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The Dinosauria form a well-defined group within the
Archosauria and, with birds included within Dino-
sauria {as they must be on cladistic grounds), the group
is clearly one of great significance among terrestrial
vertebrates. Here, [ shall review current evidence on
the relationships of the Dinosauria as a whote within
the Archosauria and then attempt Lo extlract a pattern
of relationships of the major taxa within the Dino-
sauria. The advent of cladistic analyses of archosaurs in
the past ten years has revolutionized our views of their
relationships, and arttention will be focused on such
studies.

CLADISTIC ANALYSES OF
DINOSAURIA

Until recently, dinosaurian systemnatists were not al-
ways clear in distinguishing derived from nonderived
characters, and this led to a great deal of confusion in

trying to establish phylogenetic schemes that could be
compared directly with one another. The work in the
1980s has established a large number of conclusions
that were either suspected by only a few experts or
were directly denied. Below are a few of the major
conclusions and an indication of how attitudes have
changed in the past few years by reference to some
standard publications that represent generally heid
views, This is not meant as a direct criticism of the
quoted authors, since they represent the views of most
experts of their day.

1. The Archosauria is monophyletic. This view has
been held generally for a long time, although the
Archosauria have been regarded as hard to define
anatomically (e.g., Romer 1956, 1966).

2. The Archosauria splits into two main evolution-
ary lines, one ieading ultimately to crocodilians
and the other to birds. This split was hinted at by
Bonaparte {19754), Krebs (1976}, Cruickshank
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(19793, and Chatterjee (1982), but the basai
archosaurs were still generally left in a broad
grouping, termed the Pseudosuchia, which in-
cluded unstated ancestors of crocodilians, ptero-
saurs, dingsaurs, and birds.

3. The dinosaurs are ciosely related to ornitho-
suchids, Lagosuchus, and Plerosauria. These re-
lationships along the bird-dinosaur line of ar-
chosaurs were not suspected by earlier authors
(e.g., Romer 1956, 1966; Bonaparte 1975a,
198246, Krebs 1976, Cruickshank 1979; Chatter-
jee 1982) until the work of Bakker and Galton
(1974} and Gauthier (1984, 1986; Gauthier and
Padian 1985).

4. The Dingsauria is monephyietic. Formerly, the
origins of dinosaurs were usually seen as poly-
phyletic with as few as three or as many as
six ancestors (Romer 1966; Reig 1970; Charig
1976, Krebs 1976; Cruickshank 1979; Thutborn
1980; Chattegee 1982). Bakker and Galion
(1974} and Bonaparte (1976} argued for dino-
saurian monophyly before such views became
generally accepted.

5. The Dinosauria falls into three main monophy-
letic groups: Theropoda, Sauropodomorpha, and
Ornithischia. This view has been gencrally held
for some time (Charig 1976, p. 87), although
Cruickshank (1979} split up the Sauropedo-
merpha, and he and Chauerjee (1982) split up
the Theropoda.

6. The Theropoda includes the ancestors of birds,
which were small theropods similar to dromaco-
saurids or troodontids. This view, dating from the
nineteenth century, was generally denied (e.g.,
Romer 1956, 1966, Walker 1972; Tarsitano and
Hecht 1980; Gardiner 1982). John Ostrom’s
work in the 1970s (e.g., 19764}, in which he de-
tailed the anatomical similarities between thero-
pods and birds, formed the basis for the present
cladistic analyses, but such views were initially
slow to gain acceptance and are stil] controversial
(see papers in Hecht et al. 1985).

7. Within Sauropodomorpha, the Prosauropoda is a
paraphyletic grade group that divides into out-
groups of the Sauropoda, This view was hinted at
by Colbert {1964a), Charig et al. (1965}, and
others but denied by Cruickshank {(1979), al-
though the precise relationships of sauropodo-
morph subgroups have not yet been worked out,

8. Within Ornithischia, there are two major groups,
consisting of Ornithopoda (plus Ceratopsia plus
Pachycephatosauria), and Thyreophora (princi-
pally Stegosauria plus Ankylosauria}. This major
split has been denied by some authors, {c.g.
Thutborn 19714), suspected by others, and ig-
nored by most (e.g., Romer 1966) in the absence
of strong evidence either way.

These major conclusions, and many others, are
detailed below and in subsequent chapters of this
volume.

THE ARCHOSAURIA

Among living vertebrates, birds and crocodilians are
linked as sister groups within the Archosauria by most
authors. Although scemingly very different kinds of
animals, these two groups share numerous derived
characters of the skull, postcranial skeleton, and soft
parts (reviewed by Gauthier 1986; Benton and Clark
1988) that are absent in other living vertebrates. It
should be noted, however, that Gardiner (1982) and
Levirup {1985) have denied the existence of the Archo-
sauria by pairing Aves with Mammalia and then those
two with Crocodylia. Their postulated synapomorphies
have been rejected by several authors (Benton 19854;
Kemp 1988; Gauthier, Kluge, and Rowe [988a. £),
and they have not gained general acceptance,

Molecular data on tetrapod phylogeny are equiv-
ocal regarding the relationships of birds and croco-
dilians. Some analyscs do pair these two groups (e.g.,
Goodman et al. 1982, Stapel et al. 1984), but many
tend 10 link birds and mammals more closely (e.g..
Maeda and Fitch 1981; Bishop and Friday 1988).
However, other protein sequence analyses give every
other imaginable pairing of tetrapod groups, and their
significance is debatable {Benton 19854, Bishop and
Friday 1988}. The hard-part autapomorphies of Archo-
sauria include:

}. possession of an antorbital fenestra
reduced postirontal

fused or absent postparietals
laterosphenoid ossification in the braincase

laterally compressed serrated teeth

ov R W

loss of trunk intercentra




7. ectepicondylar foramen absent on humerus

8. fourth trochanter on the femur

Archosaurs as Diapsids

The archosaurs, although formerly regarded as
an independent reptilian subclass by Romer (1966),
are now placed by nearly ali biologists and palcon-
tologists in the Diapsida (which also includes Sphene-
don, lizards, snakes, and varipus extinct forms). The
archosaurs form part of the Archosauromorpha, a
branch of the diapsid reptiles, which includes Trilo-
phosaurus, the Rhynchosauria, and the Prolacertiformes
as successive outgroups to the Archosauria (Gow 1975;
Brinkman 1981; Benton 19830, 19844, 1985, Evans
1984, 1988; Gauthier 1984).

A few other recent theories of archosaur origing
have suggested rather different, nondiapsid origing for
the Archosauria, but these theories were based on non-
cladistic analyses of relationships. Romer (1966} sug-
gested that they arose direcily from captorhinomorphs,
while Reig (1970) derived them from varanopsid pely-
cosaurs. Other authors {e.g., Hughes 1963; Cruick-
shank 1972; Gow 1975; Carroll 1976) suggested that
the ancestor of the archosaurs was a Permian diapsid
tike Youngina, but that reptile is now recognized as be-
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Fig. 1.1. Cladogram Hlustrating postulated relationships
among the major archiesauromerph and archosaur groups.
Based cn cladistic analyses by Benton (19844, 19858) and
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longing to the lepidosauromorph branch of diapsids
(Currie 1982; Benion 19834, 1984a, 19854 Evans
1984; Gauthier 1984}.

Limits of the Archosauria

There is a semantic guestion regarding the com-
position of Archosauria. That is, at which node should
the name be applied? The “traditional” Archosauria
{Benton 1984¢, 1985k, Paul 1984a; Benton and Clark
1988) consists of Proterosuchus and more recently
evolved relatives {fig. 1.1). The “crown-group” Archo-
sauria (Gauthier 1986) consists of all the descendants
of the closest common ancestor of the living forms (i.e..
the Crocodylia and Aves). This latter arrangement cor-
responds 1o the Ornithosuchia and Crocodylotarsi but
excludes a number of basal forms (fig. 1.1). There is no
irm way of deciding which view is advisable. The tra-
ditionalists argue the need for stability in taxonomy
and the convenience of having all taxa, including
plesiomorphous enes, within a well-established taxon.
The “crown-groupers” can support their case by point-
ing out that all archesaurs in their interpretation, even
the fossil ones, can be said to have ail the hard- and
soft-part synapomorphies of the living forms. 1 use the
traditional interpretation of the bounds of Archosauria
rather than the crown-group Archesauria.
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Benton and Clark (1988). with information rom Gauthier
(1986) and Evans {1988).
t. DIAPSIDA (Benton 19855 Evans 1988): Supratem-
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Flgure 1.1, continued

]

poral fenestra; suborbital fenestra: cervical verebrae
longer than mid-dorsais.

. ARCHOSAURCMORPHA (Benton 19855 Evans 1988):

Premaxilla extends up behind the naris; nares elongate
and close w the midline; quadratojugal mainly behind
the infratemporal fenestra rather than below i all
quadrate; pineal {oramen reduced or absent; abulars
absent; paroccipital process uches suspensorium:
stender stapes without a foramen; vertebrae not noto-
chordal; transverse processes on dorsal vertetrac project
as distinctive narrow elongate processes; cleithrum ab.
sent; no entepicondylar foramen in the humerus; no
foramen in carpus between uinare and intermedium;
laterai wiber on calcaneum; complex concave-convex
articutation between the astragalus and calcaneum;
fifth distal tarsal lost; pedai centrale displaced laerally:
metatarsal V hooked in one plane eniy; clongate meta-
tarsal I'v.

