, Rodelfo
Coria (Museo Mun Carmen Funes), Phil Currie (Royal Tyrrell
Museum of Paleontology), Jim Kirkland (Dinamation Inter-
national), Wann Langston, Jr. (University of Texas at Aus-
tin), Spencer Lucas (New Mexico Museum of Natural History),
and Paul Sereno (University of Chicago) for very helpful con-
versations and guidance. Lou Jacobs provided funding for
the publication of this volume.

I take this oppottunity to thank my family: Karen Brass,
Len Brass, Judy Jamroz, Jody Harris, David and Karen Brass,
Michacl Brass, Dayna and Glen Johnsen, Helen Pitzele, and
Jeff Gauthier, who always encouraged me to move forward
and provided much of the means to complete this work. Ken
Carpenter, Bryan Small, Kirk Johnson, and Richard Stuckey
(Denver Museum of Natural History) and Lou Jacobs and
Dale Winkler (Southern Methodist University) provided the
unprecedented opportunity to make this important contribu-
tion to the science of paleontology and continually provided
invaluable guidance.



58
REFERENCES CITED

Alexander, R.M. 1985. Mechanics of posture and gait of some large
dinosaurs. Zoological Journal of the Linnean Society 83: 1-25.

Anderson, JF., Hall-Martin, A., and Russell, D.A. 1985, Long-bone cir-
cumference and weight in mammals, birds, and dinosaurs. Journal
of Zoology, London (A) 207: 53-61.

Anderson, T.H. and Schmidt, V.A. 1983. The evolution of Middle America
and the Gulf of Mexico ~ Caribbean Sea region during Mesozoic
time. Geological Society of America Bulletin 94: 941-966.

Bailey, J.B. 1997. Neural spinc clongation in dinosaurs: sailbacks or
buffalo-backs? Journal of Paleontology 71: 1124-1146.

Bakker, R.T. {1996). The reai Jurassic park: dinosaurs and habitats at
Comoe Bluff, Wyoming, pp. 35-4%9 in Morzles, M. (ed.) The
Continental Jurassic. Museum of Northem Arizona Bulletin
60, Flagstaff.

, Williams, M., and Currie, P. 1988, Manotyrannus, a new genus
of pygmy tyrannosaur from the latest Cretaceous of Moniana,
Hunteria 1{5% 1-30.

, Galton, P., Siegwarth, J., and Filla, J. 1990. A new latest Jurassic
vertebrate fauna, from the highest levels of the Mormrison Forma-
tion at Come Bluff, Wyoming with comments on Morrison
biochronology. Hunteria 2(6): 1-19.

, Kralis, D., Siegwarth, J., and Filla, J. 1992, Edmarka rex, a
new, gigantic theropod dinosaur from the middie Morrison
Formation, Late Jurassic of the Como Bluff outerop region.
Hunteria 2(9): 1-24.

Barsbold, R. 1976. A new Late Cretaceous family of small theropods
(Oviraptoridae n. fam.) in Mongolia. Doklady Akademie Nauk
S88R 226: 221-223.

1983. Carnivorous dinosaurs from the Cretaceous of Mongolia,
pp. 5-115 in Tartarinov, L.P. (ed.) The Joind Soviet-Mongolian
Paleontological Expedition 19.
and Perle, A. 1980. Segnosauria, a new infraorder of carnivorous
dinosaurs. Acta Palaeontologica Polonica 25: 187-195,

and Osmolska, H. 1990. Omithemimesauria, pp. 225-244 in
Weishampel, D.B., Dodson, P., and Osmdélska, H. (eds.), The
Dinosauria. University of California Press, Berkeley.

_____,and Kurzanov, S M. 1987. On a new troodontid

(Dmosauna. Theropoda) from the Eardy Cretaceous of Mongolia.
Acta Palaeontologica Polonica 32: 121-132.

, Maryanska, T., and Osmdélska, H. 1990, Oviraptorosauria, pp.
249-258 in Weishampel, D.B., Dodson, P., and Osmolska, H
{eds.), The Dinosauria. University of California Press, Berkeley.

Baumel, J.J. and Witmer, L.M. 1993. Osteclogia, pp. 45-132 in Baumel,
1), King, A.S., Breazile, LE., Evans, HE,, and Vanden Berge, J.C.
(eds). Handbook of Avian Anatomy: Nomina Anatomica Avium,
second edition. Publicaticn 23, Publications of Nuttall Omitho-
logical Club, Cambridge.

Behrensmeyer, A.K. 1975. The taphonomy and paleoecology of Plio-
Pleistocene vericbrate assemblages east of Lake Rudolf, Kenya.
Bulletin of the Museum of Comparative Zoology 146: 473-578.

1978. Taphonomic and ecologic information from bone weath-
ering. Paleobiology 4: 150-162.

Bidar, A., Demay, L., and Thomel, G. 1972. Compsognathus corallestris,
nouvelle espéce de dinosaurien théropode du Portlandiaen de
Canjuers (sud-est de la France). Annales du Muséum d’Histoire
Naturelle de Nice 1: 9-40.

Bonaparte, J.F. 1986. Les dinosauries (Carmosaures, Allosauridés,
Sauropodes, Cétiosauridés) du Jurassique Moyen de Cerro Céndor
(Chubut, Argentine). Armales de Paléontologie (Vert.-Tnvert) 72:
247-289.

1991. The Gondwanian theropod families Abelisauridac and
NWoasauridae. Historical Biology 5: 1-25.

and Novas, F.E. 1985, Abelisaurus comahuensis, n.g. n. sp.,
Camosauria del Cretacico Tardio de Patagonia. Ameghiniana 21:

259.265.

s, and Coria, R.A. 1990, Carnotgurus sastrei Bonaparte,

the homed, lightly built carnosaur from the Middle Cretaceous of
Patagonia. Contributions in Science of the Natural History Mu-
seumn of Los Angeles County 416: 1-41.

Roone, P A. 1968, Stratigraphy of the basal Trinity (Lower Cretaceous)
Sands, Central Texas. Baylor Geological Studies Bulletin 15: 1-64.

Bose, E. 1917, Geological conditions near Bridgeport and Chico, Wise
County, Texas with special reference to the occurrence of oil.
University of Texas Bulletin 1758: 1-31.

Brett, C.E. and Baird, G.C. 1986. Comparative taphonomy: a key to
pslecenvironmental interpretation based on fossil preservation.
Palaios 1: 207-227. -

Brinkman, D.B. and Sues, H.-D. 1987. A staurikosaurid dinosaur from the
Upper Triassic Ischigualasio Formation of Argentina and the
relationships of the Staurikosauridae. Palacontology 30: 493-
503.

Britt, B.B. 1991. Theropods of Dry Mesa Quarty (Momison Formation,
Late Jurassic), Colorado, with emphasis on the osteology of
Torvosaurus tanneri. Brigham Young Geology Studies 37: 1.72.

1993. Pneumatic postcranial bones in dinosaurs and other
archosaurs. Unpublished PhD dissertation, University of Calgary,
Alberta, 383 pp.

Camp, C.L. 1936. A new type of small bipedal dincsaur from the Navajo
Sandstone of Arizona. University of Califgrnia Publications in
Geological Sciences 24: 39-36.

Carpenter, K. 1992, Tyrannosaurids (Dinosauria) of Asia and North
America, pp. 250-268 in Mateer, N, and Chen, P.J. (eds.) As-
pects of Nonmarine Cretaceous Geology, China Ocean Press,
Beijing.

Charig, AJ. and Milner, A.C. 1986. Baryonyr, a remarkable new theropod
dinosaur. Nature 324: 3159-361.

and 1990. The systematic position of Baryonyx walkeri,

in light of Gauthier’s reclassification of the Theropoda, pp. 127-

140 in Carpenter, K. and Currie, P.J. (eds.) Dinosaur Systematics:
Perspectives and Approaches. Cambridge University Press, Cam-
bridge.

Chatterjee, S. and Rudra, D.K. 1996. KT evenis in India: impact, rifting,
volcanism, and dinosaur extinction. Memoirs of the Queensland
Museum 39: 489-532.

Chure, D.J. 1996. A reasscssment of the gigantic theropod Sauraphagus
maximus from the Morrison Formation (Upper Jurassic) of Okla-
homa, USA, pp. 103-106 én Sun, A. and Wang, Y. (eds) Sixth
Symposium on Mesozoic Terrestrial Ecosystems and Biota, Short
Papers. China Ocean Press, Beijing.

and Madsen, J.H. 1996. On the presence of furculae in some
non-maniraptoran theropods. Journal of Vertebrate Paleontol-
ogy 16: 573-577.

Cifelli, R.L., Kirkland, J.I., Weil, A., Deino, A L., and Kewallis, B.J.
1997, High-precision 40Ar/39Ar geochronology and the advent
of North America’s Late Cretaceous terrestrial fauna. Proceed-
ings of the National Academy of Sciences 94: 11163-11167.

Clark, G.A., Jr. 1993, Termini situm ¢t directionem partium corporis
indicantes, pp. 1-6 in Baumel, J.I., King, A.S., Breazile, L.E,
Evans, H.E., and Vanden Berge, J.C. {(eds). Handbook of Avian
Anatomy: Nomina Anatomica Avium, second edition. Publica-
tion 23, Publications of Nuttall Omithological Club, Cambnidge.

Clark, LM, Perle, A., and Norell, M.A, 1994. The skull of Eriicosaurus
andrewsi, a Late Cretaceous “segnosaur™ (Theropoda:
Therizinosauridae) from Mongolia. American Museurn Novitates
3115: 1-39,

Colbert, E.H. 1989. The Triassic dinosaur Coelophysis. Museurn of North-
emn Arizona Bulletin 57: 1-160.

_ and Russell, D.A. 1969. The small Cretaceous dinosaur
Dromaeosaurns. American Museum Novitates 2380: 1-49.

Coria, R.A. and Salgado, L. 1995, A new giant camivorous dinosaur
from the Cretaceous of Patagonia. Nature 377. 224-226.

Currie, P. J. 1995, New information on the anatomy and relationships
of Dromaeosaurus albertensis (Dinossuria: Theropoda). Jour-
nal of Vertebrate Paleontology 15: 576-591.




and Peng, 1.-H. 1993. A juvenile specimen of Saurornithoides
mongoliensis from the Upper Cretaceous of northern China.
Canadian Journal of Earth Sciences 30: 2224.2230.

and Zhao, X.-]. 1993. A new camosaur {(Dinosauria, Theropoda)
from the Jurassic of Xiniiang, People’s Republic of China. Cana-
dian Jounal of Earth Sciences 30: 2037-2081.

, Rigby, J.K., Ir., and Sloan, R.E. 1990. Theropod teeth from
the Judith River Formation of southern Alberta, Canada, pp.
{07-125 in Carpenter, K. and Cumrie, P.1. {eds.) Dinosaur Sys-
tematics: Perspectives and Approaches. Cambridge University
Press, Cambridge.

de Beer, G. 1954. Archaeopteryx lithographica, A study based upon the
British Museum specimen. British Museum of Natural History
Publication 224: 1-68.

Dong, Z. and Tang, Z.L. 1985. A new mid-Jurassic theropod (Gasosaurus
constructus gen. et sp. nov.) from the Dashanpu Zigong, Sichuan
Province, China. Vertebrata PalAsiatica 23: 77-82.

. Zhou, 8., and Zhang, Y. 1983. The dinosaurian remains from
Sichuan Basin, China. Palacontologia Sinica, No. 162 (New
Series ) 23: 1-145.

Elzanowski, A. and Wellnhofer, P. 1996, Cranial morphology of Archae-
opteryx: evidence from the seventh skeleton. Joumazl of Verte-
brate Paleontology 16: 81-94.

Farlow, J.0., Brinkman, D.L., Abler, W.L., and Currie, P.J. 1991. Size,
shape, and serration density of theropod dinosaur lateral teeth.
Madem Geology 16: 161-198.

Fiorilio, A.R. 1988. Taphonomy of Hazard Homestead Quarry (Ogallala
Group), Hitchcock County, Nebraska. Contributions to Geology,
University of Wyoming 26: 57-97.

1989, An experimental study of trampling: implications for the
fossil record, p. 61-72 in Bonnichsen, R. and Sorg, M.H. (eds.)
Bone Modification. Center for the Study of the First Ameticans,
University of Maine, Orono.

___ 1991, Prey bone wutilization by predatory dinosaurs.
Palasogeography, Palseoclimatology, Palacoecology 88: 157-166.

Fisher, W.L. and Rodda, P.U. 1966. Nomenclature revision of basal
Cretaceous rocks between the Colorado and Red Rivers, Texas.
Universily of Texas Bureau of Economic Geology Report of
Investigation 58: 1-18.

