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ABSTRACT

Edmarka rex, a new species of torvosaurine megalosaurid, is described from specimens found in the middle levels
of the Morrison Formation at Como Bluff, Wyoming. The Como torvosaur differs from Torvosasrus tanneri, from
Dry Mesa Quarry, in western Colorado, in having a jugal with a wider, triangular, tyrannosaur-like postorbital process,
much narrower medial-lateral width, and relatively longer, lower lateral profile. Although the Como jugal is close
in size to that from Dry Mesa, the postcrania associated with the Como torvosaur is 30% larger than most of that
ascribed to T. tanneri, suggesting that the Dry Mesa vertebrae and hindlimb material do not belong to the huge skull
and forelimb from that quarry. All primitive theropod jugals differ from those of thecodonts in having a more cylindrical
quadratojugal process, indicating that the lower temporal bar was used to protract the face to some extent, an adaptation
fully expressed in birds. The torvosaurine scapula-coracoid agrees with that of Megalosaurus in the following: a wide
scapula blade of nearly constant width, not expanded dorsally as in allosaurs and ceratosaurs; an evenly rounded coracoid
that lacks the posterior hook of allosaurs; a glenoid that does not face as strongly downwards as in ceratosaurs.
Progressive narrowing of the scapular blade in theropods and birds was made possible by the strong tilt of the blade
which provided the teres and deltoid muscles with a wide origin. Torvosaur ribs were not hollow-cored, unlike those
of ceratosaurs and Megalosasirus. Yangchuanosaurs may well have coexisted with megalosaurs in the early Late Jurassic
of Europe. Contrary to previous impressions, giant torvosaurs are not uncommon in the lower two-thirds of the
Morrison Formation. Giant allosaurs (Epanterias amplexus) appeared during Morrison times after giant torvosaurs had
already disappeared. Five or six different theropod families evolved giant predator species with femur length 1100
mm or greater, but at no time did giant predators from two families coexist. Maximum theropod size was not controlled
by prey size or prey defenses. When one family replaced another as giant predator, the new giant predator usually
was more advanced in the degree in which avian-like characters were developed in skull and postcrania,
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INSTITUTIONAL ABBREVIATIONS

AMNH — American Museum of Natural History, New York, New
York. BYU — Brigham Young University, Provo, Utah. CPS —
Wyoming-Colorado Palacontographical Society (collections tempao-
rarily at University of Colorade but will be transterred to Wyoming
institutions for permanane repository). USNM — United States
National Museum, Washington, D.C. UUVP — Universinv ot Utah
Vertebrate Paleontology, Salt Lake City, Utah.

INTRODUCTION

Myth of Tyrannosaurus Superiority To judge by popular books and
television programs - including a question on the popular guiz show
Jeopardy  — the Late Cretaceous carnivorous dinosaurs ot the
tyrannosaur tamily exceeded pgreatly in size any carnivore trom the
Jurassic Period. But. in fact, in 1878, long betore anyv tyrannosaur
species was described, a gigantic theropod was named trom the lacest
Jurassic of the Morrison Formation at Ot Creek, Colorado. This
specimen, the type ot Epanterias amplexus Cope 1878, represents an
allosaund species with a nose-to-tail length as great or greater than
that of most adult Tyrannosauris skeletons (Bakker, 1990: Osbhorn and
Mook, 1920). So large are the Epanterias bones that Cope himselt was
misled into believing that they were those of i sauropoad. A second
giant allosaur was found in the 19305 in the Morrison of western
Oklahoma, a third near Fort Collins, Colorado. in 1988 {Bakker, 19900
all Epanterias specimens cotne from the highest dinosaur-bearing levels
ot the Morrison known at the sites,

Here we report the discovery of Edmarka rex, another giganue
Meorrison theropod that would rival T rex in totad length. E. rev and
its close kin, Torvosaurus tanneri, seem 1o be relatively common only
in the middle and lower levels of the Morrison. These torvosaurines
are the last and largest members of the megalosaurid fumly, a
redefined by Galton and Jensen (1979). The presence of a4 guant
megalosaurid in the Como Bluff Morrison suggests several revisions
of standard views about dinosaur evolution: 1) The body size category
occupied by T rex was tilled repeatedly. in succession, by species trom
five or six separate tamilies. and this size probably reflecrs & nacural
ceiling for dinosaurtan meat-caters, 2) At no time did owo giann
carnivore species from nwo different families coexist in one place, 3 In
most cases, when one family replaced another as @ant carnivore, the
new top predator was more advanced than the old in skull and limb
characters and comes closer 1o an avian level uforganizatiun, 41 When
one family replaced another as top predator, the incumbent giant
carnivore went extinct before the replacement giant species appuars:
therefore occupancy of the top predator role seems to conter an
advantage in suppressing the cvolution of another giant camivore from
any other family.

Discovery Two quarries have produced the giant torvosaur in rhe
Como outcrop area. Siegwarth and Filla excavated a series of huge
theropod ribs from Louise Quarry in early summer {989, Bakker, in
an error recalling Cope's mustaken allocation of Epanterias, misidentificd
the ribs as those of a small sauropod. James Madsen was the first o
suggest theropod affinities. The ribs arc 20% larger than those of any
other Morrison theropod except Epanterias, Kralis and Bakker
discovered Nail Quarry during mid summer 1990. Kralis uncovered
a very large left theroped scapula-coracoid, which Bakker removed;
the shape of the scapular blade was recognized as being megalosaurid.
In August, 1991, Kralis was assisting Bakker in teaching a field course
organized by Mike Perry of the Dinamation International Sociery.
Kralis and members of the field course discovered and cxcavated 4
left jugal that shared several peculiarities with that referred to
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Torvosawrus tanneri from Dry Mesa Quarry in western Colorado (Britt,
1991} and a covacoid with a shape closc to that of megalosaurs trom
the Mid Jurassic Stonestield Slate Quarry, the type locality of
Megalosaurus. Theropad ribs, agreeing in size and shape with those
trom Louise Quarry, were also excavated ar Nail, as well as a tirs
caudal vertebra. All of the giant theropod bones from Nail and Lowse
have linear dimensions close o that ot Epanterias but show che
distnctive shape of the Megalosaurida,

A third Coma region quarey has produced a giant imegalos.aar that
nay represent Edmarka, Torvosanrus or sonte closely related species.
In Auguse, 1991, M. Ron Jones ot Bardesville, Okla, a iemibser of
the Dinamation International Sociery Held course. discovered o overy
rich Jocality, Zane Quarry, sithin the acustrine limestones of the
lowermest owo meters ot the Morrison Formation, Large megalo-
saurid ribs and fragments of veriebrae were recovered (Field #2-10.
Thus Jocabiey iy by far the carlivst known site of abundant dinosaurs
vet known tor the entire Mormson outerop region in the Colorado
Front Range and adjacent Wyoming, and the onby rich locality known

tor the lowermost Morrison amvwhere.

Edwrarka rex, penus ob species novum

DAagrsis por gennes and specics: Closest to Torvosaurus tannent but ditfors
w retaining the primiove condition of a jugal that s thin medial-
laterallyv, eelatively longer and lower in lateral view, and with an orbital
wargn that s wider tfrone-to-back, Further ditters i the derived
characrer of omuch wider postorbital process on the jugal, with an
enlarged. recessed facet on dhe outer surface for an expanded veneral
ramus of the postorbatal.

Fypes CPS 1005 et Jugal. missing onby the exereme dorsal tip of the
postorbital process ad the poswerior up of the lower Yuadratojugal
provess, CPS 004, dorsad ribs, and CPS 1002, letr adult
seapuiocoracoid with closed sarure, many belong to the type individual
— all these bones were found 1 a 3 mx 2 marca in the quarry. CPS
L5, proximal caudal, wich tightlyv coossitied centrum-arch suture,
was found 5 meaway trom the jugal and may belong to the tvpe. Nail
Quarry.

Referved specimens: CPS 301, six right dorsal ribs. Louise Quareyv. CPS
103, subadult lete coracoid, Nail Quarry, tound underneath the
anterior vdge of the tvpe jugal.

Provenpwe: Middle o Late Tithoman, Late Jurissic, Morrison
Formation, Coma Blutt vuterop region. Maps are available from the
authors tor reputable scientists, We refrain from publishung these nLps
here because of the very real danger from vandads and unserupulons
rock hounds. Both Louise and Nail Quarries are from an intervad
below the “Main Marsh Upper Gray Mudstone™, the interval where
most ot Marsh's quarries were located (including Quarry 9, the
mammal quarry), but tar above Marshs Quarry 13 (the SEEEOsALT-
camptosanr guarry). Only one Como quarry has been reported
previously trom this middle interval — Marsh's Quarry 7 (Bakker,
19903, [n the measured seetion presented by Bakker (19900, Louise
Quarry is at 44 m; Nail is ar 48 m.

Etymology: Edmarka — “belonging ro Edmark™, in honor of D1, 13ill
Edmark, University of Colorado alumnus, who has made notable
contributions to science and technology, * rex — Latin “king™ in
reference to the top predator status of the species. The combination
ot a first declension — a ending with rex — follows the usage of Queen
Elizabeth the First, who signed her own name “Elizabeth rex”
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Description and Comparisons

For the following discussion the Family Megailosauridae is defined
by the species Poikilopieuron bucklandi and Torvesasurus tanneri, taxa that
share the derived condition of very short, thick forcarm and
metacarpus, as noted by Gailton and Jensen (1979). Mepiosaurus
bucklandi, the type for the Family, is assumed to be close to
Poikilopleuron because of the overall similarity of vertebrae and limbs
of the latter to the disassociated remains referred vo M. bucklandi from
the type guarries at Stonesfield (Eudes-Deslongchamps, 1838; Huene,
1926; Gilmore, 1920; Taquet and Welles, 1977; Waiker, 1964). Galion

and Jensen (1979) suggested that the short forelimb elements of

Poikilopienron and Torvosasrus were primitive, but, since very primitive
theropods, such as podokesaurs and herrerasaurs and staurikosaurs,
have forearm bones of less abbreviated structure, it is more probable
that the megalosaur condition is advanced. Eustreptospordylus oxoniensis
is here referred, with some doubts, to the megalosaurids, because ot
the close similarity of the lfachrimal and maxilla to those of Torvosaurus,
similarities that may be primitive retentions. We use “torvosaur” and
“torvosaurine” as the informal category for the largest and mosi
specialized megalosaurids, Torvosaurus and Edmarka, distinguished from
all other Late Jurassic theropods by the greac depth of the jugal.