UNNAMED GROUP: Long snout and narrow skull;
nasals longer than frontals; posttemporal fenesirae
small or absent; recurved teeth; extensive pariicipation
of the parasphenoid/basisphenoid in the side wall of the
braincase; iong, thin, tapering cervical ribs with two or
three heads and a cranial dorsal process.
ARCHOSAURIA: Possession of antorbital fenestra; post-
frontal reduced; postparietals fused or absent; caudal
border of infratemporal fenesira bowed; marginai teeth
laterally compressed: presence of an ossified latero-
sphenoid: no ectepicondylar groove or foramen on hu-
merus; possession of a fourth wochanter on femur.

. UNNAMED GROUP: Loss of the supratemporal: pos-

session of a lateral mandibular lenestra; coronoid re-
duced or absent; presacral intercentra absent behind the
axis: ossified portion of the scapula very tall and narrow
(at least twice as all as width of base); coracoid simall,
and glenoid faces largely backward; deltopecioral crest

extends at least one-fourth of the way down the shaft of

the humerus; distal end of the humerus is narrower
than the proximal end; pelvis markedly three-rayed with
a long, downuurned pubis and ischium; iliac blade has a
smali cranial process; pubis has a strongly downurned
cranial tuber in lateral view; ischium has a large caudo-
ventral process (the ischium is longer than the diac
blade): zarsus contains only four elements; metatarsals
i, IIl, and IV subequal in length, with II the longesy;
loss of cranioproximal “hook” on metatarsal V; fewer
than four phalanges in pedal digit V.

UNNAMED GROUP: Parietal foramen absent: otic notch
well developed; possession of thecodont dentition; ribs
all one- or two-headed: hindlimbs under the body
{semierect or erect gait):; possession of “crocodiloid”

9,

arsus (foramen lost, and rotaton between astragalus
and calcaneum possible; possession of dermal armor
with two osteaderms per vertebra,

. UNNAMED GROUP: Antorbital fenestra large and lving

in a depression; nasals run forward between the nares;
diapophysis placed fairly high on the neural arch of ¢er-
vical vertebrae: parapophysis transfers o the neural
arch in cranial dorsal veriebrae; diapophysis and para-
pophysis fuse in the caudal dorsal vertebrae and the ribs
become single-headed.

. UNNAMED GROUP (= Archosauria of Gauthier 1986):

Parietals send caudal processes onto the occiput; dis-
crete postparietal and exoccipitals absent beyond juve-
nile stages of developmens; prerygoids meet medially in
the palate; palawal reeth absent

ORNITHOSUCHIA (Gauthier 1986); Septomaxilia ab-
sent (parallelism in Suchia); squamosal reduced and
descending ramus gracile {also in Euparkeria); manual
digit 1 short and equipped with a diverging daw; no
puboischiadic plate, and much reduced coniact be-
tween pubis and ischium ({parallelism in Suchia); pubis
long. narrow, and subvertically oriented (parailelism
in Suchia): pubis longer than the ischium (parallelism
in Suchia); possession of a lesser trochanter; fourth
trochanter a sharp flange; shaft of femur bowed dor-
sally; prominent cnemial crest on tibia falso in Gra-
cifisuchusy; venral flange of asiragalus is absent (also in
Euparkeria); digit V of the foot is reduced (shorter than
b (parallelism in Suchia),

. ORNITHODIRA {(Gauthier 1986} Presacral vertebral

column is divided into three regions {cervical, cervical-
thoracic, lumbar); centra sweeply inclined in at least cer-
vicals 3-6; zygapophyses of the middle and distal
caudals inclined caudoventraliy; loss of the interclavicle
{possibly also in Postosuchus); acetabulum perforated (o
some extent {parallelism in Pestosuchus and Crocodylo-
morpha}; supraacetabular crest on ilivm (parallelism in
Saurosuchus,  Postosuchus,  Crocodylomorpha);  pubis
more than three times the widith of the acetabulum
{parallelism in Saurosuchus, Postosuchus, Crocodylo-
morphat; fourth trochanter a winglike process; fourth
trochanter runs down one-third to one-half the length
of the femur shaft (parallelism in Erytnosuchus and
Chanaresuchus); distal end of {emur forms two subter-
minal condvies; knee articulates at 90°% stance digi-
tigrade (parallelism in Gracilisuchus, Postosichus, Croco-
dylomorpha): mesotarsal ankle joint with aswagalus
and calcaneum fused 1o the tibia; calcaneum with no
tuber at all; ascending process of astragalus fits between
the tibia and fibula; metatarsals -1V closely bunched
as a unit; metatarsals [1-1V elongate and the foot func-
tionally tridactyl.




THE RELATIONSHIPS OF THE
TRIASSIC ARCHOSAURIA

“Thecodontians”

The archosaurs radiated extensively during the
Triassic period, and several distinctive lineages arose. It
has been widely accepted that all of the later archosaur
groups arose {rom within the Thecodontia, a para-
phyietic group that excludes three or four descendant
clades: crocodilians, pterosaurs, dinosaurs, and birds,
The informal term thecodontian wilt be used here to re-
fer to all Late Permian and Triassic archosaurs that do
not fall into these last three named groups.

There is no currently accepted classification of the
thecodontians. Most authors have favored a basic tri-
partite division: the Proterosuchia (for the Proterosu-
chidac and Erythrosuchidae and, at times, the Rauisu-
chidac and Proterochampsidae), the Parasuchia (for
the Phytosauridae), and the Pseudosuchia (for every-
thing else, including some carly crocodylomorphs)
(e.g.. Romer 1956; Reig 1970; Krebs 1976). Others
have separated the aetosaurs as the Actosauria (Romer
1966, 1972, Sill 1974; Bonaparte 1975a; Charig
1976; Thulborn 1980}, some of the early crocodylo-
morphs as the Sphenosuchia (Bonaparte 19824), or-
nithosuchids as the Ornithosuchia (Chatterjee 1982),
and rauisuchids and poposaurids as the Rauisuchia
(Chatterjee 1982}, These divisions are abandoned here,
except for the Rauisuchia and a revised Pseudosuchia.

Recent cladistic analyses of the Triassic archosaurs
{c.g., Benton 19838, 19844, 1984¢ 19854, Gauthier
1984, 1986; Paul 19844, Gauthier and Padian 1985;
Benton and Clark 1988; Benton and Norman, in prep.)
have produced similar cladograms that broadly re-
semble that shown in fig. 1.1. The controversial peinis
are noted briefly below.

The Basal Archosaurs

The oldest known archosaur is Archosaurus from
the latest Permian of the US.S.R. Itis known from only
fragmentary remains, but these show at least one diag-
nostic archosaurian character (the presence of an ant-
orbital fenestra). Archosaurus is generally classed as
a proterosuchid, a group best represented by FPro-
terosiichus from the Early Triassic of South Africa,
a 1.5-m long-snouted aquatic form (fig. 1.2a). Proterc-
suchus possesses all eight archosaur autapomorphies
noted above.

Next on the cladogram is Erythrosuchus (fig.
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Fig. 1.2. Skulls of primitive archosaurs: a. Proferosuchus;
b. Erythrosuchus: ¢ Chanaresuchus; d. Euparkeria. The skuils
are drawn to uniform length; scale = 20 mm. Based on sev-
eral sources,

1.2b), another thecodontian from the Early Triassic of
South Africa. Ervthrosuchus and its relatives were up 10
5 m long, and they were clearly the top carnivores of
their day. Their synapomorphies compared o Pro-
terosuchus include loss of the supratemporal, presence
of an external mandibular fenestra, absence of most
presacral intercentra, triradiate pelvis, four tarsal ele-
ments, and metatarsals U1V subequal in length,
among other synapomorphies with later archosaurs
(Benton and Clark 1988},

The Proterochampsidae of the Middle Triassic of
Argentina, typified by Chanaresuchus (fig. 1.20), a su-
petficially crocodilelike fish-eater, share numerous de-
rived characters of skull and postcranial skeleton with
later forms. These include the first appearance of true
thecodont dentition, the loss of the parietal foramen,
and the crocodiloid tarsus, which allowed rotation be-
tween the astragalus and calcancum.

Euparkeria and Ankle Structure

Euparkeria, a small animal from the Early Triassic
of South Africa, is close to a major split in archosaur
evolution that gave rise to crocodiles, on the one hand,
and birds and dinosaurs, en the other. The detailed re-
lationships of Euparkeria are uncertain, however. Some
authors (e.g., Ewer 1965; Cruickshank 1979) place it
among the basal archosaurs in association with Erythro-
suchus, while others (Thulborn 1980; Brinkman 1981;
Chatterjee 1982) regard it as more derived. Currently,
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Euparkeria is regarded either as the sister taxon of all
later archosaurs {= crown-group Archosauria) or as a
member of the line leading o dinosaurs (fig. 1.2d}.
This dichotomy of opinions hinges around the
ankle structure (fig. 1.3), which has been used by sev-
eral authors (e.g., Bonaparte, 1975a, 1982b, Cruick-
shank 1979; Thulborn 1980; Chatterjee 1982) as a
generat guide to archosaur relationships. Early ar-
chosaurs have a primitive mesotarsal {PM) ankle in
which bending is along a simple hinge between the
astragatus-calcancum unit and the rest of the foot,
Later forms have a crocodiloid ankle in which part of
the line of bending runs between the astragalus and the
calcaneuwm. However, there are two types of croco-
diloid ankle, the crocodile-normal (CN) ankie found in
crocodilians, phytosaurs, aetosaurs, and rauisuchians
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Fig. 1.3.  Ankle structures of the archosaurs siusirared on
a cladogram depicting broad relationships. For cach ankle
pattern, & cranial view of the astragalus (lefu and calcaneum
{right} complex is shown. An additional proximal view is
shown for the PM and MPM types {upper drawing). For
each ankle type, a diagram of the lower leg, ankie, and foot
is shown (astragalus shaded black) with the main hinge line
{x — x). The ankles are PM (primitive mesotarsal) of Pro-
terosuchus, MPM (modified primitive mesotarsal) of Cha-
naresuchus, CN {crocodile-normaly of Necaetosauroides, CR
{crocodile-reversed) of Riofasuchus, and AM (advanced
mesotarsal) of a prosauropod dinosaur, Based, in part, on
Cruickshank and Benton {1985).