Galton, P.M. 1969, The pelvic musculature of the dinosaur Hypsilophodon
{Reptitia: Ornithischia). Postilla 131: 1-64.

angd Jensen, J.A. 1979, A new large theropad from the Upper
Jurassic of Colorado. Brigham Young University Geology Studies
26: 1-12.

Gao, Y. 1993. A new species of Szechuanosaurus from the Middle
Jurassic of Dashanpu, Zigong, Sichuan. Vertebrata PalAgiatica
31: 308-314. .

Gatesy, S.M. and Middleton, K.M. 1997, Bipedalism, flight, and the
evelution of theropod tocomotor diversity. Joumnal of Vertebrate
Paleontology 17: 308-329.

Gauthier, J. 1986. Saurischian monophyly and the origin of birds; pp.
1-55 in Padian, K. (ed.) The origin of birds and the evelution
of flight: Memoirs of the California Academy of Sciences 8.
Califomia Academy of Sciences, San Francisco.

Gibson, €. 1967. Glen Rose limestone-sandstone transition in Parker
County, Texas, pp. 77-100 in Hendricks, L. {ed.) Comanchean
{Lower Cretaceous) stratigraphy and paleontology of Texas. Per-
mian Basin Section, Society of Economic Paleontologists and
Mineralogists Publication 67-8, Midland.

Gilmore, C.W. 1920. Osteology of the carnivorous Dinosauria in the
United States National Museum, with special reference to the
genera Antrodemus (Allosaurus) and Ceratosaurus. United States
National Museum Bulletin 110: 1-159.

Gradstein, F.M., Agterberg, F.P.,, Ogg, ).G., Hardenbol, 1., van Veen, P.,
Thiemy, I, and Huang, Z. 1994. A Mesozoic time scale. Joumal
of Geophysical Research 99: 24,051-24,074.

. . s . ) . and . 1995,
A Triassic, Jurassic, and Cretaceous time scale, pp. 95-126 in
Berggren, W.A., Kent, D.V., and Aubry, M.-P. {(eds.) Geochronol-

39

ogy, time scales, and global stratigraphic correlation. SEPM Spe-
cial Publication 54.

Gregory, W.K. and Camp, C.L. 1918. Studies in comparative myology
and osteology 111. Bulletin of the American Museum of Natural
History 38: 447-563.

Hammer, W.R. and Hickerson, W.J. 1994, A crested theropod dinosaur
from Antarctica. Science 264: 828-830.

Hayes, G. 1980. Evidence of camivore gnawing on Pleistocene and
Recent mammalian bones. Paleobiology 6: 341-351.

Hendricks, L. 1957. Geology of Parker County, Texhs. University of
Texas Bureau of Economic Geology Publication 5724: 1-67.

1967. Camanchean stratigraphy of the Cretaceous of North
Texas, pp- 51-63 in Hendricks, L. (ed.) Comanchean (Lower
Cretaceous) stratigraphy and paleontology of Texas. Permian
Basin Section, Society of Economic Paleontologists and Miner-
alogists Publication 67-8, Midland. .

Hill, A. 1979. Disarticulation and scattering of mammal skeletons.
Paleobiclogy 5: 261-274.

and Behrensmeyer, A K. 1984. Disarticulation pattems of some
modem East African mammals. Paleobiology 10: 366-376.

Hill, R.T. 1887a. The topography and geology of the Cross Timbers and
surrounding regions in northermn Texas. American Journal Science
(3rd Series) 133; 290-303.

1887b. The Texas section of the American Cretaceous. Amen-
can Journal of Science (3nd Series) 134: 287-309.

1891. The Comanche series of the Texas-Arkansas region.
Bulletin of the Geological Society of America 2: 503-528.

1894, Geology of parts of Texas, Indian Territory and Arkansas
adjacent to Red River. Bulletin of the Geological Society of America
5: 297-338.

190i. Geography and geology of the Black and Grand Prames,
Texas with detailed descriptions of the Cretaceaus Formations
and special reference to arlesian waters. 215t Annual Report of
the United States Geological Survey Part VII - Texas. Govern-
ment Printing Office, Washington D.C., 666 pp.

Hinchliffe, I.R. and Hecht, M.K. 1984, Homology of the bird wing
skeleton: embryological versus paleontological evidence, pp. 21-
39 in Hecht, M., Wallace, B., and Prance, G. (ed.) Evelutionary
Biology 18. Plenum Press, New York.

Holtz, T.R. 1994, The phylogenetic position of the Tyrannosauridae:
implications for theropod systematics. Journal of Paleontology
68: 1100-1117.

1995. The arctometatarsalian pes, an unusual structure of the
metatarsus of Cretaceous Theropeda (Dinosauria: Saurischia).
Journal of Vertebrate Paleontology 14: 480-51%.

1956a. Phylogenetic taxonomy of the Coglurcsaunia (Dinosauria:
Therapoda). Joumal of Paleontology 70: 536-538.

1996b. Phylogenetic analysis of the nonavian tetanurine dino-
saurs (Saurischia: Theropoda). Journal of Vertebrate Paleontol-
ogy 16 {supplement 3): 42A,

Hu, $.-Y. 1964, Carnosaurian remains from Alashan, Inner Mongolia.
Vertebrata PalAgiatica §: 42-61.

Huene, F. von 1926. The camivorous Saurischia in the Jura and Creta-
ceous formations principally in Europe. Revista del Museo de La
Plata 29: 35-167.

1932, Die fossile Reptil-Ordnung Saurischia, thre Entwicklung
und Geschichte. Teil 1 and 2. Monographien zur Gealogie und
Palacontologie, Serie 14: 1-361.

Hutt, 8., Martill, D.M., and Barker, M.}, 1996, The first European
allosaurid dinosaur (Lower Cretaceous, Wealden Group, England).
Neues Jahrbuch fir Geologie und Paliontologie Monaishefte 10:
635-644.

Tacobs, B.F. 1989. Palecbotany of the Lower Cretaceous Trinity Group,
Texas, pp. 31-33 in Winkler, DA, Murry, P.A,, and Jacobs, L.L.
{eds.) Field guide to the vertebrate paleontology of the Trinity
Group, Lower Cretaceous of central Texas. Field guide for the
49th annual meeting of the Society of Vertebrate Paleontology,
Austin, Texas. Institute for the Smdy of Earth and Man, Southem
Methodist University, Dallas.



60

Jacobs, L.L., Winkler, D.A., and Murry, P.A. 1991. On the age and
correlation of Trinity mammals, Early Cretaceous of Texas, USA.
Newslctiers in Stratigraphy 24: 3543,

Janensch, W. 1925. Die Coelurosaurier und Theropoden der Tendaguru-
Schichten Deutsch-Ostafrikas. Palacontographica Supplement
7. 1-99,

Kirkland, Il., Gaston, R., and Burge, D. 1993, A large dromacosaur
{Theropoda) from the Lower Cretaceous of eastern Utah.
Hunteria 2: 1-10.

Knopp, D.A. 1957. A stratigraphic study of a portion of the lower
Trinity Group in north-central Texas. Unpublished thesis, Texas
Christian University, 78 pp.

Lambe, L.M. {917. The Cretaceous theropodous dinosaur Gorgosaurus.
Canada Department of Mines, Geological Survey Memoir 100:
1-84.

Laws, R.R. 1997. Allosaur trauma and infection: paleopathological analysis
as a tool for lifestyle reconstruction. Journal of Vertebrate Pale-
ontology 17 (suppl. 3} 53A-60A.

Madsen, J.H. Ir. 1976. Allosaurus fragilis: a revised osteology. Utah
Geological Survey Bulletin 109: 1-163. (Reprinted 1993.)

Maleev, E.A. 1974. Giant carnosaurs of the family Tyrannossuridae, pp.
132-193 in Kramarenko, N.N. {ed.) Mesozoic and Cenozoic Fau-
nas and Biostratigraphy of Mongolia: The Joint Soviet-Mongo-
lian Paleontelogical Expedition (Transaction) 1.

Markovic, F.X. 1951. Basal Cretaceous: a field study in Parker County,
Texas. Unpublished thesis, Texas Christian University, 29 pp.

Marsh, 0.C. 1888. Notice of a new genus of Sauropoda and other new
dinosaurs from the Potomac Formation. American Journal of
Science 35 (ser. 3) §9-94.

Michael, F.¥. 1972. Planktonic Foramintfera from the Comanchean
series (Cretaceous) of Texas. Jounal of Foraminiferal Research
2: 200-220.

Molnar, R.E. 1991. The eranial morphology of Tyrannosourus rex.
Palacontographica Abt. A 217: 137-176.

and Farlow, J.O. 1990. Carnosaur paleobiology, pp. 210-224
in Weishampel, D.B., Dodson, P., and Osmélska, H. {eds.), The
Dinosauria. University of California Press, Berkeley.

, Flannery, T.F., and Rich, T.H.V. 1981. An allesaurid theropod
dinosaur from the Early Cretaceous of Victoria, Australia,
Alcheringa 5: 141-146.

, , and 1985. Aussic Allosqurus after all. Journal
of Paleontology 59: 1511-1513.

. Kurzanov, 5.M., and Dong, Z. 1990. Camnusauria; pp. 169-209
in Weishampel, D.B., Dodson, P., and Osmdlska, H. (eds.), The
Dinosauria. University of California Press, Berkeley.

Momis, T.H., Richmend, D.R., and Grimshaw, 8.D. 1996, Orientation of
dinosaur benes in riverine environments: insights into sedimen-
tary dynamics and taphonomy, pp. 521-530 in Morales, M. (ed.)
The continental Jurassic, Museum of Northemm Arizona Bulletin
60, Flagstaff.

Nerman, D.B. 1986. On the anatomy of Iguanodon atherfieldensis
(Ornithischia: Omithopoda). Bullétin de I"Institute Royale des
Sciences Naturelle de Belgique: Sciences de la Terre 56: 281-372,

Novas, F.E. 1989. The tibia and tarsus in Herrerasauridae (Dinosauria,
incertae sedis) and the origin and evolution of the dinosaurian
tarsus. Journa) of Paleontology 63: 677-690.

1993, New information on the sysiematics and postcranial
skeleton of Herreresaurus ischigunlastensis (Theropoda:
Herrerasauridae) from the Ischigualasto Formation (Upper Tri-
assic) of Argentina. Jounal of Vertebrate Paleontology 13(4):
400-423.

Chbradovich, J.D. 1994, A Cretaccous time scale, pp. 379-396 in Caldwell,
W.G.E. and¢ Kauffman, E.G. (eds.) Evolution of the Western Inte-
rior Basin. Geological Association of Canada Special Paper 39.

Ogg, 1.G., Hasenyager, R.W., Wimbledon, W.A., Channell, J.E.T., and
Bralower, T.J. 1991, Magnctostratigraphy of the Jurassic-Creta-
ceous boundary interval — Tethyan and English faunal realms.
Cretaceous Research 12: 455-482.

Olshevsky, G. 199t. A revision of the Parainfraclass Archosauria Cope,
1869, excluding the advanced Crocodylia. Mesozoic Meanderings
2: 1-196. {(Published by the author.)

Osbom, H.F. 1903, Omitholestes hermanni, a new compsognathid dino-
saur from the Upper Jurassic, Bulletin of the American Museum
of Natural History 19: 459-464.

1906. Tyranmosaurus, Upper Cretaccous carnivorous dinosaur.
{Second communication). Bulletin of the American Museum of
Natural History 22: 281-2%6. .

1916. Skelets] adaptations of Ormitholestes. Struthiomimus, Tyr-
annosaurus. Bulletin of the American Museum of Matural His-
tory 35: 733-771.

Osmélska, H. 1996. An unusual theropod dinosaur from the Late Creta-
ceous Nemegt Formation of Mongolia. Acta Palaeontologica
Polonica 41: 1-38.

and Barsbold, P. 1990. Troodontidae, pp. 259-268 in
Weishampel, D.B., Dodson, P., and Osmélska, H. (eds.), The
Dinosawria. University of California Press, Berkeley.

, Roneiewicz, E., and Barsbold, P. 1972. A new dinosaur,
Gallimimus bullatus n. gen., n. sp. (Omithomimidae) from
the Upper Cretaceous of Mongolia. Palaeontologia Polonica
27: 103-143.

Ostrom, J.H. 1969. Osteology of Deinonychus antirrhopus, an un-
usual theropod from the Lower Cretaceous of Montana.
Peabody Museum of Natural History Bulletin 30: 1-165.

1970. Stratigraphy and paleontology of the Cloverly Formation
(Lower Cretaceous) of the Bighom Basin Area, Wyoming. Bulle-
tin of the Peabody Museum of Natural History 35: 1-234.