Jugal, main body and quadratojugal joint (Fig. 1-4). The Nail Quarr
Jjugal is nearly complete (Fig. 1A,B). The two jugals from Dry Mesa
Quarry ascribed to T, tanneri are missing large pieces from the antedor
(maxillary-lachrimal) processes {Fig. 1C); as we restore them, these
jugals are 3% shorter fore-to-aft than the one from Nail Quarrv. If
other skull elements were similar in relative size (Fig. 3B}, then
Edmarka had a total skull length exceeding 130{) mm, as large as that
of Tyrannosaurus rex. In general, the jugails of T. tanneri and E. rex are
distinguished from those of ceratosaurs and allosaurs by a greater
dorsal-ventral depth. In T. tanneni the jugal is both absolutely deeper
and deeper relative to bone length than in E. rex (Fig. 1C,I2}. In both
the Nail and Dry Mesa jugals the upper quadratojugal process is
relatively much longer fore-to-aft than in allosaurs, agreeing with the
condition in ceratosaurs. Long quadratojugal processes indicate a very
long lower tempeoral bar and a voluminous adductor box, behind the
orbit and in front of the quadrate, where most of the adductor
mandibulae originates {Fig. 3B). Allosaurs are one of the very few
large theropods to show reduction of the anterior-pasterior length
of the Jower ternporal fenestra (Fig. 3C), but such reduction is
common among small theropods — for example, ornithomimids and
Coelophysis. Allosaurs are also unusual in having tooth crowns that
are small for their jaw length compared to the condition in ceratosaurs
and megalosaurs. It is becoming clear that allosaurs ook a markedly
divergent path in occupying the top predator role.

The jugal in Edmarka rex agrees with that of most other large
theropods, including albertosaurs, in being quite thin medial-laterally,
Torvosanrns tamneri is most unusual in che spectacularly increased
medial-lateral width — in vertical cross sections the width is two or
three dmes greater than in E. rex, even though the jugal in E. rex is
longer (Fig. 1A-C). The massive jugal in T tannert implics that the
stresses induced across the lower cheek region were far higher than
was typical in theropods — cither exceptionally wide terporal muscles
or some sort of head-bumping hehavior may be suspected. [t is
intriguing that Tyrannosaurus rex also displays massive check bones,
and this species shows both great temporal width and swollen,
reinforced areas on the skuil roof for head-butting.

In the jugal of E. rex the two quadratojugal processes are exceedingty
different in size, shape and function (Fig. tA.B). The upper process
is extremely thin side-to-side and certainly could bend when the animal
was alive. The lower process is long but massive with a cross-section

wider than tall; little bending would be possible. The upper process
has smooth surfaces all over; the lower process has roughened lines
covering the convex ventral surface and the concave dorsal surface
which makes up the main articulaton for the ventral edge of the
quadratojugal. Ligamentous sheaths must have bound the lower jugal
process to the quadratojugal. The degree of rougheming of the bone
surface suggests that these sheaths bound the two bones tightly and
that fore-to-aft sliding was not possible. However, the quadratojugai
probably could twist around an axis passing through the jugal-
quadratojugal joint, and the thin upper process of the jugal would
bend to accommodarte the rwisting, This twisting would be necessary
if the quadrate were to swing outwards and slightly torwards at the
gquadrate-squamosal joint. In mast theropods, the quadrate head has
a cylindrical joint surface that produces an outward and forward
movement on the squamosal. Movement of this joint would enlarge
the distance between the distal ends of che right and left quadrate,
thus increasing the gullet size.

In Torvosaurus tanneri the quadratojugal processes are more massive
than those of E. rex and most ather theropods (Fig. 1C). The upper
process is thicker mediai-laterally and the lower margin is more
strongly twisted outwards and has a bevelled outer edge. The lower
quadratojugal process in T, tannert is much deeper than wide, in sharp
contrast to the conditon in E. rex.

The lower quadratojugal process of the jugal in theropods is a region
of interest to studies of bird origins (Fig. 2,4). As Chatterjee {1991)
points out, the avian quadrate-temporal-bar mechanics are unique
among modern vertebrates. Indeed, modern birds and colubroid
stiakes represent the highest grade of adaptation for mobility of the
quadrate, facial bones and snout. In the primitive reptile condition,
the ptervgoid-quadrate joint is a sheet-to-sheet contact and the
quadratojugal-quadrarte joint is extensive and immobile. The avian
quadratojugal has a pivor joint with the quadrate on the outer surface,
and the pterygoid has a hinge joint along the anterjor-inner quadrare
surtace. The bied pterygoid and quadratojugal are parts of an inner
and outer compression strue system; when the quadrate is protracted,
the inner and outer struts push the palate and beak forward and
upward relative to the braincase + orbitatemporal region. All birds
have a highly mobile quadrate-squamosal joint that is synoviai. The
most primitive diapsid reptiles, inciuding the extant Sphenodon, lack
4 highly mobile quadrate-squamosal joint: the quadrate head does not
have a distinet articular surface in the shape of a ball or cylinder; the
descending process of the squamosal is very wide and extends far
ventrally to obtain an extensive overlapping contact with the
quadratojugal; this long, ventral squamosal-quadratojugal contact
waould hinder any ourward movement of the quadrate.

Thecodonts and primitive theropods show how the avian system
evolved from that of a Sphenodon-grade reptile (Fig. 2,4). In primitive
thecodonts, such as ervthrosuchids, the quadrate head has a convex
Joint surtace for the squamosal; the quadratojugal process of the jugal
is one undivided sheet; the pointed posterior part of this sheet fits into
a dorsal-ventrally deep depression in the outer surface of the
quadratojugal. All primitive theropods — torvosaurs are good
examples — have a4 more advanced system (Fig. 4) where the
guadratojugal process is divided into upper and lower prongs, and
the upper prong is sutficiently thin to permit twisting of the
quadratojugal. The jower quadratojugal process in primitive theropods
is modificd into a stout prong of semi-circular cross section that
resembles the wibular Jower temporal strut of birds and could function
in a similar manner, transferring the thrust of the quadrate to the
maxilla and lachrimal. It is unciear exactly what sort of movement
at the snout and face would be produced by outward and forward
movement of the guadrate in torvosaurs and other primitive
theropods. In most birds, the snout can be raised by quadrate
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Figire 1 continued. Left jugal of the Nail Quarry torvosaur, CPS 115, type of Edmarka rex. B — inner view.
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Figure 1 continued. C — outer (reversed) and inner views of the Dry Mesa jugal ascribed to Torvoseurus tanneri. Ereded surfaces on postarbital process restored
in dotted lines. Horizontal cross-sections given across postorbital process as preserved and restored {res.). Upper limit of joint facet for maxilla indicated by
arrow (for max). Postorbital {porb) shown restored from Torvesawrus. Arrows in cross sections point towards external surface {ext).
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Figure I comtinued. [ — outer outlines
of the jugals of T. tanneri (heavy line} and
E. rex (fine line), E — outer views of left
jugals. Feleh allosaur — LUUSNM 4734
(topotvpe of A. fragilis). Cleveland-Liovd
allosaur from Madsen, 1976. Bone Cabin
allosaur, AMNH 600. Felch ceratosaur
— USNM 4735 (rype of Ceratosaurus
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Figure 2. Outer vicw ot the ert
squamnosal-quadratojugal-juyal
Joint. A — a primitive theco-
dont, Erpthresuchus: below, che
Jugal-quadratojugal joint shown
separated (from specimens in
the British Museum). Quadrate
head shown m dotted line
where covered by squamaosal.
B — a primitive theropod, Corlophysis (from specimens at the LS, Nanonal
Museum). arrow shows inferred course of the anditory meatus. A, B — inser
shows vertical cross section through quadratojugal-jugal joint. sbbreviations:
q — quadrate, ) — yuadratojugal. sq — squamosal.

protraction at a joint near the trontal-nasal contact or wichin the nasal,
However, in most theropods, the trontal meets the nasal in an
extensive overlapping joint that would permit only modest flexure.
It may well be that the quadrarojugal compression strut was used to
push the maxilla-lachrimal ounwards, as part of the mouth-widening
movements. It is significant that in theropods the ventral lachrimai
process and the anterior jugal process are thin sheets that fit into
narrow slots in the maxilla. The maxilla-nasal conract is along a narrow
sutural zone that also would permit some twisting. To make 2 modern
bird, the theropod jugal must lose its upper quadratojugal prong.

In surmmary, the stages in the evolution of the modern avian system
may be as follows (Fig. 4): 1) The pre-archosaur stage; the quadrate-
squamosal joint has linited mobiliey, and the extensive squamosal-
quadratojugal contact, located far wventrally, and immobile
quadratojugal-quadrate contact prohibit outwards and forwards
displacement of the lower temporal bar. 2) The primitive thecodont
stage; the quadrate has a spherical joint for the squamosal that permits
some outward and forward movement, but the squamosal-
quadratojugal contact is sdll low and extensive. 3) The primitive
theropod stage; the squamosal-quadratojugal contact is reduced and
displaced dorsally, increasing the freedom of movement of the
quadrate, and the jugal has two prongs for the gquadratojugal,
permitting more rwisting and outward displacement of the jugal and
transference of quadrate thrust to the maxilla-lachrimal. 4) The
modern bird stage; the Jower temporal bar is transformed into a
tubular strut, the upper quadratojugal prong of the jugal is lost, pivor
and hinge joints develop bevween lower temporal bar and the quadrate,
and berween quadrate and ptervgoid.