and the crocodile-reversed (CR) ankle of ornitho-
suchids, an cutgroup to the Dinosauria. In the CN
ankle, a peg on the astragalus fits into a socket on the
calcaneumn, while in the CR ankle, the reverse is the
case, Dinosaurs, pterosaurs, and birds have a fourth,
modified ankle called advanced mesotarsal (AM) in
which the astragalus and calcaneum are firmly at-
tached to the tibia and fibula and the line of bending is
between the astragalus-calcancum and the rest of the
fool. The AM ankle differs fundamentally from the PM
in that the astragalus is a broad element, the calcaneum
is much reduced. and both elements are virtually fused
1o cach other and to the tibia,

Some authors (Gauthicr 1986, Parrish 1986) re-
gard the ankle of Euparkeria as CR and thus close 1o
ornithosuchids and dinosaurs, while others (Cruick-
shank and Benton 1985) see it as merely a generalized
crocediloid type, or modified primitive mesotarsal
(MPM) 1ype, with no special CR features. Other char-
acters of the skull and posicranial skeleton are roughly
equatly balanced between rival placements of Eupar-
keria. In addition to its supposed CR ankle, Euparkeria
shares a reduced gracile squamosal and the absence of
a ventral flange on the astragalus with ornithosu-
chians (Gauthier 1986). In addition, it lacks occipital
processes of the parietal, discrete postparictal and exoc-
cipitals, and palatal teeth and possesses medial centact
of pterygoids, characters of Archosauria (Benton and
Clark 1988).

The Crocodylotarsi

The crocodilian line of archosaurs, characterized
by the possession of the CN ankle and other syn-
apomorphies (viz. Gauthier and Padian 1985; Gauthier
1986; Benton and Clark 1988}, includes phytosaurs as
the basal group and actosaurs, rauisuchians, and croco-
dylemorphs (crocodilians and crocodilianlike forms) as
successively higher taxa within the lineage (fig. 1.1).

Phytosaurs are a well-defined group of long-
snouted, 2- 10 4-m-long animals from the Late Triassic
of Eurape, North America, and parts of Asia. Although
superficially crocodilelike (fig. 1.4a), their aquatic and
fish-eating adaptations evolved convergently,

The remaining Crocedylotarst form a group
termed the Suchia (Krebs 1976). which appears to di-
vide into the Pseudosuchia (aetosaurs and rauisu-
chians) and the Crocodylomorpha. Aetosaurs were 1-
to 3-m-long herbivores of the Late Triassic. They had
characteristic blunt snouts, peglike teeth (fig. 1.4b),
and heavily armored bodies. Rauisuchians, from the
Middie and Late Triassic, include large quadrupedal
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Fig., 1.4. Skulls of Triassic archosaurs: a. Parasuchus;
b. Stagenolepis; <. Sawresuchus; and d. Qrmithosuchus. Skele-

carnivorous forms (fig. 1.4¢), up to 5 m long, which
had a specialized erect gait where the pelvis was tipped
almost horizontally, and the femur fitted into the ace-
tabutum like a vertical pillar. Poposaurids were bipedal
carnivores whose relatienships are still unclear. They
might be rauisuchians, but they also seem to share
some characters with crocodylomerphs  (Gauthier
1986; Benten and Clark 1988). The crocodylomorphs
arose in e Late Triassic initially as small bipedal ter-
restrial forms. Only later, in the Jurassic, did they adopt
more “crocodilian” habits of life in fresh and salt water.

The Ornithosuchia

The dinosaur-bird kine, the Ornithosuchia
(Gauthier 1986}, consists of those archosaurs with CR
and AM ankles (figs. 1.1, 1.3). The group is character-
ized by numerous synapomorphies that relase largely
to the acquisition of crect gait {long narrow pubis and
ischium with reduced contacts, lesser trochanter and
sharp fourth trochanter on femur, prominent cnemial
crest on tibia, digit V of foot reduced) and includes the
Ornithosuchidae, Lagesuchus, and the Plerosauria as
relatively more intimate outgroups of the Dinosauria
{including Aves).

The Ornithosuchidae, {from the Late Triassic of
Scotland (Ornithosuchus) and Argentina (Riofasuchus,
Venaticosuchus) were 1- to 3-m-long facultatively bi-
pedal carnivores. The skull (fig. 1.4d) shows a charac-
teristic bulbous snout and a gap in the tooth row be-
tween the premaxilla and maxilla. The CR ankle is
another synapomorphy of the family. Superficially, the

ton of e. Lagosuchus. Scale = 20 mm. Based on several
SOUTICES.

ornithosuchids are very dinosauriike, and they dem-
onstraie the ornithosuchian synapomorphies of the
hindlimb just noted as well as some features of the
skull (septomaxilla absent; squamosal reduced) and
hand (manual digit I short and equipped with a diverg-
ing claw).

The remaining ornithosuchians, Lagosuchus, the
Prerosauria, and the Dinosauria have been termed the
Ornithodira (Gauthier 1986}, and they possess a large
number of synapomorphies of the vertebral column
(distinctive cervical, cervical-thoracic, and fumbar re-
gions), shoulder girdle (loss of interclavicle:, pelvis
{partially to fully perforated acetabulum. supraace-
tabular crest on the ilium, elongate pubisi. hindlimb
(fernur is shorter than tibia; fourth trochanter is a
winglike process very low on the femur, proximal head
of the femur is inturned, distal end of the lemur is split
into two condyles, and knee articulates as a straight
hinge), and foot (digitigrade stance, AM ankle joint
with ascending tibial process on astragalus. metatarsals
[I--TV are elongate and closely bunched as a unit, and
the foot is functionally tridactyl).

Lagosuchus, a slender, long-limbed animat from
the Middle Triassic of Argentina (fig. 1.4¢) shares all of
these synapomorphies with the Dinosauna as well as
with the Pterosauria. It is known from half a dozen
skeletons that show postcranial features well. but the
skull is incompletely known. Lagosuchus may be primi-
tive to the pterosaur-dinosaur split since it appears 1o
lack several of their synapomorphies {loss of postfron-
tal, caudal zygapophyses nearly vertical, no more than
four phalanges in manual digit IV, proximal head of



fernur fully offset; Benton and Norman in prep.). How-
ever, Lagosuchus shares some apparenl synapomor-
phies with the Dinosauria which are absent in the
Prerosauria, such as the caudoventrally facing glenoid
facet on the scapulocoracoid, the reduced subcircular
coracoid, the shortened forelimbs, and the brevis shelf
on the caudal portion of the ilium (Gauthier 1986).
Most of these relate to the (Hght specializations of
pterosaurs, but it is still hard to sort cut the relation-
ships of the three ornithodiran taxa. The earlier view of
wild (19785} and Benton {1982, 19844, 1985b), that
Plerosauria was the sister group of Archosauria, was
proposed because they lacked seven archosauromorph
synapomorphies as well as archosaurian and ornitho-
suchian characters such as the external mandibular
fenestra, the nasais extending between the external
nares, the pterygoids meeting medially, the loss of pala-
tal teeth { Eudimorphodon has tecth on the plerygoid:
wild 19784), the open acetabulum, the clongate pubis
and ischium, the fourth trochanter on the femur, and
the reduced pedal digit V {not in early pterosaurs). The
view of Gauthier and Padian (1985), however, is ac-
cepted here since it is more parsimonious.

THE RELATIONSHIPS OF
THE MAJOR DINOSAURIAN
GROUPS

Monophyly of the Dinosauria

Until recently, nearly alt authors assumed thau di-
nosaurs were a polyphyletic group with at least two,
and more probably three or four, separate origins from
different thecodontian groups (Romer 1966, 1968,
1972b; Reig 1970; Charig 1976; Thulborn 198C; Bona-
parte 19824; Chauerjee 1982). Exceptions were Bakker
and Gallon (1974) and Bonaparte (1976). who specu-
lated that the Dinosauria is a true clade. Recent cladistic
analyses (Benton 1984h, 1984c, 1986; Gauthier 1984,
1986; Paul 19844, 1984b; Benton and Cruickshank
1985; Cooper 1985; Gauthier and Padian 1985; Ben-
ton and Clark 1988}, however, all agree that the Di-
nosauria is monophyletic on the basis of numerous
autapomorphies:

1. elongate vomers that reach caudally at least to the
level of the antorbital fenestra (Gauthier 1986).

2. three or more sacral vertebrae (paralleled in the
crocodylotarsan Postosuchus and the Ornithosu-
chidae: this character is uncertain in basal dino-
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saurs, and may apply 10 a higher node in the
cladogram; Lagosuchus and Lagerpeton have only
two sacrals: Arcucct 1986).

3. scapulocoracoidal glenoid facing fully backward

4. low deltopectoral crest that runs one-third or one-
half of the way down the shaft of the humerus.

5. three or fewer phalanges in the fourth digit of the
hand (Gauthicr 1986)

6. largely to fully open acetabulum

7. fully offset proximal head of femur with a distinc
neck and ball

&, greatly reduced fibula

9. well-developed ascending process of astragalus

It is worth noting that many of the characters that
seern fully dinosaurian, but which are omitted here
{e.g., the supraacetabular crest, elongate pubis, en-
larged fourth trochanter, AM tarsus, digitigrade stance,
etc.), were already present in the lincage since the ori-
gin of all ornithodirans.