1974. Archaeopteryx and the origin of birds. Biological Journal
of the Linnean Society 8: 91-182.

1976. On a new specimen of the Lower Cretaceous theropod
dinosaur Deinownychus antirrhopus. Breviora 439: 1-2].

1978, The ostealogy of Compsognathus longipes Wagner.
Zitteliana 4: 73-118.

Owen, R. 1855. Monograph on the fossil Reptilia of the Wealden and
Purbeck Formations, Part II. Dinosauria (fguanodon)
[Wealden]. Palacontographical Society Monographs 8 1-54.

185%. Monograph on the fossil Reptilia of the Wealden For-
mation. Order — Dinosauria. Genus — Megalosaurus, Buckland.
Palacontographical Society Monographs 9: 1-26.

Padian, K. 1997. How did bird flight begin?: an integrative approach.
Joumnal of Vericbrate Paleontology 17 (suppl. 3): 68A.

Parks, W.A. 1928a. Albertosaurus arctunguis, a new species of
therapodous dinosaur from the Edmonton Formation of Alberta.
University of Toronto Studies, Geological Series 25: 142

1928b. Struthiomimus samueli, a new species of Omithomimidae
from the Belly River Formation of Alberta. University of Toronto
Studics, Geological Series 26; 1-24,

Permish, J.T. 1993. The palacogeography of the opening South Atlantic,
pp- 8-27 in George, W. and Lavocat, R. (eds.) The Africa-South
America Connection: Oxford Monographs on Biogeography 7.
Clarendon Press, Oxford,

Paul, G.S. 1984. The scgnosaurian dinosaurs: relics of the prosauropod-
omnithischian transition? Journal of Vertebrate Paleontology
4: 507-515.

1988, Predatory dinosaurs of the world. New York, Simon and
Schuster, 464 pp.

Pérez-Moreno, B.P.,, Sanz, J.L., Sudre, J., and Sige, B. 1993. A theropod
dinosaur from the Lower Cretaceous of southern France. Revue de
Paléobiologie Volume Spéciale 7: 173-188,

T , Buscalioni, A.D., Motatalla, J.J., Ortega, F., and Rasskin-
Gutman, D. 1994, A unique multitoothed omithomimosaus dino-
saur from the Lower Cretaccous of Spain. Nature 370: 363-367.

Perle, A., Chiappe, L.M., Barsbold, R., Clark, J M., and Norell, M.A.
1994. Skeletal morphology of Moronykus olecranus (Theropoda:
Avialae) from the Late Cretaceous of Mongolia. American Mu-
seurn Novitates 3105: 1-29.

Philips, J. 1871. Geology of Oxford and the Valley of the Thames.
Oxford, Clarendon Press, 529 pp.




Pindell, J.L. and Barrett, 8.F. 19%). Geological evolution of the Carib-
bean region; a plate-tectonic perspective, pp. 405-432 in Dengo,
G. and Case, L.E. (eds.) The Caribbean Region: the geology of
North America, Vol. H. Geological Society of America, Boulder.

Raath, M.A. 1977, The anatomy of the Triassic theropod Syntarsus
rhodesiensis (Saurischia; Podokesauridae) and & consideration of
its biology. Vol. 1. Unpublished disscrtation, Rhodes University,
233 pp.

Rauhut, O.W.M. 1995, Zur systematischen Stellung der afrikanischen

' Theropeden Carcharodontosaurus  Stromer 1931 und
Bahariasaurus Stromer 1934, Berliner Geowissenschaftliche
Abhandlungen 16: 357-375,

Remane, J. 1991. The Jurassic-Cretaceous boundary: problems of
definition and procedure. Cretaceous Research 12: 447-453,

Rennison, C.J. 1996, The stable carbon isotope record derived from mid-
Cretaceous terrestrial plant fossils from north-central Texas.
Unpublished thesis, Southern Methedist University, 110 pp.

Rogers, R.R. 1990. Taphonomy of three dinosaur bone beds in the Upper
Cretaceous Two Medicine Formation of Northwestern Montana:
evidence for droughi-related montality. Palaios 5: 394-413.

Rothschild, B.M. and Martin, L.D. 1993. Paleopathology: disease in the
fossil record. Boca Raton, CRC Press, 386 pp.

and Tanke, D 1992. Palcopathology of vertebrates: insights to
lifestyte and health in the geological record. Geoscience Canada
19 73-82.

. and Carpenter, K. 1997. Tyrannosaurs suffered from
gout. Nature 387: 357.

Rowe, T. 1989. A new species of the theropod dinosaur Syrtarsus from
the Early Jurassic Kayenta Formation of Arizona. Journal of
Vertebrate Paleontology 9 125-136.
and Gauthier, J. 1990. Ceratosauria; pp. 151-168 in Weishampel,
D.B., Dodson, P., and Osmélska, H. {(eds.), The Dinosauria. Uni-
versity of California Press, Berkeley.

Russell, D.A. 1970. Tyrannosaurs from the Late Cretaceous of western
Canada. National Museum of Natural Scicnces Publications in
Paleontology 1: 1-34.

1972. Ostrich dinosaurs from the Late Cretaceous of Western
Canada. Canadian Journal of Earth Sciences 9: 375-402,

1996, Isclated dinosaur bones from the Middle Cretaceous of
Tafilalt, Morocco. Bulletin du Muséum National d’Histoire
Naturelle, Paris (4th ser.) 18: 349-402.

and Dong, Z. 1993a. The affinities of 2 new theropod from
the Alxa Desent, Inner Mongolia, People’s Republic of China.
Canadian Journal of Earth Sciences 30: 2107-2127.
and 1993b. A nearly compete skeleton of a new roodontid
dinosaur from the Early Cretaceous of the Ordos Basin, Inner
Mongolia, People’s Republic of China, Canadian Journal of Earth
Sciences 30: 2163-2173.

Rutzky, LS., Elvers, W.B., Maisey, 1.G., and Kellner, A W.A. 1994. Chemi-
cal prepamtion techniques, pp. 155-186 in Leiggi, P. and May, P.
{eds.). Vertebrate Palcontological Techniques, Volume 1. Cam-
bridge University Press, Cambridge.

Scotese, C.R. 1993. Phanerozoic Paleogeographic maps. Paleomap Project
Progress Report 40.

Scott, G. 1930. The siratigraphy of the Trinity Division as exhibiled
in Parker County, Texas. University of Texas, Bulietin 3001:
37-52.
and Armstrong, J M. 1932. The geology of Wise County, Texas,
University of Texas Bulletin 3224: 1-77.

Sereno, P.C. 1993. The pectoral girdle and forelimb of the basal theropod
Herrerusaurus ischigualastensis. Joumal of Vertebrate Paleontol-
ogy 13: 425-450.
and Rao, C. 1992. Early evolution of avian flight and perching:
new evidence from the Lower Cretaceous of China. Science 255:
845-848.
and Novas, F.E 1993, The skull and neck of the basal theropod
Herrerasaurus fschigualastensis. Joumnal of Vericbrate Palcontol-
ogy L3{4): 451-476.

6f

, Wilson, J.A., Larsson, H.C.E., Dutheil, D.B., and Sues, H-D.
1994, Eatly Cretaceous dinosaurs from the Sahara. Science 266
267-271.

, Dutheil, D.B., larochene, M., Larsson, H.C.E., Lyon, G.H,,
Magwene, P.M.. Sidor, C.A., Vamichio, D}, and Wilson, J.A.
1996. Predatory dinosaurs from the Sahara and Late Creta-
ceous faunal differentiation. Science 272: 986-991.

Shipman, P. 1981, Life history of a fossil: an introduction to taphonomy
and palececology. Harvard University Press, Cambridge, 222 pp.

Siegwarth, 1.D., Lindbeck, R.A., Redman, P.D., Southwell, EH., and
Bakker, R.T. In press. Giant camivorous dinosaurs of the fam-
ity Megalosauridae from the Late Jurassic Morrison Formation
of cestern Wyoming, Contributions from the Tate Museum
Collections 2.

Slaughter, B.H. 1969. Astroconodon, the Cretaceous triconodont. Jour-
nal of Mammatogy 50: 102-107.

Slijper, E.J. 1946. Comparative biologic-anatomical investigations
on the vertebra! colunmn and spinal musculature of mammals.
Verhandelingen der Koninklijke Nederlandsche Akademie Van
Wetenschappen, afd. Natuurkunde 42: 1-128.

Smith, D. 1992. The type specimen of Oviraplor philoceratops, a
theropod dinosaur from the Upper Cretaceous of Mongolia.
Neues Jahrbuch filr Geologie und Paliontologie, Abhandiungen
186: 365-388.

Smith, A.G., Smith, D.G., and Funnell, B.M. 1994. Atlas of Mesozoic
and Cenozoic coastlings. Cambridge University Press, Cam-
bridge, 99 pp.

Stricklin, F.L. Jr,, Smith, C.L, and Lozo, F.E. 1971. Stratigraphy of
Lower Cretaceous Trinity Deposits of Central Texas. University
of Texas Bureau of Economic Geology Report of Investigations
T 1-62.

Stovall, J.W. and Langston, Wann, Jr. 1950. dcrocanthosaurus atohensis,
a new genus and species of Lower Cretaceous Theropoda frem
Oklahoma. American Midland Naturalist 43: 696-728.

Stromer, E. 1915. Ergebnisse der Forschungsreisen Prof. E. Stromers in
den Wisten Aegyptens. 3. Wirbeltier-Reste der Baharfje-Stufe
{unterstes Cenorman). 3. Das otiginal des Theropoden Spinosaurus
aegyptigecus n. gen., n. sp. Abhandlungen der Bayerischen
Akademic der Wissenschaften 3: 1-32.

1931. Frgebnisse der Forschungsreisen Prof. E. Stromers in den
Wiisten Aegyptens. 11. Wirbeltier-Reste der Baharijesiufe
(unterstes Cenoman). 10. Ein Skelett-Rest von Carcharodonto-
saurus nov. gen. Abhandlungen der Bayerischen Akademie der
Wissenschaften 9: 1-23.

Sues, H.-D. 1978. The skull of Velociraptor mongoliensis, a small Creta-
ceous theropod dinosaur from Mongolia. Paliontologische
Zeitschrifte 51: 173-184,

Tarsitano, . 1991, Archaeopteryx: quo vadis?, pp. 541-576 in Schultze,

- H. and Trueh, L. {eds.) Origins of the Higher Groups of Tetrapods.
Comstock Publishing Associates, Ithaca,

and Hecht, M.K. 1980. A reconsideration of the reptilian reja-
tionships of Arckaeopteryx. Zoological Journal of the Linnean
Society 69: 149-182.

Thulbon, R.A. 1993, A tale of three fingers: ichnological evidence
revealing the homologies of manual digits in theroped dinosaurs,
pp. 461463 in Lucas, 5.G. and Morales, M. (¢ds.) The Noama-
rine Triassic: New Mexico Museum of Natural History and Sci-
ence Bulletin 3.

and Hamley, T.L. 1982. The reptilian relationships of Arch-
geopteryx. Australian Journal of Zoolegy 30: 611-634.

Voorhies, M.R. 1969. Taphonomy and population dynamics of an Early
Pliocene vericbrale faunz, Knox County, Nebraska. University of
Wyoming Contributions to Geology Special Paper 1 1-69.

Waldman, M. 1974. Megalosaurids from the Bajocian (Middle Jurassic)
of Dorset. Paiaeontology 17: 325-339.

Walker, A.D. 1964. Triassic Reptiles from the Elgin ares: Ornithosuchus
and the origin of camosaurs. Philosophical Transactions of the
Royal Society of London, Ser. B 248: 53-134.



42

Walker, W.F. and Homberger, D.G. 1992. Vertebrate Dissection (8th
Edition). Fort Worth, Harcourt Brace College Publishers, 459 pp.

Wake, D.B. 1979. The endoskeieton: the comparative anatomy of the
vertebral column and ribs, pp. 192-237 in Wake, M.H. (ed.)
Hyman’s comparative vertebrate anatomy, third edition. Univer-
sity of Chicago Press, Chicago.

Weigelt, J. 1989. Recent vertcbrate carcasses and their paleobiological
implications. University of Chicago Press, Chicago, 188 pp.

Welles, S.P. 1984, Dilophosaurus wetherilli (Dinosauria, Theropoda):
osteology and comparisons. Palacontographica Abt. A 185:
85-180.

Wellnhofer, P. 1974. Das finfie Skelettexemplar von Archaeopteryx.
Palacontographica Abteilung A 147: 169-216.