Jugal, postorbital precess (Fig. 1). The postorbital process in the jugal
of E. rex differs in quite striking ways from that of the Dry Mesa jugals
ascribed to T. tanneri. The Dry Mesa jugal has a process that contraces
in width rapidly upwards; the anterior margin is vertical and straight;

HUNTERIA VOL. 2, no. 9, p. 8, November 15, 1992

the posterior margin is concave. The cracking and erosion sutfered
by the Dry Mesa jugal obscures the surface details where the contact
with the postorbital would occur. But the descending process of the
postorbital is narrow and U-shaped in horizontal cross section,
showing that the postorbital wrapped around the thick, rounded,
anterior edge of the postorbital process of the jugal. In the Nail jugal,
the postorbital process is developed as a wide tnangle, with straight
anterior and posterior margins. The articular area tor the postorbital
wraps far around onto the outer surface where there is a deeply
recessed articular facet, ornamented with vertcal ridges and striae that
indicate a strong ligamentous suture, Torvosaurus fanmert shows little,
it any, development ot an vuter, recessed postorbital facet on the jugal.

The inner postorbital facet on the jugal in E, rex is composed of
an clongared sulcus with 4 swollen postenor edge. In the Dy Mesa
jugals there is a slight swelling in this region. but poor preservation
obscures details of the inner postorbital facet. A wrap-around
postorbital-jugal joint may be primitive tor theropods, since the
podokesaur  Dilophosaurus  shows this feature, as well as do
ceratosaurids. [n allosaurids the postorbital contact is limited ro che
inner surtace of the jugal. wheree there 15 a recessed facet. and the
anterior edge of the jugal. In rvrannosaunds there s an extensive
recessed tacet on the outer surface of the jugal but lictle wrap-around
onte the inner surtace.

The difference between the Nail and 1Drv Mesa jugals is greater
than that berween daspletosaurs and  albertosaurs among  the
nrannosaunds and would seem to justity the recognition ot two
dhstingt torvosaur genera.

Jugal-maxilla-lachrimal connections (Fig. 1A,3). The anterior ramus
of the jugal 15 completely preserved in the Nail specimen. The
attachment site tor the lachrimal is indicated on the inner surtace by
aflat zone with tine, raised lines radiating torward and up-and-forward.
This surfuce texture indicates that the lachrimal-jugal connection was
carried out by relanively delicate ligamentous tissue that might permit
some rotation of the two bones at their suture. The articolar arca for
the maxilla on the outer surtace of the jugal is unexpectedly complex.
The ventral edge of the anterior jugal process is narrow, rounded and
simooth, and would tit into the outer groove in the maxilla. Running
along the outer jugal surface is an everted edge of bone with a razor-
sharp lower margin (evert in Fig. TA); the jugal is decply excavated
upwards beeween this edge and the main sheet of the jugal. The maxilla
must have had a tall curer edge that fit into this excavanon; a similar
situation occurs in ceratosaurs and allosaurs, although the depth of
the jugal bencath the everted edge is less in allosaurs. At its posterior
termination, the cverted edge mects a forwardly directed wedge of
bone {wedge in Fig. 1a); in ceratosaurs this re-entrant wedge articulates
uiter a notch in the maxilla; hence the maxilla-jugal contact is zig-zag
in this zone. The zig-zag maxillajugal contact indicates that fore-to-
aft sliding was not possible; however, some outward-inward tlexure
would be permitted. [n the jugals from [Drv Mesa, most of the
maxillary contact region is broken but the parts preserved do show
a section of the everted edge and the excavared groove below (Fig. 10).

At the dorsal-anterior corner of the outer jugal surface in the Nail
specimen, the cverted edge terminates in a thin, free prong of bone
that must have clasped the maxilla. The upper edge of the anterior
process of the jugal makes an obtuse triangle in lateral view; the
posterior side of this triangle is the lower margin of the orbit. In the
Drry Mesa specimen the lower margin of the orbit is more compressed
fore-to-aft. A compressed orbital margin probably is defived within
theropods, since ceratosaurs and most Triassic taxa have more widehy
apen orbits. In allosaurs and most Cretaceous theropods the outer
surtace of the anterior jugal ramus is excavated for a Jarge pnewmatc
sinus. But in the Mail jugal there is only a small excavation below
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the anterior edge of the postorbital process (pn in Fig. 1);
this excavation would continue dorsally onto the
lachrimal {Fig. 3B). In the Dry Mesa lachnimal there is
an cxtensive pneumatic zone on the outer surface, as in
ceratosaurs.

Posterior to the re-entrant wedge for the maxilla on
the outer surface of the Nail jugal are a series of four exits
for the cutaneous branches of the maxillary nerve (V).
Further posteriorly, at the root of the lower quadrato-
Jjugal process, are two more exits for the same nerve.
Extant iguanid and moniter lizards have a similar exit
pattern for the cutaneous nerves, but extant crocodilians
have a very different arrangement where the exits are
much smailer, much more numerous, and emerge from
the decply pitted outer bone surface. The similaniry of
the cutancous exits in theropods o those of lizards
indicates that a thick, muscular band of lip tissue bordered
the vpper and lower alveolar margin in predatory
dinosaurs. Unlike the condition shown in many
restorations, theropods differed from crocodilians and did
not have a thick, horny skin closely adherent to the pitted
bone surfaces around the mouth.

Edmarka has a small, rounded, protuberant process on
the ventral margin of the jugal below the orbit, and such
protuberances are common among tyrannosaurs bue are
absent in T, tanneri and most. if not all, other large Jurassic
theropods. The tuncdon is obscure - possibly the jugal
process was part of the species-recognition features
developed around the orbit. as is common anmong extant
birds and many lizards.

Jugal-ectopterygoid joint (Fig. 1A-C} In the Nail jugal
the mner surface is deeply concave below the postorbital
process; in ceratosaurs and allosaurs the outer wing of
the ectopterygoid ties snugly into this depression. The Nail
Jugal has a smooth surface here and there is no evidence
ot any strong ligaments or suture. The ectopterygoid
must have been free o slide and rotate in the jugal
depression. The inner jugal surtace in T tanneri is aiso
concave, although to a lesser degree than in E. rex.

Jugal, measurements. (CPS 105 length, as restored:
44 mm. Heght through postarbital process, as restored,
209 mm.

Companison with Eustreprospondylus and emendations to
the restoration of the torvosaurine skuil (Fig. 3). Britt
{1991} presented a restoraton ot the skull of Torvosaurus
fannen, based on the Diry Moesa Quarry material. Several
additions and corrections can be made. Britr did not
compare the torvosaur skull in detail with that of
Eustreptospondylus oxoniensis Walker (1964) from the Upper
Callovian of England; there are striking similarities
{Fig. 3). The tollowing features are noteworthy: 1) In both
ot these theropeds, the anterior part of the toath-bearing
brasich of the maxalia, the ramuos anterior to the ascending
nasul process, i longer than in Ceramosaurms (USNM 4733)
anct Allosaurus fragilis (JSNM 4734), and about as long
as in the long-faced allosaurs, such as AMNH 666 and
5727 2) In allosawrs. ceratosaurs, and vanchuanosaurs the
outer surtace of the maxilla s excavared below the
antorbital tenestra, and this excavanon has 3 ventral
border that s raised and lighdy stristed. indicating the

attachment of pterygoideus muscle here: In torvosaurs and Enstrepiospondylus the
ventral excavation and its raised rim are absent. 3) Torvosaurs and Eustreptospondylus
have premaxillae that are lower dorsal-ventrally than in yangchuanosaurs and
ceratosaurs. 4) Torvosaurs and Eustreprospondying have lachrimals of extraordinary
simplicity — the upper edge of the horizontal ramus is straight, without any hint
of the homs or crests or swollen pneumnatic spaces seen in all ceratosaurs,
yangchuanosaurs, and allosaurs. 5) Torvosaurs and Eustrepeaspondylus agree with
ceratosaurs and yangchuanosaurs in having extremely tall quadrate shafts.

Iasfrcp?o:pon yfus

F Fnglish
JUngoiauanosdur

Figure 3. A — outer view of type of Eustreprospondylus axomiensis, Oxford Univ, Mus. J 13558,
redrawn from von Huene (1926) and from photographs supplied by Amanda Renzi.
B — same for Torvesaurus; jugal from Nail Quarry; premaxilla, maxdita, lachrimal, postorbital,
quadrate, dentary from Dry Mesa Quarry; squamosal, frontal-parietal from

other bones restored from Yangohsanosanrus. C — same for a short-snouted allosaur, USNM
4734, Feleh Quarry (topotype of A. fragilis). D — same for Ceratosaurus, USNM 4735 (type
of C. nasicornis). E — same for Yampch s shangyuensis, drawn from the type, Sichuan

Museum 00215. F — maxilla of yangchuanosaur-like theropod from England, redrawn
from Huxley, 1869.

HUNTERIA VOL. 2, no. Y, p. 9. November 13, 1992
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6) Both theropods have quadrates that lack a pneurnatic excavation on the
posterior face at the quadratojugal suture (This opening is the so-called
“quadratojugal foramen”; in fact, the opening probably was spanned by
connective tissue and therefore should be called s “fenestra” since it was
not a true foramen that transmitted nerves or blood vessels; in extant
Sphenodon, which shows a huge fenestra here, no nerve or blood vessel
penetrates the connective tissue sealing the bony opening.) Allosaurs have
short quadrates with a large pneumatic excavation.