The Basal Dinosaurs

There are a number of Late Triassic dinosaurs
that do not fit into any of the major clades within the
Dinosauria, and they are assumed here 1o be primitive
outgroups to the main dinosaurian clade. These in-
clude Herrerasaurus, Staurikosaurus, and possibly a
number of other poorly represented taxa (e.g. Al
iwalia, Ischisaurus, Spondylosomay. In the past, allempts
have been made {Colbert 1970 Cooper 1981 a: Galton
19774, 1685a) to place Herrerasaurus and Siauriko-
saurus in the Saurischia (prosauropod, theropod, or
something in between: see Sues, this vol).

1t seems likely that Herrerasaurus and Stauriko-
saurus are successively closer outgroups of the main di-
nosaurian assemblage (fig. 1.5; Brinkman and Sucs
1987). Galton (1985a) erccted the Infraorder Her-
rerasauria for Herrerasaurus and Staurikosaurus and All-
walia, while Gauthier {1986) included Herrerasatirus.
Staurikesaurus, and Schisanrus in the Herrerasauridac,
but the authors just cited could find no potential syna-
pomorphics of such a grouping. Herrerasauris has all
the dinosaurian characters noted above, although char-
acters 1, and 3 through 5 cannot be determined from
published accounts. It lacks an ornithodiran character,
however, since its femur is apparently longer than its
tibia (Galton 1977a). Staurikosaurus also shares the di-
nosaurian autapomorphies (1 and 5 cannot be deter-
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Fig. 1.5. Cladogram depicting phylogenetic relationships

of the major groups of the Dinosauria, with particular focus

on the early forms. Based on Gauthier (1986), Sereno (1986),

and other sources (see text). Character information for nodes

15-18, 2025, 27-37 is omitted since it is given in the text,

Additional character information for certain nodes is given

in other chapters of this volume: 28, 29 (Thyreophora;

Weishampel, this vol.); 31 {Marginocephalia; Dodson, this

vol.} 32-37 (Ornithopoda; Weishampel, this vol.).

11. DINOSAURIA: Elongate vomers that reach caudally
at least to the level of the antorbiial fenesira; three or
more sacrai vertebrae (paralleled in the crocodylotarsan
Postostichus and the Ornithosuchidae; this character is
uncertain in basal dinosaurs); glenoid facing fully back-
ward; low deltopectoral crest that runs one-third or
one-half the way down the shaft of the humerus; three
or fewer phalanges in the fourth digit of the hand;
largely to fully open acetabulum; fully offset proxi-
mal head of lemur with a distinct neck and bail; greatly
reduced fibula; well-developed ascending process of
astragaius.

12, UNNAMED GROUPF: Elongate S-shaped neck: reduced
contact between the pubis and the ischium.

13, UNNAMED GROUP: Presence of three or more sacral
vertebrae {may move lower in cladogram): lesser tro-
chanter on the femur is a spike or a crest; transversely
expanded distal end of the tibia.

14. SAURISCHIA: Temporal musculature extending on to
frontal; lateral overlap of quadratojugal on to the caudal
process of the jugal: elongate caudal cervicals giving
a relatively long neck; axial postzygapophyses set lat-
eral to the prezygapophyses; epipophyses present on
the cranial cervical postzygapophyses; presence of
accessory intervertebral articulations {hyposphene-
hypantrum) ir dorsal vertebrae; manus more than 45%

i5.
16.
17.
18.
. SAURQPODOMORPHA: Relatively small skull {approx.

20.
21
22.
23,
24,
25,
26.

of the length of the humerus + radius; distinctly asym-
metrical manus, with digit Il the iongest; proximat ends
of metacarpals [V and V lie on the palmar surfaces of
digits Il and iV in the hand, respectively; heavy pollex
with & very broad metacarpal.

THEROPODA

TETANURAE

COELUROSAURIA (sensu Gauthier 1986)
MANIRAPTORA

5% of body length); dentary curved down at the front;
lanceolate teeth with coarsely serrated crowns; at least
ten cervicals (each about twice as long as high), form-
ing & very long neck; one to three extra sacral vertebrae,
all medified from caudals; enormous pollex with an en-
larged claw; absence of claws on manual digits [V and
V. iliac blade with a reduced caudal process and a short
cranial process {the brachyiliac condition): fused, deep,
apron-like pubes that are wwisted proximally; very large
obturater foramen in pubis; femur longer than tibia; as-
cending process of astragalus keys into tibia, which has
a matching descending process.

UNNAMED GROUP

UNNAMED GROUP

SAUROPODA

UNNAMED GROUP

CAMARASAURS

TITANOSAURS

ORNITHISCHIA: Rostrai tip of the premaxilla toothless
and roughened; horizontal or broadly arched palatal
process of premaxilla; maxilla excluded from the mar-
gin of the external naris by a large lateral process of the
premaxilia which meets the nasal; reduced antorbital
fenestra; veniral margin of the antorbital fenestra paral-
lels the maxillary tooth row; palpebral in the orbit; pre-
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Figure 1.5, continued
frontal with a long caudal ramus that overlaps the
frontal; subrectangular quadratojugal lying behind the
infratemporal fenestra; elongate and massive quadrate;
predentary bone at the front of the mandible: dorsal
border of the coronoid eminence formed by the den-
ary: mandibular condyle set below the ooth rows
(paralieled in most sauropodomorphs); buccai emar-
gination of the jaws, suggesting the possession of cheeks
in life; cheek teeth with low triangular crowns with
a well-developed cingulum; crowns of cheek teeth
with low and bulbous base; enlarged denticles on the
margins; adjacent crowns of both maxillary and den-
tary teeth overiap (paralleled in part in some sauro-
podomorphs); recurvature absent in maxiliary and den-
tary teeth; maximum tooth size near the middle of the
maxiilary and demary 1ooth rows: at least five sacrai
vertebrae; gastralia absent (paralieled in Sauropoda);
ossified tendens at least above the sacral region; opis-
thopubic pelvis, with smali cranial process; ilium with
lateral swelling of the ischial tuberosity; iliac blade with
a leng and thin cranial process and a deep caudal pro-

cess; pubic symphysis restricted to its distal end; ischiai
symphysis restricted to its distal end; pubis with an
obturator notch rather than a foramen: obturator fora-
men formed between the pubis and ischium; distal
puboischial symphysis; pendent fourth trochanter on
the femur; fringe-like lesser trochanter on the fermur;
fifth digit of the foot reduced to a small metatarsai with
no phalanges.

27. CGERAPODA: Spout-shaped mandibular symphysis; en-
tire margin of the antorbital fossa is sharply defined or
extends as a lateral wall enclosing the fossa.

28. THYREQPHORA

29. EURYPODA

30. CERAPQODA

31. MARGINOCEPHALIA

32, ORNITHOPODA

33, EUORNITHOPODA

34. IGUANODONTIA

35. ANKYLOPOLLEXIA

36. STYRACOSTERNA

37. UNNAMED GROUP

mined), although it is not clear whether it had three
sacral vertebrae {Colbert 1970} or two (Galton 1977a4).
In comparison with Herrerasaurus, Staurikosaurus has
possibly acquired two further synapomorphies of later
dinosaurs—an elongate S-shaped neck and a reduced
contact between the pubis and the ischium. Brinkman
and Sues (1987) and Sues (this vol.) piace Herrerasaurus
above Staurikesaurus in the cladogram since it has in-
dications of a "twisted tibia” seen in later dinosaurs,
but the twist is only about 60° (Galton 1977a: 238),
compared to a dinosaurian 90°,

The “True” Dinosaurs

All other dinosaurs appear to form & clade that
may be characterized by at least three synapomorphies:
the presence of three or more sacral vertebrae (? two in
Stauirikosaurus, see above), unknown in Herrerasaurus
(? three; Benedetto 1973); a spike or crestlike lesser
trochanter on the femur (oniy a bump in the forms so
described), and the transversely expanded distai end of
the tibia. The sacral vertebral character may shift down
the cladogram, as noted above, depending on new
studies of the early dinosaurs.

The “true” dinosaurs are divided into three mono-
phyletic groups: Ornithischia, Theropoda. and Sau-
ropodomorpha. There are three possible arrangements
of these three taxa. The generally accepted view seems

to be that the Theropoda and Sauropodomorpha pair
off as sister groups (together these make a mono-
phyletic Saurischia), and this is defended here. Alter-
native views are discussed later.

The Saurischia

The evidence for monophyly of the Saurischia in-
cludes the following autapomorphies (Gauthier 1986):

1. termporal musculature extending on to the frontal

2. lateral overlap of the quadratojugal on o the
caudal process of the jugal

3. elongate caudal cervicals giving a relatively long
neck

4, axial postzygapophyses set lateral to the pre-
zygapophyses

5. epipophyses present on the craniai cervical post-
zygapophyses

6. presence of accessory intervertebral articulations
(hyposphene-hypantrum) in dorsal vertebrae

7. manus more than 45 percent of the length of the
humerus and radius together

8. distinctly asymmetrical manus, with digit II the
longest




9. proximal ends of metacarpals IV and V lying on
the palmar surfaces of digits Il and 1V in the
hand. respectively

10. heavy pollex with a very broad metacarpal

Within the Saurischia (sensw Gauthier 1986),
most authors would accept the major division into the
Theropoda and Sauropodemormha.