___ 1993, Das sicbte Exemplar von Archaeapteryx aus den
Solnhofener Schichten. Archacopteryx 11: 1-47.

Winkler, D.A. and Murry, P.A. 1989, Paleoecclogy and

hypsilophodontid behaviour at the Proctor Eake dinosaur lo-
cality {Early Cretaceous), Texas, pp. 55-61 in Farlow, 1.O.
{¢d.) Paleobiology of the dinosaurs. Geological Society of
America Special Paper 238, Boulder.
, , and Jacobs, L.L. 1989, Vertebrate paleontology of
the Trinity Group, Lower Cretaceous of central Texas, pp. 1-
30 in Winkler, D.A., Murry, P.A., and Jacobs, L.L. (eds.) Field
guide to the vertebrate paleontology of the Trinity Group,
Lower Cretaceous of central Texas. Field guide for the 49th
annual meeting of the Society of Vertebrate Paleontology,
Austin, Texas. Institute for the Study of Earth and Man, South-
ern Methodist University, Dallas.

N , and 1990. Early Cretacecus (Comanchean)

vertebrates of central Texas. Journa! of Veriebrate Paleontology
10: 95-116.
» and _ . 1997. A new species of Tenonrtosaurus

(Dmosaunn Omlt.hopnda) from the Early Cretaceous of Texas.
Journal of Vertcbrale Paleontology 17: 330-348.
. Downs, W.R., Branch, J.R., and Trudel, P.

1938 The Proctor Lake dinosaur locality, Lower Cretaceous of
Texas. Hunteria 2(5): 1-8.

Witmer, L.M. 1987. The naturc of the antorbital fossa of archosaurs:
shifting the nyll hypothesis; pp. 234-239 in Currie, P.J. and Koster,
E.H. (eds.) Fourth Symposium on Mesozoic Terrestrial Ecosys-
tems, Short Papers. Occasional Paper of the Tyrrell Museum of
Palaeontology 3, Tyrrell.

1950. The craniofacial air sac system of Mesozotc birds (Aves).
Zoological Journal of the Linnean Society 100: 327-378.

1997. The evolution of the antorbital cavity of archosaurs: a
study in sofi-tissue reconstruction in the fossil record with an
analysis of the function of pneumnaticity. Journal of Vertebrate
Paleontology 17 supplement 1: 1-73.

Young, K. 1986. Cretaceous, marine inundations of the San Marcos
Platform, Texas. Cretaceous Research 7: 117-140.

Zhao, X.-J. and Currie, P. 1993, A large crested theroped from the
Jurassic of Xinjiang, People’s Republic of China. Canadian Journal
of Earth Sciences 30: 2027-2036.



63

APPENDIX I: LIST OF ABBREVIATIONS
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Colorado, Boulder

FWMSH = Fort Worth Museum of Science and History, Fort Worth

Gl = Geological Institute, Academy of Sciences of the Mongolian
People’s Republic, Ulan Bator

IPHG = Institut flir Paliontclogie, Humbolt Museum, Berlin
(collections destroyed)

IVPP = Institute of Vertebrate Paleontology and Paleoanthropology,
Beijing

IM = Jura Museumn, Eichstitt

MCZ = Museum of Comparative Zoology, Harvard University,
Boston

NMC = National Museum of Canada, Ottawa

OMNH = Oklahoma Museum of Natural History, Norman
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QUM = Oxford University Museum, Oxford
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Argentina

PV8] = Museo de Ciencias Naturales, Universidad Nacional de
San Juan, San Juan

QG = Queen Victoria Museum, Salisbury

SMU = Southern Methodist University, Dallas

TATE = Tate Geological Museumn, Casper

UCMP = Unisversity of California Museum of Paleontology, Berkeiey
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Anatomical Abl fati
dtre = fourth trochanter

acel = acetabulum

acrp = ACTOMion process

add fos = adductor fossa

alfp = aliform process

ang = angular

axin = axial intercentrum

cap = capitulum/caput

caud art = caudal articular surface

chvf = facet for chevron articulation
cred art = articular surface for coracoid
cmp = cranial process

crpd foss = cranial peduncular fossa
csgr = costal groove

ctfb = crista tibiofibularis

ctn for = foramen for chorda tympani nerve
diap = diapophysis

dist art = distal articular surface

dorp = dorsal process of articular

ect art = articular surface for ectopterygoid
ecfl = ectopterygoid flange

ecir = cctopterygoid recess

epip = epipophysis

extn gr = extensor groove

flex gr = flexor groove

for = foramen/foramina

foss = fossa

frag = fragment

' gien = glenoid

gire = greater trochanter

fiol = hole/hollow

. Y] .

idpf = infradiapophyseal fossa/foramen

iprd for = infraprediapophyseal foramen
iptd for = infrapostdiapophyseal foramen
ilip = iliac process

inch = intemnal narial choana

insp lig = insertion site for interspinous ligamenture
intf = infratemporal fenestra

jugp = jugal process

kn = knob

Iclg foss = lateral collateral ligament fossa
Igle = lateral glenoid

Ited = lateral condyle

Itrc = lesser trochanter

max art = articular surface for maxillary
maxp = maxillary process

medf foss = fossa for insertion of M. caudofemoralis
melg foss = medial collateral ligament fossa
mded = medial condyle

medp = medial process

medp = medial process

mfad emin = eminence for insertion of femoral adductor musculature
mgle = medial glenoid

mjug for = medial jugal foramen

mlvs gr = groove for insertion of M. levator scapulac
msym lam = medial symphysial lamina

nsp = neural spine

nutr for = nutrient foramen

obtn = obturator notch

obtp = obturator process

odon = odontoid

orb = orbit

palt fen = palatine fenestra

para = parapophysis

path = pathology

phif emin = eminence for insertion of 7M. puboischiofemoralis
pipt = palatine pneumatic recess

plre for = pleurocoelous foramen

plrc foss = pleurocoelous fossa

pock = pocket

posp = postorbital process

posz = postzygapophysis

prat = prearticular

prez = prezygapophysis

prox art = proximal articular surface

plep = plerygoid process

pubc for = space for pubic foramen

pubp = pubic process

qdjp = quadratojugal process

ram = ramus

tbod = body of rib

retp = retroarticular process

sbad = subacrotmial depression

sbtf = subtemporal fenestra

serb = sacral tib

sp = spine

sur = surangular

‘thmk = Ttooth mark

tran for = transverse foramen
trvp = transverse process

tub = tuberculum

vfor = vertebrai foramen

vmpt = vomeropterygoid process
web = capitular-tubercular web



APPENDIX 2: CHARACTER STATES

To determine the states of the characteristics below for each taxon, the resources listed below were consulted. Taxa marked with an asterisk (*)
were retained in the more exclusive analysis described in the text. )
*Herrerasaurus: ischigualastensis: Brinkman and Sues (1987}, Novas (1989, 1993). Sereno (1993}, Serenc and Novas {1993)
Non-abelisauroid Ceratosauria: Gilmore (1920), Camp (1936), Razth (1977), Welles (1984), Colbert (1989), Rowe (1989},

Rowe and Gauthier {1990)

Abelisauroidea: Bonaparte and Novas (1985), Bonaparte ct al, (1990), Chatterjee and Rudra (1996}

Torvosaurus fanneri: Galton and Jensen {1979), Britt (1991)

Afroverator abakensis: Sereno et al. (1994)

*Megalosaurus bucklandii: Owen (1855, 1856), Philips (1871}, Huene (1926), Waldman (1974), Molnar et al. (1990)

Poekilopleuron bucklandii: Deslongchamps (1838)

Edmarka rex: Bakker et al. (1992), Siegwarth ¢t al. (in press)

“Brontoraptor:” Siegwarth et al. {in press)

Eustreptospondylus oxoniensis; Philips (1871), Huenc (1926, 1932), Walker (1964}, Molnar et al. (1990)

*Piatnitzkysaurus floresi: Bonaparte {1986)

*Sinraptor dongi.. Currie and Zhao (1993)

*Yangch us shangyuensis and Y. magnus.. Dong et al. (1983), Currie and Zhao (1993}

Gasosaurus constructus: Dong and Tang (1985), Molnar ¢t al. (1990)

Szechuanosaurus campi: Dong et al, (1983), Gao (1993)

Metriacanthosaurus parkeri: Huene (1926), Walker (1964)

Cryolophosaurus ellioti: Hammer and Hickerson (1993)

*fNosaurus fragilis: Gilmore {1920), Madsen (1976), Molnar et al. (1990)

*Aerocanthosaurus atokensis: Stovall and Langston (1950)

Chilanteisaurus maoriuensis: Hu (1964), Molnar et al. (19%0)

Saurophaganax maximus: Chure (1996)

*Monolophosaurus jiangi: Zhao and Currie (1993)

Neovenator salerii: Hutt et al. (1996)

*Carckarodontosaurus sakaricus: Stromer (1931), Rauhut (1995), Sereno et al. (1995)

Giganotosaurus carolinii. Coria and Salgado (1995)

Sigilmassasaurus brevicollis: Russell (1996)

Baryonyx walkeri: Charig and Milner (1986, 1990)

*Ornitholestes hermanii: Osborn {1903, 1916)

Compsognathus longipes: Bidur et al. (1972), Ostrom (1978)

Dromaeosauridae: Colbert and Russell (1969), Ostrom (1969, 1976), Sues (1978), Barsbold (1983), Kirkland et al. (1993), Currie (1995}

Omithomimosauria: Parks (1928b), Osmélska et al. (1972), Russell (1972), Barsbold and Osmélska {1990), Pérez-Moreno et al. (1994)

Troodontidae: Barsbold (1976, 1983), Barshold ¢t al. (1987), Osmélska and Barsbold (1990), Curric and Peng (1993), Russell and Dong (1993b)

*Tyrannossuridae: Osborn (1906, 1916), Lambe (1917), Russell (1970), Maleev (1974), Bakker et al. (1938), Molnar et al. {1990},
Melnar (1991), Carpenter (1992), Holtz (1994)

Oviraplorosauria: Barsbold (1976, 1983), Barsbold et 21, (1990), Smith (1992)

Therizinosaurcidea: Barsbold (1976), Barsbold and Perle (1980), Paul (1984), Russell and Dong (1993a), Clark et al. (1994)

*Archaeopteryx lithographica and A. bavarica: de Beer {1954), Ostrom (1976), Welinhofer (1974, 1993), Elzanowski and Wellnhofer (1996)

In addition, the following references were consulted for the listed character states:
Characters 2, 4, 10, 12, 13, 14, 33, 34, 35: Witmer (1997)
Characters 57, 60, 61, 65, 69, 71, 80: Britt (1993)



Appendix 2 (continued)

Characters marked with an asterisk {*) are those retained for the
second (restricted) analysis described in the text.

*(1} Sides of rostrum (maxillae): 0 = Angle towards each other
rostrally; premaxiliary symphysis parabolic; 1 = Subparallel; premax-
illary symphysis U-shaped

Holtz (1994) cited “premaxillary symphysis U-shaped,” as a
trait diagnostic of the Avetheropoda; Holtz (personal communica-
tion, 1997) clucidated that the character was intended to describe the
shape of the snout as a whole, not just the premaxillae. This distinc-
tion is necessary because some theropods (e.g., oviraptorosaurs}) pos-
sess inflated premaxillae that do not also describe the angulation of
the maxillae to each other.

*(2) State of additional openings within the antorbital fossa
rostral to the intermal antorbital fenestrz: 0 = None; 1 = Promaxitlery
fenestra and recess only: 2 = Promaxillary and maxillary fenestrae
and recesses present; 3 = Promaxillary, maxillary, and excavatio
pneumatica present; 4 = Promaxillary, maxillary, excavatio
pneumatica, and additional openings present

The problems surrounding the variable nomenclature of open-
ings in the antorbital fossa rostral to the internal antorbital fenestra
were detailed by Witmer (1997). Sereno et al. (1996) cite “pro-
maxillary recess extends into maxilla ascending (= anterior) ramus™
as a characteristic of the Neotetanurae. As noted by Witmer (1997),
by definition, the promaxillary recess (or series of recesses) invades
the ascending ramus of the maxilla whenever present and seems to be
characteristic of all theropods except Herrerasaurus. The presence
of a maxillary fenestra (= accessory or subsidiary antorbital fenestra)
was used by both Gauthier (1986) and Sereno et al. (1996) as diagnos-
tic of the Tetanurae; a large and round fenestra was cited as a more
restrictive chamacteristic within the unnamed Node 6 of Holiz (1994).
However, as noted by Witmer (1997), the term “maxillary fenestra™
has been applied to openings that are not the maxillary fenestra sensu
strictn, thus rendering previous uses of this characteristic dubious. The
maxillary fenestra is an opening rostral to the antorbital fenesira
within the antorbital fossa. It is differentiable from the promaxillary
fenestra; in particular, Witmer (1997} notes that the slit in the
antorbital fossa, rostral to the internal antorbital fenestra, in the
Ceratosauria is most likely homologous with the promaxillary fenes-
tra and not the maxillary fenestra. Currie and Zhao (1993) cite the
presence of more than two openings into the maxillary sinus as diag-
nostic of the Sinraptoridae, but it is unclear to what extent the numer-
ous smaller openings to which they refer are homologous with, for
example, the excavatio pneumatica of Witmet (1997). Although if is
conceivable, no confirmed reports exist of theropods that possess a
maxillary but no promaxillary fenestra; therefore, those that possess
a fenestra that more closcly matches the morphology and location of
the maxillary fenestra sensu stricto are coded s having both a axil-
lary and promaxillaty fenestrae.