[n the first five of these features, torvosaurs and Eustreptospondplus resemble
primitive thecodonts and the primitive herrerasaurid theropods of the Triassic
and thus the torvosaur condition probably is primitive for theropods. Lack
of a quadratojugal-quadrate fenestra is probably derived, since most early
diapsids have a large fenestra. Ceratosaurids also lack an opening here.
Torvosaurs have three premaxillary tooth positions, one less than
Eustreptospondylus, but in the vorvosaur there is a long gap in the premaxdllary
alveolar margin behind tooth three, as if a tooth had been suppressed, and
the proportions of the premaxillae are quite similar in the two theropods.
Four is probably the primidve theropod premaxilla tooth count, as in
pedokesaurs.

The question remains: Do yangchuanosaurids, ceratosaurids and
megalosaurids deserve status as three separate families? These taxa are
confusingly similar in postcrania, showing much less difference between
any two than there is between alicsaurids and any one of the three. New
descriptions of yangchuanosaur braincases, being prepared by Currie and
Bakker, show the presence of many allosaurid characters that Jjustify
establishing yangchuanosaurs as a separate family of allosauroids.
Ceratosaurids seem to share one derived feature with megalosaurs —
reduction of the quadratojugal-quadrate fenestra. The braincase of
Eustreptospondylus is much more advanced than that of ceratosaurids in
possessing basitubera that are displaced backwards and in an occipital condyle
that is excavated above for passage of the spinal cord (Fig. 6). Both differences
are adaptations for greater ventroflexion at the head-neck joint. Forward
piacement of the basitubera gives the longus colli muscle (= rectus capitis
anterior) maximum leverage when the muscle is pulling at a high angle to
the underside of the braincase (Fig. 6). Excavation of the condyle permits
the spinal cord to bend downward. The braincase of the medium-size
theropod Piveteansaurus (Taquet and Welles, 1977), a genus sometimes
allocated to the megalosaunids, from the Middle Jurassic of France, agrees
with that of ceratosaurids in having the primitive condition of an unexcavated
condyle and basitubera located far posteriotly (Fig. 6). Hence Piveteausaurus
may be a ceratosaurid and not a megalosaurid. There are no braincases
definitely referrable to Megalosaurus, Poikiloplewren or torvosaurs, and thus
it is not known whether these large megalosaurids had eustreptospondyline

features.

Yangchuanosaurs in England (Fig. 3E,F). Yangchuanosaurs share many
primitive features with megalosaurs, as just noted. Yangchuanosaurs have
not been reported outside China; however, a Iarge theropod upper jaw
described by Huxley (1869), from the early Late Jurassic of England, shows
the highly abbreviated anterior process of the maxilla that distinguishes
yangchuanosaurs from all other large Jurassic theropods. This specimen is
evidence that vangchuanosaurids coexisted with megalosaurids in Europe.

Scapula-coracoid, megalosaurid characters (Fig. 5,7,8). The Nail scapula-
coracoid shares several characters with that from the type localities of
Moegalosaurus in the Stonesfield Slate of the English Middle Jurassic (Fig. 5);
the blade has nearly parallel anterior and posterior margins and shows lictle
flare at the upper end; there is a gentle expansion of the blade at mid height;
the coracoid lip of the glenoid is far posterior to the scapular lip, so that
the glenoid long axis (a line passing through the center of scapular and
coracoid lips) slopes up and forwards relative to the scapular blade; the
coracoid has an evenly rounded outline without the posterior hook seen
in allosaurs and many other theropods and in many ornithopods as well.
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In the type of Eustreptospondylus oxoniensis, a juvenile specimen,
the scapula-coracoid has an outline very similar to that of
Edmarka — the scapular blade is parallel-sided and narrower
than that of the Stonesfield megalosaur. Allosaurs have a glenoid
where the coracoid lip is much further forward and the upper
end of the scapular blade is expanded. In allosaurs the main part
of the blade is very narrow, as in tyrannosaurs and most other
Cretaceous thercpods. In ceratosaurs the blade is wide, with
a straight posterior and concave anterior margin, and the upper
end is expanded. Newly discovered material of
yangchuanosaurs, being studied by Curre, indicates a wide,
parallel-sided scapular blade that is close in outline to that of
Megalosaurus,

Scapula-coracoid, muscle attachments (Fig. 7.9-11). Theropods
show an intermediate stage in the evolution of an avian-style
scapular blade and its muscles. Durtng the transformation from
primitive thecodont to bird, the blade became longer, much
thinner, and strongly inclined posteriorward, a rearrangement
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Figure 4. Stages in the evolution of the avian quadrate-quadrarojugal-
pterygoid struts. A — primitive reptile stage (romeniid). B — primitive
thecodont stage (erythrosuchid). C — primitive theropod
{megalosaurid). D — bird (Gallus). abbreviations: q — quadrate,
qj — quadratojugal. Others as in Fig. 1.
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" that required fundamentai changes in how muscles originated (Fig. 11).
The muscles attaching to the scapula-coracoid and ribs in torvosaurs
have been restored by comparison with dissections of lizards,
Sphenoden, chickens and crocodilians, carried out by Bakker (see
muscle maps in Bakker, 1987). The upper end of the scapular blade
is continued, in the living animal, as a suprascapular cartilage (Fig. 9).
The rhomboideus onginates from the outer surface and anterior edge
ot the suprascapular cartilage; the deep serratus originates from the
inner surtace; the scapular deltoid originates from the anterior part
of the suprascapula and the osseous upper blade; the teres (anterior
division of the latissimus dorsi) originates from the posterior part of
the upper blade. In primitive diapsids. including chasmatosaurid
thecodonts, the scapular blade is wide and short; the teres,
rhomboideus and scapular deltoid must have had wide bellies (Fig. 11).
In extant diapsids with short, wide scapular blades, such as monitor
lizards and sphenodontids, the humerus works mostly in a horizontal
plane and the scapular deltoid and teres (when present) pull nearty
verrically, paraliel to the scapular blade. The width of the origin of
the muscles is controlled by the width of the scapular blade and
suprascapula.

Crocadilians and most thecodonts have more elongated scapular
blades with constricted mid-shafts. In crocodilians and probably in
most thecodonts the scapular blade is alied backwards, an orientaton
that changes the geometry of the muscle origin. Instead of pulling
parallel to the scapular blades, the scapular deltoid and teres pull at
an angle. Since the muscle fibers are arranged oblique to the scapular
blade. the width ot the origin s no longer controlled only by the width
ot the blade but by the length too (Fig. 11). 1n hirds the scapular blade
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is tilted into a horizontal position 2nd the scapular deltoid and teres
pull at right angles to the blade; here the width of the origin is
controlled entirely by the length of the blade.

In nearly all theropod dinosaurs the scapular blade is longer and
narrower than that of most thecodonts, and articulated specimens
show that the blade was tlted backward as strongly as in crocodilians
or more (Lambe, 1917; Matthew and Brown, 1923). Since the blade
was tilted strongly, the blade could be reduced in widih without
interfering with the widths of the muscle origins. Everything else being
equal, reduction of unnecessary bone is an advantage because the
material saved can be put into those skeletal regions where stress is
greatest. Allosaur humeri are as long relative to the shouder height
as are megalosaur and ceratosaur humen, and the muscle attachment
sites are as strong on the allosaur humeri. Hence there is no reason
to believe that the allosaur teres and deitoid muscles were weaker than
in ceratosaurs and megalosaurs, and the thin allosaur scapular blade
was sufficient to provide deltoid origin. According to this view, the
narrow allosaur shoulder construction is more thrifty than that of
megalosaurs and ceratosaurs, which wasted bone on wide scapular
blades.

The unexpanded upper end of the megalosaur scapuia indicates that
the suprascapular cartilage was relatively small, implving reduction
of the rhomboideus (among extant diapsids, a greatly expanded
suprascapular blade is accompanied by a strong expansion of the upper
end of the osseous scapula blade). Similar dorsal reduction of the
scapular blade occurs in advanced sauropods, such as apatosaurs, and
advanced ornithischians, such as hadrosaurs, and in all modemn birds.
The functional significance is not clear.
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Figure 3. “capula-coracoid drawn to a common {ength (chord). Megalosaurss from Stonesfield, Oxford University Museum 13574 (photograph provided by
Amanda Renzi). Ceratosaurus — UUVP 317, Allosaurus redrawn from Madsen (§976). Nail megalosaur (torvosaur, Edmarka rex) CPS 1002 (scale bar applies

only to Nail specimen).
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In the Nail scapula the origin of the scapular triceps is indicated by a ridge, rounded
in cross section, that forms the outer edge of the posterior face of the scapula, just above
the glenoid (Fig. 7,8); this is the crocodilian condition, but in the Nail scapula the ridge
is not strongly scarred, as it is in crocodiles, and the triceps must have been relatively weak.
Since use of the hands to apprehend prey requires more power in flexion than in extension
at the clbow, a weak triceps 1s not unexpected in a theropod. Medial to the triceps ridge
in the Nail specimen is a small, slightly excavated triangular area, corresponding to the
supraglenoid buttress of Romer (1956); the articular capsule of the shoulder probably
extended over this area, as in extant crocedilians {Fig. 10). The posterior scapular edge
becomes narrower and narrower dorsally above the glenoid and becomes sharp-edged for
the dorsal twe thirds of the scapular biade height. In crocodilians the transition to a sharply
edged posterior border marks the beginning of the serratus insertion, which continues
dorsally to the top of the suprascapular cardlage (Fig. 7). The levator scapulae must have
attached along the anterior edge of the blade in the torvosaur scapula, as is the case in all
living diapsid species.