The Theropoda

Several cladograms of Theropoda are now avail-
able (Padian 1982; Paul 19844, Thulborn 19844
Gauthier 1986) which hinge around the key recogni-
tion by Ostrom {1976&) that birds are derived from
theropods close to dromaeosaurids, The Theropoda is
characterized (Osmalska, this vol.; Gauthier 1986} on
the basis of a number of synapomorphies of the skull
and posicranial skeleton {Gauthier 1986):

1. reduced overlap of dentary onto postdentary
bases and reduced mandibular symphysis
facrimal exposed on the skull roof

extra fenestra in the maxilla

R

. vomers fused rostraily

A 2]

expanded ectopierygoid with a ventral fossa

6. first intercentrum with large occipital fossa and
smail odontoid notch

7. second intercentrum with broad crescenic fossa
for reception of first intercentrum

8. presacral vertebrae with pleurocoels (openings
hollow centrum)

9. at least five sacral veriebrae

16, transition point in tail, with marked changes in
the form of the processes

1. enlarged distal carpal t overlapping the Lases of
metacarpals I and [

12. digit { of hand absent or reduced 10 a vestige
13, diglt IV of hand absent or reduced
14. elongate penultimate phalanges in hand

15. digit I of hand with short first and second
phalanges

16. unguals of hand enlarged, compressed, sharply
pointed, strongly recurved, and with enlarged
flexor tubercles
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17. long preacetabular process on the ilium

18. pronounced brevis fossa on caudal part of the
ium

15, femur convex cranially

20. fibula closely appressed to tibia and attached to a
tibial crest

21. narrow, elongate metatarsus
22. digit IV of foot reduced

23. digit V of foot represented by a very reduced
metatarsal

24. metatarsal { reduced, and does not contact tarsus,
being attached halfway, or further, down the side
of metatarsal il

25, thin-walled, hollow, long bones

The theropod clade is very well characterized,
and few authors have ever doubted its validity. The in-
clusion of birds has, however, been controversial, but
current evidence now strongly supports this view (e.g.
QOstrom 1976b; papers in Hecht et al. 1985; Gauthier
1986). The problems arise when attempts are made to
subdivide the Theropoda. Some subgroups scem to be
clearly set off as monophyletic taxa, among them, or-
aithomimosaurs, deinonychosaurs (but see below),
and carnosaurs. Others are much iess clearly supported
by synapomorphies. A number of the standard thero-
pod subgroups, such as Romer’s (1966) Coelurcsauria,
Procompsognathidae, and Coeluridae, for example, are
clearly paraphyletic or polyphyletic collections of su-
perficially similar taxa (Paul 1984a; Thulborn 1984a;
Gauthier 1986). Norman (this vol.} discusses many of
the problematic taxa of theropods that are hard to fit
into a cladistic scheme.

Gauthier (1986} presented a cladogram of the
Theropoda in which he recognized five main clades of
theropods: Ceratosauria, Carnosauria, Ornithomimi-
dae, Beinonychosauria, and Aves (his Avialae), with a
aumber of unplaced laxa (fig. 1.5}

The Ceratosauria, including a range of small 1o
medium-sized Late Triassic to Late Jurassic taxa, such
as Ceratosavrus, Coelophysis, Dilophosaurus, and Syritar-
sus, are characterized by loose attachment of the pre-
maxilia to the maxilla, a thyroid fenestra in the pubis, a
narrow boned pubis, a trochanteric shelf on the fernur,
and other features (Rowe and Gauthier, this vol.). They
appear to form the sister-group to all other theropods,
termed the Tetanurae (Gauthier 1986),

The Tetanurae, including carnosaurs, ornitho-
mimosaurs, deinonychosaurs, and birds (fig. 1.5), is
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defined by a number of skull and skeletal characters,
including a greatly enlarged sunplementary maxillary
fenestra, lermination of the maxillary ooth row in
front of the orbit, a straplike scapula, a coracoid that
tapers behind, a hand that is more than two-thirds the
length of the arm (humerus and radius), absence of
manual digit IV in adults, an obturator process on the
ischium, a winglike lesser trochanter on the femur, a
tall and broad ascending process of the astragalus, and
numercus others.

The Carnosauria, the often very large carnivorous
dinosaurs of the Jurassic and Cretaceous, are distin-
guished from other dinosaurs by their deep orbits, nar-
row frontzls and parietals, greatly reduced hand, and
other features (Molnar et al., this vol.).

The sister group to the Carnosauria is the Coe-
lurosauria (sersie Gauthier 1986), including all other
theropods and birds, which shows & number of autapo-
morphies: a subsidiary {enestra between the pterygoid
and palatine, cervical ribs fused to the cenua, sternal
plates fused together, elongate forelimb, fourth trochan-
ter reduced or absent, and a much enlarged ascending
process of the astragalus, among others,

The basal coelurosaurs are the Omithomimo-
saurla, characterized by toothless jaws, a beaklike
snout, all digiss of the manus about equal in lenath,
and slender hindlimbs with a very elongate metatarsus
with metatarsal I strongly pinched between metatar-
sals I and IV {Gauthier 1986; Barsbold and Gsmolska.
this voi.). Ornithomimosaurians are the sister group of
all remaining theropods and birds, the latter termed the
Maniraptora by Gauthier (1986} The Maniraptora are
characterized by reduction or loss of the pretrontal,
prominent axial epinophyses, specialized ventral pro-
cesses {hypapophyses} on cervicothoracic verwebrae,
proximal position of transition point in i ~albrec
tangular coracoid, elongate forelimb, ulira bowet pose
teriorly, semilunate campals, very thin metacasan it
that bows laierally, very low pubic process of the
reversed pubis, shortened ischium, lesser oocnaner
nearly confluent with proximal head of the e ab-
sence of a fourth trechanter, and digit IV ol the ool
longer than digit II as well as other synapamaorpiues
(Ostrom 1976 b; Gauthicr 1986). The Maniraplora in-
cludes the Dromaeosauridae, Troodontidae, and Aves
{ Archaeopteryx and all other birds [= Avialae of Gauthier
1986, who used a crown-group interpretation of Aves)),
and probably also a number of other poorly known
taxa such as Coelurus, Ornitholestes, Microvenator, Saur-
ornitholestes, Hulsanpes, the Caenagnathidae, the El-
misauridae, and Compsognathus, as basal outgroups
{Gauthier 1986), but their exact order is uncertain be-

cause of incompleteness of the specimens (see also
Norman, this vol.; Currie, this vol.). The Oviraptoridae
is united with the Caenagnathidae to form the Ovirap-
torosauria, which itself is treated here as a basal mani-
raptoran taxon (Barsbold et al., this vol.).

The relationships of the Dromaeosauridae, Troo-
dontidae, and Aves are much debated al present, and a
resolution may be difficuit because of incomplete mate-
rial. One view is that the Dromaeosauridae and Troo-
dontidae form a taxon Deinonychosauria, which is the
sister group of Aves (Gauthier 1986), and other authors
{Osmdlska, this vol.) have also suggested that the Ovi-
raptorosauria and Ornithemimasauria might be related
as well. The dromaeosaurids and troodontids share a
number of modifications to the foot, in particular an
enlarged second digit with a very large sicklelike claw
presumably used to slash prey animals. Of the seven-
leen maniraptoran characters listed by Gauthier (1986},
dromacosaurids share five uniquely with Aves, but the
status of three of these, the vertebral features, is uncer-
tain in woodontids. Troodontids share one of the others
{absence of fourth trechantery, but, significandy, lack
the fifth (reversed pubis: Barsbold 19836 Gauthier
1986 47), which suggests that they may be a more dis-
tant outgroup to Aves than the Dromaeosauridae. Paul
(1984a) and Currie (1985, 19874a) have suggested,
however, that troodontids might be the closest out-
group to Aves on the basis of a number of postulated
synapomorphies (Currie 1987a)—periotic pneumatic
cavities, prieumatic cavities associated with the internal
carotid, a more medial position for the quadrate con-
dyle than that seen in the larger theropods, a fenestra
pseudorotunda, toss of interdental plates, and the pres-
ence of a constriction between the crown and root of
the teeth. Dromacosaurids apparently lack the last two
features, but the status of the first three cannet be as-
sessed until good dromaeosaurid braincases become
available. The taxa Dromacosauridae, Trocdontidae,
and Aves are teft as an unresolved trichotomy (Hg. 1.5)
for the present.

Paul (1984a) and Thulborn (1934a) offered
rather differert cladistic analyses of Theropoda. Paul
{1984a) made Archacopteryx the ougroup of Deinony-
chosauria and birds, since it lacked ten shared charac-
ters of the latter two groups. Gauthler {1986) discounts
these as inclusive at a lower leved in the cladegram or as
convergences, Thulborn (19844) placed dromaco-
saurids and Archacopteryx below tyrannosaurids, troo-
dontids, ornithomimids, and birds in his cladogram
since they lack a tarsometatarsus with an intercotylar
prominence and a hypotarsus (a spur on the tarso-
metatarsus), metatarsal [II that is pinched proximally,

ot



and a straplike coracoid. The distribution of these char-
acters is uncertain in all the relevant laxa, and they ap-
pear to be greatly outweighed by the synapomorphies
of Archacopteryx and other birds given by Gauthier
(1986).