*(3) Maxitlary tooth row: 0 = Extends caudally to point beneath
orbit; | = Completely antorbital

This character has been used in numercus amalyses {Gauthier,
1986 [Tetanurae]; Currie and Zhao, 1993 [Allosaurcidea]; Holtz,
1994 [Tetanurae]; Sereno et al,, 1996 [Tetanurae]}. An apparent
corollary of this is that the jugal process of the maxilla is shortened,
and, as a consequence, its articular surface on the jugal is restricted to
the rostral end of that element.

*(4) Nasal participates in antorbital fossa: 0 = None or slightly;
| = Broadly

This character was cited by Sereno et al. (1996} for the Allosauroidea.

*{5) Prefrontal: 0 = Large; 1 = Reduced; 2 = Absent

Presence or absence of the prefrontal bone was used by Gauthier
{1986) as a trait of the Maniraptora (= Maniraptoriformes per Holtz
[1996a]}. Absence of the bone, as used here, includes the zpparent
condition in many derived theropods in which this bone is seamnlessly
fused to the frontal.
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(6) Prefrontal-frontal articulation peg-in-socket: 0 = No; 1 = Yes

This trait was cited by Sereno et al. {1996} for the Tetanurae.

*(7) Ventral extent of postorbital substantially above ventral
margin of orbit: 0 = Yes; 1 = No; postorbital process of jugal still tall;
2= No; postorbital process of jugal reduced or absent

This trait refers to whether or not the ventral ramus of the
postorbital bone extends as far down as the ventral limit of the orbit,
In many cases, it terminates well above this level, where it contacts
the postorbital process of the jugal. In other cases, however, either
the ventral ramus continues ventrally along the rostral margin of the
postorbital process of the jugal or the postorbital ramus of the jugal is
greatly reduced or lost entirely, and the postorbital forms the entirety
of the bar separating the orbit from the lateral temporal fenestra.
Because these are different conditions, this character is expanded
here to encompass all possible states. It was originally used by Cumie
and Zhao (1993) as diagnostic of the Allosauroidea.

*(8) Postorbital-lacrimal contact: 0 = Absent; 1 = Present

In taxa that have lost the prefrontal hone, two morphotogies
exist to form the dorsal margin of the orbit: either the lacrimal and
postorbital processes are expanded to form the roof of the orbit, or
the fronta] intrudes between the two. As originally used by Sereno et
al. (1996) for the Carcharedontosauridae, the postorbital-lacrimal
contact was viewed either as “broad” or “small.” However, as used
here, it is either present or absent; the extent of any contact is not
distinguished.

*{9) Suborbital flange on postorbital: 0 = Absent; 1 = Small; 2 =
Large

This condition described the presence, on the rostral margin of
the postotbital, of a rostrally-projecting eminence that partially di-
vides the orbit into dorsal and ventral parts (though never closing it
off éntirely). The resultant shape of the orbit has been described as
“keyhole-shaped” by numerous authors. The presence of a large pro-
cess was cited as diagnostic of the Carcharodontosauridae by Sereno et
al. (1996).

*{10) Lacrimal pneumnatic recess: 0 = Absent; 1 = Present

Although the lacrimal normally houses part of the antorbital
fossa (Witmer, 1997), the lacrimal pneumatic recess is. more specifi-
cally, one or more excavations (fossa with or without foramina) in
the dorsal elbow of the lacrimal, frequently within a lacrimnal hom.
This is not to be confused with the nasolacrimal canal, which is also
located in this region, usuaily ventral to the pncumatic recess (Witmer,
1997). The presence of the recess was considered useful in diagnosing
the Tetanurae by Sereno et al. (1996).

(11) Lacrimal hom height above skull roof: 0 = Nonexistent; |
= Low; 2 = High

Expansion of the lacrimal dorsally to form a small horn was
considered characteristic of the Sinraptoridae by Currie and Zhao
{1993); larger homns are formed in other taxa.

*{12) Jugal pneumatic (jugal pneumatic recess present): 0 = No;
1=Yes

Pncumaticity of the jugal was cited as a diagnostic trait of the
Tetanurae by Sereno ¢t al. (1996). Pneumaticity is represented at the
sutface nominally by the presence of a jugai pneumatic recess, an
opening that sits within the caudoventral corer of the antorbital
fossa. It leads caudally into the body of the jugal. [ts presence was
considered diagnostic of the Allosauroidea by Currie and Zhao (1993).

(13) Medial jugal foramen: 0 = Absent; | = Present

*(14) Jugal expressed on rim of external antorbital fenestra: 0 =
No; 1 = Yes

Holtz (1994) considered the presence of the jugal on the rim of
the antorbital fenestra as a characteristic of the Maniraptoriformes.

(15) Length of upper prong of quadratojugal process of jugal
with respect to the lower prong: 0 = Subequal; 1 = Upper prong
markedly shorter; 2 = Upper prong markedly longer

Virtually all theropods possess a caudally bifurcate jugal, the
prongs of which interdigitate with the rostral process of the
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quadratojugal. The length of the upper prong with respect o the
lower prong vary between taxa; a shorter upper prong was considered
diagnostic of the Allosaurvidea by Curric and Zhao (1993},

{16} Quadrate short, with head near level of mid-orbit: 0 = No; 1
=Yes

This state was cited by Sereno et al. {1996) as characteristic of
the Aliosauraidea.

(17) Fenestration of the guadrate and quadratojugal: 0 = None; |
= Quadrate-quadratojugal fenestra present; 2 = Quadrate fenestra present

Many theropods possess a small opening in the vicinity of the
quadrate and quadratojugal, although terminology applied to this open-
ing has not been consistent. As used here, a quadrate-guadratojugal
fenestra is one that is bounded laterally by the quadratojugal and
medially by the guadrate; in contrast, an opening that is restricted to
the quadrate is a quadrate fenestra. Currie and Zhao (1993) cite the
presence of a quadrate-quadratojugal fenestra with an associated sinus
as diagnostic of the Allosaurcidea.

*{(18) Expanded, circular orbit: 0 = Absent; 1 = Present

This irait, noted by Holiz (1994) for the Coelurosauria, sepa-
rates those theropods with primitive tear-drop, ovoid-, or cartouche-
shaped, longer dorsoventrally than rostrocaudatly, orbits from those

~with subcircular orbits, which tend to be larger with respect to the
skull as a whole.

(1%) Supraoccipital forms parl of foramen magnum: 0= No; 1 = Yes

Molnar et al. (1990) note that, among some members of their
(Carnosauria, the supracccipital sends a small, rectangular process ven-
trally, interceding between the exoccipitals, to form the roof of the
foramen magnum.

{20) Parasphenoid capsule: 0 = Not bulbous; 1 = Bulbous

Cited by Holtz (1994) as diagnostic of the Bullaiosauria,

{21) Braincase box: 0 = Not open caudally; tubera modestly
pronounced; 1 = Open caudally; tubera pronounced and widely scpa-
rated (basituberal web reduced)

Currie and Zhao (1993) cite “braincase box [has) opened up
caudally between tubera, which are no longer pedunculate™ as a feature
of the Allosaurcidea. At issue here is the status of the basal tubera. In
primitive Theropoda, the basisphenoid and basioccipital (see charac-
ter 22) forms a ventral projection rostroventral to the occipital
condyle and which walls the basisphenoid recess caudally. This projec-
tion normally possesses two slight ventral expansions on either side
{the basal tubera) that serve as attachment sites for the M. rectus
capitis (= M. longus colli) and M. Jongissimus dorsi (= M. iliocostalis
cervicis capitis) (Bakker et al., 1992). Normally, the tubera are mod-
est expansions, but in many theropods, the basituberal web between
them is reduced, resulting in elongate tubera. In these taxa, the tubera
also tend to migrate Yaterally, increasing the width between them,
resulting in the openness referred to by Currie and Zhao (1993).

*(22) Basioccipital participation in the basal tubera: 0 = Partici-
pates; t = Dees not participate

Sereno et al. (1996) use the exclusion of the basioccipital from
the basal tubera as a diagnostic feature of the Allosaurcidea. Lacking
basioceipital participation, the basal tubera are formed exclusively by
the basisphenoid.

(23} Basisphenoid recess: 0 = No additional foraming; 1 = Small
foramina; 2 = Large (pneumatic?) foramina

Pneumaticity of the basisphenoid recess is indicated by the pres-
ence, within the larger cavity, of further fossae and/or foramina lead-
ing dorsally into the braincase. This trait was considered diagnostic of
the Allosaurcidea by Currie and Zhao (1993). While theropods primi-
tively lack any additional openings in this recess, Bakker et al. (1988)
describe a variety of openings in some more advanced taxa. Very
small, usually paired, foramina occur in a few taxa, while larger, more
irregular foramina occur in some tyrannosaurids.

*(24) Parcccipital processes strongly downturned: 0 = No; 1 = Yes

Paul (1988) and Currie and Zhao (1993) cite this trait as diag-
nostic of the Allosauroidea.

{25) Caudoventral limit of exoccipital-opisthotic contacts ba-
sisphenoid but separated from basal tubera by notch: 0 = No; 1 = Yes

Currie and Zhao (1993) describe the presence of this notch as
characteristic of the Allosauroidea.

(26) Separation of ophthalmic nerve from trigemina! before
exiting trigeminal foramen: 0 = Absent; 1 = Incipient; 2 = Complete

Primitively, cranial nerve V (trigeminal) is undivided as i1 passes

'thrnugh the subcircular trigeminal foramen between the prootic and

laterosphenoid. Currie and Zhao (1993} note that, in the
Allosauroidea, the trigeminal foramen is partially closed off by a
constriction (the incipient condition), which implies that the oph-
thalmic nerve had begun to separate from the trigeminal prior to ifs
egress through the foramen. This consiriction of the trigeminal fora-
men is thus evidence of this separation. In some later theropods (e.g.,
tyrannosaurids [Molnar, 1991], the ophthalmic nerve passes through
a completely separate foramen from the rest of the trigeminal nerve.

(2T) Pneumatic openings associated with internal carotid artery
canal: O = Absent; 1 = Present

The term *internal carotid artery canal” refers to a deep fora-
men at the contact of the laterosphenoid and basisphenoid (as de-
scribed by Molnar [199)] in Tyranrosgurus rex). This foramen is
overlain by a groove in the laterosphenoid (Molnar, 1991). This trait
was cited by Sereno et al. (1996).

*(28) Basipterygoid processes: 0 = Long; | = Short

Screne et al. (1996) use this trait 1o differentiate the roughly
spherical dimensions of the processes in atlosauroids from the longer,
primitive processes that have cylindrical dimensions.

(29) Palatine morphology: 0 = Subrectangular or trapezoidal, 1
= Tetraradiate; 2 = Triradiate (jugal process absent)

The primitive palatine morpholegy is a relatively simple
subrectangular sheet of bone. In more advanced formns, presumably,
the various margins of the shcet are recessed to form a starkly
tetraradiate bone. In still more advanced theropods, however, the
jugal process of the palatine is lost, resulting in a triradiate clement.

(30) Subsidiary palatal fenestra: 0 = Absent; 1 = Present

The reduction in size of the palatine process of the plerygoid
coupled with the depression of the lamina that connects the ascending
and jugal processes and the reduction of the caudal lamina of the
medial process of the palating form the subsidiary palatal fenestra on
the roof of the palate, which Gauthier (1986) considered
synapomorphic of the Coelurosauria.

(31) Palatines meet medially: = No; 1 = Yes

Absence of medial contact of the palatines was ciled by Rowe
and Gauthier (1990) for the Ceratosauria.

(32) Jugal process of palatine expanded distally: 0 = No; 1 = Yes

Sereno et al. {1996) describe the distal end of the juga) process as
¢xpanded for the Allosauroidea.