In the Nail scapula the origin of the scapulohumeralis posterior probably was on the
outer scapular surface just anterior to the glenoid, as in extant crocodilians (Fig. 7-10). The
subcoracoscapularis probably covered the inner surface of the scapula and coracoid. Both
of these muscles insert onto the posterior face of the inner tuberosity of the humerus. The
origin of the subcoracoscapularis too is transtormed by the backward nlt of the scapula
— in the primitive diapsid state, with a wide, vertical blade, this muscle has an origin
controlled by blade width; as the tilt increases, the muscie origin width is controlled more
by scapula length.

-7 (0)2\9 Colly

Figure 6. Geometry of head-neck flexure in Eustreptospondyins (above) and Piveteausawrus (below).
Posterior (right) and lateral (left} outlines of brancase. Arrow shows line of pull of longus colli et
capitis muscles { = rectus capitis anterior} at head-neck flexure where the leverage is maximized.
lev — leverage, Heavy dashed line shows leverage. Light horizontal dashed line shows plane of frontal-
parictal: light vertical dashed line shows position of condyle relative to frontal-parietal plane.
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The Nail scapula shows little development of
an acromial process — the anterior expansion
at the ventral end of the anterior edge, an area
in crocodilians covered by the upper part of the
supracoracoideus and coracoid division of the
deltoid muscie (Fig. 7.9). Dorsal-ward expansion
of the supracoracoideus origin occurs most
prominently among quadrupedal dinosaurs,
such as sauropods, stegosaurs, and nodosaurs.
In these quadrupeds the upper division of the
supracoracoideus probably funcdons as a lateral
brace to the humerus as it swings in a vertical
plane, preventing the upper arm from collapsing
inwards. Such a function is unnecessary in the
grasping arms of a bipedal predator.

The torvosaur coracoid is at present known
from the complete subaduit specimen from Nail
and the incomplete adult specimen found
coossified with the scapula at Nail The part
preserved in the aduit coracoid is 23% larger
than the same region in the subadult specimen.
The subadult coracoid has a well marked
longitudinal ridge located on the posterior part
of the outer surface below the glenoid lip
(Fig. 7); this ridge is very strong in allosaurs and
podokesaurs. Madsen (1976) identified the ridge
as the biceps origin, as have other theropod
workers. But, in fact, the biceps origin in all
extant lizards, sphenodontids and crocodilians
1s located much further forward, at the anterior-
ventral quadrant of the coracoid (Fig. 7,9). The
posterior coraceid ridge of theropods is located
exactly where the costo-coracoideus muscle
attaches in lizards, Sphenodon and crocodibans;
this muscle pulls the scapula-coracoid
backwards towards the ribcage, assisted by the
sterno-coracoidens that attaches to the inner
surface of the coracoid. In crocodilians and
Sphenodon this ridge also marks the actachment
of the coracoid head of the triceps, reduced to
a narrow tendon with few contractile fibers.

In the torvosaur coracaid, there is a surface
developed below and anterior to the costo-
coracoideus ridge. This surface is the origin of
the coraco-brachialis in crocodilians and lizards,
and certainly in theropods too (Fig. 7,9). The
muscle inserts along the anterior surface of the
humerus shaft, medial to the deltopectoral crest.
The development of a posterior coracoid prong
in allosaurs moves the origin of the coraco-
brachialis postetiorly relative to the center of
rotation at the glenoid, increasing the leverage
of the muscle for adducting the humerus, thus
increasing the strength of the arm for drawing
prey in towards the predator {Fig. 5,9).

The origin of the biceps in the Nail coracoid
is indicated by a flat, smooth zone developed
in the central area of the outer surface, below
the coracoid foramen (Fig. 7,9). The lack of a
tuberous rugosity indicates that the origin was
fleshy, as is the case in Sphenodon and many
lizards. The origin of the supracoracoideus on
the Nail coracoid is on the anterior quadrant of
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Figure 7 continued. Leit coracond of torvosaur, Edmarka rex, Nail Quarry, CP5 1003.
F — outline of outer surface of scapulocoracoid. and outer and sutural surfaces of
the isolated coracoid, showing joints and muscle attachments. sut spin — sutural
spine of coracoid. Other abbreviations as in Fig. 8.9. In the sutural view, the limit
of the glencid is shown by dashed line.
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Figure B. Orientation of glenoid lips. Outer and posterior views of scapula-coracoids. A — a camarasaur. B —
a camptosaur. C — a torvosaur, Edmarka rex, abbreviations: rim — anterior (outer) glenoid rim. ant cap ~ anterior
extension of joint capsule. dashed line — coracoid lip axis (cor ax). heavy line — glenoid long axis (gla). Note
gap in glenoid rim, as seen in posterior view.
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the outer surface, as in Sphenadon, crocodiles and lizards. In
Edmarka there would have been a wedge-shape gap in the
anterior edge of the scapula-coracoid where coracoid met the
scapula, a condition present in allosaurs; in life, this gap must
have been bndged by a sheet of cartilage, as is the case in
crocodilians. In the Megalesaurus scapula-coracoid from
Stonefield, the gap is small (Fig. 3).

Scapula-coracoid — joints (Fig. 7-10). The torvosaur coracoids
could be confused with those of a voung camarasaur, but arc
easily distinguished by the following (Fig. 8): 1)in megalosaurs,
as seen in lateral or medial view, the gleneid lip is in line with
the coracoid-scapula suture; in camarasaurs and all other
sauropods the coracoid glenoid lip is titted downwards relative
to the coracoid-scapula suture; this orientation is part of the
rearrangement of the shoulder joint to make the glenoid face
more strongly downwards. 2) On the outer side of the scapula-
coracoid in megalosaurs and some other theropods there is a
strong conical wedge of the scapula (cone, wedge in Fig. 7,10
that fits into a wedge-shaped notch in the coracoid along the
coracoid-scapula suture just anterior to the glenoid: this wedge
is much less prominent in sauropods. 3) The outer edge of the
scapular glenoid lip is much wider medial-faterally in sauropads
than in megalosaurs and other theropods, and the main plate
of the coracoid bone is everywhere thinner in theropods.

The exceptionaily well developed cone-in-wedge joint at the
coracoid-scapula contact in E. rec and Megalosaurus requires
comment. The cone on the scapula and its recipient wedge-
shaped notch on the coracoid are both swallen outwards, as
ity allosaurids. But in podokesaurs, ceratosaurids, and most other
theropods there is little outward bulging in this zone. A swollen
contact is probably derived and augments the strength of the
joint to resist bending inward or
outward. Such stresses could be
induced by exceptionally powerful
arm abductors (deltoid and supra-
coracoideus muscles) or by external
forces that would compress the
thorax top-to-bottom (struggles
with prey). It is significant that
megalosaurs and allosaurs have
massive arms with relatively huge
thumb claws, suggesong that the
arm musculature did produce
unusual stresses on the shouider
girdle. In ryrannosaurs the cone-in-
wedge is weakly developed, as
expected in species with weak
arrms.

Additional stiffening of the
coracoid-scapula sunire is obtained
in Edmarka by a tall spine of the
coracoid (sut. spine in Fig. 7) that
fits into a notch in the scapula just
antertor 1o the cone-in-wedge joint.
Such sutural spines are developed
to a less degree in allosaurs.

toryosaur

Glenoid (Fig. 7.8,10). The upper,
scapuiar lip of the glenoid is com-
pletely preserved in the mature
specimen from Nail Quarry, and
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the lower, coracoid lip is completely preserved in the smaller, subadult
caracoid. The glenoid surface in the mature specimen is smooth, but
the surface in the subadult coracoid is furrowed and pitted, indicating
thicker cartilage. The scapular lip of the glenoid is turned outwards
in the Nail specimen about to the degree seen in extant monitor lizards
and far less than in crocodilians (Fig. 10). In horizontal cross section,
the surface for the humerus on the scapular lip is very slightly concave,
Anterior to the joint surface, and posterior to the conical wedge that
locks into the coracond, the outer surface of the scapula is depressed
for the zone of non-articular bone contained wirthin the Joint capsule
(cap in Fig. 8,10). This anterior non-articular zone within the capsule
also occurs in crocodibans and most lizards, and indicates a loose
anterior capsule that permits the humerus to be protracted and
abducred.

in the torvosaur plenoid, as viewed from the rear, the outer
tanterior) rim of the scapular lip is strongly concave; the inner
(posterior) rim is convex (Fig. 8). The ventral part of the outer
scapular-glenoid rim, at the coracoid-scapula suture, is very weak and
does not project outwards or form a ridge of any sort. This glenoid
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shape is the rule for theropods and bipedal ornithopods {see Gaiton
and Powell, 1980, for figures of camptosaurs). The weak ventral part
of the anterior scapular lip matches that of most lizards and Sphenadon,
where the glenoid permits the humerus to be protracted in a horizontal
piane and there are no anterior ridges or rims to obsruct forward
movement. In all quadrupedal dinosaurs, including ceratopsians, the
outer (anterior} glenoid margin is less concave, as seen in posterior
view, and there is a raised rim that runs along the outer (anterior)
lip (Fig. 8), continuing without interruption across the scapula-coracoid
suture (Bakker, 1987). In these quadrupeds the depressed zone anterior
to the glenoid lip is not present, and so the articular capsule must not
have extended forward beyond the glenoid lips. The glenoid of the
quadrupedal dinosaurs would not permit the humerus to be protracted
as close to the harizonral plane as was the case in theropods and
ornithopods.