The Sauropodomorpha

The moderate 1o large herbivores of the Late Trias-
sic and Early Jurassic (the paraphyletic prosauropods)
and the large to gigantic herbivores of the Early Jurassic
0 Late Cretaceous {the sauropods} form a well-defined
second major saurischian clade cailed the Sauropodo-
morpha. The Sauropodemorpha is characterized (Dod-
son, this vol.) by a number of synapomorphies (Benton
and Norman in prep.):

L. refatively small skull (about 5% of body length)

2. venwrally deflected front of the dentary (Paul
1984qa)

3. lanceolate teeth with coarsely serrated crowns
{Gauthier 1986)

4. atleast ten cervicals {each about twice as long as
high), forming a very long neck

5. one to three exira sacral vertebrae, modified from
dorsals and caudals

6. enormous pollex with an enlarged claw
7. absence of claws on manual digits 1V and v

8. iliac blade with a reduced postacetabular process
and a short preacetabuiar process {the brachyiliac
condition: Colbert 1964}

9. fused, deep, apronlike pubes that are twisted
proximally

10. very large obturator foramen in the pubis
H. clongate femur donger than tibia)

12, ascending process of astragalus that keys into
tibia. the latter having a matching descending
process (Charig et al. 1965)

Yarious prosauropods form successive ouigroups
to the Sauropoda (fig. 1.5), roughly in a sequence from
Efraasia and Thecodontosaurus at the base, through An-
chisaurus, Plateosaurus, Massospondylus, Melanoresaurs,
Rigiasaurus, Vulcanodon, and Barapasaurus {Gauthier
1986; Galion, this vol.). Anchisaurus is advanced over
Efraasia and Thecodontosaurus in the possession of an
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even more rebust manual digit 1, wide-based neural
spines on proximal caudals, an arched dorsal margin of
the ifiumn, and a completely open acetabulum (Gauthier
1986). Rivjasaurus and higher sauropodomorphs share
a compressed internarial process of the premaxilla and
large nares, a mandibular condyle placed below the
level of the tooth row, robust forelimbs, a broad pes,
and numerous other synapomorphies {Gauthier 1 986).

The placement of the Sauropoda as the most de-
rived relatives of a paraphyletic Prosauropoda is ques-
tioned by Dodson (this vol.) and by Mclntosh (this
vol.). They suggest that the sauropodomorphs may
have branched into two major lincages in the Late Tri-
assic, the Prosauropoda and the Sauropoda. This solu-
tion could imply that the sauropods were primitively
quadrupedal {e.g., Charig et al. 1965}, It would also
solve some problems with the scheme presented in fig-
ure 3.5, For example, the prosauropods share serrated
leaf-shaped teeth and other denzal, cranial, and skeletal
characters seemingly like those of ornithischians (see
below) but quite unlike those of sauropods. Of the
twelve synapomorphies of the Sauropodomorpha listed
above, three (nos. 2, 4, 8) do not apply 10 the carliest
sauropods.

The Sauropoda (Mclntosh, this vol.} are defined
by about forty synapomorphies (Gauthicr 1986) if
the line is drawn below Videanodor and Barapasauriis.
These features include the shortening of the caudal
portion of the skull, deeply excavated nasals. reduced
postorbizal, lower temporal fenestra partly beneath the
orbit, absence of an epipterygoid, absence of an exter-
nal mandibular fenestra, twelve or more cervicals, cav-
ernous vertebrae, five or six sacrals, stout metacarpals,
a manus with reduced digits, a massive pubin, massive
and vertical limbs, solid long bones, and a <tout and
broad pes.

Sauropods fali into two major lineages, according
1o Gauthier (1986): the camarasaurs (Camarasauridae,
Brachiosauridae) and the tilanosaurs (Titanosaundae,
Diplodocidae). The camarasaurs are distingushed by a
strongly arched internarial bar of the premasila, a
snout that is sharply demarcated from the rost of the
skull, an ischium that extends well posterioriy and
lwists (0 become more horizontal disially, and a rela-
tively deep puboischial comact (Gauthier 1986). The
Camarasauridae has as possible autapomorphies the
slender ascending process of the maxilla and a jugal
that is exciuded {rom the lower rim of the skull (Mcln-
tosh, this vol.). The Brachiosauridae shares clevated
nasals, a relatively elongate forelimb (humerus: femur
ratio = 0.90—1.05), and an ilium with a broad anterior
lobe {Mclntosh, this vol.).



24 / DINOSAUR RELATIONSHIPS, BIOLOGY, DISTRIBUTIONS

The titanosaurs, if they include Ewhelopus as a
basal outgroup. have as synapomorphies a quadrate
that slopes up and back from the mandibular condyle,
neural spines that are slightly 1o deeply bifurcate {also
in Camarasaurus), and the incorporation of three or
more trunk vertebrae intg the cervical series (Gauthier
1986). If Euhelopus is excluded (Mclntosh, this vol.),
the titanosaur synapomorphies alse include the long
broad snout, premaxilla and maxilla extending dor-
sally to the level of the orbit, internasal processes of
premaxilla and nasal reduced or absent, and external
nares confluent high on the skall, reduced lacrimal. re-
duced dorsal process of the quadratgjugal and the ros-
tral process contacts the maxilla beneath the orbit, very
long basipterygoid processes, elongate penciilike teeth
al the very front of the jaws, very 1ail sacral neural
spines, very long tail with long series of cylindrical dis-
tal caudals, relatively short forelimbs, and metatarsal Iv
longer than metatarsal I (Gauthier 1986}, The Ti-
tanosauridae have as synapomorphies the possession
of body armor (also in other sauropods?) and the bi-
convex first caudal centrum with the others procoelous
(Gauthier 1986)., The Diplodocidae show modified
haemal arches with fore and aft processes, deeply cleft
V-shaped neural spines in the shouider region, and dis-
tally expanded ischia {Gauthier 1984).

These synapomorphies are tentative and may be
heavily modified when a full cladistic analysis of sau-
ropodomorphs is carried out. Mclntosh (this vol.), for
example, does not support Gauthiers (1986) analysis
of sauropod relationships, preferring a division into
two different lineages, camarasaurids pius diplodocids,
and titanosaurids plus brachiosaurids. The first lincage
has as potential synapomorphies the presence of bifid
neurai spines, forked chevrons, short metacarpals, ab-
sence of the calcaneum, and complete ioss of the inter-
nal trochanter on the femur, while the titanosaurids
and brachiosaurids have low sacral spines, a relatively
short radius and ulna, and ischia that meet one another
edge 10 edge distally. Within Sauropoda, then, many
taxa are hard 1o place, and resolution of the cladogram
must await fuller information on certain Asian and
Gondwanan taxa and a successful splitting up of the
basal paraphyletic Cetiosauridae.

The Segnosauria

Segnosaurus and its allies were initially classified
(Perle 1979) as aberrant, probably herbiverous, sau-
rischians (Barsbold and Maryanska, this vol.), Paul
(1984a, 1984b) placed the Segnosauria midway be-

tween prosauropods and ornithischians on the basis of
a cladistic analysis, with the assumption of a non-
monophyletic Saurischia. Segnosanris shares with the
Ornithischia a toothless beak, a diasiema, cheeks, an
opisthopubic pelvis, and a tibia that partly articulates
with the pes behind the astragalus. In view of the
stronger evidence for a monophyletic Saurischia {see
above), Segnosaurus might occupy a rtather different
position on a reanalyzed cladogram of dinosaurs. in-
deed, Gauthier (1986) suggests relationship with the
sauropodomaorphs, and thus interprets the “ornithis-
chianlike” features as convergences, while Dodson
{this vol.y and Barsbold and Maryanska (this vol.) re-
gard the Segnosauria as part of an unresolved (ri-
chotomy with the Theropoda and Sauropodomorpha.

The Ornithischia

The monophyly of the Ornithischia has been ac-
cepted for over a century (Seeley 1888a), and recent
cladistic analyses (Marvaniska and Osmolska 1984a,
1985; Norman 1984a, 19844 Screno 984, 1986;
Cooper 1985; Gauthier 1986} have identified a large
number of autapomorphies:

1. rosural tip of the premaxiila toothless and rough-
ened (but not in Tecknosaurs)

b

premaxilla

3. maxilla excluded from the margin of the external
naris by a large lateral process of the premaxilla
which meets the nasal

4. reduced antorbital fenesira

5. ventral margin of the antorbital fenestra that par-
allels the maxillary tooth row

6. palpebral in the orbit

7. prefrontal with a long caudal ramus that overlaps
the fromal

8. subrectangular quadratojugal lving behind the
infratemporal fenestra

9. clongate, massive quadrate
10. predentary bone at the front of the mandible

11. dorsal border of the coronoid eminence formed
by the dentary

12, mandibular condyle set below the tooth row
{paralleled in most sauropodomorphs)

horizontal or broadly arched palaal process of

e s s



13. buccal emargination of both upper and iower
jaws, suggesting the possession of cheeks

4. cheek teeth with low wriangular crowns with a
well-developed cingulum beneath

15. crowns of cheek teeth with Jow and bulbous
base; enlarged denticles on the marging

16. adjacent crowns of both maxillary and dentary
weth overlapping (paralleled in part in some
sauropodomorphs)

17, recurvature absent in maxillary and dentary teeth

18, maximum tooth size near the middle of the max-
llary and dentary ooth rows

19. at least five sacral vertebrae
20. gastralia absent
21. ossified tendons at least above the sacral region

22. opisthopubic pelvis; pubis with small prepubic
process

23, ilium with lateral swelling of the ischial wberosity

24. iliac blade with a long and thin preacetabular
process and a deep caudal process

25. pubis with an obturator notch, rather than a for-
amen, obturator foramen formed benwveen the
publs and ischium

26. distal pubic and ischial symphyses

27. pubic symphysis restricted to its distal end
28. ischial symphysis restricted to its distal end
29. pendant fourth trochanter on the femur
30. fringelike lesser trochanter on the fomu

31. digit V of the foot reduced 1o a smail meionsa
with no phalanges

The basal ornithischian Pisarnosarms, wivdh
based on incomplete material {Bonaparie 1976,
Weishampe! and Witmer, this vol.y, shows the «ine-
saurian characiers 2, 8, and 9, with 6 doubtfully pres-
ent {see abovel. The two additicnal features seen in
Staurikosaurus may also be present, and it shares the
possession of tibial torsion of “about 90°" {Bonaparte
1976) with all later dinoesaurs. Pisanosaurus has gener-
ally been regarded as the first ornithischian, whether as
a basal ornithopod, a fabrosaur, a hypsilophodontid, or
a heterodontosaurid. The arguments have centered
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targely on the nature of the teeth, which display or-
nithischian attributes 11 throughy 14 and 17, 18, and
possibly 19 (Weishampel and Witmer, this vol.). Other
ornithischian autapomorphies cannot be assessed in
Pisanesaurus: the diagnostic predentary element and
opisthopubic pelvis are only assumed by Bonaparte
{1976). Pisanosaurus is presently regarded as a basal
ornithischian.