*(33) Palatine pneumatic recess: 0 = None; 1 = Small fossa only;
2 = Small foramen only; 3= Large fossa only; 4 = Large fossa with 2
1 foramina

The palatine pneumatic recess is housed on the medial side of
the palatine, at the confluence of the vomeropterygoid, maxillary,
and jugal processes. Witmer (1997) voiced reservations about the
phylogenetic utility of this trait when coded simply as “present” or
“absent,” but coding for the various conditions seen in theropod taxa
can elucidate phylogenetic relationships.

*(34) Ectopterygoid pneuwmatic recess morphology: O = Elon-
gate; 1 = Subcircular

In theropods primitively, the ectopterygoid pneurnatic recess is
a rostroczudally elongate, dorsoventrally short opening spanming the
ectopterygoid and pierygoid flanges of the ectopterygoid. However,
in some derived taxa, the ectopterygoid is inflated dorsoventrally,
making the recess much more circular in shape.

(35) Ectopterygoid pneumatic recess extends deeply into jugal
process: { = No; 1 = Yes

Sereno et al. (L996) cite this as a characteristic of the Neotetanurac.

(36) Rostral end of dentary squared and expanded: 0 = No; 1 = Yes

Sereno #t al. (1996) note that the slope of the rostral end of the
dentary in the Carcharodontesauridae is more vertical than in other
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taxa. The square shape is enhanced by a smali ventral projection on
the rostroventral margin of the dentary. ’

{37) Dorsoveniral height of the surangular: 0 = < 2x the maxi-
mum dorsoventral height of the angular; 1 = 2 2x the maximum
dorsaventral height of the angular )

Sereno et al. (1996) diagnose increase in depth of the surangular
with respect to the angular as an autapomorphy of the Neotetanurae.
They cite this specifically as the cause of reduction in size of the
external mandibular fenestra, but the fenestra may remain unchanged
while the bones bordering it are increased in dimension. This is an
important difference because, even within the Neotetanurae, there is
variability in the size of the external mandibular fenestra that has
potential phylogenetic significance (see character 38).

{(38) External mandibular fenestra: 0 = Large; 1 = Reduced

Madsen (1976) and Currie and Zhao (1993) note that the exter-
nal mandibular fenestra of Alosaurus is smaller relative to the size of
the mandible as a whole than in most other theropods.

*(39) Caudal surangular foramen: 0 = Small; 1 = Large

Holtz (1994) noted that the presence of an enlarged surangular
foramen was characteristic of theropods in his unnamed Node 16,
including omithomimosaurians, tyrannosaurids, and troodontids.

(40) Splenial with notched rostral margin of intermal mandibular
fenestra; 0 = Absent; 1 = Present

Sereno et al. {1996) find as an autapomotrphy of the Neotetanurae
that the splenial contributes to the rostral end of the fenestra. In
particular, the splenial ceases to be a simple sheet of bone and become
triradiate as the fenestra incises the rostrodorsal margin of the bone.

(41) Ridge dividing mandibular glenoid: 0 = Pronounced; 1 =
Reduced

In most theropods, the medial and lateral portions of the man-
dibular glenoid are separated by a distinct, obliquely-oriented ridge
that fits into a corresponding groove between the condyles of the
quadraie. Reduction of the ridge would enhance mediolateral motion
at the craniomandibular joint.

(42) Articular pneumatic: 0 = No; | = Yes

Pneumaticity of the articular is evidenced by expansion of the
foramen for the chorda tympani nerve caudal to the medial glenoid
and was noted by Molnar (1991) in Tyrannosaurus rex.

(43} Retroarticular process of articular: 0 = Absent; 1 = Short; 2
= Long

(44) Broad retroarticular surface of articular facing caudally: 0 =
No; 1 = Yes

Initially noted as an autapomorphy of the Neotetanurae by Serenc
et al. (1996), this analysis clarifies the trait somewhat by adding the
term “broad” to the diagnosis. Without such clarification, the trait is
meaningless because, by definition, any three-dimensional object will
have a surface, even if only an edge, that faces caudally. However, the
intention of Sereno et al. (1996) was undeubtedly to note that in
primitive theropods, the articular has only a simple edge that faces
caudally, while a much broader, flat surface faces rostromedially. Mote
advanced theropods, particularly those with short or absent
retroarticular processes, present & broad, planar face directly caudally
or caudoventrally.

(45) Denticulation of tocth carinae contiguous over tip: 0 =
Absent; 1 = Present

(46) Premaxiliary testh asymmetrical in cross-section: 0 = Nao;
1 = Yes, due to migration of rostral carina, tooth remains laterally
compressed; 2 = Yes, tooth inflated and D-shaped in cross-section

Asymmetry in cross-section of premaxillary tooth crowns has
been most frequently noted in the Tyrannosauridae (as D-shaped), but
Holtz (1994) finds it more broadly distributed, characteristic of the
Avetheropoda. However, some theropod taxa possess premaxillary
teeth that, although not inflated on one side, display asymmetry
effected by migration of the rostral carina away from a position
antipolar to the mesial carina. The conditions are differentiated here.
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*{4T) Number of teeth in the premaxilla: 0 =< 4; 1 =5,2=>35

Theropods primitively possess 4 teeth in the premaxilla. The
presence of 5 premaxillary teeth is usually considered a diagnostic
trait of the Allosauridae.

{48) Enlarged, fang-like tooth in dentary that inserts into a
notch between the premaxilla and maxilla: 0 = Absent; 1 = Present

The absence of this enlatged tooth was cited as a diagnostic
character 61’;1!1& Tetanurae by Gavthier (1986).

(49) Atlantal neurapophysis morphology in lateral view: ¢ =
Not triangular; 1 = Triangular

Currie and Zhao (1993) describe a triangular (in lateral view)
atlantal neurapophysis as an autapomorphy of the Allosaurcidea that
contrasts with the primitive morphology in which there is a sub-
rectangular, elongate, caudally-directed process at the top.

{50) Angular relation of ventral margin of axial intercentrym to
ventral margin of axis: 0 = Subparallel; 1 = Tilted strongly dorsally

Currie and Zhao (1993} noted that a strong upward tilt of the
axial intercentrum with respect to the axial centrum was characteris-
tic of the Sinraptoridae.

(51) Ventral keel on axis: 0 = Absent; | = Present

Currie and Zhao (1993) find that the presence of a ventral keel
on the axis is a synapomorphy of the Allosauroidea.

*(82) Axial epipophyses: 0 = None; 1 = Small; 2 = Large

Gauthier {1986) used the presence of large axial epipophyses as
a diagnostic trait of the Maniraptora (= Maniraptorifortnes per Holtz,
1996b).

*({53) Distal end of axial neural spine: 0 = Not expanded; | =
Expanded

Expansion of the distal end of the neural spine {especially, but
not exclusively, laterally) beyond the more proximal portions of the
spine, forming a “spine table,” was considered a diagnostic trait of the
Tetanurae by Gauthier (1986) and Sereno et al. (1996).

(54) Axial neural spine reduced cranially: 0 = No; 1 = Yes

Currie and Zhao (1993} use the reduction of the axial neural
spine as a trait of the Allosaurcidea. Neural spine reduction occurs
independent of the presence or absence of a “spine table” (see charac-
ter §3). This refers to the lack of any expansion of the spine that
exiends cranial to the prezygapophyses.

*(85) Cervical vertebrae: 0 = Not opisthocoelous; 1 = Weakly
apisthocoelous; 2 = Strongly opisthocoelous

*(86) Cervical vertebral cranial facets reniform (= kidney-
shaped): 0 = No; 1 = Yes

Gauthier (1986) noted that the cranial articular facet of the
cervical vertebrae in members of the Coelurosauria are indented below
the veriebral foramen, giving the facet a kidney-shape. This condi-
tion presages full heterocoely seen in Aves and is different from the
state described in character 57 (see below).

*(57) Caudal cup of cervical vertebrae reniform (= kidney-shaped)
and 2 20% wider than tll: 0 = No; | = Yes

Serenc et al. (1996) belicved that lateral expansion and dors-
oventral compression of the candal articular facet of the cervical
vertebrae, coupled with indentation of the facet beneath the vertebral
foramen (giving the face a kidney-shape) was diagnostic of the Car-
charodontosauridae. Though numerous theropods are characterized
by having centrum facets that are indented below the vertebral fora-
men, the facets are typically otherwise subcircular In carcharodonto-
saurids, the centrum face is at least 20% wider mediolaterally than tall
dorsoventrally, giving the diagnostic reniform shape.

*(58) Number of pleurocoelous fossae in postaxial cervical ver-
tebrac: 0 = None; 1 = One; 2 = Two

Rowe and Gauthier (1990) and Holtz {1994) both cite the presence
of “two pairs of pleurccoels” on the post-axial cervical vertebrae to be
diagnostic of the Ceratosauria. However, neither stated specifically whether
this referred to the number of fossae, foramina, or both. Investigation of
the literature reveals that the ceratosaurian condition is multiple fossae,
which may or may not include foramina. Across the Therepoda, the
number of fossae present seems to be more diagnostic than the number of
foramina within them, so this diagnosis focuses only on the fossae.
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(59) Cervical vertebral transverse processes: 0 = Ventral and
laterzl projection; | = Predominately lateral projection

Primitively, theropods have short transverse processes with a
small degree of lateral projection, but some more advanced theropods
have greatly enlarged transverse processes that have a more lateral
lhan ventrolateral orientation.

(60) Cervical prezygapophyseal morphology: O = Planar; 1 =
Flexed

Gauthier {1986) described the morphology of the prezygapo-
physes on the cervicat vertebrae of the Coelurosauria as “flexed” in
reference to the fact that the facets are smoothly curved such that
the smaller medial portion faces medially while the larger lateral
portion faces dorsally. Holiz {1994) considered this character more
restrictive and diagnostic of the Maniraptoriformes.

*(61) Post-axial cervical pleurocoel: 0 = Absent; 1 = Fossa only;
2 = Fossa with one foramen; 3 = Fossa with > 1 foramina (dividing
laminae present); 9 = Not applicable

*(62) Interior of cervical vertebrae type: 0 = No interior spaces
(apneumatic); 1 = Simple {camerate); 2 = Complex {camellaic)

Britt (1993) suggests that camerate and camellate vertebrae types
develop exclusively of each other, and one iz not necessarily directly
derived from the other.

{63) Ventral processes (= hypapophyses) on caudal cervical and
cranial dorsal vertebrae: 0 = Absent; 1 = Present on cranial dorsals
only; 2 = Present on cauda) cervicals and cranial dorsals

The presence of ventral processes on vertebrae from the
cervicothoracic region, as attachments for a powerful M. longus colli
ventralis, was considered a diagnostic frait of the Maniraptora (=
Maniraptoriformes per Holtz, 1996b).

*(64) 10th presacral veriebra incorporated into dorsa) region: 0
= MNo; 1 = Yes

Currie and Zhao {1993) congider the inclusion of the 10th pre-
sacral vertebra into the dorsal region, as determined by associated rib
morphology. a diagnostic trait of the Allosauroidea. As pointed out
by Welles (1984), transition between cervical and dorsal vertebrae is
difficult to determine when ribs are not directly associated with the
vertebrae, and instead used the position of the parapophysis on the
vertebra to determine the position of the element.

*(65) Cranial dorsal vertebrae opisthocoelous: 0 = No; 1 = Yes

*(66) Dorsal vertebral pleurocoel: 0 = None; 1 = Pronounced on
cranial dorsals; 2 = Pronounced on all dorsals :

Holtz (1994) cited the presence of a pleurocoe! on the dorsal
vertebrae to be an autapomorphy of the Tetanurae. However, as in
character 58, no specification was provided as to what constitutes a
pleurocoel. [n this analysis, the nature of the pleurccoel is elucidated:
fossae refer to relatively shallow, usually broad indentations that de
not penctrate deeply to the interior of the centrum; foramina are
deep, usually restrictive in size, and do invade the interior of the bone.

(67) Dorsal vertebral parapophyses reduced in lateral extent: 0 =
No; 1 = Yes )

In the Ceratosauriz, the parapophyses project far laterally, up-
wards of one-half the length of the transverse process. As noted by
Curric and Zhao (1993), the parapophyses of the Allosauroidea are
shorter.

*(68) Caudal dorsal vertebrat neural spines inclined cranially: 0
=No; | = Yes

In primitive theropods, the neural spines of the caudal dorsal
veriebrae are unremarkable in that they are either vertical or inclined
slightly caudally with respect to the horizontal axis of the centrum.
However, in many allosauroids, the neural spines of the caudal dorsals
have a tendency to incline cranially to varying degrees.