The coracoid lip of the glenoid in Edmarka has a thick, protruding
outer edge, and a vertical cross section that is concave in the outer
haif of the joint surface (Fig. 7). This concavity is stronger than that
seen in extant crocodilians and most lizards, where the coracoid tip

Figure 9. Muscle acrachments on the Como wrvosaur, Edmarka ree. A — forelimb composite, based on Nail scapulocoracoid, Louise ribs and Dry Mesa humerus,
torearms, and hand. Internal intercostals shown, B — same, hand and sternum removed. Varous muscles shown. C — same, arm removed, deep muscles
moving the scapulocoracoid shown. I — same. superficial muscles shown; anterior part of pectoralis cut away to show biceps and supracoracoideus. Abbreviations
given in Figure 1.
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Figure 10. Glenoid of Nail torvosaur, Edmarka rex; scapula — CPS 1002; coracoid
— 1003. A - posterior view. B — outer view. abbreviation: cap — articular

capsuie. cone — articular cone of scapula that interlocks with coraceid. Others
as in Fig. 1,7-9. )
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is evenly convex. The stronger concavities in both the scapula and
coracoid lips give the torvosaur shouider joint more of a ball-and-
socket character, as opposed to extant lizards, where the glenoid may
be described as saddie-shaped.

The senjor auther (RT.B.) must, at this point in the description
of the shoulder in Edmarka, enter some remarks about recent
discussions of shoulder function in ceratopsian dinosaurs. At the
1991 Society of Vertcbrate Paleontology meeting, several papers
were presented on the foreimb posture among horned dincsaurs.
It was 4 surpnse to the senior author that these discussions
were deficient in data taken from dissections and ligament prepara-
vons of extant vertebrates (sce Bakker, 1987). A glance at any
weli-preserved shoulder socket of Triceratops or Monoclonius shows
that the topography differs in two obvious ways from that of
sprawling lizards and thar of serni-crect crocodilians and chameleons:
i) the gienoid lips in the dinosaurs are more concave in transverse
sections, forming a continuous, elongated socket across the coracoid
and scapular surtaces; 2) an anteror capsular depression is never
developed in the dinosaurs. Thercfore, horned dinosaurs were nieither
sprawlers nor semierect; their carriage was as fully erect as that of
rhiros.

Coracoid-sternum joint (Fig. 7,9} The continuous posterior, ventral
and anterior cdge of the Nail subadult coracoid is covered with a
matte-tinish bone that indicates the presence, in life, of a covering
of cartidage. This edge 1s widest and flattest in cross section along its
posterior half where it has a topography of deep dimples, knobs,
transverse furrows and ridges, indicatung especially thick cartilage
{Fig. 7). Elsewhere the vdge is rounded in cross section; the coracoid
is thinnest anteriorly. The articular surface tor the sternum must have
been located along the thick posterior haif of the veneral coracoid edge,
as is the case in crocodilians, lizards, and Sphenoden. The shape of the
megalosaur sternum probably was like that scen in sphenodontids,
hzards and crocodilians — & small diamond concave-up in the
transverse plane (Lambe, 19173,

Coracoid foramen. in the
Naill coracaid the coracod
toranen, for the supracora-
cord nerve [ = suprascapular
nerve), s completely  en-
closed by the coracoid and
passes backward and  out-
ward: the outer opening is
sightly compressed fore-to-
aft: the ner s sht-like.

Scapula-coracoid — meas-
urements. Coracoid (CPS
100 3); anterior-posterior _
—hasmxlo

length — 294 mma greatese .
depth — 198 mm. Coracoud s
1CPS 1004 antcrior-

posterior ength,  restored
troemn CPS 1003 363 mm.
Scapula {CPS 1003): dorsal-
ventral lengeh: 895 mm as
preserved, Y30 as restored:
max. breadeh of blade:
141 .

Thoracic Ribs — theropod characters (Fig. 12-14). It is sobering to
note that the first-discovered specimen of the Como torvosaur was
a series of thoracic ribs, initially misidentified by Bakker as those of
a small sauropod. All too often ribs are not accorded the respect
deserved — costal morphology not only provides enough informa-
tion to identify specimens to subfamily or genus, but aiso displays
fascinating patterns of functional design.

To our knowledge, all ribs from large theropods, includng those
from Louise and Nail, are distinct from those of other Mornison large
dinosaurs in having the following combination of features: posterior
shafts that are not expanded very much to make barrei-stave-like
structures; a neck, connecting the upper edges of mtberculum and
capitulum, that is exceptionally thin along its upper edge; a tuberculumn
that rises little above the level of the tuberculum-~capitulum web;
capitulum and wberculum strongly compressed fore-to-aft; posterior-
lateral edge of tubercular thickening, below tuberculum, devoid of
the excavaton seen in sauropods.

Judging by atticulated series of yangchuanosaur ribs, the Louise
torvosaur series represents thoracic 10, 9, and 4 with complete or
nearly complete heads; ribs 3 and 11 are preserved with the capitulum
missing. When theropod ribs are articulated with their respective
vertebrae, the plane passing through the wberculum and capitulum
is oblique, passing inwards and forwards. To show the full width across
the rib heads, the ribs in Fig. 12 and 13 are shown drawn in the plane
of greatest width. In Fig. 14 the external and posterior views of the
ribs are drawn as they would be articulated in life.

The shaft is widest in rib 3, nearly as wide in 4, much narrower
in 9, 10 and 11. The tuberculum in all the ribs faces upwards and
backwards and there are very strong scars below the joint surface
for the articular ligament joining the tuberculum to the transverse
process (Fig. 12,13). Along the anterior edge of the tuberculum there
is a raised area of bone that must represent the limit of the articular
cartilage; below this articular lip is a depressed zone with pitted bone
surface that must indicate the extension of the joint capsule. In all
the ribs the inner edge of the tuberculum rises only shghtly above
the level of the thin web of bone along the top edge of the neck of

Figure 11. A-C — Geometry of the
muscles originating from the
scapular blade and attaching ro the
humerus. The teres is shown. A —
primitive diapsid condition (as in
chasmatosaurs);, wide, vertical
blade. B — theropod condition,
narrow blade tilted backwards, C
— bird condition, narrow hori-
zontal blade. D.E ~ Geometry of
the posterior serratus in I} — a
primitive thecodont (chasmatosaur}

and E — 4 cheropod {totvosaur). The second thoracic rib is shown, with part of the serratus arrached. Note that the

strongly tilted blade i the theropod gives the serratus a course leading 10 the posterior edge of the rib.
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Figure 12. Third thoracic {dorsal) rib of the torvosaur, Edmarka
\ rex, from Louise Quarry, CPS 1001, A — close-up ot the head,
7 anterior-external view with the greatest breadth in the piane of
the drawing. Views of articular facets, drawn in the plane of greates;
articutar length, are given above the tuberculum and capitulum.
B — external-posterior view, perpendicular to the planc in A.

the capitulum. The capitular neck is longest
and most strongly curved upward in rib 4,
shortest and least curved upwards in 10. Both
capitulum and tuberculum in ali ribs have
articular areas of oval shape, severcly
compressed tore-to-aft. There is a slight
thickening of bone along the ventral haif of
the neck. The capitulum has a swollen
anterior lip, with a depressed zone beneath
for the articular capsule and strong, rugose
ridges tor the radiate ligament that surrounds
the joint between capitulum and vertebra.
Unlike mammalian ribs, where a strong
ligament connects the anterior edge of the
capitular neck to the transverse process of
the next vertebra anteriorly, the torvosaur
ribs show no marks for a ligament on the
anterior face of the neck. The thin dorsal
edge of the tuberculum-capindum web bears
some weak rugose lines paralle] to the edge;
a thin ligament sheet prabably passed
upwards to the underside of the transverse
process (equivalent to the ligament of the
neck of human anatomy).

On the outer side of the rib, below the
limit of the articular capsule scars of the
tuberculum, is a concentrated area ot pits
and irregular rugose lines {ilcos in Fig, 12-14).
In modern birds, the slips of the iliocostals
muscle attach here, and se probably did they
in the torvosaur {Fig. 9). in primitive diap-
sids, such as lizards and Sphemodon, the
ihocostalis is much thicker than in birds and
extends aimost halfway down the thoracic
rib shaft (Olson, 1936). The reducton of the
ilivcostalis is a distincrively avian feature and
is part of the transidon from a priminve
tetrapod, where lareral flexion of the
vertebral column was the strongest compo-
nent of walking and running, 10 an advanced
dinosaur-bird, where the lateral trunk flexors
are diminished in bulk in favor of much
augmented limb muscles.
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Ribs — anterior intercostal ridges (int int,
out int in Fig. 12-14). The rbs from Louise
and Nail Quarry agree with those of
allosaurs and differ from those from the
Stonesfield megalosaur quarry and from
those of ceratosaurs in lacking a clearly-
defined cavity in the shafis, In most
dinosaurs, there is a strong outer ridge on
the anterior margin of the rib shaft, marking
the artachment of the outer intercostal
muscle. There is also an inner anterior
T tidge, less strongly developed, for the inner
b
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intercostal. The outer ridge in theropods usually
continues all the way proximally to the tuber-
culum, reinforcing that joint. The Como torvosaur
ribs differ from these of the Stonestield megalosaur,
Morrison allosaurs and ceratosaurs in the way the
anterior intercostal ridge dies out proximally far
below the tuberculum. In the Louise Quarry ribs
the ndges are most rugese in rbs 9 and 10,
indicating strong intercostal tendon sheets; in ribs
J3and 4 the outer ndge is broadly rounded in cross
secton and the mner ridge is suppressed.

Ribs — posterior intercostal ridges (Fig. 12-14).
(n the posterior side of the shafts in the Louise
Quarry fbs there are inner and outer rounded
ridges, marking the attachment of the intercostal
sheets: these sites are especially well developed in
nbs 4 and 1. The posterior adges are less rugose
than the anterior ridges, indicanng that the muscle
was Heshy at the posterior attachment. Between
inner and outer posterior ridges is a wide channel,
the mtercostal groove, tor the intercostal blood
vessels and nerve. In nbs 3 and 4 the intercosial
groove is strongly developed only ar the proximal
erek; distadly, the vuter border of the groove s much
sharper than the inner border,

ln nbs 9 and 10 the shatt is roughly equi-
dirnensional in cross section. In ribs 3 and 4 the
sttatt becomes much wider antenior-posteriorly
than thick and has a rounded-triangular cross

secnion, with apex facing torward, The shatts in ribs
Jand 4 have a serong torwardly-convex curvature
mn the proximal part of the shafl, immediately
below the tuberculuna.