CLADES WITHIN THE ORNITHISCHIA

Certain groups within the Ornithischia are ap-
narently well supported by synapomorphies, and these
will be noted briefly before a review of current views of
their overall relationships.

The carliest ornithischians, the Fabrosauridae,
are peneraily regarded as phylogenctically the most
primitive (Weishampel and Witmer, this vol.}, but they
are hard to define cladistically as a family, since only
Lesothosaurus is reasonably complete. The characters
for the family noted by Galton {1978} and Cooper
(1985) are primitive.

The Stegosauria (Galton, this vol.) also appear to
be a monophyletic ¢lade, all members sharing a large
oval fossa in the plerygoquadrate wing, tall neural
arches in middle and caudal dorsal vertebrae, a broad
cup-shaped laterally facing acetabular surface on the
pubis, loss of pedal digit I, prominent upright midline
plates on the neck and back grading backward into
spines, a lateral spine over each shoulder, and lack of
ossified epaxial tendons (Serenc 19846).

The Ankvlosauria (Coombs and Maryanska, this
vol.) are similarly well defined as a monophyletic group
by as many as twenty-six synapomorphies (Serenc
1986), including the rectangular occiput, closed anter-
bital and supratemporal fenestrae, contact of the quad-
ratojugal and postorbital, fusion and dermal sculptur-
ing of the dorsal skull roof, at least three dorsal
vertebrae incorporated into the sacrum, fused scapula
and coracoid, closed acetabulum, and dorsal and lat-
cral armor of bone plates,

The Heterodontosauridae (Abricfosaurus, Hetero-
dentosaurus, Lycorhinus) are distinguished from other
ornithischians by the presence of three premaxillary
teeth with no distinction between the root and the
crown, reduced mesial two dentary teeth with no tu-
bercles, wedge-shaped predentary, proximal head of
humerus offset medially, relatively long manus, meta-
carpals with blocklike proximal ends, siender fibula,
and exlensor pits at the distal ends of proximal pha-
langes of pes digits [I-IV (Sereno 1986; Weishampel
and Witmer, this vol.}.
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The Hypsilophodontidae  (Hypsifophodon,  Oth-
nighia, Yandusaurus, Zephyrosaurus) are also regarded as
a monophyletic taxon by most authors (Sues and Nor-
man, this vol.) on the basis of their shared narrow in-
terorbital position of the frontal, premaxillary diver-
ticulum, and steeply sloping ventral braincase region
(Sereno 1986). If Thescelosaurus is also included in this
clade, they all share a short scapula., partal ossifica-
tion of sternal segments of the ribs, a rod-shaped pre-
pubic process, and ossified hypaxial tendons in the tail
(Sereno 1986).

Among other orpithopods, the Dryosauridae and
Iguanodontidae are problematic. These are regarded as
monophyletic groups by Norman (1984a) and Miler
and Norman {1984) but less confidently by Norman
{1984D). In this lauer account, and Normar and
Weishampel (this vol.}, the two families are placed in
an “iguanodontoid” clade, characterized by a farge,
median vertical ridge on the crowns of maxilla ry teeth,
contact between the premaxilla and lacrimal, a distinet
notch in the jugal wing of the quadrate, and a rodijke
decurved ischium with a distal foot, The genera Camp-
fosaurus, lguanodon, and Ouranosaurus are grouped on
the basis of multiple ridging of their denlary 1oth
crowns, and their shared robust manus, with fused car-
pails, metacarpal I fused to the radiale. and develop-
ment of a spurlike manual digit 1. The last two pencra
are further paired {Iguanodontidac) on the basis of the
spiked pollex, the platelike first phalanx of manual
digit I, the short postpubic ramus, and the reduced
pedal digit 1. Most authers now accept that the fami-
lies Dryosauridae and Iguanodontidac, as commaonly
understood, are paraphyletic, forming a sequence of
outgroups to Hadrosauridace, in a sequence from Temon-
tosaurus, through Dryosauries, Camptosaiirus, fguanodon,
and Qurancsaurus, as ciosest outgroup (Sereno 1984,
1986), or Probactrosavirus as closest outgroup {Sucs and
Norman, this vol.; Norman and Weishampel, this vol.).

The Hadrosauridae have been regarded as mono-
phyletic by most authors (e.g., Norman 19844, 19845,
Sereno 1984, 1986; Cooper 1985) on the basis of their
well-developed  dental  magazines, lozenge-shaped
teeth, displacement of the antorbital fenestra, loss or
fusion of the palpebral, loss of the paraquadrate for-
amen, loss of manual digit 1, loss of imetatarsals [ and V.
and a large antitrochanter on the ilium {Milner and
Norman 1984; Weishampel and Horner, this vol). In
addition, a large number of synapomorphies arc shared
with the successive dryosaur and iguanodont oul-
groups {Serena 1986; Weishampel and Norman, this
vol.}, Horner (1985, in press), however, has questioned
this view, arguing for close relationships of the lambeo-
saurine hadrosaurs with Ouranosaurus. His fourteen

postulated synapomorphies (chap. 2) are fewer than
those supporting Sereno’s (1986} scheme, and some
are probably plesiomorphous (e.g., high neural spines
and massive ischivm in lambeosaurines and Owrano-
sauerus. versus low neural spines and slender ischium in
hadrosaurines and fgianodon).

The Pachycephalosauria (Marvanska, this vol.)
are defined by the thickened fromoparictal skull roof,
broad expansion of the squamosal on the skull roof, -
bereular ormamentaiion of the skull, clongate sacral
ribs, very long ribs on proximal caudal veriebrae, rela-
tively shortforelimb, slender scapula, reduced deltopece-
toral crest, pubis nearly excluded from the acelabu-
fum, and sixicen more postulated svnapomorphies
(Sereno 1986).

Finally, the Ceratopsia (Dodson, this vol) ali
share a triangular skull in dorsal view, a median rosiral
bone. a 1all snout with ¢xternal nares highly placed,
broad parictals, and other cranial features. The charac-
teristic horns and {rills are, of course, absent in psit-
tacosaurs and arc thus synapomorphous higher in the
cladogram, defining the Neoceratopsia {Dodson and
Currie, this vol.). Within the Neoceratopsia. two fami-
lies, the Protoceratopsidac and Ceratopsidae, have gen-
crally been recognized. However, the diagnostic char-
acters of Protoceratopsidae are primitive. or common
to all neoceratopsians, and Sereno (1986} has argued
that the Protoceraiopsidae is a paraphyletic 2roup.

RELATIONSHIPS WITHIN THE

ORNITHISCHIA.

Although the monophyly of the Ornithischia is
not questioned, relationships of the taxa within that
clade are controversial, So far, five cladograms of the
Ornithischia have been published, by Maryanska and
Osmoiska (1984a. 1985), by Cooper (1985), by Nor-
man {1984a, 19845, Milner and Norman 1984: Nor-
man and Weishampel 1985), by Sereno (1984, 1986),
and by Weishampel and Witmer (this vol.). Additional
commenis along these lines have also been made by
Gauthicr (1986, 44). These cladograms agree generally
in some features—the grouping of Ankyvlosauria, Stego-
sauria, and possibly Scelidosairus and Scurellosaurus as
Thyrcophora (sce Coombs et al. this vol) and the
grouping of most ornithopods in the sequence of the
Hypsilophodontidac, to the Dryosauridac, 1o the [gua-
nodontidae, and finally o the Hadrosauridae (sce
above). However, the placement of the Fabrosauridac,
Heterodontosauridae, Pachveephalosauridae, and Ce-
ratopsia is disputed. The four main proposals for or-
nithischian phylogeny by Maryanska and Osmélska
{1985), Cooper (1985), Norman (19844), and Sereno
{1986} are compared in figure 1.6.
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The ankylosaurs, stegosaurs, Scefidosaurus, and
possibly Scuteliosaurus, all appear 10 fali into a clade
termed the Thyreophora (Norman 1984a. Sereno 1984,
1986; Coombs et al., this vol.). If Saueflosaurus is omit-
ted. this clade has as synapomorphics the sinuous
curve of the dentary 1woth row, the incorporation of
a supraorbital bone into the skull roof between the
frontal, postfrontal, and postorbital, the relative robust-
ness of the medial portion of the quadrate condyle, a
much shertened basisphenoid, and a tail midpalatal
keel formed from the pterygoid and vomer. With the
addition of Scutellosauris {Thyreophora sensy Sereno
1986), the synapomorphics are transversely broad
jugal-orbital bar, and parasagiual row of low-keeled
scutes on the dorsal body surface with additional rows
of lateral low-keeled scutes. Note that Maryanska and
Osmolska (19844, 1985) did not support Thyvreophora
but made Ankylosauria the sister group of the Stego-
sauria and all other ornithischians that share a perforate
acetabulum. They noted that acceptance of this postu-
lated synapomorphy was contingent on the acceptance
of a nonmonophyletic Dinosauria. Since dinosaurian
monophyly is now generally accepted, polarity of the
acetabulum reverses and the imperforate acetabulum
of the Ankylosauria becomes the derived state. This
shift has the effect of falsifying the basal dichotomies in
figure 1.6a.