*(69) Presacral vertebral columm reduced in length with respect
to femoral length: 0 = No; 1 = Yes

Holtz (1994) perceived that, in the Tetanurae, the presacral
veriebral column was reduced in length with respect to the femuor,
This likely is, at least in part, accomplished by the shortening of each

cetvical vertebral centrum, which are very long in the Ceratosauria,
as well as the relative decrease in length of the femur with respect to
the lower hindlimb elemenis among the Tetanurae {q.v. Gatesy and
Middleton, 1997).

*(10) Sacral vertebrae pleurocoelous: 0 = No; 1 = Yes

Possession of either or both plevroceclous fossae and foramina
constitutes “pleurocoetous”™ in this trait.

{71) Synsacrum: 0 = Absent; 1 = Present

Rowe and Gauthier (1990) use the presence of a synsacrum as an
synapomorphy of the members of the Ceratosauria, with a conver-
gence in the Omithurae,

*{T2) Plevrocoels of the proximal caudal vertebrae: 0 = Absent,
1 = Fossa only; 2 = Fossa with foramina

Sereno et al. {1996) cite the existence of pleurocoels on the
proximal caudal vertebrae as a diagnostic trait of the Carcharo-
dontosauridae. However, as before {characters 58 and 66), the use of
the term “pleurocoel” does not differentiate between fossae and/or
foramina. Distinction is made in this analysis.

(73) Ventral groove (= double ventral keel} on proximal caudals:
0 = Absefit; 1 = Present

Rowe and Gauthier (1990) propose that the presence of the
groove may be a definitive feature of the Ceratosauria. In contrast,
many other theropods possess a groove only on more distal caudals.

(74) Subsidiary forarmina in proximal and distal excavations of
caudal vertebral neural spines: 0 = Absent; 1 = Present

(75) Paired cranial and caudal processes at cheyron bases: 0 =
Absent; 1 = Present

Sereno et al. (1996) find the presence of paired processes to be
a synapomorphy uniting members of the Tetanurae.

(76) L-shape in distal chevrons: & = Absent; 1 = Present

The presence of this character was given as diagnostic of the
Neotetanurae by Sereno et al. (1996).

(77) Transition point pronunciation: 0 = Graded; 1 = Proncunced

Gauthier (1986) emphasized the idea that the Tetanurac differ
from primitive theropods in that the point at which the transverse
processes and neural spines disappear and prezygapophyses become
significantly elongate occurs abruptly, over a short sequence of verte-
brae, whereas it occurs over a longer succession of several vertebrae in
more primitive theropods.

*{78) Number of caudal vertebrac with transverse processes (=
transition point close to base of tail): 0 => 15,1 =< 15

Gauthier (1986} cited the position of the transition point (see
character 77) in the Maniraptora (= Maniraptoriformes per Holtz,
1996b) close to the base of the tail {circa caudal 15), but Holtz (1994)
and Sereno et al. {1996) find this state occurs, less restrictively, among
the Coclurosauria.

{79 Cervical rib relation to centra in adults: 0 = Not fused; 1 =
Fused

Fusion of the ribs to the centrs was cited by Gauthier {1986) as
diagnostic of the Coelurosauria.

{80) Cranial processes on cervical ribs: { = Short or absent; 1 =
Elongate

The term “clongate,” as used here, refers specifically to pro-
cesses that protrude beyond the cranial facet of the cervical centrum
ta which it articulates,

{81) Pneumatic excavations on cervical rib heads: 0 = Absent; 1
= Present

(82) Aliform process at base of cranial cervical rib shafts: 0 =
Absent; 1 = Present

(83) Medial element of gastralia composed of: 0 = Single ele-
ment; 1 = Two overlapping elements

*(84) Pronounced notch separating acromial process of scapula
and coracoid: 0 = Absent; 1 = Present

*(85) Elongate scapular blade set off from glenoid and acromial
process: 0 = Grades smoothly; 1 = Abrupt transition

Currie and Zhao (1993) find that the sudden transition from
dorsoventrally tall acromial precess to dorsoventrally narrow scapu-
lar blade is an autapomorphy of the Allosauroidea. Stated another
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way, the caudal margin of the acromial process is closer to perpen-
dicular to the dorsat margin of the scapular blade in allosautroids than
in other theropods, where the caudal margin of the acromion slopes
much less steeply, and over a craniocaudally longer distance, into the
dorsal margin of the blade.

(86) Scapular blade strap-like: 0 = No; T = Yes

Gauthier (1986) uses the strap-like (= dorsoventrally namow and
with roughly parallel dorsal and ventral margins) morphotogy of the
scapular blade as a diagnostic characteristic of the Tetanurae.

(87) Mid-shaft expansion on scapular blade: 0 = Absent; 1 =
Present .

(88) Distal end of scapula possesses: 0 = Large expansion; | =
Slight or no expansion

Currie and Zhao {1993) note that the lack of any distal expan-
sion of the scapular blade is characteristic of the Sinraptoridae. A
“large” expansion is one that is subequal in width to the proximal end
of the scapula.

*(89) Coracoid caudoventral (= acrocoracoid) process place-
ment with respect to glenoid diameter: 0 = = Same level; 1 = Protrudes
markedly caudoveniral to the glenoid

The caudoventral margin of the coracoid, cranioventral to the
glenoid, is primitively roughly contiguous with the glenoid itself.
Some theropeds develop a longer process of the coracoid in front of
the glenoid that projects caudoventrally beyond the level of the gle-
noid. Gauthier {1988) introduced this character as one diagnostic of
the Tetanurae; it was subsequently cited by Holtz (1994) for the
Avetheropoda and Sereno et al. {1996) for the Neotetanurae. Once
devetoped, the caudoventral process of the coracoid becomes much
longer with respect to the glenoid diameter in the Coelurosauria than
in more primitive theropods (Sercno et al., 1996).

*(90) Coracoid morphology in lateral view: 0 = Not rectangular;

= Subrectangular

Gauthier (1986) notes that the cranioventral margin of the co-
racoid forms a distinct arc in lateral view in primitive theropods, but
members of the Maniraptora (= Maniraptoriformes per Holtz, 1996b)
have a much straighter cranioveniral margin, that gives the coracoid
overall {excepting the caudoventral process; see character 89) a
subrectangular morphology.

(91) Furcula: 0 = Absent; 1 = Present

The presence of coossified clavicles to form a furcula was con-
sidered diagnostic of the Coeglurcsauria by Gauthier {1986) but of the
less-restrictive Neotetanurae by Sereno et al. (1996).

{92) Ossified sternal plates fused in adults: 0 = No; 1 = Yes; 9=
Not applicable

Of those theropods that possess ossified stemnal plates, Gauthier
(1986) considered the fusion of the paired plates into a single stemum
autapomorphic for the Coelurosauria.

*{93) Humerus morphology in cranial view: 0 = Straighy; | =
Sigmoid :

*{94) Ulna bowed strongly caudally: 0 = No; | = Yes

Both Gauthier (1986} and Holtz (1994) cite the caudal curvature
of the ulna to be a synapomorphy of theropods within the Maniraptora
(= Maniraptoriformes per Holtz [1996b]). This contrasts with the
primitive condition in which the ulna is straight.

*(95) Ratio of manus length:length of radius + humerus: 0 = <
Hyil=22

Gauthier (1986) notes that, in members of the Tetanurae, the
maximum length of the manus was at least 2/3 the cumulative lengths
of the humerus and radius, providing larger mani than those possessed
by primitive theropods.

(96) Articular facets on conjoined distal carpais 1 and 2 (=
“gemilunate” carpal): 0 = None or proximal only (not true “semilunate™
carpal); 1 = Proximal and distal facets (true “scmilunate™ carpal)

The Maniraptora (= Maniraptoriformes per Holtz [1996b]) pos-
sess a large, half-moon-shaped carpal element that altowed for en-
hanced flexibility of the wrist. Ostrom (1974) and Gawuthier (1986)
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decided that this element was homologous with the primitive, unfaceted
radiale, but Tarsitano (1991} and Padian {1997) both conclude that
the element instead is a manirzptoriform neomorph arising from the
fusion of the first and second distal carpals. The three facets devel-
oped include one proximal facet for a proximal carpal (the radiale),
and two distal facets for metacarpals | and II. In contrast to Gauthier,
Sereno et al. (1994) find that the development of the proximal facet,
for the radiale, to be present in & much broader spectrum of theropods,
the Tetanurae.

*{97) Proximal ends of metacarpal | closely appressed to metac-
arpal 1 for at least half the length of metacarpal II: 0 = No; 1 = Yes

While the proximal ¢nds of metacarpals [ and II in primitive
theropods (and theropod outgroups) overlap, Gauthier (1986) found
that, in the Tetanurae, they are in close contact over a much larger
area: at least half the length of metacarpal 1. Holtz (1994) found this
trait to characterize a more restrictive group, the Avetheropoda. The
state presumes that the digits of a tridacty] theropod manus are [, II,
and 111, as opposed to 11, 111, and 1V, which may be incorrect (Tarsitano
and Hecht, 1980; Thulborn and Hamley, 1982; Hinchliffe and Hechi,
1984; Thulbom, 1993). All subsequent manus characters used in this
analysis view the tridactyl theropod manus as retaining digits 1, iI, and
I, which is supported by the manus digital formula of Herrerasaurus
{Sereno, 1993).

*{98) Ratio of metacarpal I length:metacarpal If length: 0 = >
lf3; 1 =214

Holtz {1994) cites the reduction in length of the first metacar-
pal, so that it is less than or equal to 1/3 the length of the second, as
an autapomorphy of the Maniraptora (= Manirzptoriformes per Holtz
[1996b]).

*(99) Metacarpal Il long and slender: 0 = No; 1 = Yes

This charactzristic was used by both Gauthier (1986) and Holtz
{1994) for the Maniraptora (= Maniraptoriformes per Hollz [1996b]).
Sereno et al. (1996) quantify the adjective “long™ by citing that the
shaft diameter of metacarpal [T must be £ 50% of the diameter of the
shaft of metacarpal II; they find this a diagnostic trait of the Tetanurse.

*(100) Metacarpal 1V: 0 = Retained; | = Lost

Gauthier (1986} cited the absence of manual digit IV as a diag-
nostic trait of the Tetanurae.

*{101) Ratio of forelimb length:presacral vertebral columm; manus
tength with respect to pes length: (0 = < 75%,; pes greater; 1 = 2 75%;
manus and pes subequal

According to Gauthier (1986), members of the Maniraptora (=
Maniraptoriformes per Holtz, 1996b) share a greatly elongate fore-
limb (= 75% of the length of the entire presacral vertebral column).
As a corollary to this, the manus is subequal in length to the pes.

*(102) Hook-like, ventrally-oriented process on cranioventral
margin of ilium, forming preacetabular notch: 0 = Absent; 1 = Present

*(103) Pronounced ridge on lateral side of ilium:

The primitive theropod ilium is unadomned laterally, but in sev-
eral more derived theropods, a ridge develops on the lateral side,
originating above the acetabulum, that divides the lateral surface of
the iliac blade into pre- and postacetabular fossae.

*{104) Caudodorsal margin of ilium morphology in lateral view:
0 = Subvertical; 1 = Angled caudoventrally

In the Saurischia, primitively, the entire dorsal margin of the
ilium lies roughly along the same more or less horizontal line. As
noted by Gauthier (1986) and Holtz {(£994) in the Maniraptora (=
Maniraptoriformes per Holtz [1996b]), the caudodorsal margin the
ilium angles caudoventrally, while the craniodeorsal margin remains
roughly horizontal.

*{105) Iliac blades contact dorsally: 0 = No; 1 = Yes

Contact of both iliac blades along a sagittal plane was considersd
@ diagnostic characteristic of the unnamed Node 16 of Holiz (1994).

(106) Pubic peduncle of ilium twice as long creniocaudally as
mediolaterally: 0 = No; 1 = Yes

This was initially diagnosed by Sereno et al. (1996) for the
Neoletanurae.

(107) Diac-ischial articulation much smaller than ilisc-pubic ar-
ticulation: 0 = No; | = Yes
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Reduction of the pubic peduncle was noted by Sereno et al. (1996)
for the Tetanurae.

*(108) Obturator opening on pubis: 0 = Foramen; 1 = Incipient
Notch; 2 = Notch

Holtz (1994) found the complete loss of the obturator foramen
to characterize the Avetheropoda, while Sereno et al. (1996) found it
characterizes the Coclurosauria.

*{109) Morphology of pubes in lateral view: ¢ = Curve caudally;
1 = Straight; 2 = Curve cranially; 3 = Retroveried

*(110) Distal opening on pubes: 0 = None; 1 = Pubic notch
present; 2 = Pubic foramen present .