Serratus attachment (Fig. 11-14). In nbs 3 and 4
there is a strong, rugose muscle scar on the external
cdpge of the posterior margin, about two thirds
down the shatt (Fig, 14). The only major muscle
attaching mn this region s the posterior serratus. In
Spheroden and most lizards and  primitive
thecodones as well the scapuls is located over the
anterior part of the thoracic rbcage, and hence
most of the posterior serratus runs backward and
downward towards the anterior edges of the ribs.
But inn birds, the long, nearly horizontal scapular
blade extends for nearly the tull length ot che
ribcage, so part of the serratus passes directly
downwards trom the scapula toward the uncinate
processes on the postenor edges ot the ribs, The
sTTatus Ongin in torvosaurs is strong evidence that
the scapular blade was strongly tited backwards
— the strong tilt would place the scapular attach-
ment of the posterior serratus much further aft
than is the case in primitive thecodonts (Fig,
1112,EY. The extreme development ot the scar in
the rorvosaur indicates a very strong serrarus here.

Ribs — measurements Louise abcage (CPS 10011
Width across the tuberculum-capitulum: rnb 4~

251 mm; b 9 — 220 mm. Maximum width,
middle third of shaft: b 3 — &0.1 mn; rib 4 —
38.3 mm b ¥ — 432 mm. Figure 13. Ninth thoracic rib, Edmarka rex, CPS 1001. Views as in Fig. 12. Abbreviations listed

n Fig. 1.
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Figure 14. Thoracic ribs from Louise Quarry, Edmarka rex, CPS 1007, A,B — Third thoracic rib. A — external view,
rib positioned as if articulated with the vertcbra. B — postenior view, perpendicular to A. Enlarged cross-sections shown
at locations indicated. Note that the plane of the greatest width of the head (plane passing through center of tuberculum
and capitulum) is cblique. Scale bar for the external and posterior views; scale bar for cross sections shown in D.
C.D — same views tor thoracic nb ten. Scale bar for the cross sections. Abbreviations given in Fig. 1.
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Pubis (Fig. 15). A left pubis
(CPS 1010}, of primitve
*saurischian™ construcdon,
was found 1 m east of the
scapula-coracoid at Nail
Quarry (Fig. 15). In the field,
the specimen was identified
as that of a sauropod.
However, the Nail pubis
differs from that of all Mor-
fson sauropod pubes m
lacking the anterior thicken-
ing ar the proximal end
(*ambiens process™, in being
far narrower across the thin
sheet of bone that connects
nght and left pubes (*pubic
apron”), and in being only
about half as wide across the
iliac articulation, relative to
the proximal-distal length of
the pubis. The total pubic
length and the breadth
across the iliac articulation
are appropriate for a mega-
losaur with a scapulocora-
coid of the size found at
MNail. Therefore the Nail
pubis may be referrable to
Edmarka rex.

Because of severe weath-
enng datnage on the outer
surface, the pubis must
remain in the plaster jacket
that covers the outer sur-
faces. and only the inner
surface is free. The distal half
of the pubic shaft is thick
and cylindrical, relatively
more massive for the pubic
length than in T. tanneri. At
the distal extremity the pubis
s expanded posteriorly to
make a pubic foot of modest
anterior-posterior length; the
medial-lateral width of the
foot is relatively larger than
in T tannert. In distal view,
the foot has an ovoid outline,
strongly pinched in the
postenior third, as in T, tan-
neri. The distal surface of the
foot is set at a right angle 1o
the pubic shaft, uniike the
condition in T. tanner where
the distal surface slopes
slightdy backwards relative to
the shaft. Generally among
theropods, the distal foot
surface is parallel to the line
of the sacral vertebrae, and
in species where the pubie
shaft is vertical (perpendicu-
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Figure 14 continued. Thoracic ribs from Louise Quarry. Edmarka rex, CPS 1001. E — schematic
front view, showing how rib attaches to the vertebea, F — cross-section through adjacent thoracic
rib shafts, showing relatons of soft structures. capt — capitulum, tub — ruberculum. other

abbreviations as in Fig. 1. P

i

lar to the sacrum) the distal foot surface is at right
angles to the shaft; in species where the pubsic shaft
is set obliquely downward and forward from the
pelvis, such as T tanmeri, the distal surface is
bevelled. In the Nail pubis the proximal iliac
articular surface is also at a right angle to the shaft.
In fateral view, the Nail pubic shaft is more strongly
concave along the anterior margin than that of T,
tanneri,

Overall, the Nail pubis is thicker and more
massive for its length than that of T, tanueri bur
much lighter and thinner than that of any known
sauropod. If correctly allocated, the Nail pubis
reinforces the case for generic separation of the
Nail megalosaur from T, tannen.

Pubis — measurements. (CPS 1010} proximal-
distal length: 866 mm. Minimum width at mid-
shaft: 142 mm. Anterior-posterior length of distal
end: 250 mm,

Size of skull relative to postcrania (Table 1). The
data from the Como torvesaurs suggest that the
Dry Mesa Quarry material recently redescribed by
Britt (1991) belongs to two quite distinct sizes of
megalosanr — the skull, atlas and humerus may

saord {..f
iy

barosaur

Figure L5. Lett pubis CPS 1010 (reversed) actributed to Edmarka rex. A — medial-anterior view, drawn in the plane of greatest width, with outline of distal
end. B — antedor-lateral view {perpendicular to A). C — inner view, as articulated in the living animal. D — outline of peivis in T, tannen, to show relations

of distal pubic surtace. E — tentative outline ot pubis-ischium in E. rex. F outline of pubis-ischium in a sau

ropod (barosaur), arrow points to ambiens process,
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represent an individual or individuals 30% smaller in linear dimensions
(Table 1). All the postcrania from Nail and Louise Quarries, cxcept
for the subadult coracoid, are of appropriate size to match the jugal,
if the proportions of the Como torvosaur are those of a normal large
theropod. In allosaurs, ceratosaurs, yangchuanosaurs, and ryrannosaurs
the skull length is close to the length of scapula-coracoid, femur length,
and maximum rib length (Table 1). The Nail jugal is only slightly
longer thar that of Dry Mesa Quarry, and our restoration of the Dry
Mesa skull yields a premaxilla-quadrate leagth of 1223 mm. Hence
the skull length for both the Nail and Dry Mesa specimens is only
about 10% louger than the Nail scapula-coracoid and the longest rib
from Louise Quarry, both of which are 1100 mm or more. However,
the post-atlas vertebrae and hindlimb clements from Dry Mesa arce
much toa stnall 1o be appropriate for the restored skull. The Dry Mesa
tibia is 725 mm long; by comparison with Ceratosaurus, the femur
ought to be about 860 mm (Table 1) and the scapula-coracoid about
932 mm. Bur a normal large theropod with a 1200 mm skull shoutd
bave a femur and scapula-coracoid 1100 mm long or longer.

The size of the anterior caudal vertebrae also indicates that the Dry
Mesa column is too small for the Dry Mesa skull. The Dry Mesa
proximal caudal vertebrae average about 120 mm centrum length
{Brtt, 1991}, the same size as the allosaur AMNH 3727, which has
a fernur length of 920 mm (Table 1}. The first caudal centrum from
Nail Ouarry {CPS 1006) is 140 mm long, and since the first caudal
is usually the shortest among proximal caudals, the average proximal
caudal centrim length probably was 145+ mum, the same size as the
gant allosaur (Epanterias) in the University of Oklahoma Museum

Table 1. Some useful measurements of large theropods. caud L =
length at mid height of anterior caudal centrum. skall L = skull length
premadila to quadrate. rib L = length of longest thoracic {(anterior
dorsal) rb. scper L = scapula-coracoid length (chord). UUVP
measuremcnts from Madsen, 1976. Dry Mesa torvosaur measurements
from Britt, 1991. AMNH gorgosaur measurements from Matthew
and Brown, 1923. NMC gorgosaur measurements from Lambe, 1917
cal — length calculated from other limb bones. res — restored.

Theropod caud L skull L rib L secper L femur L
torvosaur 140 136Ures 1275 1100

Nail & Louise

torvosaur 1200 1223res Kiscal
Dry Mesa b 723
Ceratosaurus 3%, 630) — Gllires 620
USNM 4735

Ceratosaurus Bllires £00 H25 763
UUVP 5982 tib

Allosaurus 670 - TUh H50)
USNM 4734

Allosaurus 112 780 735 650 717
Clev-Lovd #33

Allosaurus 120 9510 910 900 U3
AMNH 5727

Gorgosaurus 105G 965

AMNH 5434

Gorgosawrus 678 620 700
AMNH 5664

Gorposanrus P4 970 1020 1086 1040
NMC 2120

Tyrannosaurus 1250res 13060 1100 1300
AMNH 473
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collections, which has a femur length of 12000 mm. The Epanterias
specimen from near Masonville, Colorado, also has caudal centra
145-130 mm long (Bakker, 1990).