The composition of the Ornithopeda is disputed.
Santa Luca (1980) recognized the problem of including
basal taxa such as fabrosaurs and hetercdontosaurs. He
suggested that there were two main ornithopod clades,
one consisting of hypsilophodonts and fabrosaurs and
one of iguanodonts and hadrosaurs. This view has not
been accepted by later authors. Norman accepis the
Fabrosauridae as the basai taxon of the Ornithopoda +
Ceratopsia, while Serenc (1984, 1986) and Gauthier
(1986) see this as a paraphyletic group. They regard
Lesothosaurus as the only adequately known relatively
complete fabrosaur and place it as the sister group of all
later ornithischians, the Genasauria. The latter was as-
cribed a number of synapomorphies by Sereno (1986),
which Weishampel and Witmer (sthis vol.) accept. In
contrast, Maryanska and Osméiska and Cooper in-
clude Lesothesaurus in their Ornithopoda. The Hetero-
dontosauridae have been interpreted as the sister group
to the Cerapoda (Norman 19844, 19845; Maryanska
and Osmdlska 1985), to the Marginocephalia (Cooper
1985), or to the Ornithopoda (Sereno 1986; Weisham-
pel and Witmer, this vol.).

All of the above authors, except for Cooper, group
the Ornithopoda and Ceratopsia together, aithough
their interpretations of Ornithopoda differ, and some
also include Pachycephalosauria. This clade has been

termed Cerapoda by Sereno (1986, who notes several
synapemorphies:  premaxillary/maxillary  diastema.
asymmetrical enamel on the cheek teeth, no more than
five premaxitlary teeth, a fingerlike lesser wochanter. a
{ully open acetabulum with no supraacetabular crest,
and other features. Cooper (1985) places Ceratopsia in
a line with heterodoniosaurs and Thyreophora. sepa-
rate from his Omithopoda.

The placement of the Pachycephalosauria and
Ceratopsia is stili rather uncertain, Marvanska and
Qsmolska (19844, 1985), Sereno (1984, 1988), Cooper
(1985), and Gauthicr (1986) all pair the Ceratopsia
with the Pachycephalosauria, in a clade that Screno
{1986) names the Marginocephalia. The basis for this
relationship includes the narrow parietal shelf that ex-
tends over the occipital elements, involvement of the
squamosal in this shelf, a reduced premaxillary contri-
bution o the palate, and a relatively short pubis (Se-
reno 1986). Norman (19844) notes an alternative posi-
tion for the Pachycephalosauria in association with
basal ornithopeds (fig. 1.6b). but this is based only en
the primitive nature of their respective dentitions. He
includes the Ceratopsia within his Ornithopoda. possi-
bly grouped with the Hadrosauridae, lguanodontidace,
and Dryosauridae {fig. 1.6b), since they all share a re-
duced antorbital fenestra, maxillary teeth with sharp
median ridges, distal dentary 1eeth lving mwedial to
the coronoid process, and a strengthened predentary-
dentary joint. Later, Norman {19845 exciuded the Ce-
ratepsia and Pachycephalosauria from the Omitho-
poda because they lack an obturator process on the
ischium.

Alternative Arrangements within
Dinosauria

The monophyly of Saurischia has been Jdetined
above, but a number of authors have presented a radical
alternative in which the Saurcpodoemorpha i~ paired
with the Grnithischia and the Theropoda are separated
as the sister group of this new taxon. The third possible
hypothesis of relationships, a sister group relatonship
between theropods and ornithischians, has net been se-
ricusly proposed and is very hard (o support «Gauthier
1986}, The pairing of sauropodomorphs and ernith-
ischians was hinted at by Bakker and Galton 1974}
and Bonaparte (1976}, while Paul (1984a, 19384/ and
Cooper {1985) have presented this view cladistcally.
Cooper {i981la, 1985), Paul {1984a. 19841 and
Serene {1984) noted several apparent synapomorphies
shared by the Sauropodomorpha (or Prosauropoda
alone) and the Ornithischia:



1. tooth crown a transversely flattened blade with
denticulate margins; a leaf-shaped spatulate woth

2. differentiation of the tooth crown shape from the
front backward, the mesial eeth being peglike
and the distal ones more leaf-shaped

3. teeth set at an angle to the longitudinal axis of the
jaws, and the distal edge of each woth overlan-
ping the anterior edge of the tooth behind

. depressed jaw joint
. reduced parietal

. low occiput

=~ v

elongate vomer

8. clongate preacetabular process on ilium

The dental similarities between  sauropodo-
morphs and ornithischians (characters 1-3), in par-
ticular those in primitive forms, are siriking. There are
differences in the cheek tweeth in both greups: the
crowns are elongate in sauropodomomhs, but low in
ornithischians, and the serrations are fewer and larger
in ornithischians than in sauropodomorphs {Chariy
19763, but this does not demonstrate that both forms
were independently derived (Gauthier 1986). Char-
aciers 4—7 are less clear-cut (Gauthier 1986). The
depressed jaw joint (character 4) is tvpical of many
herbivores, and it is not seen clearly in basal sauropo-
demorphs like Anchisaurus and Thecodontosaurus, The
parictals are reduced (character $) in basal theropods.
The occiput is not markedly lower {character 6} in sau-
ropodomaerphs or ornithischians than it is in theropods.
The vomer s just as long (character 7) in theropods as
it is In sauropodomorphs or ornithischians. Last, the
clongate iliac prong (character 8) is seen only in Anchi-
sarerus and Anumosaurus among sauropodomorphs and
not in the basal forms: Efraasia and Thecodontosaurus.
The three dental characters (1-3) stand as the only po-
tential synapomorphies in favor of a clade consisting
onty of the Sauropodomorpha and the Ornithischia,
and they are far ounweighed by the autapomorphics of
the Saurischia.

THE FUTURE

The cladistic revolution in cdassification of the Dino-
sauria has only just begun, with publications dating es-
sentially only from 1984. Already, however, a number
of areas of stability have seemingly become clear: the
menophyly of Archosauria; the split of Archosauria

into a “bird line” and a "crocodilian line”; the close as-
sociation of Ornithosuchidae, Lagosuchus, Pterosauria,
and Dinosauria; the monophyly of Dinosauria, Sau-
ropodomorpha, Theropoda, and Ornithischia; the po-
sitioning of Aves within Theropoda: and some general
features of the relationships of major groups within Or-
nithischia (Ornithepoda, Thyreophora).

A great deal of work is still required, however, o
address a broad range of key probiems at the base of
cladogram——the position of Euparkeria, the exact rela-
tionships of Lagosuchus, Pierosauria, and Dinosauria,
and the arrangement of basal dinosaurian taxa. All of
these problems are presently hard to solve because of
poorly preserved material (many key taxa lack crucial
evidence of distinguishing characters) and because of
the great subsequent modifications of pterosaurs, and
many dinosaurian groups, which may conceal poten-
tial synapomorphies.

within Dinosauria, the controversy over the ori-
gin of birds has finally resolved itself in favor of Therop-
oda, but the relationships of theropod groups to birds,
and to cach other, are still unresolved. Key questions
include the definitions of Dromacosauridae and Troo-
dontidae, and their relationships (o Aves, the relative
position of maniraptoran taxa that vie for positions on
the cladogram close to Aves, whether below or within
that taxon. Basal theropods, such as Ceratosauria and
Carnosauria may be ecasier to resolve because the ma-
terial is often of better quality. The arguments over
the relationship of birds to terminal theropods will
continue for some time since the material is often poor,
and the characters (largely braincase and vertebral
features} require exquisitely preserved specimens for
determination.

The Sauropodomorpha still require a phylo-
genetic analysis. Some general outlines toward a clado-
gram are noted by Gauthier {1986 44—45) and by
Dadson, Galton, and Mclntosh (this vol.). The idea of a
paraphyletic Prosauropoda forming oulgroups to a
monophyletic Sauropoda seems clear, but the exact se-
quencing of prosauropod taxa and the relationships
within Sauropoda have not yet been analyzed in detail.
Crucial in the latter will be the breakup of the basal
Ceticsauridae into several lineages.

The Ornithischia have so far, among dinosaurs,
been favored with the greatest number of cladistic
analyses, involving as many as ten authors to date.
These studies have shown general agreement over the
division of the Ornithischia broadly into an ornithepod
clade and a thyreophoran clade. Basal taxa, such as
fabrosaurs and scelidosaurs, have historically been
hard o place, partly because of limited fossil material
and party because of incomplete descriptions of what



exists, The relationships of ceratopsians and pachy-
cephalosaurs, whether within the ornithopod clade
or as an outgroup o it, are sill 1o be decided. Other
problemns concern the genetic-level phylogeny within
Ornithopoda (the relationships of dryosaurs, iguano-
donts, and hadrosaurids) and within the armored or-
nithischian clades.

Dinosaur sysiematists have made significant ad-
vances in recent years as a result of the application of
cladistic methods. For the first time, paraphyletic basal
taxa have been widely abandoned, problems in phy-
logenetic placement have been explicitly stated. new

characters have been analyzed, and some novel, bul
convincing, patterns of relationship have emerged. The
revolution we are currently witnessing marks the be-
ginning of an exciting new era of clarity and precision
in attempts to unravel the patterns of dinosaurian evo-
lution. Whether the conclusions shown here are right
or wrong, it is now possible to specify problems and
conflicts, to sort out significant character transforma-
tions, and to erect a firm baseline for robust and inno-
vative evolutionary discussion, which is, after all, why
we are in the business of paleobiolegy.
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