The pubes of primitive theropods are fused medially for most of
their length. However, the distal ends are unfused; thus, a notch that
is open ventrally exists between them. In more derived theropods, the
distal ends of the pubes are fused to each other. However, the medial
symphysial laminae are reduced in some advanced forms, particulagly
proximal to the distal ends, where they diverge, creating a foramen
bounded proximally by the conjoined laminae and distally by the
distal fusion of the pubes.

*(111) Distal pubis (Jength): O = Not significantly expanded; t =
Slightly expanded (= 30% pubis length); 2 = Greatly expanded (>
30% pubis length)

Significant expansion of the distal ends of the pubes (no propor-
tions given) are cited as autapomorphic for restricted groups of
theropods (Tetanurae for Gauthier [1986] and for the Tetanurac
Avetheropoda for Holtz {1994]). A pubic boot that is at least 30% the
length of the entire pubis was considered an autapomorphy of the
Carcharodontosauridae by Sereno et al. (1996).

(112) Conjoined pubic boots morphology in distal view: 0 = Not
triangular; 1 = Triangular; 9 = Not applicable

Holtz (1994} united Acrocanthosaurus and Allosaurus in part
with the synapomorphy of fused pubic boots that are triangular (with
the apex of the triangle directed caudally) in distal view.

*{113) Cranial projection of pubic boot compared to the caudai
projection: 0 = Large; 1 = Small or absent; 3 = Not applicable

Reduction of the cranial portion of the boot was cited as an
autapomorphy of the Maniraptora by Gauthier {1986).

*(1t4) Obturator opening on ischium: 0 = None {unbroken
lamina); 1 = Obturator foramen; obturator process absent; 2 = Obtu-
rator notch; obturator process present

Gauthier {1986) and Sereno et al. (1996} cite the presence of the
coupled notch and process as diagnostic of the Tetanurae; Currie and
Zhao (1993} found it diagnostic of the Allosauroidea.

*(115) Obturator process of ischium placement: § = Proximal; 1
= Distal; 9 = Not applicable

Migration of the obturator process towards the proximal end of
the ischium was considered diagnostic of the Maniraptora (=
Maniraptoriformes per Holtz [1996]} by Gauthier (1986).

*{116} Ischial obturator process morphology: 0 = Not triangu-
lar; 1 = Triangular; 9 = Not applicable

Primitively, the obturator process of the ischium had a quadran-
gular shape, but more derived theropods, the Coelurosauria (Sereno et
al., 1996} reduced it to a triangular morphology.

*(117) Ratio of ischium length: length of pubis: 0 =>24. 1 =224

Whereas in most primitive theropods the ischium to be subequal
in length to the pubis, in the Coclurosauria (Gauthier, 1986; Holtz,
1994} the length of the ischium is reduced to the point where it is <
/3 the length of the pubis.

*{118) Fusion of distal halves of ischia: Q0 = Absent; 1 = Present

+(119) Significant distal ischial ¢xpansion: 0 = Absent; 1 =
Present, but not boot-shaped; 2 = Present and boot-shaped

As with the pubic boot (see character 111}, an ischial boot is
defined as an expansion predominantly in the cranial and/or caudal
directions whose axis is angled sharply from the long axis of the shait.

(120) Pelvic girdle coossified in adults: 0 = No; 1 = Yes

Gauthier {(1986) and Holtz (1994) noted that, in the Ceratosauria,
the elements of the pelvic girdle become coossified in adults.

*{121) Angle of fermoral caput to shaft in cranial or caudal view:
0 =<<90% 1 == 90° 2 =>»N°

*{112) Mound-like greater trochanter: 0 = Absent; 1 = Present

In the Archosauria primitively, the greater trochanier and the
femoral caput are confluent, and there is no real distinction between
them save the rugosity on the trochanter developed along with muscle
insertion. However, a synapomorphy uniting theropeds in the
Coelurosauria is the development of a distinct eminence at the greater
trochanter, making it more distinct from the caput (Gauthier, 1986}

*(123) Deep noich separating greater from lesser trochanter:
= Absent; 1 = Present

The enlargement of a proximally-placed lesser trochanter was
considered an autapomorphy of the Tetanurae by Gauthier (1936);
correlative with this enlargement was the development of a highly
distinct notch separating the lesser from the greater trechanter. How-
ever, a synapomorphy uniting many advanced theropods into the
Maniraptora (= Maniraptoriformes per Holtz [1996b]) was the loss
of this deep proove and the near-confluence of the lesser and greater
trochanters.

*(124) Lesser trochanter placement: O = Distal; 1 = Proximal

The lesser trochanter can be situated in one of twe positions:
distal, defined as having both its origin and distal end situated well
below the dorsal margin of the head, or proximal, defined as having its
arigins at the same level or above where the caput angles from the
shaft. .

*(125) Lesser trochanter morphology: 0 = Shelf, 1 = Non-ali-
form process; 2 = Aliform

In the Theropoda primitively, the lesser trochanter is a simple
shelf of bone. Some slightly more advanced theropods elongate the
trochanter somewhat to form a small process that is pointed at its
distal end. Gauthier {1986} and Sereno et al. (1996) find that an
aliform (= wing-shaped) process (one that is elongate, craniocaudally
broad, and subrectangular in lateral view) is characteristic of the
Tetanurae. As noted by Rowe and Gauthier (1990), a lesser trochant-
eric shelf is present in some members of the Ceratosauria, but its
distribution is apparently broader than that, because the shelf is also
present in Herrerasourus.

*(126) Femoral fourth trochanter: 0 = Robust; 1 = Weak; 2 =
Absent

Both Gauthier (1986) and Sereno et al. (1996) found that the
fourth trochanter was weakly developed or entirely absent in the
Coelurosauria.

(127) Extensor groove on femur: 4 = Absent; | = Shallow and
mediolaterally broad; 2 = Deep and mediolaterally narrow

The extensor groove {= sulcus intercondylaris, in part) of the
femur, located on the cranial side of the distal end of the femur,
between the crista tibiofibularis and the bulge of the medial condyle,
varies in the degree of its development within the Theropoda. It is
completely absent primitively; somewhat more derived theropods
possess a shallow groave, Further derived taxa possess a very deep and
protiounced groove, as was noted by Molnar et al. (1990) as a feature
of their Camosauria.

(128) Ridge for cruciate ligaments in flexor groove: (¢ = Absent;
1 = Present

In distal view, the flexor groove is primitively U-shaped, but in
some derived taxa, it becomes more W-shaped due to the presence of
a low ridge flooring the groove to which the cruciate ligaments at-
tached. )

(129) Sulcus at base of crista tibiofibularis: 0 = Absent; 1 =
Present

Rowe and Gauthier {1990) noted that the members of the
Ceratosauria are united by the presence of a pronounced sulcus on the
ventrolateral side of the crista tibiofibularis.

(130) Incisura tibialis (= fibular fossa) occupies all of medial
aspect of proximal end of tibia: 0 = No; 1 = Yes

Sereno et al. (1996) note that a synapomorphy uniting theropods
into the Coelurosauria is an cxpansion of the incisura tibialis {for
passage of a tendon of the M. tibialis cranialis [Baumel and Witmer,
1993]) on the medial side of the proximal end of the tibia (seen in
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proximal view) to span the entire medial side. In less derived theropods,
the incisure is present but more restricted, and occupies only a por-
tion of the medial side.

(131) Crista fibularis: 0 = Absent; | = Present

Hoitz (1994) found that the presence of a crista fibularis on the
tibia for added bracing of the fibula was an autapomorphy of the
Tetanurae.

{132) Distal end of tibia backs calcaneurm: 0 = No; 1 = Yes; 9 =
Not applicable {calcaneum lost)

In primitive theropods, the calcaneum articulates caudodorsally
with the fibula exclusively, but Sereno et al. (1996) find that, in the
Tetanurae, the calcangum is backed in part by the tibia. This change is
brought about in part due to the reduction in size of the distal end of
the fibula, that was listed as a separate character by Sereno et al.
(1996).

*{133) Astragalus and calcaneum fused to each other and to
tibia: 0 = No; 1 = Yes

The formation of an astragalocalcaneum, plus fusion of this
element to the distal end of the tibia, forming a functional tibiotarsus,
was used by Rowe and Gauthier (1990) as an autapomerphy of the
Ceratosaurta (convergent with omithurine birds).

(134) Distal end of fibula: ¢ = Expanded (2 2x the craniocaudal
width at midshaft); 1 = Reduced (£ 2x the craniocaudal width at
tnidshaft)

Sereno et al. {19956} cited the reduction in size of the distal end
of the fibula as a trait of the Tetanurae.

*(135) Ratio of height of ascending process of astragalus:length
of epipodium: Q=< tg, | = - l/g; 2 =2 14

Holtz (1994) twice cited the length of the ascending process of
the astragalus as a phylogenetically meaningful characteristic: once,
uniting his unnamed Node 6, in which the ascending process is > 1/6
the length of the cpipodium, and again as an autapomorphy of the
Coclurosauria, where the process attains 2 height > 1/4 that of the
epipodium. The three possible states are combined here into one
character with multiple states. Both Gauthier (1986) and Sereno et al.
(1996) cite the increase in both height and width of the ascending
process of the astragalus to be characteristic of the Tetanurae.

{136) Astragaslar condyles oriented: 0 = Ventrally; 1 =
Cranioventrally

As noted by Sereno et al, (1996), in the Tetanurae, the condyles
have a marked cranioventral orientation.

(137) Horizontal groove across craniodorsal margin of astragalar
condyles: 0 = Absent; 1 = Present

Both Holtz (1994) and Sereno et al. (1996) find that the pres-
ence of a distinct groove on the craniodorsal face of the astragalus is
a diagnostic character of the Tetanurae.
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{138) Metatarsal I more on caudal than medial side of metatarsal
Ii: 0 = No; | = Yes; 9 = Not applicable {metatarsal I lost)

Gauthier {1986) found that the plesiomorphic position of meta-
tarsal I in theropods was medial or slightly caudomedial to metatarsal
11, but that the element had migrated to a strongly caudomedial or
almost entirely caudal position with respect to its neighboring ele-
ment in the Coglurosauria.

(139) Metatarsal 1 reduced with respect to other metatarsals: 0 =
No; 1= Yes

Gauthier (1986) found the reduction in length of metatarsal I 1o
be a trait diagnostic of the Tetanurae.

*(140) Participation of metatarsals Il and IV more strongly in
ankle; metatarsal HI pinched out proximaliy: 0 = Subequal w meta-
tarsal 1ll/no; 1 = >> metatarsal 11l/yes

The ankle joint of the Saurischia, primitively, involves prima-
rily the distal tarsals and the proximal end of metatarsal I — the
proximal ends of meiatarsals Tl and IV are smaller than that of III in
proximal view. However, the proximal end of metatarsal III is reduced
some¢what, and pinched to varying degrees (see character 141} be-
tween I and IV, which, a5 a result, contribute to the ankle joint to a
significantly larger degree. This was noted by both Gauthier (1986)
and Sereno et al. {1990) as a characteristic of the Tetanurae.

*(141) Metatarsal III morphology in proximal view: 0 = Not
hourglass-shaped; 1 = Hourglass-shaped; 2 = Barely or not visible
{pinched out before reaching proximal end}

Sereno et al. (1996) note that a slight mediolateral compression
of the proximal end of metatarsal 111, giving that element an hour-
glass shape in proximal view, is characteristic of the Tetanyrae. In
still more derived theropods, metatarsal 111 is strongly reduced or
entirely absent at the proximal end of the metatarsus — this is the
arctometaterselian condition described by Holtz (1934).

{142) Ratio of length of metatarsal V:length of metataral IV: 0
=2l l=<1ip

*(143) Metatarsus deeper craniocaudally than mediolaterally: 0
=No; 1 = Yes

Holtz (1994) considered the greater craniocaudal than medie-
lateral dimension of the metatarsus a diagnostic trait of the
Arctometatarsalia.

(144) Tarsometatarsus: 0 = Absent; 1 = Present

Rowe and Gauthier (1990) cite the fusion of distal tarsals II and
Il to their respective metatarsals, forming a tarsometatarsus, ta be
characteristic of the Ceratosauria (convergent in ornithurine birds).

{145) Ratio of length of pedal digit 1 phalanges 1+2:length of
pedal digit III phalanx: 0 =>1;1 =51

The high degree of reduction of pedal digit I in the Neotetanurae,
resulted in the combined lengths of the phalanx and ungual of digit |
being roughly equal in length 1o the first phalanx of digit lil (Sereno
et al., 1996).
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