Proportions among tyrannosaurs are ditferent from those of Jurassic
theropods — the proximal caudals are longer relative o the temur,
skull and scapula-coracoid, but the caudals decrease o fength much
more dramatically front-to-back (Table 1)

Whether the Dry Mesa material is comparcd to that ot the Nail-
Louise torvosaur, or ceratosaurs, allosaurs or tyrannosaurs, the resoles
are the same — the Dy Mesa skull is much toe large o tic the Dry
Mesa hindlimb and vertebrac. Galton and Jensen (1979) nored thae
the radius and ulna in the Drv Mesa spectimens were relatvely any
compared to the humerus, a degree of forearm reduction greater than
that seen in Poikiloplenron. However, if the large Dre Mesa bumerus
belongs to a full grown individual, and the forcarm to o two-thicds
grown animal, then the proportions would be simitar 1o those in
Poikilopleuron.

SIZE-CYCLES AMONG TOP THERQOPODS

The very large size of the Como torvosaurs adds one more theropod
tamily to the lise that produced s species of T. rex size. Theropod body
configurations show some progressive trends through tirme — allosaurs
have shorter torsos relative to the ilium and femuor lengeh than do
megalosaurs or ceratosaurs; tyrannosaurs have cxceptionally short
torsos. Therefore we use femur length rather than wotal body length
as a measure of bulk. Any theropod with a femur length greater than
1100 mm is here considered to be a giant predator. At least five cycles
of giant theropod can be documented.

I Yangchuanosaur Cycle. The earliest giant theropod s
Yangchnanesanries magnus from the Shangshaximiao Formation (Dong
et al., 1983): this genus has a skull that is short relative to posterania,
and therefore the skull length of 1100 mm indicates a femur 1200 mm
or more. The estimated age of Y. magnus is carly Late Jurassic {Dong
et al, 1983), roughly Oxfordian or carly Kimmeridgian.
Yangchuanosaurs arc not known from the Morrison Formation, and
the data indicate that a great deal of time may well have clapsed
between the Chinese yangchuanosaur faunas and the first torvosaur
samples from the Morrison.

II Megalosaur Cycle. The evidence for the temporal sequence of
giant yangchuanosaurs, torvosaurs and allosaurs is as follows, It is
generally accepted that the East African Tendaguru dinosaur fauna
is slightly older than the carliest Morrison faunas because long-legged
stegosaurs, diptodocines (Diplodocus and Apatesaurusy and camarasaurs
are absent from the Tendaguru but present in the Lower Morrison.
The Tendaguru is well dated by ammonites as latest Kimmenidgian-
earliest Tithonian (Arketl, 1956), and therefore the lower Morrison
at Como should be early Tithonian. A giant theropod is recorded from
the Tendaguru — shed teeth, type of “Megalosaurus” ingens Janensch
1920. The crowns are much more compressed laterally than in
allosaurs and could be ascribed to a megalosaurid, ceratosaurid, or
yangchuanosaurid. However, there are no cranial or posteranial bones
of mid or late Kimmeridgian Age from anywhere in the world that
can be allocated to yangchuanosaurs. Thus it appears quite possible
that the Megalosauridae achieved giant size after the giant
yangchuanosaurs were already extinct.

LI Allosaur Cycle. All the gians torvosaurs are from the lower two-
thirds of the Morrison. The available evidence indicates that
considerable time had elapsed after torvosaurs disappeared and beforc
giant allosaurs evolved. There is no trace of any tarvosaur, farge or
otherwise, coexisting with the giant allosaurs of the upper level of
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" the Morrison in Colorado and Oklahoma. The Bone Cabin Quarry
Level-Main Marsh Level in the Como region is 15 m above the Nail
and Louise QQuarnies and roughly equivalent in time to the Dinosaur
National Monument main quarry (Bakker, 1990). The Bone Cabin-
Mainn Marsh-IDNM zone has a very large sample size of predators,
and there are no unambiguous records of either giant torvosaurs or
giant allosaurs although medium-size allosaurs are common. Therefore
it appears that this interval of time marks the gap berween torvosaur
extinction and the first appearance of Epanterias.

IV Acrocanthosaur Cycle. In the late Early Cretaceous {Albian},
acrocanthosaurs achieve a fernur length of about 1100 mm {specimen
at the Black Hills Institute). No true allosaurids are known from any
time in the Cretaceous {the definitive aliosaurid character is the siender,
strongly down-turned paroccipital process). Therefore it seems that
all allosaurs, including the giant Epanterias, were already exrinct before
acrocanthosaurs cvolved.

An ecological sidebar to the acrocanthosaur cycie is the complex
of gigantic aquatic theropods in North Africa in the Early Cretaceous
and Cenomanian. Spinesaurus, Bahariasaurus, and Carcharodovtosaurus
were described from incomplete remains preserved in fluvio-debraic
and near-shore sediments (Stromer, 1915, 1931, 1934). Body lengths
and femoral lengths are in the range of T. rex. The long, crocodile-
like snout of spinosaurs and the shark-like teeth of carcharodontosaurs
indicate piscivarous habits, and hence these giant theropods may be
a radiation of marine predators analogous to that of the carly seals
and toothed whales of the Tertiary. Both hindlegs and tail probabty
were used in swimming in theropods.

V Tyrannosaur Cycle. The carliest well dated wyrannoesaurids are
late Late Cretaceous, long after the last occurrence of acrocanthosaurs
in the Albian. Giant tyrannosaurids are very late to appear — the
largest tarbosaurs and T, rex itself are the only members of the
Tyrannosauridae to exceed a femur fength of 1100 mm, and these
species debut no earlier than about 3 million years before the end of
the Cretaceous.

Theropod size-sequences present evidence that replacement of the
top predator was possible only afier the incumbent family went extinct,
This ability of the incumbent to discourage other families from
evolving gigantic size is especially intriguing because the replacement
tamilies usually represent a higher morphologic grade than that of
the replaced family. The net result of the succession of replacements
was a top predator that became progressively more and more
advanced in those cranial and puostcranial characters that are fully
expressed in birds. Thus the allosaurs are more avian and more
advanced than ceratosaurs and megalosaurs in the fore-to-aft
shorening of the torso, the narrowing of the scapular blade, and the
greater compaction of the metatarsal heads. Acrecanthosaurs and
tyrannosaurs show successive increments in the degree of pneumatiza-

tion of the braincase. It is not unreasonable to suppose that -

tyrannosaurs were, in a fundamental sense, superior to acrocanthosaurs
i adaptations as top predators. And, likewise, allosaurs, with their
compact torsos and longer legs, would seem to be superior to
megalosaurs and ceratosaurs. So why did allosaurs have to wait, so
to speak, o evolve giant species until after giant megalosaurs were
gone?

It may be heuristic to think of adaptations as coming in two
categories: First there are the general adaprations, such as the degree
of pneumatization of skull, shortening of the torso, distal elongation
of the limbs, and the reduction of the calcaneum. These improvements
in the grade of general adaptations come rarely and require
reorganization of morphogenetic systems. Second, there are local
specializations, those minor adaptations that fit the species to its
particular niche — skin color and prey search image are two examples.
A new species, evolving into an adaptive area not previously occupied
by its immediate ancestors, may require a period of adjustment while
all the adaptive shifts are made to maximize performance in the new
role. This process of adjustment may be difficuit or impossible if a
competing species already occupies the role and aiready has acquired
the adaptive fine tuning, Thus it is not impossible that an incumbent
top predator, who has all the refinements in local specialization needed
to deal with one set of prey and habitats, would have a suppressing
effect upon the production of competing species from a stock that
is superior in basic adaptations. For example, it may well be that
allosaurs were fundamentaily superior in locomotion to megalosaurs,
but giant megalosaurs evolved first and natural selection, operating
over millions of years, equipped the giant megalosaurs with all sorts
of adaptive nuance necessary for the giant predator role. A giant
allosaur, if equipped with all the minor adaptations needed, would
perform that ecological role better, but, as long as the giant
megalosaurs existed, their presence discouraged any allosaur species
from evolving giant size — it would be more advantageous for
allosaurs to minimize the competitive overlap with megalosaurs.

The pattern of extincion and replacement among the largest
theropods demonstrates that the maximum size of the top dinosaurian
predators was fixed at a femur length between 1100 and 1350 mm.
This maximum size seems to have no relation to the size and
armament of the prey — the yangchuanosaurs faced medium size
stegosaurs and sauropods small by Morrison standards; acro-
canthosaurs are found with medium-size iguanodonts, large nodosaurs
and rare sauropods; the largest tyrannosaurs are part of faunas with
the herbivore component dominated by duckbills, ankylosaurs,
formidable homed dinosaurs and rare sauropods. The aquatic theropod
giants of Cenomanian North Africa are especially intriguing —~ their
feeding habits must have been markedly divergent from the theropod
norm, and yet the maximum body bulk is not far from that of T, rex.

The firm and unyielding ceiling of maximum theropod size suggests
that the limit was imposed by some intrinsic feature of the bauplan.
Quite possibly the bipedal habitus did not permit evolution of body
size greater than that seen in theropods — quadrupedal dinosaurs often
exceeded the bulk of T, rex and so did the largest proboscideans and
rhinos in the Cenozoic.
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ZOFIABAATARIDAE, A NEW FAMILY OF MULTITUBERCULATE MAMMALS
FROM THE BREAKFAST BENCH FAUNA AT COMO BLUFF

ROBERT T. BAKKER
University of Colorado Museum
1447 Sumac Avenue 80404
Boulder, Colorado

Kietan-Jaworowska and Ensom (1992) have suggested that
Zafiabaatar, from the Breakfast Bench Fauna, deserves allocation to
a separate family. | had reached this conclusion independently,
Therefore the Family Zofiabaataridae is herein erected, with the
following diagnosis: Differs from Allodontidae and agrees with
Plagiaulacidac in having fourth lower premolars that are longer
anterior-posteriorly, relative to crown heighr, and crown ridges that
are more numerous and make a more acute angle with the cutting
edge of the crown. Differs from both Allodontidae and
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Plagiaulacidae and agrees with Late Cretaceous familics in having a
mandibular condyle that faces upwards.
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